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About the Cover Photo

The cover photo shows a farmer viewing a wind farm—a group of large wind 
turbines—from a canola field in St. Leon, Manitoba, Canada. Wind captured by 
these turbines can be converted into electricity. Wind farms can be located on the 
land or at sea, and land lying under the turbines can still be used to grow crops 
(as in the photo) or to raise cattle. According to the U.S. Department of Energy, 
the United States is the “Saudi Arabia of wind power,” capable of producing 
nearly three times its current output of electricity by using wind. Since 1990, 
wind power has been one of the world’s fastest growing sources of energy, 
with Europe leading the way into the age of wind energy. For more details on 
wind energy see pp. 419–422 and Figures 14, 15, and 16 on pp. S68–69 in 
Supplement 10. 
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What’s New
In this edition, we build on proven strengths of past 
editions with the following major new features:

■ New concept-centered approach 

■ Quantitative Data Analysis or Ecological Footprint 
Analysis exercise at the end of each chapter and 
68 additional Data Analysis exercises in the 
Supplements

■ New design with 254 pieces of new or upgraded art 
and 89 new photos

■ Comprehensive review section at the end of each 
chapter with review questions that include all 
chapter key terms in boldface

This edition also introduces a new coauthor, Scott
Spoolman, who worked as a contributing editor on 
this and other environmental science textbooks by Tyler 
Miller for more than 4 years. (See About the Authors, 
p. xxiii.)

New Concept-Centered Approach
Each major chapter section is built around one to three 
9 key concepts—a major new feature of this edition. 
These concepts state the most important take-away mes-
sages of each chapter. They are listed at the front of each 
chapter (see Chapter 9, p. 184), and each chapter section 
begins with a key question and concepts (see Chapter 9, 
pp. 189, 193, and 206), which are highlighted and refer-
enced throughout each chapter.

A logo  in the margin links the material in 
each chapter to appropriate key concepts in foregoing 
chapters (see pp. 124, 219, and 315). 

New Design
The concepts approach is well-served by our new de-
sign, which showcases the concepts, core case studies, 
and other new features as well as proven strengths of 
this textbook. The new design (see Chapter 1, pp. 5–27), 
which enhances visual learning, also incorporates a thor-
oughly updated art program with 254 new or upgraded 
diagrams and 89 new photos—amounting to 56% of the 
book’s 617 figures.

Sustainability Remains as the 
Integrating Theme of This Book
Sustainability, a watchword in the 21st Century for those 
concerned about the environment, is the overarching 
theme of this concept-centered, solutions-oriented, science-
based, and flexible introductory environmental science 
textbook. In this edition, we showcase the sustainabil-
ity theme even more to reflect its growing importance 
in understanding environmental problems and their 
solutions. You can see the sustainability emphasis by 
looking at the Brief Contents (p. iii). 

Four scientific principles of sustainability play a ma-
jor role in carrying out this book’s sustainability theme. 
These principles, depicted in Figure 1-17 (p. 23 and the 
back cover of the student edition), are used through-
out the book. Each reference is marked in the margin 
by . (See Chapter 12, pp. 279, 280, 292, 293, 294, 
296, 300, 306, 307, 308, 310, and 311.) 

Core Case Studies and the 
Sustainability Theme
Each chapter opens with a Core Case Study (see 
Chapter 21, p. 560), which is applied throughout the 
chapter. These connections to the Core Case Study
are indicated in the book’s margin by . (See Chap-
ter 21, pp. 561, 563, 564, 567, 574, 577, 582, 585, 
and 586.)

Each chapter ends with a Revisiting box (see Chap-
ter 21, p. 586), which connects the Core Case Study
and other material in the chapter to the four scientific
principles of sustainability. Thinking About exercises 
placed throughout each chapter (see Chapter 21, pp. 564, 
578, 582, and 584) challenge students to make these 
and other connections for themselves.

Five Subthemes Guide the Way 
toward Sustainability
In the previous edition of this book, we used five major 
subthemes, which are carried on in this new edition: 
natural capital, natural capital degradation, solutions, trade-
offs, and individuals matter (see diagram on back cover). 

P R E F A C E

For Instructors
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■ Natural capital. Sustainability focuses on the nat-
ural resources and natural services that support 
all life and economies. Examples of diagrams that 
illustrate this subtheme are Figures 1-3 (p. 8), 
8-4 (p. 165), and 10-4 (p. 217).

■ Natural capital degradation. We describe how hu-
man activities can degrade natural capital. Examples 
of diagrams that illustrate this subtheme are Fig-
ures 1-7 (p. 12), 7-20 (p. 158), and 10-15 (p. 225).

■ Solutions. Next comes the search for solutions to 
natural capital degradation and other environmen-
tal problems. We present proposed solutions in a 
balanced manner and challenge students to use 
critical thinking to evaluate them. Some 33 figures 
and many chapter sections and subsections present 
proven and possible solutions to various environ-
mental problems. Examples are Figures 12-32 
(p. 308), 13-23 (p. 337), and 18-23 (p. 491).

■ Trade-Offs. The search for solutions involves trade-
offs, because any solution requires weighing advan-
tages against disadvantages. Some 35 Trade-Offs 
boxes present advantages and disadvantages of vari-
ous environmental technologies and solutions to en-
vironmental problems. Examples are Figures 12-20 
(p. 295), 15-15 (p. 385), and 16-21 (p. 418). 

■ Individuals Matter. Throughout the book Individu-
als Matter boxes describe what various concerned 
citizens and scientists have done to help us work 
toward sustainability. (See pp. 230, 537, 572, and 
622). Also, 14 What Can You Do? boxes describe how 
readers can deal with the problems we face. Exam-
ples are Figures 12-33 (p. 310), 19-16 (p. 522), and 
20-21 (p. 557). Twelve especially important things 
individuals can do—the sustainability dozen—are
summarized in Figure 25-8 (p. 669).

Science-Based Global Coverage
Chapters 2–8 present the basic scientific principles of 
ecology (see Brief Contents, p. iii) needed for a basic 
understanding of how the earth works and for evalu-
ating proposed solutions to environmental problems. 
Important environmental science topics are explored 
in depth in 54 Science Focus boxes distributed among 
the chapters (see pp. 104, 309, and 333). (See items in 
BOLD type in the Detailed Contents, pp. v–xiv.) Science 
is also integrated throughout the book in various Case
Studies (see pp. 177–178, 202–203, and 259–260) and 
in figures (see Figures 15-A, p. 374; 15-12, p. 383; and 
15-17, p. 387). In addition, 58 Research Frontier
boxes list key areas of cutting-edge research, with links 
to such research provided on the website for this book 
(see pp. 74, 217, and 240). Green Career items in the 
text list various green careers with further information 
found on the website.

This book also provides a global perspective on two 
levels. First, ecological principles reveal how all the 

world’s life is connected and sustained within the 
biosphere (Chapter 3). Second, the book integrates in-
formation and images from around the world into its 
presentation of environmental problems and their pos-
sible solutions. This includes 32 global maps and 28 
U.S. maps in the basic text and in Supplements 3, 4, 
and 10. 

CengageNOW, an online visual learning supplement, 
allows students to enhance their scientific understand-
ing by viewing animations, many of them interactive. 
Some CengageNOW animations are related to figures (see 
Figures 5-17, p. 117 and 8-15, p. 175) and others to text 
(see pp. 132 and 144).

Three Levels of Flexibility
There are hundreds of ways to organize the content 
of this course to fit the needs of different instructors 
with a wide variety of professional backgrounds and 
course lengths and goals. Our solution to this problem 
has been to design a highly flexible book that allows 
instructors to vary the order of chapters and sections 
within chapters without exposing students to terms 
and concepts that would hinder their learning.

We recommend that instructors start with Chapter 1 
because it defines basic terms and gives an overview of 
sustainability, population, pollution, resources, and eco-
nomic development issues that are treated throughout 
the book. This provides a springboard for instructors to 
use other chapters in almost any order.

One often-used strategy is to follow Chapter 1 with 
Chapters 2–8, which introduce basic science and eco-
logical concepts. Instructors can then use the remaining 
chapters in any order desired. Some instructors follow 
Chapter 1 with any or all of Chapters 23, 24, and 25 
on environmental economics, politics, and worldviews, 
respectively, before proceeding to the chapters on basic 
science and ecological concepts.

We provide a second level of flexibility in 13 Supple-
ments (see p. xiv in the Detailed Contents and p. S1), 
which instructors can assign as desired to meet the 
needs of their specific courses. Examples include basic 
environmental data (Supplement 3), maps of biodi-
versity and ecological footprints (Supplement 4), en-
vironmental history (Supplement 5), basic chemistry 
(Supplement 6), weather basics (Supplement 8), and 
graphs and maps related to energy resources (Supple-
ment 10). These supplements contain 34 graphs and 34 
U.S. and global maps (each with Data Analysis ques-
tions) that make up a large database of environmental 
information.

There is also a third level of flexibilty. Instructors 
wanting to emphasize a mastery of basic environmen-
tal concepts and information can rely mostly on the 
detailed review questions at the end of each chapter 
and leave out any or all of the book’s numerous criti-
cal thinking questions in Thinking About boxes, many 
figure captions, and at the end of each chapter.
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Case Studies
In addition to the 25 Core Case Studies described above, 
51 additional Case Studies (see pp. 93–95, 177–178, 
and 257–259) appear throughout the book. (See items 
in BOLD type in the Detailed Contents, pp. v–xiv.) The to-
tal of 76 case studies provides an in-depth look at specific 
environmental problems and their possible solutions.

Critical Thinking
The introduction on Learning Skills describes critical 
thinking skills (pp. 2–4). Specific critical thinking exer-
cises are used throughout the book in several ways:

■ As 159 Thinking About exercises. This interactive
approach to learning reinforces textual and graphic 
information and concepts by asking students to 
analyze material immediately after it is presented 
throughout each chapter rather than at the end of 
the chapter (see pp. 87, 380, and 405).

■ In all Science Focus boxes.

■ In the captions of many of the book’s figures (see 
Figures 7-12, p. 151; 20-B, p. 550; and 23-9, p. 623).

■ In the nearly 70 How Would You Vote? exercises 
(see pp. 114, 426, and 514).

■ As end-of-chapter questions (see pp. 120 and 609).

Visual Learning
This book’s 498 diagrams—218 of them new to this 
edition—are designed to present complex ideas in 
understandable ways relating to the real world. (See 
Figures 1-7, p. 12; 3-18, p. 68; 4-2, p. 79; and 7-11, 
p. 149.) We have also carefully selected 209 photo-
graphs—89 of them new to this edition—to illustrate 
key ideas. (See Figures 4-10, p. 89; 10-11, p. 222; and 
12-12, p. 288.) We have avoided the common practice 
of including numerous “filler” photographs that are not 
very effective or that show the obvious. 

Finally, to enhance visual learning, more than 80 
CengageNOW animations, many referenced in the text 
and diagrams, are available online. CengageNOW pro-
vides students with a more complete learning experi-
ence that takes what students read on the page and 
places it into a more interactive environment.

Major Changes in This Edition: 
A Closer Look 
Major changes in this new edition include the following: 

■ New co-author (see p. xxiii)

■ Concept-centered approach with each chapter 
section built around one to three Key Concepts
that provide the most important messages of each 
chapter. Each chapter also links material to related 
key concepts from previous chapters. All of the 

Key Concepts, listed by chapter, can be found in 
Supplement 14 on page S83.

■ New design serving the concept-centered approach 
and integration of Core Case Studies, with an up-
graded art program, which includes 254 new or 
upgraded diagrams. (See Figures 1-3, p. 8; 5-8, 
p. 107; and 10-15, p. 225.)

■ 89 carefully selected new photographs. (See Fig-
ures 3-1, p. 50; 3-4, p. 53; and 14-21, p. 359.)

■ Expansion of the sustainability theme built around 
the four scientific principles of sustainability (Fig-
ure 1-17, p. 23 and the back cover of the student 
edition)

■ 7 new chapter opening Core Case Studies (pp. 28, 
399, and 468)

■ 54 Science Focus boxes that provide greater 
depth on scientific concepts and on the work of 
environmental scientists (see pp. 197, 253, 
and 296).

■ Connections to The Habitable Planet, a set of 13 
videos produced by Annenberg Media. Each half-
hour video describes research that two different 
scientists are doing on a particular environmental 
problem (see pp. 67, 217, and 254). 

■ Review section at the end of each chapter with com-
prehensive review questions that include all key 
terms in boldface. (See pp. 180 and 528.)

■ A Data Analysis or Ecological Footprint Analysis 
exercise at the end of each chapter (see pp. 76, 
98–99, and 274) and 64 additional exercises ana-
lyzing graphs or maps in the book’s Supplements 
(see pp. S14, S24–S25, and S60).

■ Student projects listed by chapter are found in Sup-
plement 13 p. S78. Some instructors may find these 
useful for getting students more deeply involved in 
key environmental issues.

■ Active Graphing exercises in CengageNOW for many 
chapters that involve students in the graphing and 
evaluation of data. 

■ Improved flow and content based on input from 
47 new reviewers (identified by an asterisk in the 
List of Reviewers on pp. xx–xxii). 

■ More than 4,000 updates based on information and 
data published in 2005, 2006, 2007, and 2008.

■ New Laboratory Manual developed by a team of 
teachers led by Ed Wells.

■ Integration of material on the growing ecological 
and economic impacts of China throughout much 
of the book. (See Index citations for China.)

■ More than 100 new or expanded topics includ-
ing expanded treatment of ecological footprints 
(Figures 1-9, p. 14; and 1-10, p. 15 and ecological 
footprint calculations at the end of a number of 
chapters); additional maps of global economic, pop-
ulation, hunger, health, and waste production data 
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(Supplement 3, pp. S10–S19); additional energy 
resource and climate data maps (Supplement 10, 
pp. S59–S72); revisiting Easter Island (p. 31); 
tipping points (p. 46); tropical forest losses (p. 50); 
hurricanes and New Orleans (p. 177–178); tropical 
forest fragmentation (p. 195); vultures and rabies 
(p. 197); disappearing honeybees (pp. 202–203); 
threatened polar bears (p. 203); Jane Goodall 
(p. 205); effects of gray wolves on the Yellowstone 
ecosystem (p. 235); Blackfoot reconciliation ecol-
ogy (pp. 244–245); restoring mangroves (p. 255); 
endangered marine turtles (pp. 259–260); crop 
weed management (p. 296); organic agriculture 
(p. 307); perennial crops (p. 309); deep aquifers 
(p. 324); water transfer projects in China 
(pp. 331–332); improving desalination (p. 333); 
environmental effects of gold mining (p. 344); 
ecological restoration (p. 359); coal consumption 
in China (pp. 384–385); Iceland’s renewable energy 
economy (p. 399); plug-in hybrid cars (p. 405); 
better electric car batteries (p. 406); solar tower 
power plants (p. 414); solar cell power plants 
(p. 416); update on wind energy (pp. 419–422); 
updates on biodiesel (pp. 423–424) and ethanol 
(pp. 424–426) biofuels; improving energy efficiency 
in California (pp. 433–434); ecological medicine 
(p. 446); harmful chemicals in a home (p. 458); 
South Asia’s brown cloud (p. 468); Hubbard Brook 
forest and acid deposition (p. 482); updates on 
global warming and climate change (pp. 499–503, 
507); melting ice in Greenland (p. 508); climate 
stabilization wedges (p. 515); expanded cover-
age of carbon capture and storage (pp. 516–517); 
geoengineering and climate change (pp. 517–518); 
Lake Washington (pp. 531, 540); LifeStraw water 
purifier (p. 545); E-Waste (pp. 560, 577); integrated 
waste management (p. 565); recycling plastics 
(p. 572); urban indoor farming (p. 607); an ecocity 
in China (pp. 607–608); greening American cam-
puses (p. 651); environmental literacy (p. 666); 
and sustainability dozen (p. 669).

In-Text Study Aids
Each chapter begins with a list of key questions and con-
cepts showing how the chapter is organized and what 
students will be learning. When a new term is intro-
duced and defined, it is printed in boldface type, and all 
such terms are summarized in the glossary at the end 
of the book and highlighted in review questions at the 
end of each chapter.

One hundred and fifty-nine Thinking About exercises 
reinforce learning by asking students to think critically 
about the implications of various environmental issues 
and solutions immediately after they are discussed in 
the text. The captions of many figures contain ques-
tions that involve students in thinking about and eval-
uating their content. 

Each chapter ends with a Review section containing 
a detailed set of review questions that include all chap-
ter key terms in boldface (p. 558), followed by a set of 
Critical Thinking (pp. 558–559) questions to encourage 
students to think critically and apply what they have 
learned to their lives.

Supplements for Students 
A multitude of electronic supplements available to stu-
dents take the learning experience beyond the textbook:

■ CengageNOW is an online learning tool that helps 
students access their unique study needs. Students 
take a pre-test and a personalized study plan pro-
vides them with specific resources for review. A 
post-test then identifies content that might require 
further study. How Do I Prepare tutorials, another 
feature of CengageNOW, walk students through basic 
math, chemistry, and study skills to help them brush 
up quickly and be ready to succeed in their course.

■ WebTutor on WebCT or Blackboard provides access 
to a full array of study tools, including flash cards, 
practice quizzes, animations, exercises, and web 
links.

■ Audio Study Tools. Students can download these use-
ful study aids, which contain valuable information 
such as reviews of important concepts, key terms, 
questions, clarifications of common misconcep-
tions, and study tips.

■ Access to InfoTrac® College Edition for teachers 
and students using CengageNOW and WebTutor on 
WebCT or Blackboard. This fully searchable online 
library gives users access to complete environmen-
tal articles from several hundred current periodicals 
and others dating back over 20 years.

The following materials for this textbook are avail-
able on the companion website at

academic.cengage.com/biology/miller

■ Chapter Summaries help guide student reading and 
study of each chapter.

■ Flash Cards and Glossary allow students to test their 
mastery of each chapter’s Key Terms. 

■ Chapter Tests provide multiple-choice practice quizzes.

■ Information on a variety of Green Careers.

■ Readings list major books and articles consulted in 
writing each chapter and include suggestions for 
articles, books, and websites that provide additional 
information.

■ What Can You Do? offers students resources for what 
they can do to effect individual change on key en-
vironmental issues.

■ Weblinks and Research Frontier Links offer an exten-
sive list of websites with news and research related 
to each chapter.
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Other student learning tools include:

■ Essential Study Skills for Science Students by Daniel D. 
Chiras. This book includes chapters on developing 
good study habits, sharpening memory, getting the 
most out of lectures, labs, and reading assignments, 
improving test-taking abilities, and becoming a 
critical thinker. Available for students on instructor 
request.

■ Lab Manual. New to this edition, this lab manual 
includes both hands-on and data analysis labs to 
help your students develop a range of skills. Cre-
ate a custom version of this Lab Manual by adding 
labs you have written or ones from our collection 
with Cengage Custom Publishing. An Instructor’s 
Manual for the labs will be available to adopters. 

■ What Can You Do? This guide presents students with 
a variety of ways that they can affect the environ-
ment, and shows them how to track the effect their 
actions have on their ecological footprint. Available 
for students on instructor request. 

Supplements for Instructors 
■ PowerLecture. This DVD, available to adopters, 

allows you to create custom lectures in Microsoft® 
PowerPoint using lecture outlines, all of the figures 
and photos from the text, bonus photos, and ani-
mations from CengageNOW. PowerPoint’s editing 
tools allow use of slides from other lectures, modi-
fication or removal of figure labels and leaders, 
insertion of your own slides, saving slides as JPEG 
images, and preparation of lectures for use on the 
Web.

■ Instructor’s Manual. Available to adopters. Updated 
and reorganized, the Instructor’s Manual has been 
thoughtfully revised to make creating your lectures 
even easier. Some of the features new to this edi-
tion include the integration of the case studies and 
feature boxes into the lecture outline, a new sec-
tion on teaching tips, and a revised video reference 
list with web resources. Also available on Power-
Lecture.

■ Test Bank. Available to Adopters. The test bank 
contains thousands of questions and answers in 
a variety of formats. New to this edition are short 
essay questions to further challenge your students’ 
understanding of the topics. Also available on 
PowerLecture.

■ Transparencies. Featuring all the illustrations from 
the chapters, this set contains 250 printed Transpar-
encies of key figures, and 250 electronic Masters. 
These electronic Masters will allow you to print, in 
color, only those additional figures you need. 

■ ABC Videos for Environmental Science. The 45 infor-
mative and short video clips cover current news 
stories on environmental issues from around 

the world. These clips are a great way to start a 
lecture or spark a discussion. Available on DVD 
with a workbook, on the PowerLecture, and in 
CengageNOW with additional internet activities. 

■ ExamView. This full-featured program helps you 
create and deliver customized tests (both print and 
online) in minutes, using its complete word pro-
cessing capabilities.

Other Textbook Options
Instructors wanting a book with a different length and 
emphasis can use one of our three other books that we 
have written for various types of environmental science 
courses: Environmental Science, 12th edition (430 pages, 
Brooks/Cole 2008), Sustaining the Earth: An Integrated 
Approach, 9th edition (339 pages, Brooks/Cole, 2009) 
and Essentials of Ecology, 5th edition (274 pages, Brooks/
Cole, 2009). 

Help Us Improve This Book
Let us know how you think this book can be improved. 
If you find any errors, bias, or confusing explanations, 
please e-mail us about them at

mtg89@hotmail.com
spoolman@tds.net

Most errors can be corrected in subsequent print-
ings of this edition, as well as in future editions.
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Set up a study routine in a distraction-free environment.
Develop a written daily study schedule and stick to it. 
Study in a quiet, well-lighted space. Work while sitting at 
a desk or table—not lying down on a couch or bed. Take 
breaks every hour or so. During each break, take several 
deep breaths and move around; this will help you to stay 
more alert and focused.

Avoid procrastination—putting work off until another 
time. Do not fall behind on your reading and other assign-
ments. Set aside a particular time for studying each day and 
make it a part of your daily routine.

Do not eat dessert first. Otherwise, you may never get to the 
main meal (studying). When you have accomplished your 
study goals, reward yourself with dessert (play or leisure).

Make hills out of mountains. It is psychologically difficult 
to climb a mountain, which is what reading an entire book, 
reading a chapter in a book, writing a paper, or cramming 
to study for a test can feel like. Instead, break these large 
tasks (mountains) down into a series of small tasks (hills). 
Each day, read a few pages of a book or chapter, write a 
few paragraphs of a paper, and review what you have stud-
ied and learned. As American automobile designer and 
builder Henry Ford put it, “Nothing is particularly hard if 
you divide it into small jobs.”

Look at the big picture first. Get an overview of an assigned 
reading in this book by looking at the Key Questions and 
Concepts box at the beginning of each chapter. It lists key 
questions explored in the chapter sections and the corre-
sponding key concepts, which are the critical lessons to be 
learned in the chapter. Use this list as a chapter roadmap. 
When you finish a chapter you can also use it to review.

Ask and answer questions as you read. For example, “What 
is the main point of a particular subsection or paragraph?” 
Relate your own questions to the key questions and key 
concepts being addressed in each major chapter section. In 
this way, you can flesh out a chapter outline to help you 
understand the chapter material. You may even want to do 
such an outline in writing.

Focus on key terms. Use the glossary in this textbook to 
look up the meanings of terms or words you do not under-
stand. This book shows all key terms in boldface type and 
lesser, but still important, terms in italicized type. The review 

Why Is It Important to Study 
Environmental Science?
Welcome to environmental science—an interdisciplin-
ary study of how the earth works, how we interact with 
the earth, and how we can deal with the environmental 
problems we face. Because environmental issues affect ev-
ery part of your life, the concepts, information, and issues 
discussed in this book and the course you are taking will be 
useful to you now and throughout your life.

Understandably, we are biased, but we strongly believe 
that environmental science is the single most important course in 
your education. What could be more important than learning 
how the earth works, how we are affecting its life support 
system, and how we can reduce our environmental impact?

We live in an incredibly challenging era. We are becom-
ing increasingly aware that during this century we need to 
make a new cultural transition in which we learn how to 
live more sustainably by sharply reducing the degradation 
of our life-support system. We hope this book will inspire 
you to become involved in this change in the way we view 
and treat the earth, which sustains us and our economies 
and all other living things.

You Can Improve Your Study 
and Learning Skills
Maximizing your ability to learn should be one of your 
most important lifetime educational goals. It involves con-
tinually trying to improve your study and learning skills. Here 
are some suggestions for doing so:

Develop a passion for learning. As the famous physicist and 
philosopher Albert Einstein put it, “I have no special talent. 
I am only passionately curious.”

Get organized. Becoming more efficient at studying gives 
you more time for other interests.

Make daily to-do lists in writing. Put items in order of im-
portance, focus on the most important tasks, and assign a 
time to work on these items. Because life is full of uncer-
tainties, you might be lucky to accomplish half of the items 
on your daily list. Shift your schedule as needed to accom-
plish the most important items.

Students who can begin early in their lives to think of things as connected, 
even if they revise their views every year, have begun the life of learning.

MARK VAN DOREN

Learning Skills



2 LEARNING SKILLS

questions at the end of each chapter also include the 
chapter’s key terms in boldface. Flash cards for testing 
your mastery of key terms for each chapter are avail-
able on the website for this book, or you can make your 
own by putting a term on one side of an index card 
or piece of paper and its meaning on the other side.

Interact with what you read. We suggest that you 
mark key sentences and paragraphs with a highlighter 
or pen. Consider putting an asterisk in the margin next 
to material you think is important and double aster-
isks next to material you think is especially important. 
Write comments in the margins, such as beautiful, con-
fusing, misleading, or wrong. You might fold down the 
top corners of pages on which you highlighted passages 
and the top and bottom corners of especially important 
pages. This way, you can flip through a chapter or book 
and quickly review the key ideas.

Review to reinforce learning. Before each class session, 
review the material you learned in the previous session 
and read the assigned material.

Become a good note taker. Do not try to take down ev-
erything your instructor says. Instead, write down main 
points and key facts using your own shorthand system. 
Review, fill in, and organize your notes as soon as pos-
sible after each class.

Write out answers to questions to focus and reinforce 
learning. Answer the critical thinking questions found 
in Thinking About boxes throughout chapters, in many 
figure captions, and at the end of each chapter. These 
questions are designed to inspire you to think critically 
about key ideas and connect them to other ideas and 
to your own life. Also answer the review questions 
found at the end of each chapter. The website for each 
chapter has an additional detailed list of review ques-
tions. Writing out your answers to the critical thinking 
and review questions can reinforce your learning. Save 
your answers for review and preparation for tests.

Use the buddy system. Study with a friend or become 
a member of a study group to compare notes, review 
material, and prepare for tests. Explaining something to 
someone else is a great way to focus your thoughts and 
reinforce your learning. Attend any review sessions of-
fered by instructors or teaching assistants.

Learn your instructor’s test style. Does your instructor 
emphasize multiple-choice, fill-in-the-blank, true-or-
false, factual, or essay questions? How much of the test 
will come from the textbook and how much from lec-
ture material? Adapt your learning and studying meth-
ods to your instructor’s style. It may not exactly match 
your own, but the reality is that your instructor is in 
charge.

Become a good test taker. Avoid cramming. Eat well 
and get plenty of sleep before a test. Arrive on time or 
early. Calm yourself and increase your oxygen intake 
by taking several deep breaths. (Do this also about ev-
ery 10–15 minutes while taking the test.) Look over 
the test and answer the questions you know well first. 

Then work on the harder ones. Use the process of elim-
ination to narrow down the choices for multiple-choice 
questions. Paring them down to two choices gives you 
a 50% chance of guessing the right answer. For essay 
questions, organize your thoughts before you start writ-
ing. If you have no idea what a question means, make 
an educated guess. You might get some partial credit 
and avoid getting a zero. Another strategy for getting 
some credit is to show your knowledge and reasoning 
by writing something like this: “If this question means 
so and so, then my answer is ________.”

Develop an optimistic but realistic outlook. Try to be a 
“glass is half-full” rather than a “glass is half-empty” 
person. Pessimism, fear, anxiety, and excessive wor-
rying (especially over things you cannot control) are 
destructive and lead to inaction. Try to keep your en-
ergizing feelings of realistic optimism slightly ahead of 
any immobilizing feelings of pessimism. Then you will 
always be moving forward.

Take time to enjoy life. Every day, take time to laugh 
and enjoy nature, beauty, and friendship. You can do 
this without falling behind in your work and living un-
der a cloud of guilt and anxiety if you become an effec-
tive and efficient learner.

You Can Improve Your Critical 
Thinking Skills: Becoming 
a Good Baloney Detector
Critical thinking involves developing skills to analyze 
information and ideas, judge their validity, and make 
decisions. Critical thinking helps you to distinguish be-
tween facts and opinions, evaluate evidence and argu-
ments, take and defend informed positions on issues, 
integrate information, see relationships, and apply your 
knowledge to dealing with new and different problems 
and to your own lifestyle choices. Here are some basic 
skills for learning how to think more critically.

Question everything and everybody. Be skeptical, as 
any good scientist is. Do not believe everything you 
hear and read, including the content of this textbook, 
without evaluating the information you receive. Seek 
other sources and opinions. As Albert Einstein put it, 
“The important thing is not to stop questioning.”

Identify and evaluate your personal biases and beliefs.
Each of us has biases and beliefs taught to us by our 
parents, teachers, friends, role models, and experience. 
What are your basic beliefs, values, and biases? Where 
did they come from? What assumptions are they 
based on? How sure are you that your beliefs, values, 
and assumptions are right and why? According to the 
American psychologist and philosopher William James, 
“A great many people think they are thinking when 
they are merely rearranging their prejudices.”

Be open-minded and flexible. Be open to considering 
different points of view. Suspend judgment until you 
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gather more evidence, and be capable of changing your 
mind. Recognize that there may be a number of use-
ful and acceptable solutions to a problem and that very 
few issues are black or white. There are trade-offs in-
volved in dealing with any environmental issue, as you 
will learn in this book. One way to evaluate divergent 
views is to try to take the viewpoints of other people. 
How do they see the world? What are their basic as-
sumptions and beliefs? Are their positions logically 
consistent with their assumptions and beliefs?

Be humble about what you know. Some people are so 
confident in what they know that they stop thinking 
and questioning. To paraphrase American writer Mark 
Twain, “It’s not what we don’t know that’s so bad. It’s 
what we know is true, but just ain’t so, that hurts us.”

Evaluate how the information related to an issue was 
obtained. Are the statements you heard or read based 
on firsthand knowledge and research or on hearsay? 
Are unnamed sources used? Is the information based 
on reproducible and widely accepted scientific studies 
(reliable science, p. 33) or on preliminary scientific results 
that may be valid but need further testing (tentative or 
frontier science, p. 33)? Is the information based on a few 
isolated stories or experiences (anecdotal information)
or on carefully controlled studies with the results re-
viewed by experts in the field involved (peer review)? Is 
it based on unsubstantiated and dubious scientific in-
formation or beliefs (unreliable science, p. 34)?

Question the evidence and conclusions presented. What 
are the conclusions or claims? What evidence is pre-
sented to support them? Does the evidence support 
them? Is there a need to gather more evidence to test 
the conclusions? Are there other, more reasonable 
conclusions?

Try to uncover differences in basic beliefs and assump-
tions. On the surface most arguments or disagreements 
involve differences in opinions about the validity or 
meaning of certain facts or conclusions. Scratch a lit-
tle deeper and you will find that most disagreements 
are usually based on different (and often hidden) ba-
sic assumptions concerning how we look at and inter-
pret the world around us. Uncovering these basic dif-
ferences can allow the parties involved to understand 
where each is “coming from” and to agree to disagree 
about their basic assumptions, beliefs, or principles.

Try to identify and assess any motives on the part of 
those presenting evidence and drawing conclusions.
What is their expertise in this area? Do they have any 
unstated assumptions, beliefs, biases, or values? Do 
they have a personal agenda? Can they benefit finan-
cially or politically from acceptance of their evidence 
and conclusions? Would investigators with different 
basic assumptions or beliefs take the same data and 
come to different conclusions?

Expect and tolerate uncertainty. Recognize that science 
is an ever-changing adventure that provides only a de-
gree of certainty. Scientists can disprove things but they 

cannot establish absolute proof or certainty. However, 
the widely accepted results of reliable science have a 
high degree of certainty.

Do the arguments used involve logical fallacies or de-
bating tricks? Here are six of many examples. First, at-
tack the presenter of an argument rather than the argu-
ment itself. Second, appeal to emotion rather than facts 
and logic. Third, claim that if one piece of evidence or 
one conclusion is false, then all other related pieces of 
evidence and conclusions are false. Fourth, say that a 
conclusion is false because it has not been scientifically 
proven. (Scientists never prove anything absolutely, 
but they can often establish high degrees of certainty, 
as discussed on pp. 33–34.) Fifth, inject irrelevant or 
misleading information to divert attention from impor-
tant points. Sixth, present only either/or alternatives 
when there may be a number of options.

Do not believe everything you read on the Internet. The 
Internet is a wonderful and easily accessible source of 
information, providing alternative explanations and 
opinions on almost any subject or issue—much of it not 
available in the mainstream media and scholarly arti-
cles. Web logs, or blogs, have become a major source of 
information, even more important than standard news 
media for some people. However, because the Internet 
is so open, anyone can post anything they want to a 
blog or other website with no editorial control or re-
view by experts. As a result, evaluating information on 
the Internet is one of the best ways to put into practice 
the principles of critical thinking discussed here. Use 
and enjoy the Internet, but think critically and proceed 
with caution.

Develop principles or rules for evaluating evidence.
Develop a written list of principles to serve as guide-
lines for evaluating evidence and claims. Continu-
ally evaluate and modify this list on the basis of your 
experience.

Become a seeker of wisdom, not a vessel of information.
Many people believe that the main goal of education 
is to learn as much as you can by gathering more and 
more information. We believe that the primary goal 
is to learn how to sift through mountains of facts and 
ideas to find the few nuggets of wisdom that are the most 
useful for understanding the world and for making de-
cisions. This book is full of facts and numbers, but they 
are useful only to the extent that they lead to an un-
derstanding of key ideas, scientific laws, theories, con-
cepts, and connections. The major goals of the study 
of environmental science are to find out how nature 
works and sustains itself (environmental wisdom) and to 
use principles of environmental wisdom to help make hu-
man societies and economies more sustainable, more 
just, and more beneficial and enjoyable for all. As writer 
Sandra Carey put it, “Never mistake knowledge for wis-
dom. One helps you make a living; the other helps you 
make a life.” Or as American writer Walker Percy sug-
gested “some individuals with a high intelligence but 
lacking wisdom can get all A’s and flunk life.”
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To help you practice critical thinking, we have sup-
plied questions throughout this book—at the end of 
each chapter, and throughout each chapter in brief 
boxes labeled Thinking About and in the captions of 
many figures. There are no right or wrong answers to 
many of these questions. A good way to improve your 
critical thinking skills is to compare your answers with 
those of your classmates and to discuss how you ar-
rived at your answers.

Know Your Own Learning Style
People have different ways of learning and it can be 
helpful to know your own learning style. Visual learn-
ers learn best from reading and viewing illustrations 
and diagrams. They can benefit from using flash cards 
(available on the website for this book) to memorize key 
terms and ideas. This is a highly visual book with many 
carefully selected photographs and diagrams designed 
to illustrate important ideas, concepts, and processes.

Auditory learners learn best by listening and dis-
cussing. They might benefit from reading aloud while 
studying and using a tape recorder in lectures for study 
and review. Logical learners learn best by using concepts 
and logic to uncover and understand a subject rather 
than relying mostly on memory.

Part of what determines your learning style is how 
your brain works. According to the split-brain hypoth-
esis, the left hemisphere of your brain is good at logic, 
analysis, and evaluation, and the right half of the brain 
is good at visualizing, synthesizing, and creating. Our 
goal is to provide material that stimulates both sides of 
your brain.

The study and critical thinking skills encouraged in 
this book and in most courses largely involve the left 
brain. However, you can improve these skills by giv-
ing your left brain a break and letting your creative 
side loose. You can do this by brainstorming ideas with 
classmates with the rule that no left-brain criticism is 
allowed until the session is over.

When you are trying to solve a problem, rest, medi-
tate, take a walk, exercise, or do something to shut 
down your controlling left-brain activity, and allow the 

right side of your brain to work on the problem in a less 
controlled and more creative manner.

This Book Presents a Positive 
and Realistic Environmental Vision 
of the Future
There are always trade-offs involved in making and 
implementing environmental decisions. Our challenge 
is to give a fair and balanced presentation of different 
viewpoints, advantages and disadvantages of various 
technologies and proposed solutions to environmental 
problems, and good and bad news about environmen-
tal problems without injecting personal bias.

Studying a subject as important as environmental 
science and ending up with no conclusions, opinions, 
and beliefs means that both teacher and student have 
failed. However, any conclusions one does reach must 
result from a process of thinking critically to evaluate 
different ideas and understand the trade-offs involved. 
Our goal is to present a positive vision of our environ-
mental future based on realistic optimism.

Help Us Improve This Book
Researching and writing a book that covers and con-
nects ideas in a wide variety of disciplines is a challeng-
ing and exciting task. Almost every day, we learn about 
some new connection in nature.

In a book this complex, there are bound to be some 
errors—some typographical mistakes that slip through 
and some statements that you might question, based on 
your knowledge and research. We invite you to contact 
us and point out any bias, correct any errors you find, 
and suggest ways to improve this book. Please e-mail 
your suggestions to Tyler Miller at mtg@hotmail.com
or Scott Spoolman at spoolman@tds.net.

Now start your journey into this fascinating and im-
portant study of how the earth works and how we can 
leave the planet in a condition at least as good as what 
we found. Have fun.

Study nature, love nature, stay close to nature. It will never fail you.
FRANK LLOYD WRIGHT
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Environmental Problems, 
Their Causes, and Sustainability 1 

Two ancient kings enjoyed playing chess. The winner claimed a 
prize from the loser. After one match, the winning king asked 
the losing king to pay him by placing one grain of wheat on the 
first square of the chessboard, two grains on the second square, 
four on the third, and so on, with the number doubling on each 
square until all 64 squares were filled.

The losing king, thinking he was getting off easy, agreed 
with delight. It was the biggest mistake he ever made. He bank-
rupted his kingdom because the number of grains of wheat he 
had promised was probably more than all the wheat that has 
ever been harvested!

This fictional story illustrates the concept of exponential 
growth, by which a quantity increases at a fixed percentage per 
unit of time, such as 2% per year. Exponential growth is decep-
tive. It starts off slowly, but after only a few doublings, it grows 
to enormous numbers because each doubling is more than the 
total of all earlier growth.

Here is another example. Fold a piece of pa-
per in half to double its thickness. If you could 
continue doubling the thickness of the paper 
42 times, the stack would reach from the earth to 
the moon—386,400 kilometers (240,000 miles) 
away. If you could double it 50 times, the folded 
paper would almost reach the sun—149 million 
kilometers (93 million miles) away!

Because of exponential growth in the hu-
man population (Figure 1-1), in 2008 there were 
6.7 billion people on the planet. Collectively, these 
people consume vast amounts of food, water, raw 
materials, and energy and in the process produce 
huge amounts of pollution and wastes. Unless 
death rates rise sharply, there will probably be 
9.3 billion of us by 2050 and perhaps as many as 
10 billion by the end of this century. 

The exponential rate of global population 
growth has declined since 1963. Even so, each day 
we add an average of 225,000 more people to the 
earth’s population. This is roughly equivalent to 
adding a new U.S. city of Los Angeles, California, 
every 2 months, a new France every 9 months, and 
a new United States—the world’s third most popu-
lous country—about every 4 years. 

No one knows how many people the earth can 
support, and at what level of resource consump-
tion or affluence, without seriously degrading the 

ability of the planet to support us and other forms of life and our 
economies. But there are some disturbing warning signs. Biolo-
gists estimate that, by the end of this century, our exponentially 
increasing population and resource consumption could cause the 
irreversible loss of one-third to one-half of the world’s known dif-
ferent types of plants and animals. 

There is also growing evidence and concern that continued 
exponential growth in human activities such as burning fossil 
fuels (carbon-based fuels such as coal, natural gas, and gasoline) 
and clearing forests will change the earth’s climate during this 
century. This could ruin some areas for farming, shift water sup-
plies, eliminate many of the earth’s unique forms of life, and 
disrupt economies in various parts of the world.

Great news: We have solutions to these problems that 
we could implement within a few decades, as you will learn in 
this book. 

Living in an Exponential Age
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Figure 1-1 Exponential growth: the J-shaped curve of past exponential world population 
growth, with projections to 2100 showing possible population stabilization with the J-shaped 
curve of growth changing to an S-shaped curve. (This figure is not to scale.) (Data from the 
World Bank and United Nations; photo L. Yong/UNEP/Peter Arnold, Inc) 
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Environmental Science Is a Study 
of Connections in Nature
The environment is everything around us. It includes 
all of the living and the nonliving things with which 
we interact. And it includes a complex web of relation-
ships that connect us with one another and with the 
world we live in.

Despite our many scientific and technological ad-
vances, we are utterly dependent on the environment 
for air, water, food, shelter, energy, and everything else 
we need to stay alive and healthy. As a result, we are 
part of, and not apart from, the rest of nature.

This textbook is an introduction to environmen-
tal science, an interdisciplinary study of how humans 
interact with the environment of living and nonliving 

Key Questions and Concepts*

1-1 What is an environmentally sustainable society?
CONCEPT 1 - 1A  Our lives and economies depend on energy 
from the sun ( solar capital ) and on natural resources and natural 
services ( natural capital ) provided by the earth.

CONCEPT 1 - 1B  Living sustainably means living off the earth’s 
natural income without depleting or degrading the natural capital 
that supplies it. 

1-2 How can environmentally sustainable societies 
grow economically? 
CONCEPT 1 -2  Societies can become more environmentally 
sustainable through economic development dedicated to improving 
the quality of life for everyone without degrading the earth’s life 
support systems. 

1-3 How are our ecological footprints affecting 
the earth?
CONCEPT 1 -3  As our ecological footprints grow, we are 
depleting and degrading more of the earth’s natural capital. 

1-4 What is pollution, and what can we do about it?
CONCEPT 1 -4  Preventing pollution is more effective and less 
costly than cleaning up pollution.

1-5 Why do we have environmental problems?
CONCEPT 1 -5A  Major causes of environmental problems are 
population growth, wasteful and unsustainable resource use, 
poverty, exclusion of environmental costs of resource use from 
the market prices of goods and services, and attempts to manage 
nature with insufficient knowledge.

CONCEPT 1 -5B  People with different environmental worldviews 
often disagree about the seriousness of environmental problems 
and what we should do about them.

1-6 What are four scientific principles 
of sustainability?
CONCEPT 1 -6  Nature has sustained itself for billions of years by 
using solar energy, biodiversity, population control, and nutrient 
cycling—lessons from nature that we can apply to our lifestyles and 
economies.

*This is a concept-centered book, with each major chapter section built around one 
to three key concepts derived from the natural or social sciences. Key questions and 
concepts are summarized at the beginning of each chapter. You can use this list as a 
preview and as a review of the key ideas in each chapter.
Note: Supplements 2 (p. S4), 3 (p. S10), 4 (p. S20), 5 (p. S31), and 6 (p. S39) can be 
used with this chapter.

Alone in space, alone in its life-supporting systems, 
powered by inconceivable energies, 

mediating them to us through the most delicate adjustments, 
wayward, unlikely, unpredictable, but nourishing, enlivening, and enriching 

in the largest degree—is this not a precious home for all of us? 
Is it not worth our love?

BARBARA WARD AND RENÉ DUBOS

1-1 What Is an Environmentally Sustainable Society?
CONCEPT 1-1A Our lives and economies depend on energy from the sun ( solar
capital ) and on natural resources and natural services ( natural capital ) provided by 
the earth.
CONCEPT 1-1B Living sustainably means living off the earth’s natural income 
without depleting or degrading the natural capital that supplies it.

▲
▲
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things. It integrates information and ideas from the 
natural sciences, such as biology, chemistry, and geology, 
the social sciences, such as geography, economics, politi-
cal science, and demography (the study of populations), 
and the humanities, including philosophy and ethics 
(Table 1-1 and Figure 1-2). The goals of environmental 
science are to learn how nature works, how the environ-
ment affects us, how we affect the environment, and how to 
deal with environmental problems and live more sustainably. 

A key subfield of environmental science is ecol-
ogy, the biological science that studies how organ-
isms, or living things, interact with their environment 
and with each other. Every organism is a member of 
a certain species: a group of organisms with distinc-
tive traits and, for sexually reproducing organisms, can 
mate and produce fertile offspring. For example, all 
humans are members of a species that biologists have 
named Homo sapiens sapiens. A major focus of ecology 
is the study of ecosystems. An ecosystem is a set of 
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Figure 1-2 
Environmental 
science is an 
interdisciplinary 
study of 
connections 
between the 
earth’s life-
support system 
and human 
activities. 

Table 1-1 

Major Fields of Study Related to Environmental Science

Major Fields Subfields

Biology: study of living things (organisms) Ecology: study of how organisms interact with one 
another and with their nonliving environment

Botany: study of plants

Zoology: study of animals

Chemistry: study of chemicals and their interactions Biochemistry: study of the chemistry of living things

Earth science: study of the planet as a whole and its 
nonliving systems

Climatology: study of the earth’s atmosphere and 
climate

Geology: study of the earth’s origin, history, surface, and 
interior processes

Hydrology: study of the earth’s water resources

Paleontology: study of fossils and ancient life

Social sciences: studies of human society Anthropology: study of human cultures

Demography: study of the characteristics of human 
populations

Geography: study of the relationships between human 
populations and the earth’s surface features

Economics: study of the production, distribution, and 
consumption of goods and services

Political Science: study of the principles, processes, and 
structure of government and political institutions

Humanities: study of the aspects of the human condition 
not covered by the physical and social sciences

History: study of information and ideas about humanity’s 
past

Ethics: study of moral values and concepts concerning 
right and wrong human behavior and responsibilities

Philosophy: study of knowledge and wisdom about the 
nature of reality, values, and human conduct
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organisms interacting with one another and with their 
environment of nonliving matter and energy within a 
defined area or volume. 

We should not confuse environmental science and 
ecology with environmentalism, a social movement 
dedicated to protecting the earth’s life-support systems 
for us and all other forms of life. Environmentalism is 
practiced more in the political and ethical arenas than 
in the realm of science. 

Sustainability Is the Central Theme 
of This Book
Sustainability is the ability of the earth’s various nat-
ural systems and human cultural systems and econo-
mies to survive and adapt to changing environmental 
conditions indefinitely. It is the central theme of this 
book, and its components provide the subthemes of 
this book.

Figure 1-3 Key natural resources (blue) and natural services (orange) that support and sustain the earth’s 
life and economies (Concept 1-1A). 
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A critical component of sustainability is natural 
capital—the natural resources and natural services that 
keep us and other forms of life alive and support our 
economies (Figure 1-3). Natural resources are mate-
rials and energy in nature that are essential or useful to 
humans. These resources are often classified as renewable 
(such as air, water, soil, plants, and wind) or nonrenew-
able (such as copper, oil, and coal). Natural services are 
functions of nature, such as purification of air and water, 
which support life and human economies. Ecosystems 
provide us with these essential services at no cost.

One vital natural service is nutrient cycling, the 
circulation of chemicals necessary for life, from the en-
vironment (mostly from soil and water) through or-
ganisms and back to the environment (Figure 1-4). For 
example, topsoil, the upper layer of the earth’s crust, 
provides the nutrients that support the plants, animals, 
and microorganisms that live on land; when they die 
and decay, they resupply the soil with these nutrients. 
Without this service, life as we know it could not exist. 

Natural capital is supported by solar capital: en-
ergy from the sun (Figure 1-3). Take away solar energy, 
and all natural capital would collapse. Solar energy 
warms the planet and supports photosynthesis—a com-
plex chemical process that plants use to provide food 
for themselves and for us and most other animals. This 
direct input of solar energy also produces indirect forms 
of renewable solar energy such as wind, flowing water, 
and biofuels made from plants and plant residues. Thus, 
our lives and economies depend on energy from the sun 
( solar capital ) and natural resources and natural services 
( natural capital ) provided by the earth (Concept 1-1A). 

A second component of sustainability—and another 
sub-theme of this text—is to recognize that many hu-
man activities can degrade natural capital by using nor-
mally renewable resources faster than nature can renew 
them. For example, in parts of the world, we are clear-
ing mature forests much faster than nature can replen-
ish them. We are also harvesting many species of ocean 
fish faster than they can replenish themselves.

This leads us to a third component of sustainability. 
Environmental scientists search for solutions to problems 
such as the degradation of natural capital. However, 
their work is limited to finding the scientific solutions, 
while the political solutions are left to political pro-
cesses. For example, scientific solutions might be to stop 
chopping down biologically diverse, mature forests, and 
to harvest fish no faster than they can replenish them-
selves. But implementing such solutions could require 
government laws and regulations.

The search for solutions often involves conflicts. 
When scientists argue for protecting a diverse natural 
forest to help prevent the premature extinction of vari-
ous life forms, for example, the timber company that 
had planned to harvest trees in that forest might pro-
test. Dealing with such conflicts often involves making 
trade-offs, or compromises—a fourth component of sus-
tainability. In the case of the timber company, it might 
be persuaded to plant a tree farm in an area that had 

already been cleared or degraded, in exchange for pre-
serving the natural forest. 

Any shift toward environmental sustainability 
should be based on scientific concepts and results that 
are widely accepted by experts in a particular field, as 
discussed in more detail in Chapter 2. In making such a 
shift, individuals matter—another subtheme of this book. 
Some people are good at thinking of new ideas and in-
venting innovative technologies or solutions. Others 
are good at putting political pressure on government 
officials and business leaders, acting either alone or in 
groups to implement those solutions. In any case, a shift 
toward sustainability for a society ultimately depends on 
the actions of individuals within that society.

Environmentally Sustainable 
Societies Protect Natural Capital 
and Live Off Its Income
The ultimate goal is an environmentally sustain-
able society—one that meets the current and future 
basic resource needs of its people in a just and equita-
ble manner without compromising the ability of future 
generations to meet their basic needs. 

Imagine you win $1 million in a lottery. If you in-
vest this money and earn 10% interest per year, you 
will have a sustainable income of $100,000 a year that 
you can live off of indefinitely, while allowing interest 
to accumulate on what is left after each withdrawal, 
without depleting your capital. However, if you spend 
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Figure 1-4 Nutrient cycling: an important natural service that recycles chemicals 
needed by organisms from the environment (mostly from soil and water) through 
organisms and back to the environment. 
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■✓

According to this 4-year study by 1,360 experts from 
95 countries, human activities are degrading or over-
using about 62% of the earth’s natural services (Fig-
ure 1-3). In its summary statement, the report warned 
that “human activity is putting such a strain on the nat-
ural functions of Earth that the ability of the planet’s 
ecosystems to sustain future generations can no longer 
be taken for granted.” The good news is that the report 
suggests we have the knowledge and tools to conserve 
the planet’s natural capital, and it describes common-
sense strategies for doing this.

RESEARCH FRONTIER* 

A crash program to gain better and more comprehensive 
information about the health of the world’s life-support sys-
tems. See academic.cengage.com/biology/miller.

HOW WOULD YOU VOTE?**

Do you believe that the society you live in is on an 
unsustainable path? Cast your vote online at academic
.cengage.com/biology/miller.

*Environmental science is a developing field with many exciting research 
frontiers that are identified throughout this book.
**To cast your vote, go the website for this book and then to the appropriate 
chapter (in this case, Chapter 1). In most cases, you will be able to compare 
how you voted with others using this book. 

$200,000 per year, even while allowing interest to ac-
cumulate, your capital of $1 million will be gone early 
in the seventh year. Even if you spend only $110,000 
per year and still allow the interest to accumulate, you 
will be bankrupt early in the eighteenth year.

The lesson here is an old one: Protect your capital and 
live off the income it provides. Deplete or waste your capi-
tal, and you will move from a sustainable to an unsus-
tainable lifestyle.

The same lesson applies to our use of the earth’s 
natural capital—the global trust fund that nature pro-
vides for us. Living sustainably means living off natural
income, the renewable resources such as plants, ani-
mals, and soil provided by natural capital. This means 
preserving the earth’s natural capital, which supplies 
this income, while providing the human population 
with adequate and equitable access to this natural in-
come for the foreseeable future (Concept 1-1B).

The bad news is that, according to a growing body of 
scientific evidence, we are living unsustainably by wast-
ing, depleting, and degrading the earth’s natural capital 
at an exponentially accelerating rate (Core Case 
Study).* In 2005, the United Nations (U.N.) 
released its Millennium Ecosystem Assessment.

*The opening Core Case Study is used as a theme to connect and integrate 
much of the material in each chapter. The logo indicates these connections

There Is a Wide Economic Gap 
between Rich and Poor Countries
Economic growth is an increase in a nation’s output 
of goods and services. It is usually measured by the 
percentage of change in a country’s gross domestic 
product (GDP): the annual market value of all goods 
and services produced by all firms and organizations, 
foreign and domestic, operating within a country. 
Changes in a country’s economic growth per person 
are measured by per capita GDP: the GDP divided by 
the total population at midyear. 

The value of any country’s currency changes when 
it is used in other countries. Because of such differ-
ences, a basic unit of currency in one country can buy 
more of a particular thing than the basic unit of cur-
rency of another country can buy. Consumers in the 

first country are said to have more purchasing power
than consumers in the second country have. To help 
compare countries, economists use a tool called pur-
chasing power parity (PPP ). By combining per capita GDP 
and PPP, for any given country, they arrive at a per
capita GDP PPP—a measure of the amount of goods 
and services that a country’s average citizen could buy 
in the United States. 

While economic growth provides people with more 
goods and services, economic development has the 
goal of using economic growth to improve living stan-
dards. The United Nations classifies the world’s coun-
tries as economically developed or developing based 
primarily on their degree of industrialization and their 
per capita GDP PPP. The developed countries (with 
1.2 billion people) include the United States, Canada, 
Japan, Australia, New Zealand, and most countries of 

1-2 How Can Environmentally Sustainable Societies 
Grow Economically? 

CONCEPT 1-2 Societies can become more environmentally sustainable through 
economic development dedicated to improving the quality of life for everyone 
without degrading the earth’s life support systems. 

▲
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Europe. Most are highly industrialized and have a high 
per capita GDP PPP.

All other nations (with 5.5 billion people) are classi-
fied as developing countries, most of them in Africa, 
Asia, and Latin America. Some are middle-income, mod-
erately developed countries such as China, India, Brazil, 
Turkey, Thailand, and Mexico. Others are low-income, 
least developed countries where per capita GDP PPP is 
steadily declining. These 49 countries with 11% of the 
world’s population include Angola, Congo, Belarus, 
Nigeria, Nicaragua, and Jordan. Figure 2 on p. S10 in 
Supplement 3 is a map of high-, upper middle-, lower 
middle-, and low-income countries.

Figure 1-5 compares some key characteristics of de-
veloped and developing countries. About 97% of the 
projected increase in the world’s population between 
2008 and 2050 is expected to take place in develop-
ing countries, which are least equipped to handle such 
large population increases.

We live in a world of haves and have-nots. Despite 
a 40-fold increase in economic growth since 1900, more 
than half of the people in the world live in extreme poverty 
and try to survive on a daily income of less than $2. And one 
of every six people, classified as desperately poor, struggle to 
survive on less than $1 a day. (All dollar figures are in U.S. 
dollars.) (Figure 1-6) 

Percentage of
World's:

Population
18%

82%

Population
growth

0.12%

1.46%

Wealth and
income

85%

15%

Resource
use

Life
expectancy

77 years

67 years

88%

12%

Pollution
and waste

75%

25% 

Developed countries Developing countries

Figure 1-5 Global outlook: comparison of developed and de-
vel oping countries, 2008. (Data from the United Nations and the 
World Bank)

Figure 1-6 Extreme poverty: boy searching for items to sell in an open dump in 
Rio de Janeiro, Brazil. Many children of poor families who live in makeshift shanty-
towns in or near such dumps often scavenge all day for food and other items to help 
their families survive. This means that they cannot go to school.
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Some economists call for continuing conventional 
economic growth, which has helped to increase food 
supplies, allowed people to live longer, and stimulated 
mass production of an array of useful goods and ser-
vices for many people. They also see such growth as a 
cure for poverty, maintaining that some of the result-
ing increase in wealth trickles down to countries and 
people near the bottom of the economic ladder.

Other economists call for us to put much greater em-
phasis on environmentally sustainable economic 
development. This involves using political and eco-
nomic systems to discourage environmentally harmful 
and unsustainable forms of economic growth that de-
grade natural capital, and to encourage environmentally 
beneficial and sustainable forms of economic develop-
ment that help sustain natural capital (Concept 1-2). 

THINKING ABOUT 
Economic Growth and Sustainability

Is exponential economic growth incompatible with 
environmental sustainability? What are three types 
of goods whose exponential growth would promote 
environmental sustainability?
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Some Resources Are Renewable
From a human standpoint, a resource is anything ob-
tained from the environment to meet our needs and 
wants. Conservation is the management of natural 
resources with the goal of minimizing resource waste 
and sustaining resource supplies for current and future 
generations.

Some resources, such as solar energy, fresh air, 
wind, fresh surface water, fertile soil, and wild edible 
plants, are directly available for use. Other resources 
such as petroleum, iron, water found underground, and 
cultivated crops, are not directly available. They become 
useful to us only with some effort and technological 
ingenuity. For example, petroleum was a mysterious 
fluid until we learned how to find, extract, and convert 
(refine) it into gasoline, heating oil, and other products 
that could be sold. 

Solar energy is called a perpetual resource be-
cause it is renewed continuously and is expected to last 
at least 6 billion years as the sun completes its life cycle. 

On a human time scale, a renewable resource 
can be replenished fairly quickly (from hours to hun-
dreds of years) through natural processes as long as it is 
not used up faster than it is renewed. Examples include 
forests, grasslands, fisheries, freshwater, fresh air, and 
fertile soil.

The highest rate at which a renewable resource can 
be used indefinitely without reducing its available sup-
ply is called its sustainable yield. When we exceed 
a renewable resource’s natural replacement rate, the 
available supply begins to shrink, a process known as 
environmental degradation, as shown in Figure 1-7. 

We Can Overexploit Commonly 
Shared Renewable Resources: 
The Tragedy of the Commons
There are three types of property or resource rights. 
One is private property where individuals or firms own 

1-3 How Are Our Ecological Footprints Affecting 
the Earth?

CONCEPT 1-3 As our ecological footprints grow, we are depleting and degrading 
more of the earth’s natural capital. 

▲

NATURAL CAPITAL
DEGRADATION

Degradation of Normally Renewable Natural Resources

Shrinking
forests

Air pollution

Global
warming

Soil erosion

Aquifer
depletion

Decreased
wildlife
habitats

Species
extinction

Declining ocean
fisheries

Water
pollution

Figure 1-7 
Degradation of 
normally renew-
able natural 
resources and 
services in parts 
of the world, 
mostly as a 
result of rising 
population and 
resource use per 
person.
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Some Resources Are Not Renewable
Nonrenewable resources exist in a fixed quantity, or 
stock, in the earth’s crust. On a time scale of millions to 
billions of years, geological processes can renew such 
resources. But on the much shorter human time scale 
of hundreds to thousands of years, these resources can 
be depleted much faster than they are formed. Such 
exhaustible resources include energy resources (such as 
coal and oil), metallic mineral resources (such as copper 
and aluminum), and nonmetallic mineral resources (such 
as salt and sand).

As such resources are depleted, human ingenu-
ity can often find substitutes. For example, during this 
century, a mix of renewable energy resources such 
as wind, the sun, flowing water, and the heat in the 
earth’s interior could reduce our dependence on non-
renewable fossil fuels such as oil and coal. Also, various 
types of plastics and composite materials can replace 
certain metals. But sometimes there is no acceptable or 
affordable substitute.

Some nonrenewable resources, such as copper and 
aluminum, can be recycled or reused to extend sup-
plies. Reuse is using a resource over and over in the 
same form. For example, glass bottles can be collected, 
washed, and refilled many times (Figure 1-8). Recy-
cling involves collecting waste materials and process-
ing them into new materials. For example, discarded 
aluminum cans can be crushed and melted to make new 

Figure 1-8 Reuse: This child and his family in Katmandu, Nepal, collect beer bottles 
and sell them for cash to a brewery where they will be reused.
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the rights to land, minerals, or other resources. An-
other is common property where the rights to certain 
resources are held by large groups of individuals. For 
example, roughly one-third of the land in the United 
States is owned jointly by all U.S. citizens and held and 
managed for them by the government. Another exam-
ple is land that belongs to a whole village and can be 
used by anyone for activities such as grazing cows or 
sheep.

A third category consists of open access renewable re-
sources, owned by no one and available for use by any-
one at little or no charge. Examples of such shared 
renewable resources include clean air, underground 
water supplies, and the open ocean and its fish. 

Many common property and open access renew-
able resources have been degraded. In 1968, biologist 
Garrett Hardin (1915–2003) called such degradation 
the tragedy of the commons. It occurs because each user 
of a shared common resource or open-access resource 
reasons, “If I do not use this resource, someone else 
will. The little bit that I use or pollute is not enough to 
matter, and anyway, it’s a renewable resource.” 

When the number of users is small, this logic 
works. Eventually, however, the cumulative effect of 
many people trying to exploit a shared resource can 
exhaust or ruin it. Then no one can benefit from it. 
Such resource degradation results from the push to 
satisfy the short-term needs and wants of a growing 
number of people. It threatens our ability to ensure the 
long-term economic and environmental sustainability 
of open-access resources such as clean air or an open-
ocean fishery. 

One solution is to use shared resources at rates well 
below their estimated sustainable yields by reducing use 
of the resources, regulating access to the resources, or 
doing both. For example, the most common approach 
is for governments to establish laws and regulations 
limiting the annual harvests of various types of ocean 
fish that are being harvested at unsustainable levels in 
their coastal waters. Another approach is for nations 
to enter into agreements that regulate access to open-
access renewable resources such as the fish in the open 
ocean.

Another solution is to convert open-access resources to 
private ownership. The reasoning is that if you own some-
thing, you are more likely to protect your investment. 
That sounds good, but this approach is not practical for 
global open-access resources—such as the atmosphere, 
the open ocean, and most wildlife species—that cannot 
be divided up and converted to private property.

THINKING ABOUT 
Degradation of Commonly Shared Resources 

How is the degradation of shared renewable re-
sources related to exponential growth (Core Case 
Study) of the world’s population and economies? What are 
three examples of how most of us contribute to this environ-
mental degradation?
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aluminum cans or other aluminum products. But en-
ergy resources such as oil and coal cannot be recycled. 
Once burned, their energy is no longer available to us.

Recycling nonrenewable metallic resources takes 
much less energy, water, and other resources and pro-
duces much less pollution and environmental degrada-
tion than exploiting virgin metallic resources. Reusing 
such resources takes even less energy and other re-
sources and produces less pollution and environmental 
degradation than recycling does.

Our Ecological Footprints 
Are Growing 
Many people in developing countries struggle to sur-
vive. Their individual use of resources and the result-
ing environmental impact is low and is devoted mostly 
to meeting their basic needs (Figure 1-9, top). By con-
trast, many individuals in more affluent nations con-
sume large amounts of resources way beyond their 
basic needs (Figure 1-9, bottom).

Supplying people with resources and dealing with 
the resulting wastes and pollution can have a large en-
vironmental impact. We can think of it as an ecologi-
cal footprint—the amount of biologically productive 
land and water needed to supply the people in a par-
ticular country or area with resources and to absorb 
and recycle the wastes and pollution produced by such 
resource use. The per capita ecological footprint is 
the average ecological footprint of an individual in a 
given country or area. 

If a country’s, or the world’s, total ecological foot-
print is larger than its biological capacity to replenish its 
renewable resources and absorb the resulting waste 
products and pollution, it is said to have an ecological
deficit. The World Wildlife Fund (WWF) and the Global 
Footprint Network estimated that in 2003 (the latest 
data available) humanity’s global ecological footprint 
exceeded the earth’s biological capacity by about 25% 
(Figure 1-10, right). That figure was about 88% in the 
world’s high-income countries, with the United States 
having the world’s largest total ecological footprint. If 
the current exponential growth in the use of renew-
able resources continues, the Global Footprint Network 
estimates that by 2050 humanity will be trying to use 
twice as many renewable resources as the planet can 
supply (Figure 1-10, bottom) (Concept 1-3). See Fig-
ure 3 on p. S24 and Figure 5 on pp. S27 in Supple-
ment 4 for maps of the human ecological footprints 
for the world and the United States, and Figure 4 on 
p. S26 for a map of countries that are ecological debtors 
and those that are ecological creditors.

The per capita ecological footprint is an estimate 
of how much of the earth’s renewable resources an 
individual consumes. After the oil-rich United Arab 
Emirates, the United States has the world’s second larg-
est per capita ecological footprint. In 2003 (the latest 
data available), its per capita ecological footprint was 
about 4.5 times the average global footprint per person, 
6 times larger than China’s per capita footprint, and 
12 times the average per capita footprint in the world’s 
low-income countries. 

According to William Rees and Mathis Wackernagel, 
the developers of the ecological footprint concept, 
it would take the land area of about five more planet 
earths for the rest of the world to reach current U.S. 
levels of consumption with existing technology. Put 
another way, if everyone consumed as much as the 
average American does today, the earth’s natural capi-
tal could support only about 1.3 billion people—not 

Figure 1-9 Consumption of natural resources. The top photo shows a family of five 
subsistence farmers with all their possessions. They live in the village of Shingkhey, 
Bhutan, in the Himalaya Mountains, which are sandwiched between China and India 
in South Asia. The bottom photo shows a typical U.S. family of four living in Pearland, 
Texas, with their possessions . 
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living in today’s developing nations will reach 1.2 bil-
lion—about four times the current U.S. population.

China is now the world’s leading consumer of 
wheat, rice, meat, coal, fertilizers, steel, and cement, 
and it is the second largest consumer of oil after the 
United States. China leads the world in consumption 
of goods such as television sets, cell phones, refrigera-
tors, and soon, personal computers. On the other hand, 
after 20 years of industrialization, two-thirds of the 
world’s most polluted cities are in China; this pollution 
threatens the health of urban dwellers. By 2020, China 
is projected to be the world’s largest producer and con-
sumer of cars and to have the world’s leading economy 
in terms of GDP PPP. 

Suppose that China’s economy continues growing 
exponentially at a rapid rate and its projected popula-
tion size reaches 1.5 billion by 2033. Then China will 
need two-thirds of the world’s current grain harvest, 
twice the world’s current paper consumption, and 
more than the current global production of oil. 

According to environmental policy expert Lester R. 
Brown: 

The western economic model—the fossil fuel–based, 
automobile-centered, throwaway economy—is not going 
to work for China. Nor will it work for India, which by 
2033 is projected to have a population even larger than 
China’s, or for the other 3 billion people in developing 
countries who are also dreaming the “American dream.”

today’s 6.7 billion. In other words, we are living unsus-
tainably by depleting and degrading some of the earth’s 
irreplaceable natural capital and the natural renewable 
income it provides as our ecological footprints grow 
and spread across the earth’s surface (Concept 1-3). For 
more on this subject, see the Guest Essay by Michael 
Cain at CengageNOW™. See the Case Study that fol-
lows about the growing ecological footprint of China.

THINKING ABOUT 
Your Ecological Footprint

Estimate your own ecological footprint by visiting the website 
www.myfootprint.org/. What are three things you could 
do to reduce your ecological footprint?

 ■ CASE STUDY 

China’s New Affluent Consumers 
More than a billion super-affluent consumers in devel-
oped countries are putting immense pressure on the 
earth’s natural capital. Another billion consumers are 
attaining middle-class, affluent lifestyles in rapidly de-
veloping countries such as China, India, Brazil, South 
Korea, and Mexico. The 700 million middle-class con-
sumers in China and India number more than twice 
the size of the entire U.S. population, and the number 
is growing rapidly. In 2006, the World Bank projected 
that by 2030 the number of middle-class consumers 
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Figure 1-10 Natural capital use and degradation: total and per capita ecological footprints of selected coun-
tries (top). In 2003, humanity’s total or global ecological footprint was about 25% higher than the earth’s ecologi-
cal capacity (bottom) and is projected to be twice the planet’s ecological capacity by 2050. Question: If we are 
living beyond the earth’s biological capacity, why do you think the human population and per capita resource con-
sumption are still growing exponentially? (Data from Worldwide Fund for Nature, Global Footprint Network)

www.myfootprint.org/
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For more details on the growing ecological footprint 
of China, see the Guest Essay by Norman Myers for this 
chapter at CengageNOW. 

THINKING ABOUT
China and Sustainability 

What are three things China could do to shift toward 
more sustainable consumption? What are three 
things the United States, Japan, and the European Union 
could do to shift toward more sustainable consumption?

Cultural Changes Have Increased 
Our Ecological Footprints
Culture is the whole of a society’s knowledge, beliefs, 
technology, and practices, and human cultural changes 
have had profound effects on the earth. 

Evidence of organisms from the past and studies of 
ancient cultures suggest that the current form of our 
species, Homo sapiens sapiens, has walked the earth for 
perhaps 90,000–195,000 years—less than an eye-blink 
in the 3.56 billion years of life on the earth. Until about 
12,000 years ago, we were mostly hunter–gatherers who 
obtained food by hunting wild animals or scavenging 
their remains and gathering wild plants. Early hunter–
gathers lived in small groups and moved as needed to 
find enough food for survival. 

Since then, three major cultural changes have oc-
curred. First was the agricultural revolution, which began 
10,000–12,000 years ago when humans learned how to 
grow and breed plants and animals for food, clothing, 
and other purposes. Second was the industrial–medical
revolution, beginning about 275 years ago when people 
invented machines for the large-scale production of 
goods in factories. This involved learning how to get 
energy from fossil fuels, such as coal and oil, and how 
to grow large quantities of food in an efficient manner. 
Finally, the information–globalization revolution began 
about 50 years ago, when we developed new technolo-
gies for gaining rapid access to much more information 
and resources on a global scale.

Each of these cultural changes gave us more energy 
and new technologies with which to alter and control 
more of the planet to meet our basic needs and increas-
ing wants. They also allowed expansion of the human 
population, mostly because of increased food supplies 
and longer life spans. In addition, they each resulted 
in greater resource use, pollution, and environmental 
degradation as our ecological footprints expanded (Fig-
ure 1-10) and allowed us to dominate the planet.

Many environmental scientists and other analysts 
call for us to bring about a new environmental, or sus-
tainability, revolution during this century. It would 
involve learning how to reduce our ecological footprints 
and live more sustainability.

For more background and details on environmental 
history, see Supplement 5 (p. S31).

1-4 What Is Pollution and What Can We Do about It? 
CONCEPT 1-4 Preventing pollution is more effective and less costly than cleaning 
up pollution.

▲
Pollution Comes from a Number 
of Sources 
Pollution is any in the environment that is harmful 
to the health, survival, or activities of humans or other 
organisms. Pollutants can enter the environment natu-
rally, such as from volcanic eruptions, or through hu-
man activities, such as burning coal and gasoline and 
discharging chemicals into rivers and the ocean.

The pollutants we produce come from two types of 
sources. Point sources are single, identifiable sources. 
Examples are the smokestack of a coal-burning power 
or industrial plant (Figure 1-11), the drainpipe of 
a factory, and the exhaust pipe of an auto mobile.
Nonpoint sources are dispersed and often diffi-
cult to identify. Examples are pesticides blown from 
the land into the air and the runoff of fertilizers and 

pesticides from farmlands, lawns, gardens, and golf 
courses into streams and lakes. It is much easier and 
cheaper to identify and control or prevent pollution 
from point sources than from widely dispersed non-
point sources.

There are two main types of pollutants. Biodegrad-
able pollutants are harmful materials that can be bro-
ken down by natural processes. Examples are human 
sewage and newspapers. Nondegradable pollutants
are harmful materials that natural processes cannot 
break down. Examples are toxic chemical elements 
such as lead, mercury, and arsenic (see Supplement 6, 
p. S39, for an introduction to basic chemistry).

Pollutants can have three types of unwanted effects. 
First, they can disrupt or degrade life-support systems 
for humans and other species. Second, they can damage 
wildlife, human health, and property. Third, they can 
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create nuisances such as noise and unpleasant smells, 
tastes, and sights.

We Can Clean Up Pollution 
or Prevent It
Consider the smoke produced by a steel mill. We can 
try to deal with this problem by asking two entirely dif-
ferent questions. One question is “how can we clean up 
the smoke?” The other is “how can we avoid producing 
the smoke in the first place?”

The answers to these questions involve two dif-
ferent ways of dealing with pollution. One is pollu-
tion cleanup, or output pollution control, which 
involves cleaning up or diluting pollutants after they 
have been produced. The other is pollution preven-
tion, or input pollution control, which reduces or 
eliminates the production of pollutants. 

Environmental scientists have identified three prob-
lems with relying primarily on pollution cleanup. First,
it is only a temporary bandage as long as population 
and consumption levels grow without corresponding 
improvements in pollution control technology. For ex-
ample, adding catalytic converters to car exhaust sys-
tems has reduced some forms of air pollution. At the 
same time, increases in the number of cars and the to-
tal distance each car travels have reduced the effective-
ness of this cleanup approach.

Second, cleanup often removes a pollutant from one 
part of the environment only to cause pollution in an-
other. For example, we can collect garbage, but the gar-
bage is then burned (perhaps causing air pollution and 
leaving toxic ash that must be put somewhere), dumped

on the land (perhaps causing water pollution through 
runoff or seepage into groundwater), or buried (perhaps 
causing soil and groundwater pollution).

Third, once pollutants become dispersed into the en-
vironment at harmful levels, it usually costs too much 
or is impossible to reduce them to acceptable levels. 

Pollution prevention (front-of-the-pipe) and pol-
lution cleanup (end-of-the-pipe) solutions are both 
needed. But environmental scientists, some econo-
mists, and some major companies urge us to put more 
emphasis on prevention because it works better and in 
the long run is cheaper than cleanup (Concept 1-4).

1-5 Why Do We Have Environmental Problems? 
CONCEPT 1-5A Major causes of environmental problems are population growth, 
wasteful and unsustainable resource use, poverty, exclusion of environmental 
costs of resource use from the market prices of goods and services, and attempts to 
manage nature with insufficient knowledge.
CONCEPT 1-5B People with different environmental worldviews often disagree 
about the seriousness of environmental problems and what we should do about 
them.

▲
▲

Experts Have Identified Five Basic 
Causes of Environmental Problems 
As we run more and more of the earth’s natural re-
sources through the global economy, in many parts of 
the world, forests are shrinking, deserts are expanding, 
soils are eroding, and agricultural lands are deteriorat-

ing. In addition, the lower atmosphere is warming, gla-
ciers are melting, sea levels are rising, and storms are 
becoming more destructive. And in many areas, water 
tables are falling, rivers are running dry, fisheries are 
collapsing, coral reefs are disappearing, and various 
species are becoming extinct.

According to a number of environmental and 
social scientists, the major causes of these and other 

Figure 1-11 Point-source air pollution from a pulp mill in New York State (USA).
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environmental problems are population growth, 
wasteful and unsustainable resource use, poverty, 
failure to include the harmful environmental costs of 
goods and services in their market prices, and insuffi-
cient knowledge of how nature works (Figure 1-12 and 
Concept 1-5A).

We have discussed the exponential growth of the 
human population (Core Case Study), and here 
we will examine other major causes of envi-
ronmental problems in more detail. 

Poverty Has Harmful 
Environmental and Health Effects
Poverty occurs when people are unable to meet their 
basic needs for adequate food, water, shelter, health, 
and education. Poverty has a number of harmful en-
vironmental and health effects (Figure 1-13). The daily 
lives of half of the world’s people, who are trying to 
live on the equivalent of less than $2 a day, are focused 
on getting enough food, water, and cooking and heat-
ing fuel to survive. Desperate for short-term survival, 
some of these people deplete and degrade forests, soil, 
grasslands, fisheries, and wildlife, at an ever-increasing 
rate. They do not have the luxury of worrying about 
long-term environmental quality or sustainability.

Poverty affects population growth. To many poor 
people, having more children is a matter of survival. 
Their children help them gather fuel (mostly wood and 
animal dung), haul drinking water, and tend crops and 
livestock. Their children also help to care for them in 
their old age (which is their 40s or 50s in the poorest 
countries) because they do not have social security, 
health care, and retirement funds. 

While poverty can increase some types of environ-
mental degradation, the reverse is also true. Pollution 
and environmental degradation have a severe impact 
on the poor and can increase poverty. Consequently, 
many of the world’s desperately poor people die pre-
maturely from several preventable health problems. 

One such problem is malnutrition from a lack of 
protein and other nutrients needed for good health 

(Figure 1-14). The resulting weakened condition can 
increase the chances of death from normally nonfatal 
illnesses, such as diarrhea and measles. A second prob-
lem is limited access to adequate sanitation facilities and 
clean drinking water. More than 2.6 billion people (38% 
of the world’s population) have no decent bathroom fa-
cilities. They are forced to use fields, backyards, ditches, 
and streams. As a result, more than 1 billion people—
one of every seven—get water for drinking, washing, 
and cooking from sources polluted by human and ani-
mal feces. A third problem is severe respiratory disease 
and premature death from inhaling indoor air pollut-
ants produced by burning wood or coal in open fires or 
in poorly vented stoves for heat and cooking. 

According to the World Health Organization, these 
factors cause premature death for at least 7 million 
people each year. This amounts to about 19,200 premature 
deaths per day, equivalent to 96 fully loaded 200-passenger 
airliners crashing every day with no survivors! Two-thirds 
of those dying are children younger than age 5. The 
news media rarely cover this ongoing human tragedy. 

Population
growth

Unsustainable
resource use

Poverty Excluding
environmental costs
from market prices

Trying to manage nature
without knowing enough
about it

Causes of Environmental Problems

Figure 1-12 Environmental and social scientists have identified five basic causes of the environmental problems we 
face (Concept 1-5A). Question: What are three ways in which your lifestyle contributes to these causes?

2.6 billion (38%)

2 billion (29%)

2 billion (29%)

1.1 billion (16%)

Lack of
access to

Number of people
(% of world's population)

Adequate
sanitation facilities

Electricity

Clean drinking
water

Adequate
health care

Adequate
housing

Enough fuel for
heating and cooking

1.1 billion (16%)

1 billion (15%)

Enough food
for good health 0.86 billion (13%)

Figure 1-13 Some harmful results of poverty. Question: Which 
two of these effects do you think are the most harmful? Why? (Data 
from United Nations, World Bank, and World Health Organization)
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The great news is that we have the means to solve the 
environmental, health, and social problems resulting 
from poverty within 20–30 years if we can find the po-
litical and ethical will to act. 

Affluence Has Harmful and 
Beneficial Environmental Effects
The harmful environmental effects of poverty are 
serious, but those of affluence are much worse (Fig-
ure 1-10, top). The lifestyles of many affluent con-
sumers in developed countries and in rapidly develop-
ing countries such as India and China (p. 15) are built 
upon high levels of consumption and unnecessary 
waste of resources. Such affluence is based mostly on 
the assumption—fueled by mass advertising—that buy-
ing more and more things will bring happiness. 

This type of affluence has an enormous harmful 
environmental impact. It takes about 27 tractor-trailer 
loads of resources per year to support one American, 
or 7.9 billion truckloads per year to support the entire 
U.S. population. Stretched end-to-end, each year these 
trucks would reach beyond the sun! 

Figure 1-14 Global Outlook: in developing countries, one of every 
three children under age 5, such as this child in Lunda, Angola, 
suffers from severe malnutrition caused by a lack of calories and 
protein. According to the World Health Organization, each day at 
least 13,700 children under age 5 die prematurely from malnutrition 
and infectious diseases, most from drinking contaminated water 
and being weakened by malnutrition.
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While the United States has far fewer people than 
India, the average American consumes about 30 times 
as much as the average citizen of India and 100 times 
as much as the average person in the world’s poorest 
countries. As a result, the average environmental im-
pact, or ecological footprint per person, in the United 
States is much larger than the average impact per per-
son in developing countries (Figure 1-10, top). 

On the other hand, affluence can lead people to be-
come more concerned about environmental quality. 
It also provides money for developing technologies to 
reduce pollution, environmental degradation, and re-
source waste. 

In the United States and most other affluent coun-
tries, the air is cleaner, drinking water is purer, and 
most rivers and lakes are cleaner than they were in the 
1970s. In addition, the food supply is more abundant 
and safer, the incidence of life-threatening infectious 
diseases has been greatly reduced, lifespans are longer, 
and some endangered species are being rescued from 
premature extinction.

Affluence financed these improvements in envi-
ronmental quality, based on greatly increased scientific 
research and technological advances. And education 
spurred citizens insist that businesses and elected offi-
cials improve environmental quality. Affluence and ed-
ucation have also helped to reduce population growth 
in most developed countries. However, a downside to 
wealth is that it allows the affluent to obtain the re-
sources they need from almost anywhere in the world 
without seeing the harmful environmental impacts of 
their high-consumption life styles. 

THINKING ABOUT
The Poor, the Affluent, and Exponentially 
Increasing Population Growth

Some see rapid population growth of the poor 
in developing countries as the primary cause of our en-
vironmental problems. Others say that the much higher 
resource use per person in developed countries is a more 
important factor. Which factor do you think is more impor-
tant? Why? 

Prices Do Not Include 
the Value of Natural Capital
When companies use resources to create goods and 
services for consumers, they are generally not required 
to pay the environmental costs of such resource use. 
For example, fishing companies pay the costs of catch-
ing fish but do not pay for the depletion of fish stocks. 
Timber companies pay for clear-cutting forests but not 
for the resulting environmental degradation and loss of 
wildlife habitat. The primary goal of these companies 
is to maximize their profits, so they do not voluntarily 
pay these harmful environmental costs or even try to 
assess them, unless required to do so by government 
laws or regulations. 
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As a result, the prices of goods and services do not 
include their harmful environmental costs. Thus, con-
sumers are generally not aware of them and have no 
effective way to evaluate the resulting harmful effects 
on the earth’s life-support systems and on their own 
health.

Another problem is that governments give com-
panies tax breaks and payments called subsidies to assist 
them in using resources to run their businesses. This 
helps to create jobs and stimulate economies, but it 
can also result in degradation of natural capital, again 
because the value of the natural capital is not included 
in the market prices of goods and services. We ex-
plore this problem and some possible solutions in later 
chapters.

People Have Different Views 
about Environmental Problems 
and Their Solutions
Differing views about the seriousness of our environ-
mental problems and what we should do about them 
arise mostly out of differing environmental world-
views. Your environmental worldview is a set of 
assumptions and values reflecting how you think the 
world works and what you think your role in the world 
should be. This involves environmental ethics, which 
are our beliefs about what is right and wrong with how 
we treat the environment. Here are some important 
ethical questions relating to the environment:

• Why should we care about the environment?

• Are we the most important beings on the planet 
or are we just one of the earth’s millions of differ-
ent forms of life?

• Do we have an obligation to see that our activi-
ties do not cause the premature extinction of 
other species? Should we try to protect all species 
or only some? How do we decide which species to 
protect?

• Do we have an ethical obligation to pass on to 
future generations the extraordinary natural 
world in a condition at least as good as what we 
inherited?

• Should every person be entitled to equal protec-
tion from environmental hazards regardless of race, 
gender, age, national origin, income, social class, or 
any other factor?

THINKING ABOUT 
Our Responsibilities 

How would you answer each of the questions above? Com-
pare your answers with those of your classmates. Record your 
answers and, at the end of this course, return to these ques-
tions to see if your answers have changed. 

People with widely differing environmental world-
views can take the same data, be logically consistent, 
and arrive at quite different conclusions because they 
start with different assumptions and moral, ethical, or 
religious beliefs (Concept 1-5B). Environmental world-
views are discussed in detail in Chapter 25, but here is 
a brief introduction.

The planetary management worldview holds 
that we are separate from nature, that nature exists 
mainly to meet our needs and increasing wants, and 
that we can use our ingenuity and technology to man-
age the earth’s life-support systems, mostly for our 
benefit, indefinitely. 

The stewardship worldview holds that we can 
and should manage the earth for our benefit, but that 
we have an ethical responsibility to be caring and re-
sponsible managers, or stewards, of the earth. It says we 
should encourage environmentally beneficial forms of 
economic growth and development and discourage en-
vironmentally harmful forms.

The environmental wisdom worldview holds 
that we are part of, and totally dependent on, nature 
and that nature exists for all species, not just for us. 
It also calls for encouraging earth-sustaining forms of 
economic growth and development and discouraging 
earth-degrading forms. According to this view, our suc-
cess depends on learning how life on earth sustains it-
self and integrating such environmental wisdom into the 
ways we think and act. 

Many of the ideas for the stewardship and environ-
mental wisdom worldviews are derived from the writ-
ings of Aldo Leopold (Individuals Matter, p. 22). 

We Can Learn to Make Informed 
Environmental Decisions
The first step for dealing with an environmental prob-
lem is to carry out scientific research on the nature of 
the problem and to evaluate possible solutions to the 
problem. Once this is done, other factors involving the 
social sciences and the humanities (Table 1-1) must be 
used to evaluate each proposed solution. This involves 
considering various human values. What are its projected 
short-term and long-term beneficial and harmful envi-
ronmental, economic, and health effects? How much 
will it cost? Is it ethical? Figure 1-15 shows the major 
steps involved in making an environmental decision.

We Can Work Together to Solve 
Environmental Problems
Making the shift to more sustainable societies and 
economies involves building what sociologists call so-
cial capital. This involves getting people with different 
views and values to talk and listen to one another, find 
common ground based on understanding and trust, 
and work together to solve environmental and other 
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problems. This means nurturing openness, communi-
cation, cooperation, and hope and discouraging close-
mindedness, polarization, confrontation, and fear. 

Solutions to environmental problems are not black 
and white, but rather all shades of gray because pro-
ponents of all sides of these issues have some legitimate 
and useful insights. In addition, any proposed solution 
has short- and long-term advantages and disadvantages 
that must be evaluated (Figure 1-15). This means that 
citizens who strive to build social capital also search for 
trade-off solutions to environmental problems—an im-

portant theme of this book. They can also try to agree 
on shared visions of the future and work together to 
develop strategies for implementing such visions be-
ginning at the local level, as citizens of Chattanooga, 
Tennessee (USA), have done. 

 ■ CASE STUDY

The Environmental Transformation 
of Chattanooga, Tennessee 
Local officials, business leaders, and citizens have 
worked together to transform Chattanooga, Tennessee 
(USA), from a highly polluted city to one of the most 
sustainable and livable cities in the United States (Fig-
ure 1-16).

During the 1960s, U.S. government officials rated 
Chattanooga as having the dirtiest air in the United 
States. Its air was so polluted by smoke from its coke 
ovens and steel mills that people sometimes had to 
turn on their vehicle headlights in the middle of the 
day. The Tennessee River, flowing through the city’s 
industrial center, bubbled with toxic waste. People and 
industries fled the downtown area and left a waste-
land of abandoned and polluting factories, boarded-up 
buildings, high unemployment, and crime.

In 1984, the city decided to get serious about im-
proving its environmental quality. Civic leaders started 
a Vision 2000 process with a 20-week series of commu-
nity meetings in which more than 1,700 citizens from 
all walks of life gathered to build a consensus about 
what the city could be at the turn of the century. Citi-
zens identified the city’s main problems, set goals, and 
brainstormed thousands of ideas for solutions.Figure 1-15 Steps involved in making an environmental decision.

Revise decision as needed

Evaluate the consequences

Decide on and implement a solution

Project the short- and long-term 
environmental and economic advantages 

and disadvantages of each solution

Propose one or more solutions

Gather scientific information

Identify an environmental problem
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Figure 1-16 
Since 1984, 
citizens have 
worked together 
to make the city 
of Chattanooga, 
Tennessee, one 
of the most 
sustainable and 
best places to 
live in the United 
States. 
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By 1995, Chattanooga had met most of its original 
goals. The city had encouraged zero-emission industries 
to locate there and replaced its diesel buses with a fleet 
of quiet, zero-emission electric buses, made by a new lo-
cal firm. 

The city also launched an innovative recycling pro-
gram after environmentally concerned citizens blocked 
construction of a garbage incinerator that would have 
emitted harmful air pollutants. These efforts paid off. 
Since 1989, the levels of the seven major air pollutants 
in Chattanooga have been lower than those required 
by federal standards.

Another project involved renovating much of the 
city’s low-income housing and building new low-income 
rental units. Chattanooga also built the nation’s largest 
freshwater aquarium, which became the centerpiece 
for downtown renewal. The city developed a river front
park along both banks of the Tennessee River running 
through downtown. The park draws more than 1 mil-
lion visitors per year. As property values and living 
conditions have improved, people and businesses have 
moved back downtown.

In 1993, the community began the process again 
in Revision 2000. Goals included transforming an aban-
doned and blighted area in South Chattanooga into a 
mixed community of residences, retail stores, and zero-

emission industries where employees can live near their 
workplaces. Most of these goals have been implemented.

Chattanooga’s environmental success story, enacted 
by people working together to produce a more livable 
and sustainable city, is a shining example of what other 
cities can do by building their social capital.

Individuals Matter
Chattanooga’s story shows that a key to finding solu-
tions to environmental problems is to recognize that 
most social change results from individual actions and 
individuals acting together (using social capital ) to bring 
about change through bottom-up grassroots action. In 
other words, individuals matter—another important 
theme of this book. Here are two pieces of good news. 
First, research by social scientists suggests that it takes 
only 5–10% of the population of a community, a coun-
try, or the world to bring about major social change. 
Second, such research also shows that significant social 
change can occur much more quickly than most people 
think.

Anthropologist Margaret Mead summarized our 
potential for social change: “Never doubt that a small 
group of thoughtful, committed citizens can change the 
world. Indeed, it is the only thing that ever has.”

INDIVIDUALS MATTER 

Aldo Leopold’s Environmental Ethics

a member of a community of inter-
dependent parts.

• To keep every cog and wheel is the 
first precaution of intelligent 
tinkering.

• That land is a community is the basic 
concept of ecology, but that land is to 
be loved and respected is an extension 
of ethics.

• The land ethic changes the role of 
Homo sapiens from conqueror of the 

ccording to Aldo Leopold (Fig-
ure 1-A), the role of the human 

species should be to protect nature, not con-
quer it.

In 1933, Leopold became a professor at 
the University of Wisconsin and in 1935, 
he was one of the founders of the U.S. 
Wilderness Society. Through his writings and 
teachings, he became one of the leaders of 
the conservation and environmental move-
ments of the 20th century. In doing this, he 
laid important groundwork for the field of 
environmental ethics.

Leopold’s weekends of planting, hik-
ing, and observing nature at his farm in 
Wisconsin provided material for his most 
famous book, A Sand County Almanac, pub-
lished after his death in 1949. Since then, 
more than 2 million copies of this environ-
mental classic have been sold. 

The following quotations from his writings 
reflect Leopold’s land ethic, and they form 
the basis for many of the beliefs of the mod-
ern stewardship and environmental wisdom 
worldviews:

• All ethics so far evolved rest upon a 
single premise: that the individual is 

A Figure 1-A Individuals Matter:
Aldo Leopold (1887–1948) was a 
forester, writer, and conservationist. 
His book A Sand County Almanac
(published after his death) is con-
sidered an environmental classic that 
inspired the modern environmental 
and conservation movement.
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land-community to plain member and 
citizen of it.

• We abuse land because we regard it as a 
commodity belonging to us. When we see 
land as a community to which we belong, 
we may begin to use it with love and 
respect.

• Anything is right when it tends to pre-
serve the integrity, stability, and beauty 
of the biotic community. It is wrong when 
it tends otherwise.
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Studying Nature Reveals 
Four Scientific Principles 
of Sustainability
How can we live more sustainably? According to envi-
ronmental scientists, we should study how life on the 
earth has survived and adapted to major changes in en-
vironmental conditions for billions of years. We could 

1-6 What Are Four Scientific Principles 
of Sustainability? 

CONCEPT 1-6 Nature has sustained itself for billions of years by using solar 
energy, biodiversity, population control, and nutrient cycling—lessons from nature 
that we can apply to our lifestyles and economies.

▲

Reliance on
Solar Energy

Biodiversity

Nutrient Cycling Population Control
Figure 1-17 Four scientific principles of sustainability: These four interconnected principles of sustainability 
are derived from learning how nature has sustained a variety of life forms on the earth for about 3.56 billion years. 
The top left oval shows sunlight stimulating the production of vegetation in the arctic tundra during its brief sum-
mer (solar energy) and the top right oval shows some of the diversity of species found there during the summer 
(biodiversity). The bottom right oval shows arctic gray wolves stalking a caribou during the long cold winter ( popu-
lation control ). The bottom left oval shows arctic gray wolves feeding on their kill. This, plus huge numbers of tiny 
decomposers that convert dead matter to soil nutrients, recycle all materials needed to support the plant growth 
shown in the top left and right ovals (nutrient cycling).

make the transition to more sustainable societies by 
applying these lessons from nature to our lifestyles and 
economies, as summarized below and in Figure 1-17 
(Concept 1-6). 

• Reliance on Solar Energy: the sun (solar capital) 
warms the planet and supports photosynthesis 
used by plants to provide food for themselves and 
for us and most other animals. 
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countless ways for life to adapt to changing environ-
mental conditions throughout the earth’s history.

• Population Control: competition for limited resources 
among different species places a limit on how much 
their populations can grow. 

• Nutrient Cycling: natural processes recycle chemicals 
that plants and animals need to stay alive and re-
produce (Figure 1-4). There is little or no waste in 
natural systems.

Using the four scientific principles of sustain-
ability to guide our lifestyles and economies 
could help us bring about an environmental or sustain-
ability revolution during your lifetime (see the Guest Es-
say by Lester R. Brown at CengageNOW). Figure 1-18 
lists some of the shifts involved in bringing about this 
new cultural change by learning how to live more 
sustainably.

Scientific evidence indicates that we have perhaps 
50 years and no more than 100 years to make such 
crucial cultural changes. If this is correct, sometime 
during this century we could come to a critical fork in 
the road, at which point we will choose a path toward 
sustainability or continue on our current unsustainable 
course. Everything you do, or do not do, will play a 
role in our collective choice of which path we will take. 
One of the goals of this book is to provide a realistic en-
vironmental vision of the future that, instead of immo-
bilizing you with fear, gloom, and doom, will energize 
you by inspiring realistic hope.

Waste prevention

Pollution prevention

Sustainability Emphasis

Protecting habitat

Environmental restoration

Less resource waste

Population stabilization

Protecting natural capital

Current Emphasis

Waste disposal
(bury or burn)

Pollution cleanup

Protecting species

Environmental
degradation

Increasing resource use

Population growth

Depleting and degrading
natural capital

Figure 1-18 Solutions: some shifts involved in bringing about the 
environmental or sustainability revolution. Question: Which three 
of these shifts do you think are most important? Why?

What’s the use of a house 
if you don’t have a decent planet to put it on?

HENRY DAVID THOREAU

Exponential Growth and Sustainability

We face an array of serious environmental problems. This book 
is about solutions to these problems. Making the transition 
to more sustainable societies and economies challenges us to 
devise ways to slow down the harmful effects of exponential 
growth (Core Case Study) and to use the same power of ex-
ponential growth to implement more sustainable lifestyles and 
economies. 

The key is to apply the four scientific principles of sus-
tainability (Figure 1-17 and Concept 1-6) to the design of our 
economic and social systems and to our individual lifestyles. We 
can use such information to help slow human population growth, 
sharply reduce poverty, curb the unsustainable forms of resource 
use that are eating away at the earth’s natural capital, build social 
capital, and create a better world for ourselves, our children, and 
future generations.

Exponential growth is a double-edged sword. It can cause 
environmental harm. But we can also use it positively to amplify 
beneficial changes in our lifestyles and economies by applying the 
four scientific principles of sustainability. Through our indi-
vidual and collective actions or inactions, we choose which side of 
that sword to use. 

We are rapidly altering the planet that is our only home. If 
we make the right choices during this century, we can create an 
extraordinary and sustainable future on our planetary home. If we 
get it wrong, we face irreversible ecological disruption that could 
set humanity back for centuries and wipe out as many as half of 
the world’s species.

You have the good fortune to be a member of the 21st cen-
tury transition generation, which will decide what path humanity 
takes. What a challenging and exciting time to be alive!

R E V I S I T I N G

• Biodiversity (short for biological diversity): the as-
tounding variety of different organisms, the genes 
they contain, the ecosystems in which they exist, 
and the natural services they provide have yielded 
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REVIEW

1. Review the Key Questions and Concepts for this chapter 
on p. 6. What is exponential growth? Why is living in 
an exponential age a cause for concern for everyone liv-
ing on the planet?

2. Define environment. Distinguish among environmen-
tal science, ecology, and environmentalism. Distin-
guish between an organism and a species. What is an 
ecosystem? What is sustainability? Explain the terms 
natural capital, natural resources, natural services, 
solar capital, and natural capital degradation. What 
is nutrient cycling and why is it important? Describe the 
ultimate goal of an environmentally sustainable soci-
ety. What is natural income?

3. What is the difference between economic growth and 
economic development? Distinguish among gross
domestic product (GDP), per capita GDP, and per
capita GDP PPP. Distinguish between developed
countries and developing countries and describe their 
key characteristics. What is environmentally sustain-
able economic development?

4. What is a resource? What is conservation? Distinguish 
among a renewable resource, nonrenewable re-
source, and perpetual resource and give an example of 
each. What is sustainable yield? Define and give three 
examples of environmental degradation. What is the 
tragedy of the commons? Distinguish between recycling
and reuse and give an example of each. What is an eco-
logical footprint? What is a per capita ecological 
footprint? Compare the total and per capita ecological 
footprints of the United States and China. 

5. What is culture? Describe three major cultural changes 
that have occurred since humans arrived on the earth. 

Why has each change led to more environmental degra-
dation? What is the environmental or sustainability
revolution?

6. Define pollution. Distinguish between point sources
and nonpoint sources of pollution. Distinguish between 
biodegradable pollutants and nondegradable pollut-
ants and give an example of each. Distinguish between 
pollution cleanup and pollution prevention and give 
an example of each. Describe three problems with solu-
tions that rely mostly on pollution cleanup.

7. Identify five basic causes of the environmental problems 
that we face today. What is poverty? In what ways do 
poverty and affluence affect the environment? Explain 
the problems we face by not including the harmful envi-
ronmental costs in the prices of goods and services.

8. What is an environmental worldview? What is envi-
ronmental ethics? Distinguish among the planetary
management, stewardship, and environmental wis-
dom worldviews. Describe Aldo Leopold’s environmen-
tal ethics. What major steps are involved in making an 
environmental decision? What is social capital?

9. Discuss the lessons we can learn from the environmental 
transformation of Chattanooga, Tennessee (USA). Explain 
why individuals matter in dealing with the environmental 
problems we face.

10. What are four scientific principles of sustainability?
Explain how exponential growth (Core
Case Study) affects them. 

CRITICAL THINKING

1. List three ways in which you could apply Concepts 1-5A
and 1-6 to making your lifestyle more environmentally 
sustainable.

2. Describe two environmentally beneficial forms of expo-
nential growth (Core Case Study).

3. Explain why you agree or disagree with the fol-
lowing propositions:
a. Stabilizing population is not desirable because, without 

more consumers, economic growth would stop.
b. The world will never run out of resources because we 

can use technology to find substitutes and to help us 
reduce resource waste. 

4.  Suppose the world’s population stopped growing today. 
What environmental problems might this help solve? What 
environmental problems would remain? What economic 
problems might population stabilization make worse?

5. When you read that at least 19,200 people die prema-
turely each day (13 per minute) from preventable mal-
nutrition and infectious disease, do you (a) doubt that it 
is true, (b) not want to think about it, (c) feel hopeless, 
(d) feel sad, (e) feel guilty, or (f) want to do something 
about this problem?

6. What do you think when you read that (a) the aver-
age American consumes 30 times more resources than 

Note: Key Terms are in bold type.
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the average citizen of India, and (b) human activities are 
projected to make the earth’s climate warmer? Are you 
skeptical, indifferent, sad, helpless, guilty, concerned, or 
outraged? Which of these feelings help perpetuate such 
problems, and which can help solve them?

7. For each of the following actions, state one or 
more of the four scientific principles of sustaina-
bility (Figure 1-17) that are involved: (a) recycling 
soda cans; (b) using a rake instead of leaf blower; 
(c) choosing to have no more than one child; (d) walk-
ing to class instead of driving; (e) taking your own reus-
able bags to the grocery store to carry things home in; 
(f) volunteering to help restore a prairie ; and (g) lobby-
ing elected officials to require that 20% of your country’s 
electricity be produced by renewable wind power by 2020.

8. Explain why you agree or disagree with each of the fol-
lowing statements: (a) humans are superior to other 
forms of life, (b) humans are in charge of the earth, 
(c) all economic growth is good, (d) the value of other 
forms of life depends only on whether they are useful to 
us, (e) because all forms of life eventually become extinct 
we should not worry about whether our activities cause 
their premature extinction, (f) all forms of life have an 

inherent right to exist, (g) nature has an almost unlim-
ited storehouse of resources for human use, (h) technol-
ogy can solve our environmental problems, (i) I do not 
believe I have any obligation to future generations, and 
( j) I do not believe I have any obligation to other forms 
of life.

9. What are the basic beliefs of your environmental world-
view (p. 20)? Record your answer. Then at the end of 
this course, return to your answer to see if your environ-
mental worldview has changed. Are the beliefs included 
in your environmental worldview consistent with your 
answers to question 8? Are your environmental actions 
consistent with your environmental worldview? 

10. List two questions that you would like to have answered 
as a result of reading this chapter.

ECOLOGICAL FOOTPRINT ANALYSIS

Note: See Supplement 13 (p. S78) for a list of Projects related to this chapter.

If a country’s or the world’s ecological footprint per person (Fig-
ure 1-10, p. 15) is larger than its biological capacity per person to 
replenish its renewable resources and to absorb the resulting 
waste products and pollution, it is said to have an ecological

 Per Capita Per Capita  Ecological
 Ecological Footprint Biocapacity  Credit (!) or Debit (")
Place (hectares per person)* (hectares per person) (hectares per person)

World 2.2 1.8 ! 0.4

United States 9.8 4.7 

China 1.6 0.8 

India 0.8 0.4 

Russia 4.4 0.9  

Japan 4.4 0.7  

Brazil 2.1 9.9  

Germany 4.5 1.7  

United Kingdom 5.6 1.6  

Mexico 2.6 1.7  

Canada 7.6 14.5  

Source: Date from WWF, Living Planet Report 2006.

*1 hectare " 2.47 acres

deficit. If the reverse is true, it has an ecological credit or reserve.
Use the data below to calculate the ecological deficit or credit 
for various countries. (For a map of ecological creditors and 
debtors, see Figure 4 on p. S26 in Supplement 4.)
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LEARNING ONLINE

Log on to the Student Companion Site for this book at 
academic.cengage.com/biology/miller, and choose 
Chapter 1 for many study aids and ideas for further read-

ing and research. These include flash cards, practice quiz-
zing, Weblinks, information on Green Careers, and InfoTrac®

College Edition articles.

1. Which two countries have the largest ecological deficits?

2. Which two countries have an ecological credit?

3. Rank the countries in order from the largest to the small-
est per capita footprint.
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leaving each forested valley had to flow across a dam where sci-
entists could measure its volume and dissolved nutrient content.

In the first experiment, the investigators measured the 
amounts of water and dissolved plant nutrients that entered and 
left an undisturbed forested area (the control site) (Figure 2-1, 
left). These measurements showed that an undisturbed mature 
forest is very efficient at storing water and retaining chemical 
nutrients in its soils.

The next experiment involved setting up an experimental 
forested area. One winter, the investigators cut down all trees 
and shrubs in one valley (the experimental site), left them where 
they fell, and sprayed the area with herbicides to prevent the 
regrowth of vegetation. Then they compared the inflow and 
outflow of water and nutrients in this experimental site (Fig-
ure 2-1, right) with those in the control site (Figure 2-1, left) for 
3 years.

With no plants to help absorb and retain water, the amount 
of water flowing out of the deforested valley increased by 
30–40%. As this excess water ran rapidly over the ground, it 
eroded soil and carried dissolved nutrients out of the deforested 
site. Overall, the loss of key nutrients from the experimental for-
est was six to eight times that in the nearby control forest.

Carrying Out a Controlled 
Scientific Experiment

One way in which scientists learn about how nature works is 
to conduct a controlled experiment. To begin, scientists isolate 
variables, or factors that can change within a system or situation 
being studied. An experiment involving single-variable analysis
is designed to isolate and study the effects of one variable at 
a time.

To do such an experiment, scientists set up two groups. One 
is the experimental group in which a chosen variable is changed 
in a known way, and the other is the control group in which the 
chosen variable is not changed. If the experiment is designed and 
run properly, differences between the two groups should result 
from the variable that was changed in the experimental group.

In 1963, botanist F. Herbert Bormann, forest ecologist 
Gene Likens, and their colleagues began carrying out a clas-
sic controlled experiment. The goal was to compare the loss of 
water and nutrients from an uncut forest ecosystem (the control
site) with one that was stripped of its trees (the experimental
site).

They built V-shaped concrete dams across the creeks at the 
bottoms of several forested valleys in the Hubbard Brook Experi-
mental Forest in New Hampshire (Figure 2-1). The dams were 
anchored on impenetrable bedrock, so that all surface water 

Science, Matter, Energy, 
and Systems2

Figure 2-1 Controlled field experiment to measure the effects of deforestation on the loss of water and soil nu-
trients from a forest. V–notched dams were built into the impenetrable bedrock at the bottoms of several forested 
valleys (left) so that all water and nutrients flowing from each valley could be collected and measured for volume 
and mineral content. These measurements were recorded for the forested valley (left), which acted as the control 
site. Then all the trees in another valley (the experimental site) were cut (right) and the flows of water and soil nutri-
ents from this experimental valley were measured for 3 years.
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Key Questions and Concepts

2-1 What is science?
CONCEPT 2 - 1  Scientists collect data and develop theories, 
models, and laws about how nature works.

2-2 What is matter?
CONCEPT 2 -2  Matter consists of elements and compounds, 
which are in turn made up of atoms, ions, or molecules.

2-3 How can matter change?
CONCEPT 2 -3  When matter undergoes a physical or chemical 
change, no atoms are created or destroyed (the law of conservation 
of matter).

2-4 What is energy and how can it be changed?
CONCEPT 2 -4A  When energy is converted from one form to 
another in a physical or chemical change, no energy is created or 
destroyed (first law of thermodynamics).

CONCEPT 2 -4B  Whenever energy is changed from one form to 
another, we end up with lower-quality or less usable energy than 
we started with (second law of thermodynamics).

2-5 What are systems and how do they respond to 
change?
CONCEPT 2 -5A  Systems have inputs, flows, and outputs of 
matter and energy, and their behavior can be affected by 
feedback.

CONCEPT 2 -5B  Life, human systems, and the earth’s life-
support systems must conform to the law of conservation of matter 
and the two laws of thermodynamics.

Note: Supplements 1 (p. S2), 2 (p. S4), 5 (p. S31), and 6 (p. S39) can be used with this 
chapter.

Science is an adventure of the human spirit. 
It is essentially an artistic enterprise, stimulated largely by curiosity, 

served largely by disciplined imagination, 
and based largely on faith in the reasonableness, order, 

and beauty of the universe.
WARREN WEAVER

Science Is a Search for Order 
in Nature
Have you ever seen an area in a forest where all the 
trees were cut down? If so, you might wonder about 
the effects of cutting down all those trees. You might 
wonder how it affected the animals and people living 
in that area and how it affected the land itself. That is 
what scientists Bormann and Likens (Core Case 
Study) thought about when they designed their 
experiment.

Such curiosity is what motivates scientists. Sci-
ence is an endeavor to discover how nature works 
and to use that knowledge to make predictions about 
what is likely to happen in nature. It is based on the 
assumption that events in the natural world follow or-

derly cause-and-effect patterns that can be understood 
through careful observation, measurements, experi-
mentation, and modeling. Figure 2-2 (p. 30) summa-
rizes the scientific process.

There is nothing mysterious about this process. You 
use it all the time in making decisions. Here is an ex-
ample of applying the scientific process to an everyday 
situation:

 Observation: You try to switch on your flashlight and 
nothing happens.

 Question: Why didn’t the light come on?

 Hypothesis: Maybe the batteries are dead.

 Test the hypothesis: Put in new batteries and try to 
switch on the flashlight.

2-1 What Is Science?
CONCEPT 2-1 Scientists collect data and develop theories, models, and laws about 
how nature works.

▲
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 Result: Flashlight still does not work.

 New hypothesis: Maybe the bulb is burned out.

 Experiment: Replace bulb with a new bulb.

 Result: Flashlight works when switched on.

 Conclusion: Second hypothesis is verified.

Here is a more formal outline of steps scientists of-
ten take in trying to understand nature, although not 
always in the order listed:

• Identify a problem. Bormann and Likens 
(Core Case Study) identified the loss of water 
and soil nutrients from cutover forests as a 
problem worth studying.

• Find out what is known about the problem. Bormann 
and Likens searched the scientific literature to find 
out what was known about retention and loss of 
water and soil nutrients in forests.

• Ask a question to be investigated. The scientists asked: 
“How does clearing forested land affect its ability to 
store water and retain soil nutrients?

• Collect data to answer the question. To collect data— 
information needed to answer their questions—
scientists make observations of the subject area 
they are studying. Scientific observations involve 
gathering information by using human senses of 
sight, smell, hearing, and touch and extending 
those senses by using tools such as rulers, micro-
scopes, and satellites. Often scientists conduct 
experiments, or procedures carried out under 
controlled conditions to gather information and test 
ideas. Bormann and Likens collected and analyzed 
data on the water and soil nutrients flowing from 
a patch of an undisturbed forest (Figure 2-1, left) 
and from a nearby patch of forest where they had 
cleared the trees for their experiment (Figure 2-1, 
right).

• Propose a hypothesis to explain the data. Scientists sug-
gest a scientific hypothesis, a possible and test-
able explanation of what they observe in nature 
or in the results of their experiments. The data 
collected by Bormann and Likens show a decrease 
in the ability of a cleared forest to store water and 
retain soil nutrients such as nitrogen. They came 
up with the following hypothesis to explain their 
data: When a forest is cleared, it retains less water 
and loses large quantities of its soil nutrients when 
water from rain and melting snow flows across its 
exposed soil.

• Make testable predictions. Scientists use a hypothesis 
to make testable or logical predictions about what 
should happen if the hypothesis is valid. They of-
ten do this by making “If . . . then” predictions. 
Bormann and Likens predicted that if their original 
hypothesis was valid for nitrogen, then a cleared 
forest should also lose other soil nutrients such as 
phosphorus.

• Test the predictions with further experiments, models, 
or observations. To test their prediction, Bormann 
and Likens repeated their controlled experiment 
and measured the phosphorus content of the soil. 
Another way to test predictions is to develop a 
model, an approximate representation or simula-
tion of a system being studied. Since Bormann and 
Likens performed their experiments, scientists have 
developed increasingly sophisticated mathematical 
and computer models of how forest systems work. 
Data from Bormann and Likens’s research and that 
of other scientists can be fed into such models and 

Scientific law
Well-accepted 
pattern in data

Scientific theory
Well-tested and 
widely accepted 

hypothesis

Accept 
hypothesis

Revise 
hypothesis

Perform an experiment
to test predictions

Use hypothesis to make 
testable predictions

Propose an hypothesis 
to explain data

Analyze data
(check for patterns)

Perform an experiment 
to answer the question 

and collect data

Ask a question to be 
investigated

Find out what is known 
about the problem 
(literature search)

Identify a problem

Test 
predictions

Make testable 
predictions

Figure 2-2 What 
scientists do. The es-
sence of science is this 
process for testing 
ideas about how na-
ture works. Scientists 
do not necessarily fol-
low the exact order of 
steps shown here. For 
example, sometimes a 
scientist might start by 
formulating a hypoth-
esis to answer the ini-
tial question and then 
run experiments to 
test the hypothesis.
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SCIENCE FOCUS

Easter Island: Some Revisions to a Popular Environmental Story

as a source of protein for the long voyage) 
played a key role in the island’s permanent 
deforestation. Over the years, the rats multi-
plied rapidly into the millions and devoured 
the seeds that would have regenerated the 
forests.

Another of Hunt’s conclusions was that 
after 1722, the population of Polynesians on 
the island dropped to about 100, mostly from 
contact with European visitors and invaders. 
Hunt hypothesized that these newcomers in-
troduced fatal diseases, killed off some of the 
islanders, and took large numbers of them 
away to be sold as slaves.

This story is an excellent example of how 
science works. The gathering of new scientific 
data and reevaluation of older data led to a 
revised hypothesis that challenges our think-
ing about the decline of civilization on Easter 
Island. As a result, the tragedy may not be as 
clear an example of human-caused ecologi-
cal collapse as was once thought. However, 
there is evidence that other earlier civilizations 
did suffer ecological collapse largely from 
unsustainable use of soil, water, and other 
resources, as described in Supplement 5 on 
p. S31.

Critical Thinking
Does the new doubt about the original Easter 
Island hypothesis mean that we should not 
be concerned about using resources unsus-
tainably on the island in space we call Earth? 
Explain.

eroded, crop yields plummeted, and famine 
struck. There was no firewood for cooking 
or keeping warm. According to the original 
hypothesis, the population and the civiliza-
tion collapsed as rival clans fought one an-
other for dwindling food supplies, and the 
island’s population dropped sharply. By the 
late 1870s, only about 100 native islanders 
were left.

In 2006, anthropologist Terry L. Hunt, 
Director of the University of Hawaii Rapa Nui 
Archeological Field School, evaluated the 
accuracy of past measurements and other 
evidence and carried out new measurements 
to estimate the ages of various artifacts. He 
used these data to formulate an alternative 
hypothesis describing the human tragedy on 
Easter Island.

Hunt came to several new conclusions. 
First, the Polynesians arrived on the island 
about 800 years ago, not 2,900 years ago. 
Second, their population size probably never 
exceeded 3,000, contrary to the earlier esti-
mate of up to 15,000. Third, the Polynesians 
did use the island’s trees and other vegetation 
in an unsustainable manner, and by 1722, 
visitors reported that most of the island’s 
trees were gone.

But one question not answered by the 
earlier hypothesis was, why did the trees 
never grow back? Recent evidence and 
Hunt’s new hypothesis suggest that rats 
(which either came along with the original 
settlers as stowaways or were brought along 

or years, the story of Easter Island 
has been used in textbooks as 

an example of how humans can seriously 
degrade their own life-support system. It 
concerns a civilization that once thrived and 
then largely disappeared from a small, 
isolated island in the great expanse of the 
South Pacific, located about 3,600 kilome-
ters (2,200 miles) off the coast of Chile.

Scientists used anthropological evidence 
and scientific measurements to estimate the 
ages of certain artifacts found on Easter 
Island (also called Rapa Nui). They hypothe-
sized that about 2,900 years ago, Polynesians 
used double-hulled, seagoing canoes to colo-
nize the island. The settlers probably found a 
paradise with fertile soil that supported dense 
and diverse forests and lush grasses. Accord-
ing to this hypothesis, the islanders thrived, 
and their population increased to as many as 
15,000 people.

Measurements made by scientists 
seemed to indicate that over time, the 
Polynesians began living unsustainably by 
using the island’s forest and soil resources 
faster than they could be renewed. When 
they used up the large trees, the islanders 
could no longer build their traditional sea-
going canoes for fishing in deeper offshore 
waters, and no one could escape the island 
by boat.

Without the once-great forests to ab-
sorb and slowly release water, springs 
and streams dried up, exposed soils were 

F

used to predict the loss of phosphorus and other 
types of soil nutrients. These predictions can be 
compared with the actual measured losses to test 
the validity of the models.

• Accept or reject the hypothesis. If their new data do not 
support their hypotheses, scientists come up with 
other testable explanations. This process continues 
until there is general agreement among scientists in 
the field being studied that a particular hypothesis 
is the best explanation of the data. After Bormann 
and Likens confirmed that the soil in a cleared for-
est also loses phosphorus, they measured losses 
of other soil nutrients, which also supported their 
hypothesis. A well-tested and widely accepted sci-
entific hypothesis or a group of related hypotheses 
is called a scientific theory. Thus, Bormann and 
Likens and their colleagues developed a theory that 
trees and other plants hold soil in place and help it 

to retain water and nutrients needed by the plants 
for their growth.

Important features of the scientific process are curi-
osity, skepticism, peer review, reproducibility, and openness to 
new ideas. Good scientists are extremely curious about 
how nature works. But they tend to be highly skepti-
cal of new data, hypotheses, and models until they can 
be tested and verified. Peer review happens when sci-
entists report details of the methods and models they 
used, the results of their experiments, and the reason-
ing behind their hypotheses for other scientists working 
in the same field (their peers) to examine and criticize. 
Ideally, other scientists repeat and analyze the work 
to see if the data can be reproduced and whether the 
proposed hypothesis is reasonable and useful (Science 
Focus, below).

For example, Bormann and Likens (Core
Case Study) submitted the results of their for-
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to explain some of their observations in nature. Often 
such ideas defy conventional logic and current scien-
tific knowledge. According to physicist Albert Einstein, 
“There is no completely logical way to a new scientific 
idea.” Intuition, imagination, and creativity are as im-
portant in science as they are in poetry, art, music, and 
other great adventures of the human spirit, as reflected 
by scientist Warren Weaver’s quotation found at the 
opening of this chapter.

Scientific Theories and Laws 
Are the Most Important Results 
of Science
If an overwhelming body of observations and measure-
ments supports a scientific hypothesis, it becomes a sci-
entific theory. Scientific theories are not to be taken lightly.
They have been tested widely, are supported by exten-
sive evidence, and are accepted by most scientists in a 
particular field or related fields of study.

Nonscientists often use the word theory incorrectly 
when they actually mean scientific hypothesis, a tentative 
explanation that needs further evaluation. The state-
ment, “Oh, that’s just a theory,” made in everyday con-
versation, implies that the theory was stated without 
proper investigation and careful testing—the opposite 
of the scientific meaning of the word.

Another important and reliable outcome of science 
is a scientific law, or law of nature: a well-tested 
and widely accepted description of what we find hap-
pening over and over again in the same way in nature. 
An example is the law of gravity, based on countless ob-
servations and measurements of objects falling from 
different heights. According to this law, all objects fall 
to the earth’s surface at predictable speeds.

A scientific law is no better than the accuracy of the 
observations or measurements upon which it is based 
(see Figure 1 in Supplement 1 on p. S3). But if the data 
are accurate, a scientific law cannot be broken, unless 
and until we get contradictory new data.

Scientific theories and laws have a high probabil-
ity of being valid, but they are not infallible. Occasion-
ally, new discoveries and new ideas can overthrow a 
well-accepted scientific theory or law in what is called a 
paradigm shift. It occurs when the majority of scien-
tists in a field or related fields accept a new paradigm, or 
framework for theories and laws in a particular field.

A good way to summarize the most important out-
comes of science is to say that scientists collect data and 
develop theories, models, and laws that describe and 
explain how nature works (Concept 2-1). Scientists use 
reasoning and critical thinking skills. But the best sci-
entists also use intuition, imagination, and creativity 
in asking important questions, developing hypotheses, 
and designing ways to test them.

For a superb look at how science works and what sci-
entists do, see the Annenberg video series, The Habitable 
Planet: A Systems Approach to Environmental Science (see 

est experiments to a respected scientific journal. Before 
publishing this report, the journal editors had it re-
viewed by other soil and forest experts. Other scientists 
have repeated the measurements of soil content in un-
disturbed and cleared forests of the same type and also 
in different types of forests. Their results have also been 
subjected to peer review. In addition, computer models 
of forest systems have been used to evaluate this prob-
lem, with the results subjected to peer review. 

Scientific knowledge advances in this way, with sci-
entists continually questioning measurements, making 
new measurements, and sometimes coming up with 
new and better hypotheses (Science Focus, p. 31). As 
a result, good scientists are open to new ideas that have 
survived the rigors of the scientific process.

Scientists Use Reasoning, 
Imagination, and Creativity 
to Learn How Nature Works
Scientists arrive at conclusions, with varying degrees of 
certainty, by using two major types of reasoning. In-
ductive reasoning involves using specific observations 
and measurements to arrive at a general conclusion or 
hypothesis. It is a form of “bottom-up” reasoning that 
goes from the specific to the general. For example, sup-
pose we observe that a variety of different objects fall to 
the ground when we drop them from various heights. 
We can then use inductive reasoning to propose that 
all objects fall to the earth’s surface when dropped.

Depending on the number of observations made, 
there may be a high degree of certainty in this conclu-
sion. However, what we are really saying is “All objects 
that we or other observers have dropped from various 
heights have fallen to the earth’s surface.” Although it 
is extremely unlikely, we cannot be absolutely sure that 
no one will ever drop an object that does not fall to the 
earth’s surface.

Deductive reasoning involves using logic to ar-
rive at a specific conclusion based on a generalization 
or premise. It is a form of “top-down” reasoning that 
goes from the general to the specific. For example,

 Generalization or premise: All birds have feathers.

 Example: Eagles are birds.

 Deductive conclusion: Eagles have feathers.

THINKING ABOUT
The Hubbard Brook Experiment and Scientific 
Reasoning

In carrying out and interpreting their experiment, 
did Bormann and Likens rely primarily on inductive or 
deductive reasoning?

Deductive and inductive reasoning and critical think-
ing skills (pp. 2–3) are important scientific tools. But 
scientists also use intuition, imagination, and creativity 
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the website at www.learner.org/resources/series209
.html). Each of the 13 videos describes how scientists 
working on two different problems related to a certain 
subject are learning about how nature works. Also see 
Video 2, Thinking Like Scientists, in another Annenberg 
series, Teaching High School Science (see the website at 
www.learner.org/resources/series126.html).

The Results of Science Can Be 
Tentative, Reliable, or Unreliable
A fundamental part of science is testing. Scientists insist 
on testing their hypotheses, models, methods, and re-
sults over and over again to establish the reliability of 
these scientific tools and the resulting conclusions.

Media news reports often focus on disputes among 
scientists over the validity of data, hypotheses, models, 
methods, or results (see Science Focus, below). This 
helps to reveal differences in the reliability of various 

scientific tools and results. Simply put, some science is 
more reliable than other science, depending on how 
carefully it has been done and on how thoroughly the 
hypotheses, models, methods, and results have been 
tested.

Sometimes, preliminary results that capture news 
headlines are controversial because they have not been 
widely tested and accepted by peer review. They are 
not yet considered reliable, and can be thought of as 
tentative science or frontier science. Some of these 
results will be validated and classified as reliable and 
some will be discredited and classified as unreliable. At 
the frontier stage, it is normal for scientists to disagree 
about the meaning and accuracy of data and the va-
lidity of hypotheses and results. This is how scientific 
knowledge advances.

By contrast, reliable science consists of data, hy-
potheses, theories, and laws that are widely accepted 
by scientists who are considered experts in the field 
under study. The results of reliable science are based on 

SCIENCE FOCUS

The Scientific Consensus over Global Warming

view. Typically, they question the reliability 
of certain data, say we don’t have enough 
data to come to reliable conclusions, or 
question some of the hypotheses or mod-
els involved. However, in the case of global 
warming, they are in a distinct and declining 
minority.

Media reports are sometimes confusing 
or misleading because they present reliable 
science along with a quote from a scientist 
in the field who disagrees with the con-
sensus view, or from someone who is not 
an expert in the field. This can cause public 
distrust of well-established reliable science, 
such as that reported by the IPCC, and may 
sometimes lead to a belief in ideas that are 
not widely accepted by the scientific com-
munity. (See the Guest Essay on environ-
mental reporting by Andrew C. Revkin at 
CengageNOW.)

Critical Thinking
Find a newspaper article or other media 
report that presents the scientific consensus 
view on global warming and then attempts 
to balance it with a quote from a scientist 
who disagrees with the consensus view. Try 
to determine: (a) whether the dissenting 
scientist is considered an expert in climate sci-
ence, (b) whether the scientist has published 
any peer reviewed papers on the subject, and 
(c) what organizations or industries are sup-
porting the dissenting scientist.

climate changes, and project future climate 
changes. The IPCC network includes more 
than 2,500 climate experts from 70 nations.

Since 1990, the IPCC has published four 
major reports summarizing the scientific con-
sensus among these climate experts. In its 
2007 report, the IPCC came to three major 
conclusions:

• It is very likely (a 90–99% probability) that 
the lower atmosphere is getting warmer 
and has warmed by about 0.74 C°   (1.3 F°  )
between 1906 and 2005.

• Based on analysis of past climate data and 
use of 19 climate models, it is very likely (a 
90–99% probability) that human activities, 
led by emissions of carbon dioxide from 
burning fossil fuels, have been the main 
cause of the observed atmospheric warm-
ing during the past 50 years.

• It is very likely that the earth’s mean 
surface temperature will increase by 
about 3 C°   (5.4 F°  ) between 2005 and 
2100, unless we make drastic cuts in 
greenhouse gas emissions from power 
plants, factories, and cars that burn fossil 
fuels.

This scientific consensus among most of 
the world’s climate experts is currently con-
sidered the most reliable science we have on 
this subject.

As always, there are individual scientists 
who disagree with the scientific consensus 

ased on measurements and mod-
els, it is clear that carbon dioxide 

and other gases in the atmosphere play a 
major role in determining the temperature of 
the atmosphere through a natural warming 
process called the natural greenhouse effect.
Without the presence of these greenhouse
gases in the atmosphere, the earth would be 
too cold for most life as we know it to exist, 
and you would not be reading these words. 
The earth’s natural greenhouse effect is one 
of the most widely accepted theories in the 
atmospheric sciences and is an example of 
reliable science.

Since 1980, many climate scientists have 
been focusing their studies on three major 
questions:

• How much has the earth’s atmosphere 
warmed during the past 50 years?

• How much of the warming is the result 
of human activities such as burning oil, 
gas, and coal and clearing forests, which 
add carbon dioxide and other greenhouse 
gases to the atmosphere?

• How much is the atmosphere likely to 
warm in the future and how might this 
affect the climate of different parts of the 
world?

To help clarify these issues, in 1988, the 
United Nations and the World Meteorological 
Organization established the Intergovernmen-
tal Panel on Climate Change (IPCC) to study 
how the climate system works, document past 

B
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the self-correcting process of testing, open peer review, 
reproducibility, and debate. New evidence and better 
hypotheses (Science Focus, p. 31) may discredit or alter 
tried and accepted views and even result in paradigm 
shifts. But unless that happens, those views are consid-
ered to be the results of reliable science.

Scientific hypotheses and results that are presented 
as reliable without having undergone the rigors of peer 
review, or that have been discarded as a result of peer 
review, are considered to be unreliable science. Here 
are some critical thinking questions you can use to un-
cover unreliable science:

• Was the experiment well designed? Did it involve 
enough testing? Did it involve a control group? 
(Core Case Study)

• Have the data supporting the proposed 
hypotheses been verified? Have the results 
been reproduced by other scientists?

• Do the conclusions and hypotheses follow logically 
from the data?

• Are the investigators unbiased in their inter-
pretations of the results? Are they free of a hid-

den agenda? Were they funded by an unbiased 
source?

• Have the conclusions been verified by impartial 
peer review?

• Are the conclusions of the research widely accepted 
by other experts in this field?

If the answer to each of these questions is “yes,” 
then the results can be classified as reliable science. 
Otherwise, the results may represent tentative science 
that needs further testing and evaluation, or they can 
be classified as unreliable science.

Environmental Science 
Has Some Limitations
Before continuing our study of environmental science, 
we need to recognize some of its limitations, as well as 
those of science in general. First, scientists can disprove 
things but they cannot prove anything absolutely, be-
cause there is always some degree of uncertainty in sci-
entific measurements, observations, and models.

SCIENCE FOCUS

Statistics and Probability

each location and compare the results from 
all locations.

If the average results were consistent 
in different locations, you could then say 
that there is a certain probability, say 60% 
(or 0.6), that this type of pine tree suffered 
a certain percentage loss of its needles 
when exposed to a specified average level 
of the pollutant over a given time. You 
would also need to run other experiments 
to determine that natural needle loss, ex-
treme temperatures, insects, plant diseases, 
drought, or other factors did not cause the 
needle losses you observed. As you can 
see, getting reliable scientific results is not a 
simple process.

Critical Thinking
What does it mean when an international 
body of the world’s climate experts says 
that there is a 90–99% chance (probability of 
0.9–0.99) that human activities, led by emis-
sions of carbon dioxide from burning fossil 
fuels, have been the main cause of the ob-
served atmospheric warming during the past 
50 years? Why would the probability never 
be 100%?

heads is 0.6 or 60%? The answer is no 
because the sample size—the number of 
objects or events studied—was too small to 
yield a statistically accurate result. If you in-
crease your sample size to 1,000 by tossing 
the coin 1,000 times, you are almost certain 
to get heads 50% of the time and tails 50% 
of the time.

It is important when doing scientific re-
search to take samples in different places, in 
order to get a comprehensive evaluation of 
the variable being studied. It is also critical to 
have a large enough sample size to give an 
accurate estimate of the overall probability of 
an event happening.

For example, if you wanted to study the 
effects of a certain air pollutant on the nee-
dles of pine trees, you would need to locate 
different stands of the same type of pine tree 
that are all exposed to the pollutant over a 
certain period of time. At each location, you 
would need to measure the levels of the pol-
lutant in the atmosphere at different times 
and average the results. You would also need 
to make measurements of the damage (such 
as needle loss) to a large enough sample of 
trees in each location over a certain time pe-
riod. Then you would average the results in 

tatistics consists of mathematical tools 
used to collect, organize, and inter-

pret numerical data. For example, suppose 
we weigh each individual in a population of 
15 rabbits. We can use statistics to calculate 
the average weight of the population. To do 
this, we add up the weights of the 15 rabbits 
and divide the total by 15. Similarly, Bormann 
and Likens (Core Case Study) made 
many measurements of nitrate levels 
in the water flowing from their undis-
turbed and cut patches of forests (Figure 2-1) 
and then averaged the results to get the most 
reliable value.

Scientists also use the statistical concept 
of probability to evaluate their results. Prob-
ability is the chance that something will 
happen. For example, if you toss a nickel, 
what is the probability or chance that it will 
come up heads? If your answer is 50%, you 
are correct. The chance of the nickel coming 
up heads is ½, which can also be expressed as 
50% or 0.5. Probability is often expressed as 
a number between 0 and 1 written as a deci-
mal (such as 0.5).

Now suppose you toss the coin 10 times 
and it comes up heads 6 times. Does this 
mean that the probability of it coming up 

S
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2-2 What Is Matter?
CONCEPT 2-2 Matter consists of elements and compounds, which are in turn made 
up of atoms, ions, or molecules.

▲

Matter Consists of Elements 
and Compounds
To begin our study of environmental science, we start 
at the most basic level, looking at matter—the stuff 
that makes up life and its environment. Matter is any-
thing that has mass and takes up space. It is made up of 
elements, each of which is a fundamental substance 
that has a unique set of properties and cannot be bro-
ken down into simpler substances by chemical means. 
For example, gold is an element; it cannot be broken 
down chemically into any other substance.

Some matter is composed of one element, such as 
gold or silver, but most matter consists of compounds:
combinations of two or more different elements held 
together in fixed proportions. For example, water is a 
compound made of the elements hydrogen and oxygen, 
which have chemically combined with one another. 
(See Supplement 6 on p. S39 for an expanded discus-
sion of basic chemistry.)

To simplify things, chemists represent each ele-
ment by a one- or two-letter symbol. Table 2-1 (p. 36), 
lists the elements and their symbols that you need to 
know to understand the material in this book. Just four 
elements—oxygen, carbon, hydrogen, and nitrogen—
make up about 96% of your body weight and that of 
most other living things.

Atoms, Ions, and Molecules 
Are the Building Blocks 
of Matter
The most basic building block of matter is an atom: the 
smallest unit of matter into which an element can be 
divided and still retain its chemical properties. The idea 
that all elements are made up of atoms is called the 
atomic theory and is the most widely accepted scien-
tific theory in chemistry.

Instead scientists try to establish that a particular 
hypothesis, theory, or law has a very high probability
(90–99%) of being true and thus is classified as reli-
able science. Most scientists rarely say something like, 
“Cigarettes cause lung cancer.” Rather, they might say, 
“Overwhelming evidence from thousands of studies in-
dicates that people who smoke have an increased risk 
of developing lung cancer.”

THINKING ABOUT
Scientific Proof

Does the fact that science can never prove anything absolutely 
mean that its results are not valid or useful? Explain.

Second, scientists are human and cannot be ex-
pected to be totally free of bias about their results and 
hypotheses. However, bias can be minimized and often 
uncovered by the high standards of evidence required 
through peer review, although some scientists are by-
passing traditional peer review by publishing their re-
sults online.

A third limitation involves use of statistical tools. 
There is no way to measure accurately how much soil 
is eroded annually worldwide, for example. Instead, sci-
entists use statistical sampling and methods to estimate 
such numbers (Science Focus, at left). Such results 
should not be dismissed as “only estimates” because 
they can indicate important trends.

A fourth problem is that many environmental phe-
nomena involve a huge number of interacting vari-
ables and complex interactions, which makes it too 
costly to test one variable at a time in controlled ex-
periments such as the one described in the 
Core Case Study that opens this chapter. To 
help deal with this problem, scientists develop math-
ematical models that include the interactions of many 
variables. Running such models on computers can 
sometimes overcome this limitation and save both time 
and money. In addition, computer models can be used 
to simulate global experiments on phenomena like cli-
mate change, which are impossible to do in a controlled 
physical experiment.

Finally, the scientific process is limited to under-
standing the natural world. It cannot be applied to 
moral or ethical questions, because such questions are 
about matters for which we cannot collect data from 
the natural world. For example, we can use the scien-
tific process to understand the effects of removing trees 
from an ecosystem, but this process does not tell us 
whether it is right or wrong to remove the trees.

Much progress has been made, but we still know 
too little about how the earth works, its current state of 
environmental health, and the environmental impacts 
of our activities. These knowledge gaps point to impor-
tant research frontiers, several of which are highlighted 
throughout this text.
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Atoms are incredibly small. In fact, more than 
3 million hydrogen atoms could sit side by side on the 
period at the end of this sentence. If you could view 
them with a supermicroscope, you would find that 
each different type of atom contains a certain number 
of three different types of subatomic particles: positively 
charged protons (p), neutrons (n) with no electrical 
charge, and negatively charged electrons (e).

Each atom consists of an extremely small and dense 
center called its nucleus—which contains one or more 
protons and, in most cases, one or more neutrons—
and one or more electrons moving rapidly somewhere 
around the nucleus in what is called an electron prob-
ability cloud (Figure 2-3). Each atom (except for ions, 
expained at right) has equal numbers of positively 

charged protons and negatively charged electrons. Be-
cause these electrical charges cancel one another, atoms 
as a whole have no net electrical charge.

Each element has a unique atomic number, equal 
to the number of protons in the nucleus of its atom. 
Carbon (C), with 6 protons in its nucleus (Figure 2-3), 
has an atomic number of 6, whereas uranium (U), a 
much larger atom, has 92 protons in its nucleus and an 
atomic number of 92.

Because electrons have so little mass compared to 
protons and neutrons, most of an atom’s mass is concen-
trated in its nucleus. The mass of an atom is described by 
its mass number: the total number of neutrons and 
protons in its nucleus. For example, a carbon atom 
with 6 protons and 6 neutrons in its nucleus has a mass 
number of 12, and a uranium atom with 92 protons 
and 143 neutrons in its nucleus has a mass number of 
235 (92 # 143 " 235).

Each atom of a particular element has the same 
number of protons in its nucleus. But the nuclei of 
atoms of a particular element can vary in the num-
ber of neutrons they contain, and therefore, in their 
mass numbers. Forms of an element having the same 
atomic number but different mass numbers are called 
isotopes of that element. Scientists identify isotopes by 
attaching their mass numbers to the name or symbol 
of the element. For example, the three most common 
isotopes of carbon are carbon-12 (Figure 2-3, with six 
protons and six neutrons), carbon-13 (with six protons 
and seven neutrons), and carbon-14 (with six protons 
and eight neutrons). Carbon-12 makes up about 98.9% 
of all naturally occurring carbon.

A second building block of matter is an ion—an 
atom or groups of atoms with one or more net posi-
tive or negative electrical charges. An ion forms when 
an atom gains or loses one or more electrons. An atom 
that loses one or more of its electrons becomes an ion 
with one or more positive electrical charges, because 
the number of positively charged protons in its nucleus 
is now greater than the number of negatively charged 
electrons outside its nucleus. Similarly, when an atom 
gains one or more electrons, it becomes an ion with one 
or more negative electrical charges, because the num-
ber of negatively charged electrons is greater than the 
number of positively charged protons in its nucleus.

Ions containing atoms of more than one element 
are the basic units found in some compounds (called 
ionic compounds). For more details on how ions form see 
p. S39 in Supplement 6.

The number of positive or negative charges carried 
by an ion is shown as a superscript after the symbol for 
an atom or a group of atoms. Examples encountered 
in this book include a positive hydrogen ion (H#), with 
one positive charge, an aluminum ion (Al3#) with three 
positive charges, and a negative chloride ion (Cl!) with 
one negative charge. These and other ions listed in Ta-
ble 2-2 are used in other chapters in this book.

6 neutrons

6 electrons

6 protons

Figure 2-3 Greatly simplified model of a carbon-12 atom. It con-
sists of a nucleus containing six positively charge protons and six 
neutral neutrons. There are six negatively charged electrons found 
outside its nucleus. We cannot determine the exact locations of the 
electrons. Instead, we can estimate the probability that they will be 
found at various locations outside the nucleus—sometimes called 
an electron probability cloud. This is somewhat like saying that there 
are six airplanes flying around inside a cloud. We don’t know their 
exact location, but the cloud represents an area where we can prob-
ably find them.

Table 2-1

Elements Important to the Study 
of Environmental Science

Element Symbol

Hydrogen H

Carbon C

Oxygen O

Nitrogen N

Phosphorus  P

Sulfur S

Chlorine Cl

Fluorine F

Element Symbol

Bromine Br

Sodium Na

Calcium Ca

Lead Pb

Mercury Hg

Arsenic As

Uranium U
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One example of the importance of ions in our study 
of environmental science is the nitrate ion (NO3

!), a 
nutrient essential for plant growth. Figure 2-4 shows 
measurements of the loss of nitrate ions from the de-
forested area (Figure 2-1, right) in the controlled ex-
periment run by Bormann and Likens (Core 
Case Study). Numerous chemical analyses of 
the water flowing through the dams of the cleared for-
est area showed an average 60-fold rise in the concen-
tration of NO3

! compared to water running off of the 
uncleared forest area. The stream below this valley be-
came covered with algae whose populations soared as a 
result of an excess of nitrate plant nutrients. After a few 
years, however, vegetation began growing back on the 
cleared valley and nitrate levels in its runoff returned 
to normal levels.

Ions are also important for measuring a substance’s 
acidity in a water solution, a chemical characteristic 
that helps determine how a substance dissolved in wa-
ter will interact with and affect its environment. Sci-
entists use pH as a measure of acidity, based on the 
amount of hydrogen ions (H#) and hydroxide ions 
(OH!) contained in a particular volume of a solution. 
Pure water (not tap water or rainwater) has an equal 
number of H# and OH! ions. It is called a neutral solu-
tion and has a pH of 7. An acidic solution has more hy-
drogen ions than hydroxide ions and has a pH less than 
7. A basic solution has more hydroxide ions than hydro-
gen ions and has a pH greater than 7. (See Figure 5 on 
p. S41 in Supplement 6 for more details.)

The third building block of matter is a molecule: a 
combination of two or more atoms of the same or dif-
ferent elements held together by forces called chemical 
bonds. Molecules are the basic units of some compounds 

(called molecular compounds). Examples are shown in 
Figure 4 on p. S41 in Supplement 6.

Chemists use a chemical formula to show the 
number of each type of atom or ion in a compound. 
This shorthand contains the symbol for each element 
present and uses subscripts to represent the number of 
atoms or ions of each element in the compound’s ba-
sic structural unit. Examples of compounds and their 
formulas encountered in this book are sodium chloride 
(NaCl) and water (H2O, read as “H-two-O”). These and 
other compounds important to our study of environ-
mental science are listed in Table 2-3.

You may wish to mark the pages containing Ta-
bles 2-1 through 2-3, as they could be useful references 
for understanding material in other chapters.

 Examine atoms—their parts, how they 
work, and how they bond together to form molecules—at 
CengageNOW™.
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Figure 2-4 Loss of nitrate ions (NO3
!) from a deforested watershed 

in the Hubbard Brook Experimental Forest in New Hampshire (Figure 
2-1, right). The average concentration of nitrate ions in runoff from 
the deforested experimental watershed was 60 times greater than 
in a nearby unlogged watershed used as a control (Figure 2-1, left). 
(Data from F. H. Bormann and Gene Likens)

Table 2-2

Ions Important to the Study 
of Environmental Science

Positive Ion Symbol

hydrogen ion H#

sodium ion Na#

calcium ion Ca2#

aluminum ion Al3#

ammonium ion NH4
#

Negative Ion Symbol

chloride ion Cl!

hydroxide ion OH!

nitrate ion NO3
!

sulfate ion SO4
2!

phosphate ion PO4
3!

Table 2-3

Compounds Important to the Study 
of Environmental Science

Compound Formula

sodium chloride NaCl

carbon monoxide CO

carbon dioxide CO2

nitric oxide NO

nitrogen dioxide NO2

nitrous oxide N2O

nitric acid HNO3

Compound Formula

methane CH4

glucose C6H12O6

water H2O

hydrogen sulfide H2S

sulfur dioxide SO2

sulfuric acid H2SO4

ammonia NH3
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Organic Compounds Are 
the Chemicals of Life
Table sugar, vitamins, plastics, aspirin, penicillin, and 
most of the chemicals in your body are organic com-
pounds, which contain at least two carbon atoms com-
bined with atoms of one or more other elements. All 
other compounds are called inorganic compounds. 
One exception, methane (CH4), has only one carbon 
atom but is considered an organic compound.

The millions of known organic (carbon-based) com-
pounds include the following:

• Hydrocarbons: compounds of carbon and hydrogen 
atoms. One example is methane (CH4), the main 
component of natural gas, and the simplest organic 
compound. Another is octane (C8H18), a major 
component of gasoline.

• Chlorinated hydrocarbons: compounds of carbon, 
hydrogen, and chlorine atoms. An example is the 
insecticide DDT (C14H9Cl5).

• Simple carbohydrates (simple sugars): certain types 
of compounds of carbon, hydrogen, and oxygen 
atoms. An example is glucose (C6H12O6), which 
most plants and animals break down in their cells 
to obtain energy. (For more details see Figure 8 on 
p. S42 in Supplement 6.)

Larger and more complex organic compounds, es-
sential to life, are composed of macromolecules. Some 
of these molecules, called polymers, are formed when 
a number of simple organic molecules (monomers) are 
linked together by chemical bonds, somewhat like rail 
cars linked in a freight train. The three major types of 
organic polymers are

• complex carbohydrates such as cellulose and starch, 
which consist of two or more monomers of simple 
sugars such as glucose (see Figure 8 on p. S42 in 
Supplement 6),

• proteins formed by monomers called amino acids (see 
Figure 9 on p. S42 in Supplement 6), and

• nucleic acids (DNA and RNA) formed by monomers 
called nucleotides (see Figures 10 and 11 on p. S43 
in Supplement 6).

Lipids, which include fats and waxes, are a fourth 
type of macromolecule essential for life (see Figure 12 
on p. S43 in Supplement 6).

Matter Comes to Life through 
Genes, Chromosomes, and Cells
The story of matter, starting with the hydrogen atom, 
becomes more complex as molecules grow in complex-
ity. This is no less true when we examine the fundamen-
tal components of life. The bridge between nonliving 
and living matter lies somewhere between macromole-

cules and cells—the fundamental structural units of life, 
which we explore in more detail in the next chapter.

Above, we mentioned nucleotides in DNA (see Fig-
ures 10 and 11 on p. S43 in Supplement 6). Within 
some DNA molecules are certain sequences of nucle-
otides called genes. Each of these distinct pieces of 
DNA contains instructions, called genetic information, for 
making specific proteins. Each of these coded units of 
genetic information concerns a specific trait, or char-
acteristic passed on from parents to offspring during re-
production in an animal or plant.

Thousands of genes, in turn, make up a single 
chromosome, a special DNA molecule together with a 
number of proteins. Genetic information coded in your 
chromosomal DNA is what makes you different from 
an oak leaf, an alligator, or a flea, and from your par-
ents. In other words, it makes you human, but it also 
makes you unique. The relationships of genetic mate-
rial to cells are depicted in Figure 2-5.

A human body contains trillions 
of cells, each with an identical set 
of genes.

Each human cell (except for red 
blood cells) contains a nucleus.

Each cell nucleus has an identical set 
of chromosomes, which are found in 
pairs.

A specific pair of chromosomes 
contains one chromosome from each 
parent.

Each chromosome contains a long 
DNA molecule in the form of a coiled 
double helix.

Genes are segments of DNA  on 
chromosomes that contain instructions 
to make proteins—the building blocks 
of life. 

Figure 2-5 Relationships among cells, nuclei, chromosomes, DNA, 
and genes. 
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Matter Occurs in Various 
Physical Forms
The atoms, ions, and molecules that make up matter 
are found in three physical states: solid, liquid, and gas. 
For example, water exists as ice, liquid water, or wa-
ter vapor depending on its temperature and the sur-
rounding air pressure. The three physical states of any 
sample of matter differ in the spacing and orderliness 
of its atoms, ions, or molecules. A solid has the most 
compact and orderly arrangement, and a gas the least 
compact and orderly arrangement. Liquids are some-
where in between.

Some Forms of Matter Are 
More Useful than Others
Matter quality is a measure of how useful a form of 
matter is to humans as a resource, based on its availabil-
ity and concentration, or amount of it that is contained 
in a given area or volume. High-quality matter is 
highly concentrated, is typically found near the earth’s 
surface, and has great potential for use as a resource. 
Low-quality matter is not highly concentrated, is often 
located deep underground or dispersed in the ocean or 
atmosphere, and usually has little potential for use as a 
resource. See Figure 2-6 for examples illustrating dif-
ferences in matter quality.

High Quality Low Quality

Salt

Coal

Gasoline

Aluminum can

Solution of salt in water

Coal-fired power
plant emissions

Automobile emissions

Aluminum ore

GasSolid

Figure 2-6 Examples of differences in matter quality. High-quality 
matter (left column) is fairly easy to extract and is highly concentrated; 
low-quality matter (right column) is not highly concentrated and is more 
difficult to extract than high-quality matter.

2-3 How Can Matter Change?
CONCEPT 2-3 When matter undergoes a physical or chemical change, no atoms are 
created or destroyed (the law of conservation of matter).

▲

Matter Undergoes Physical, 
Chemical, and Nuclear Changes
When a sample of matter undergoes a physical 
change, its chemical composition, or the arrangement of 
its atoms or ions within molecules does not change. 
A piece of aluminum foil cut into small pieces is still 
aluminum foil. When solid water (ice) melts or liquid 
water boils, none of the H2O molecules are changed. 

The molecules are simply arranged in different spatial 
(physical) patterns.

THINKING ABOUT
Controlled Experiments and Physical Changes

How would you set up a controlled experiment 
(Core Case Study) to verify that when water changes 
from one physical state to another, its chemical composition 
does not change?
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In a chemical change, or chemical reaction, 
there is a change in the arrangement of atoms or ions 
within molecules of the substances involved. Chemists 
use chemical equations to represent what happens in a 
chemical reaction. For example, when coal burns com-
pletely, the solid carbon (C) in the coal combines with 
oxygen gas (O2) from the atmosphere to form the gas-
eous compound carbon dioxide (CO2).

Energy++

Black solid Colorless gas Colorless gas

C
O

C OO
O

Reactant(s) Product(s)

Energy

Energy

Carbon + Oxygen Carbon dioxide

C + +O2 CO2

+

In addition to physical and chemical changes, mat-
ter can undergo three types of nuclear changes, or 
changes in the nuclei of its atoms (Figure 2-7). In the 
first type, called natural radioactive decay, isotopes 
spontaneously emit fast-moving subatomic particles, 
high-energy radiation such as gamma rays, or both 
(Figure 2-7, top). The unstable isotopes are called ra-
dioactive isotopes or radioisotopes.

Nuclear fission is a nuclear change in which the 
nuclei of certain isotopes with large mass numbers 
(such as uranium-235) are split apart into lighter nuclei 
when struck by neutrons; each fission releases two or 
three neutrons plus energy (Figure 2-7, middle). Each 
of these neutrons, in turn, can trigger an additional fis-
sion reaction. Multiple fissions within a certain amount 
of mass produce a chain reaction, which releases an 
enormous amount of energy.

Nuclear fusion is a nuclear change in which two 
isotopes of light elements, such as hydrogen, are forced 
together at extremely high temperatures until they fuse 
to form a heavier nucleus (Figure 2-7, bottom). A tre-
mendous amount of energy is released in this process. 
Fusion of hydrogen nuclei to form helium nuclei is the 
source of energy in the sun and other stars.

We Cannot Create or 
Destroy Matter
We can change elements and compounds from one 
physical, chemical, or nuclear form to another, but we 
can never create or destroy any of the atoms involved 
in any physical or chemical change. All we can do is 
rearrange the atoms, ions, or molecules into different 
spatial patterns (physical changes) or combinations 
(chemical changes). These statements, based on many 
thousands of measurements, describe a scientific law 
known as the law of conservation of matter: when 
a physical or chemical change occurs, no atoms are cre-
ated or destroyed (Concept 2-3).

This law means there is no “away” as in “to throw 
away.” Everything we think we have thrown away remains 
here with us in some form. We can reuse or recycle some 
materials and chemicals, but the law of conservation of 
matter means we will always face the problem of what 
to do with some quantity of the wastes and pollutants 
we produce.

We talk about consuming matter as if matter is 
being used up or destroyed, but the law of conserva-
tion of matter says that this is impossible. What is 
meant by matter consumption, is not destruction of mat-
ter, but rather conversion of matter from one form to 
another.

2-4 What Is Energy and How Can It Be Changed?
CONCEPT 2-4A When energy is converted from one form to another in a 
physical or chemical change, no energy is created or destroyed (first law of 
thermodynamics).
CONCEPT 2-4B Whenever energy is changed from one form to another, we end 
up with lower-quality or less usable energy than we started with (second law of 
thermodynamics).

▲
▲

Energy Comes in Many Forms
Energy is the capacity to do work or transfer heat. Work 
is done when something is moved. The amount of work 
done is the product of the force applied to an object to 
move it a certain distance (work " force $ distance). 

For example, it takes a certain amount of muscular 
force to lift this book to a certain height.

There are two major types of energy: moving energy 
(called kinetic energy) and stored energy (called potential 
energy). Moving matter has kinetic energy because 
it has mass and velocity. Examples are wind (a mov-
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ing mass of air), flowing water, and electricity (flowing 
electrons).

Another form of kinetic energy is heat: the total 
kinetic energy of all moving atoms, ions, or molecules 
within a given substance. When two objects at differ-

ent temperatures contact one another, heat flows from 
the warmer object to the cooler object.

Heat can be transferred from one place to another 
by three different methods: radiation (the emission 
of electromagnetic energy), conduction (the transfer of 

Reaction
conditions

n

n

n
Uranium-235

Uranium-235

Radioactive isotope Radioactive decay occurs when nuclei of unstable isotopes
spontaneously emit fast-moving chunks of matter (alpha particles or
beta particles), high-energy radiation (gamma rays), or both at a
fixed rate. A particular radioactive isotope may emit any one or a
combination of the three items shown in the diagram.

Nuclear fission occurs when the nuclei of certain isotopes with
large mass numbers (such as uranium-235) are split apart into
lighter nuclei when struck by a neutron and release energy plus two
or three more neutrons. Each neutron can trigger an additional
fission reaction and lead to a chain reaction, which releases an
enormous amount of energy.

Nuclear fusion occurs when two isotopes of light elements, such
as hydrogen, are forced together at extremely high temperatures
until they fuse to form a heavier nucleus and release a tremendous
amount of energy.
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Figure 2-7 Types of nuclear changes: natural radioactive decay (top), nuclear fission (middle), and nuclear fusion 
(bottom).
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kinetic energy between substances in contact with one 
another), and convection (the movement of heat within 
liquids and gases from warmer to cooler portions).

In electromagnetic radiation, another form of 
kinetic energy, energy travels in the form of a wave as a 
result of changes in electric and magnetic fields. There 
are many different forms of electromagnetic radiation, 
each having a different wavelength (distance between 
successive peaks or troughs in the wave) and energy 
content. Forms of electromagnetic radiation with short 
wavelengths, such as gamma rays, X rays, and ultravio-
let (UV) radiation, have a higher energy content than 
do forms with longer wavelengths, such as visible light 
and infrared (IR) radiation (Figure 2-8). Visible light 
makes up most of the spectrum of electromagnetic ra-
diation emitted by the sun (Figure 2-8).

 Find out how color, wavelengths, and energy 
intensities of visible light are related at CengageNOW.

The other major type of energy is potential en-
ergy, which is stored and potentially available for use. 
Examples of potential energy include a rock held in 
your hand, an unlit match, the chemical energy stored 
in gasoline molecules, and the nuclear energy stored in 
the nuclei of atoms.

Potential energy can be changed to kinetic energy. 
Hold this book up, and it has potential energy; drop it 
on your foot, and its potential energy changes to kinetic 
energy. When a car engine burns gasoline, the potential 
energy stored in the chemical bonds of gasoline mole-
cules changes into mechanical (kinetic) energy, which 
propels the car, and heat. Potential energy stored in the 

molecules of carbohydrates you eat becomes kinetic 
energy when your body uses it to move and do other 
forms of work.

 Witness how a Martian might use kinetic and 
potential energy at CengageNOW.

Some Types of Energy Are 
More Useful Than Others
Energy quality is a measure of an energy source’s ca-
pacity to do useful work. High-quality energy is con-
centrated and has a high capacity to do useful work. 
Examples are very high-temperature heat, nuclear fis-
sion, concentrated sunlight, high-velocity wind, and en-
ergy released by burning natural gas, gasoline, or coal.

By contrast, low-quality energy is dispersed and 
has little capacity to do useful work. An example is heat 
dispersed in the moving molecules of a large amount of 
matter (such as the atmosphere or an ocean) so that its 
temperature is low. The total amount of heat stored in 
the Atlantic Ocean is greater than the amount of high-
quality chemical energy stored in all the oil deposits of 
Saudi Arabia. Yet because the ocean’s heat is so widely 
dispersed, it cannot be used to move things or to heat 
things to high temperatures.

Energy Changes Are Governed 
by Two Scientific Laws
Thermodynamics is the study of energy transforma-
tions. Scientists have observed energy being changed 
from one form to another in millions of physical and 
chemical changes. But they have never been able to 
detect the creation or destruction of any energy in such 
changes. The results of these experiments have been 
summarized in the law of conservation of energy, 
also known as the first law of thermodynamics: 
When energy is converted from one form to another in 
a physical or chemical change, no energy is created or 
destroyed (Concept 2-4A).

This scientific law tells us that when one form of 
energy is converted to another form in any physical or 
chemical change, energy input always equals energy output. 
No matter how hard we try or how clever we are, we 
cannot get more energy out of a system than we put in. 
This is one of nature’s basic rules.

People talk about consuming energy but the first 
law says that it is impossible to use up energy. Energy 
consumption, then, means converting energy from one 
form to another with no energy being destroyed or cre-
ated in the process.

Because the first law of thermodynamics states that 
energy cannot be created or destroyed, only converted 
from one form to another, you may be tempted to think 
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  Active Figure 2-8 Solar capital: the spec-
trum of electromagnetic radiation released by the sun consists 
mostly of visible light. See an animation based on this figure at 
CengageNOW. 
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there will always be enough energy. Yet if you fill a 
car’s tank with gasoline and drive around or use a flash-
light battery until it is dead, something has been lost. 
But what is it? The answer is energy quality, the amount 
of energy available that can perform useful work.

Countless experiments have shown that whenever 
energy changes from one form to another, we always 
end up with less usable energy than we started with. 
These results have been summarized in the second 
law of thermodynamics: When energy changes 
from one form to another, we always end up with 
lower-quality or less usable energy than we started 
with (Concept 2-4B). This lower-quality energy usually 
takes the form of heat given off at a low temperature to 
the environment. There it is dispersed by the random 
motion of air or water molecules and becomes even 
less useful as a resource.

In other words, energy always goes from a more useful 
to a less useful form when it is changed from one form to an-
other. No one has ever found a violation of this funda-
mental scientific law. It is another one of nature’s basic 
rules.

Consider three examples of the second law of ther-
modynamics in action. First, when you drive a car, 
only about 6% of the high-quality energy available 
in its gasoline fuel actually moves the car, according 
to energy expert Amory Lovins. (See his Guest Essay 
at CengageNOW.) The remaining 94% is degraded to 
low-quality heat that is released into the environment. 
Thus, 94% of the money you spend for gasoline is not 
used to transport you anywhere.

Second, when electrical energy in the form of mov-
ing electrons flows through filament wires in an incan-
descent lightbulb, about 5% of it changes into useful 

light, and 95% flows into the environment as low-
quality heat. In other words, the incandescent lightbulb is 
really an energy-wasting heat bulb.

Third, in living systems, solar energy is converted 
into chemical energy (food molecules) and then into 
mechanical energy (used for moving, thinking, and liv-
ing). During each conversion, high-quality energy is de-
graded and flows into the environment as low-quality 
heat. Trace the flows and energy conversions in Fig-
ure 2-9 to see how this happens.

The second law of thermodynamics also means we 
can never recycle or reuse high-quality energy to perform use-
ful work. Once the concentrated energy in a serving 
of food, a liter of gasoline, or a chunk of uranium is 
released, it is degraded to low-quality heat that is dis-
persed into the environment.

Energy efficiency, or energy productivity, is 
a measure of how much useful work is accomplished 
by a particular input of energy into a system. There is 
plenty of room for improving energy efficiency. Scien-
tists estimate that only 16% of the energy used in the 
United States ends up performing useful work. The re-
maining 84% is either unavoidably wasted because of 
the second law of thermodynamics (41%) or unneces-
sarily wasted (43%). Thus, thermodynamics teaches us 
an important lesson: the cheapest and quickest way to 
get more energy is to stop wasting almost half the en-
ergy we use. We explore energy waste and energy ef-
ficiency in depth in Chapters 15 and 16.

 See examples of how the first and 
second laws of thermodynamics apply in our world at 
CengageNOW.

Solar
energy

Chemical
energy
(food)

Chemical energy
(photosynthesis)

Mechanical
energy

(moving,
thinking, living)

Waste
heat

Waste
heat

Waste
heat

Waste
heat

 Active Figure 2-9 The second law of thermodynamics in action in living systems. Each time 
energy changes from one form to another, some of the initial input of high-quality energy is degraded, usually to 
low-quality heat that is dispersed into the environment. See an animation based on this figure at CengageNOW. 
Question: What are three things that you did during the past hour that degraded high-quality energy?
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Systems Have Inputs, Flows, 
and Outputs
A system is a set of components that function and in-
teract in some regular way. The human body, a river, 
an economy, and the earth are all systems.

Most systems have the following key components: 
inputs from the environment, flows or throughputs 
of matter and energy within the system at certain rates, 
and outputs to the environment (Figure 2-10) (Con-
cept 2-5A). One of the most powerful tools used by envi-
ronmental scientists to study how these components of 
systems interact is computer modeling. (Science Focus, 
below)

Systems Respond to Change 
through Feedback Loops
When people ask you for feedback, they are usually 
seeking your response to something they said or did. 
They might feed this information back into their men-
tal processes to help them decide whether and how to 
change what they are saying or doing.

Similarly, most systems are affected one way or an-
other by feedback, any process that increases (positive 
feedback) or decreases (negative feedback) a change to 
a system (Concept 2-5A). Such a process, called a feed-
back loop, occurs when an output of matter, energy, 

2-5 What Are Systems and How Do They Respond 
to Change?

CONCEPT 2-5A Systems have inputs, flows, and outputs of matter and energy, 
and their behavior can be affected by feedback.
CONCEPT 2-5B Life, human systems, and the earth’s life-support systems must 
conform to the law of conservation of matter and the two laws of thermodynamics.

▲
▲

Heat

Waste and
pollution

Goods and
services

Throughputs

Economy

Energy Inputs Outputs

Energy
resources

Matter
resources

Information

Figure 2-10 Inputs, throughput, and outputs of an economic 
system. Such systems depend on inputs of matter and energy re-
sources and outputs of waste and heat to the environment. Such a 
system can become unsustainable if the throughput of matter and 
energy resources exceeds the ability of the earth’s natural capital 
to provide the required resource inputs or the ability of the envi-
ronment to assimilate or dilute the resulting heat, pollution, and 
environmental degradation.

SCIENCE FOCUS

The Usefulness of Models

Using data collected by Bormann and 
Likens in their Hubbard Brook experiment 
(Core Case Study), scientists cre-
ated mathematical models to de-
scribe a forest and evaluate what happens to 
soil nutrients or other variables if the forest is 
disturbed or cut down.

Other areas of environmental science 
where computer modeling is becoming in-
creasingly important include the studies of 
climate change, deforestation, biodiversity 
loss, and ocean systems.

Critical Thinking
What are two limitations of computer mod-
els? Do their limitations mean that we should 
not rely on such models? Explain.

ables, when the time frame of events being 
modeled is long, and when controlled ex-
periments are impossible or too expensive to 
conduct.

After building and testing a mathemati-
cal model, scientists use it to predict what is 
likely to happen under a variety of conditions. 
In effect, they use mathematical models to 
answer if–then questions: “If we do such 
and such, then what is likely to happen now 
and in the future?” This process can give us 
a variety of projections or scenarios of pos-
sible futures or outcomes based on different 
assumptions. Mathematical models (like all 
other models) are no better than the assump-
tions on which they are built and the data fed 
into them.

cientists use models, or simulations, 
to learn how systems work. Some 

of our most powerful and useful technolo-
gies are mathematical and computer models.

Making a mathematical model usu-
ally requires going through three steps 
many times. First, scientists make guesses 
about systems they are modeling and write 
down equations to express these estimates. 
Second, they compute the likely behavior 
of a system implied by such equations. 
Third, they compare the system’s projected 
behavior with observations of its actual be-
havior, also considering existing experimental 
data.

Mathematical models are particularly 
useful when there are many interacting vari-

S
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or information is fed back into the system as an input 
and leads to changes in that system.

A positive feedback loop causes a system to 
change further in the same direction (Figure 2-11). 
In the Hubbard Brook experiments, for example 
(Core Case Study), researchers found that when 
vegetation was removed from a stream valley, 
flowing water from precipitation caused erosion and 
loss of nutrients, which caused more vegetation to die. 
With even less vegetation to hold soil in place, flow-
ing water caused even more erosion and nutrient loss, 
which caused even more plants to die.

Such accelerating positive feedback loops are of 
great concern in several areas of environmental sci-
ence. One of the most alarming is the melting of polar 
ice, which has occurred as the temperature of the at-
mosphere has risen during the past few decades. As that 
ice melts, there is less of it to reflect sunlight, and more 
water is exposed to sunlight. Because water is darker, 
it absorbs more solar energy, making the area warmer 
and causing the ice to melt faster, thus exposing more 
water. The melting of polar ice thus accelerates, causing 
a number of serious problems that we explore further 
in Chapter 19.

A negative, or corrective, feedback loop causes 
a system to change in the opposite direction from which 
is it moving. A simple example is a thermostat, a device 
that controls how often, and how long a heating or cool-
ing system runs (Figure 2-12). When the furnace in a 
house is turned on and begins heating the house, the 
thermostat can be set to turn the furnace off when the 
temperature in the house reaches the set number. The 
house then stops getting warmer and starts to cool.

Decreasing vegetation...

...which causes
more vegetation
to die.

...leads to
erosion and
nutrient loss...

Temperature reaches desired setting 
and furnace goes off

House cools

House warms

Temperature drops below desired setting 
and furnace goes on

Furnace
on

Furnace
off

Figure 2-11 Positive feedback loop. Decreasing vegetation in a valley causes increasing 
erosion and nutrient losses, which in turn causes more vegetation to die, which allows 
for more erosion and nutrient losses. The system receives feedback that continues the 
process of deforestation.

Figure 2-12 Negative 
feedback loop. When a 
house being heated by a 
furnace gets to a certain 
temperature, its thermo-
stat is set to turn off the 
furnace, and the house 
begins to cool instead of 
continuing to get warmer. 
When the house tempera-
ture drops below the set 
point, this information is 
fed back, and the furnace 
is turned on and runs until 
the desired temperature 
is reached. The system 
receives feedback that re-
verses the process of heat-
ing or cooling.
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THINKING ABOUT
Hubbard Brook and Feedback Loops

How might experimenters have employed a nega-
tive feedback loop to stop, or correct, the positive 
feedback loop that resulted in increasing erosion and nutri-
ent losses in the Hubbard Brook experimental forest?

An important case of a negative feedback loop is 
the recycling and reuse of some resources such as alu-
minum, copper, and glass. For example, an aluminum 
can is one output of a mining and manufacturing sys-
tem. When that output becomes an input, as the can is 
recycled and used in place of raw aluminum to make a 
new product, that much less aluminum is mined and 
the environmental impact of the mining-manufacturing 
system is lessened. Such a negative feedback loop there-
fore can promote sustainability and reduce the environ-
mental impact of human activities by reducing the use 
of matter and energy resources and the amount of pol-
lution and solid waste produced by use of such material.

Time Delays Can Allow a System 
to Reach a Tipping Point
Complex systems often show time delays between the 
input of a feedback stimulus and the response to it. For 
example, scientists could plant trees in a degraded area 
such as the Hubbard Brook experimental forest to slow 
erosion and nutrient losses (Core Case Study),
but it would take years for the trees and other 
vegetation to grow enough to accomplish this purpose.

Time delays can also allow an environmental prob-
lem to build slowly until it reaches a threshold level, or 
tipping point, causing a fundamental shift in the be-
havior of a system. Prolonged delays dampen the nega-
tive feedback mechanisms that might slow, prevent, or 
halt environmental problems. In the Hubbard Brook 
example, if erosion and nutrient losses reached a cer-
tain point where the land could not support vegetation, 
then an irreversible tipping point would have been 
reached, and it would be futile to plant trees to try to 
restore the system. Other environmental problems that 
can reach tipping point levels are population growth, 
leaks from toxic waste dumps, global climate change, 
and degradation of forests from prolonged exposure to 
air pollutants.

System Effects Can Be 
Amplified through Synergy
A synergistic interaction, or synergy, occurs when 
two or more processes interact so that the combined 
effect is greater than the sum of their separate effects. 
Scientific studies reveal such an interaction between 
smoking and inhaling asbestos particles. Lifetime smok-
ers have ten times the risk that nonsmokers have of 
getting lung cancer. And individuals exposed to asbes-

tos particles for long periods increase their risk of get-
ting lung cancer fivefold. But people who smoke and 
are exposed to asbestos have 50 times the risk that non-
smokers have of getting lung cancer.

Similar dangers can result from combinations of 
certain air pollutants that, when combined, are more 
hazardous to human health than they would be acting 
independently. We examine such hazards further in 
Chapter 17.

On the other hand, synergy can be helpful. Suppose 
we want to persuade an elected official to vote for a 
certain environmental law. You could write, e-mail, or 
visit the official. But you may have more success if you 
can get a group of potential voters to do such things. 
In other words, the combined or synergistic efforts of 
people working together can be more effective than the 
efforts of each person acting alone.

RESEARCH FRONTIER

Identifying environmentally harmful and beneficial syner-
gistic interactions. See academic.cengage.com/biology/
miller.

Human Activities Can Have 
Unintended Harmful Results
One of the lessons we can derive from the four 
scientific principles of sustainability (see back 
cover) is that everything we do affects someone or 
something in the environment in some way. In other words, 
any action in a complex system has multiple and of-
ten unintended, unpredictable effects. As a result, most 
of the environmental problems we face today are un-
intended results of activities designed to increase the 
quality of human life.

For example, clearing trees from the land to plant 
crops can increase food production and feed more peo-
ple. But it can also lead to soil erosion, flooding, and a 
loss of biodiversity, as Easter Islanders and other civili-
zations learned the hard way (Science Focus, p. 31, and 
Supplement 5 on p. S31).

One factor that can lead to an environmental sur-
prise is a discontinuity or abrupt change in a previously 
stable system when some environmental threshold or tip-
ping point is crossed. Scientific evidence indicates that 
we are now reaching an increasing number of such tip-
ping points. For example, we have depleted fish stocks 
in some parts of the world to the point where it is not 
profitable to harvest them. Other examples, such as de-
forested areas turning to desert, coral reefs dying, spe-
cies disappearing, glaciers melting, and sea levels rising, 
will be discussed in later chapters.

RESEARCH FRONTIER

Tipping points for various environmental systems such as fish-
eries, forests coral reefs, and the earth’s climate system. See 
academic.cengage.com/biology/miller.
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Life, economic and other human systems, and the 
earth’s life support systems depend on matter and en-
ergy, and therefore they must obey the law of conser-
vation of matter and the two laws of thermodynamics 
(Concept 2-5B). Without these laws, economic growth 
based on using matter and energy resources to produce 
goods and services (Figure 2-10) could be expanded in-
definitely and cause even more serious environmental 
problems. But these scientific laws place limits on what 
we can do with matter and energy resources.

A Look Ahead
In the next six chapters, we apply the three 
basic laws of matter and thermodynamics and 
the four scientific principles of sustainability (see 

back cover) to living systems. Chapter 3 shows how the 
sustainability principles related to solar energy and nu-
trient cycling apply in ecosystems. Chapter 4 focuses 
on using the biodiversity principle to understand the 
relationships between species diversity and evolution. 
Chapter 5 examines how the biodiversity and popu-
lation control principles relate to interactions among 
species and how such interactions regulate population 
size. In Chapter 6, we apply the principles of biodi-
versity and population control to the growth of the hu-
man population. In Chapter 7, we look more closely 
at terrestrial biodiversity in different types of deserts, 
grasslands, and forests. Chapter 8 examines aquatic 
biodiversity in aquatic systems such as oceans, lakes, 
wetlands, and rivers.

The second law of thermodynamics holds, I think, the supreme position 
among laws of nature. . . . If your theory is found to be against 

the second law of thermodynamics, I can give you no hope.
ARTHUR S. EDDINGTON

REVIEW

1. Review the Key Questions and Concepts for this chap-
ter on p. 29. Describe the controlled scientific experi-
ment carried out at the Hubbard Brook Experimental 
Forest. What is science? Describe the steps involved in 
the scientific process. What is data? What is an experi-
ment? What is a model? Distinguish among a scien-
tific hypothesis, scientific theory, and scientific law
(law of nature). What is peer review and why is it 
important? Explain why scientific theories are not to be 
taken lightly and why people often use the term “theory” 
incorrectly.

2. Distinguish between inductive reasoning and deduc-
tive reasoning and give an example of each. Explain 

why scientific theories and laws are the most important 
results of science.

3. What is a paradigm shift? Distinguish among tenta-
tive science (frontier science), reliable science, and 
unreliable science. Describe the scientific consensus 
concerning global warming. What is statistics? What is 
probability and what is its role in scientific conclusions? 
What are five limitations of science and environmental 
science?

4. What is matter? Distinguish between an element
and a compound and give an example of each. Distin-
guish among atoms, ions, and molecules and give an 

The Hubbard Brook Experimental Forest 
and Sustainability

The controlled experiment discussed in the Core Case Study that 
opened this chapter revealed that clearing a mature forest de-
grades some of its natural capital (Figure 1-7, p. 12). Specifically, 
the loss of trees and vegetation altered the ability of the forest 
to retain and recycle water and other critical plant nutrients—a 
crucial ecological function based on one of the four scientific
principles of sustainability (see back cover). In other words, 
the uncleared forest was a more sustainable system than a similar 
area of cleared forest (Figures 2-1 and 2-4).

This loss of vegetation also violated the other three scientific 
principles of sustainability. For example, the cleared forest had 
fewer plants that could use solar energy to produce food for 

animals. And the loss of plants and animals reduced the life-
sustaining biodiversity of the cleared forest. This in turn reduced 
some of the interactions between different types of plants and 
animals that help control their populations.

Humans clear forests to grow food and build cities. The key 
question is, how far can we go in expanding our ecological foot-
prints (Figure 1-10, p. 15) without threatening the quality of life 
for our own species and the other species that keep us alive and 
support our economies? To live sustainably, we need to find and 
maintain a balance between preserving undisturbed natural sys-
tems and modifying other natural systems for our use.

R E V I S I T I N G 
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example of each. What is the atomic theory? Distin-
guish among protons, neutrons, and electrons. What is 
the nucleus of an atom? Distinguish between the atomic
number and the mass number of an element. What is 
an isotope? What is acidity? What is pH?

5. What is a chemical formula? Distinguish between 
organic compounds and inorganic compounds and 
give an example of each. Distinguish among complex 
carbohydrates, proteins, nucleic acids, and lipids. What 
is a cell? Distinguish among genes, traits, and chromo-
somes. What is matter quality? Distinguish between 
high-quality matter and low-quality matter and give 
an example of each.

6. Distinguish between a physical change and a chemi-
cal change (chemical reaction) and give an example 
of each. What is a nuclear change? Explain the dif-
ferences among natural radioactive decay, nuclear 
fission, and nuclear fusion. What is a radioactive
isotope (radioisotope)? What is a chain reaction?
What is the law of conservation of matter and why is 
it important?

7. What is energy? Distinguish between kinetic energy
and potential energy and give an example of each. 
What is heat? Define and give two examples of electro-
magnetic radiation. What is energy quality? Distin-
guish between high-quality energy and low-quality
energy and give an example of each.

8. What is the law of conservation of energy (first law 
of thermodynamics) and why is it important? What 
is the second law of thermodynamics and why is 
it important? Explain why this law means that we can 
never recycle or reuse high-quality energy. What is 
energy efficiency (energy productivity) and why is it 
important?

9. Define and give an example of a system? Distinguish 
among the input, flow (throughput), and output of a 
system. Why are scientific models useful? What is feed-
back? What is a feedback loop? Distinguish between 
a positive feedback loop and a negative (corrective) 
feedback loop in a system, and give an example of each. 
Distinguish between a time delay and a synergistic in-
teraction (synergy) in a system and give an example of 
each. What is a tipping point?

10. Explain how human activities can have unintended 
harmful environmental results. Relate the four 
scientific principles of sustainability to the Hubbard 
Brook Experimental Forest controlled ex-
periment (Core Case Study).

Note: Key Terms are in bold type.

CRITICAL THINKING

1. What ecological lesson can we learn from the controlled 
experiment on the clearing of forests described in the 
Core Case Study that opened this chapter?

2. Think of an area you have seen where some sig-
nificant change has occurred to a natural system. What is 
a question you might ask in order to start a scientific pro-
cess to evaluate the effects of this change, similar to the 
process described in the Core Case Study?

3. Describe a way in which you have applied the 
scientific process described in this chapter (Figure 2-2) in 
your own life, and state the conclusion you drew from 
this process. Describe a new problem that you would like 
to solve using this process.

4. Respond to the following statements:
a. Scientists have not absolutely proven that anyone has 

ever died from smoking cigarettes.
b. The natural greenhouse theory—that certain gases 

(such as water vapor and carbon dioxide) warm the 
lower atmosphere—is not a reliable idea because it is 
just a scientific theory.

5. A tree grows and increases its mass. Explain why this phe-
nomenon is not a violation of the law of conservation of 
matter.

6. If there is no “away” where organisms can get rid of their 
wastes, why is the world not filled with waste matter?

7. Someone wants you to invest money in an automobile 
engine, claiming that it will produce more energy than 
the energy in the fuel used to run it. What is your re-
sponse? Explain.

8. Use the second law of thermodynamics to explain why a 
barrel of oil can be used only once as a fuel, or in other 
words, why we cannot recycle high-quality energy.

9. a. Imagine you have the power to revoke the law of con-
servation of matter for one day. What are three things 
you would do with this power?

b. Imagine you have the power to violate the first law of 
thermodynamics for one day. What are three things 
you would do with this power?

10. List two questions that you would like to have answered 
as a result of reading this chapter.

Note: See Supplement 13 (p. S78) for a list of Projects related to this chapter.
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DATA ANALYSIS

Marine scientists from the U.S. state of Maryland have pro-
duced the following two graphs as part of a report on the 
current health of the Chesapeake Bay. They are pleased with 
the recovery of the striped bass population but are concerned 

Using the data in the above graphs, answer the following 
questions:

 1. Which years confirm their hypothesis?

 2. Which years do not support their hypothesis?

 3. If the crab population reaches 100% of the goal figure, 
what would you predict the striped bass goal figure 
would be?

LEARNING ONLINE

Log on to the Student Companion Site for this book at 
academic.cengage.com/biology/miller, and choose 
Chapter 2 for many study aids and ideas for further read-

ing and research. These include flash cards, practice quiz-
zing, Weblinks, information on Green Careers, and InfoTrac® 
College Edition articles.

about the decline of the blue crab population, because blue 
crabs are consumed by mature striped bass. Their hypothesis is 
that as the population of striped bass increases, the population 
of blue crab decreases.

Year

Pe
rc

en
ta

ge
 o

f 
go

al
 a

ch
ie

ve
d

1982 1985 1990 1995 2000 2005 2010
0

20

40

60

80

100
Goal

120

140

160

180

200

Year

Pe
rc

en
ta

ge
 o

f 
go

al
 a

ch
ie

ve
d

1985 1990 1995 2000 2005 2010
0

50

100

150

200

250

Goal



Tropical rain forests are found near the earth’s equator and 
contain an incredible variety of life. These lush forests are warm 
year round and have high humidity and heavy rainfall almost 
daily. Although they cover only about 2% of the earth’s land sur-
face, studies indicate that they contain up to half of the world’s 
known terrestrial plant and animal species. For these reasons, 
they make an excellent natural laboratory for the study of eco-
systems—communities of organisms interacting with one another 
and with the physical environment of matter and energy in which 
they live.

So far, at least half of these forests have been destroyed or 
disturbed by humans cutting down trees, growing crops, grazing 
cattle, and building settlements (Figure 3-1), and the degradation 
of these centers of life (biodiversity) is increasing. Ecologists warn 
that without strong conservation measures, most of these forests 
will probably be gone or severely degraded within your lifetime.

Scientists project that disrupting these ecosystems will have 
three major harmful effects. First, it will reduce the earth’s vital 

Tropical Rain Forests Are Disappearing

Ecosystems: What Are They 
and How Do They Work?3

biodiversity by destroying or degrading the habitats of many 
of their unique plant and animal species, thereby causing their 
premature extinction. Second, it will help to accelerate cli-
mate change due to global warming by eliminating large areas 
of trees faster than they can grow back, thereby reducing the 
trees’ overall uptake of the greenhouse gas carbon dioxide.

Third, it will change regional weather patterns in ways 
that will prevent the return of diverse tropical rain forests in 
cleared or degraded areas. Once this tipping point is reached, 
tropical rain forest in such areas will become less diverse tropical 
grassland.

Ecosystems recycle materials and provide humans and other 
organisms with essential natural services (Figure 1-3, p. 8) and 
natural resources such as nutrients (Figure 1-4, p. 9). In this 
chapter, we look more closely at how ecosystems work and how 
human activities, such as stripping a large area of its trees, can 
disrupt the cycling of nutrients within ecosystems and the flow of 
energy through them.

Figure 3-1 Natural capital degradation: satellite image of the loss of tropical rain forest, cleared for farming, 
cattle grazing, and settlements, near the Bolivian city of Santa Cruz between June 1975 (left) and May 2003 (right).
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Cells Are the Basic Units 
of Life
All organisms (living things) are composed of cells: the 
smallest and most fundamental structural and func-
tional units of life. They are minute compartments 
covered with a thin membrane and within which the 
processes of life occur. The idea that all living things 
are composed of cells is called the cell theory and it is 
the most widely accepted scientific theory in biology. 
Organisms may consist of a single cell (bacteria, for in-
stance) or huge numbers of cells, as is the case for most 
plants and animals.

On the basis of their cell structure, organisms can 
be classified as either eukaryotic or prokaryotic. A eu-
karyotic cell is surrounded by a membrane and has 
a distinct nucleus (a membrane-bounded structure 
containing genetic material in the form of DNA) and 

several other internal parts called organelles, which are 
also surrounded by membranes (Figure 3-2a, p. 52). 
Most organisms consist of eukaryotic cells. A prokary-
otic cell is also surrounded by a membrane, but it has 
no distinct nucleus and no other internal parts sur-
rounded by membranes (Figure 3-2b, p. 52). All bacte-
ria consist of a single prokaryotic cell. The relationships 
among cells and their genetic material were shown in 
Figure 2-5 (p. 38).

Species Make Up the Encyclopedia 
of Life
For a group of sexually reproducing organisms, a spe-
cies is a set of individuals that can mate and produce 
fertile offspring. Every organism is a member of a certain 
species with certain traits. Scientists have developed a 

Key Questions and Concepts

3-1 What is ecology?
CONCEPT 3 - 1  Ecology is the study of how organisms interact 
with one another and with their physical environment of matter 
and energy.

3-2 What keeps us and other organisms alive?
CONCEPT 3 -2  Life is sustained by the flow of energy from the 
sun through the biosphere, the cycling of nutrients within the 
biosphere, and gravity.

3-3 What are the major components of an 
ecosystem?
CONCEPT 3 -3A  Ecosystems contain living (biotic) and nonliving 
(abiotic) components.

CONCEPT 3-3B Some organisms produce the nutrients they 
need, others get their nutrients by consuming other organisms, 
and some recycle nutrients back to producers by decomposing the 
wastes and remains of organisms.

3-4 What happens to energy in an ecosystem?
CONCEPT 3 -4A  Energy flows through ecosystems in food 
chains and webs.

CONCEPT 3 -4B  As energy flows through ecosystems in food 
chains and webs, the amount of chemical energy available to 
organisms at each succeeding feeding level decreases.

3-5 What happens to matter in an ecosystem?
CONCEPT 3 -5  Matter, in the form of nutrients, cycles within 
and among ecosystems and the biosphere, and human activities are 
altering these chemical cycles.

3-6 How do scientists study ecosystems?
CONCEPT 3 -6  Scientists use field research, laboratory research, 
and mathematical and other models to learn about ecosystems.

Note: Supplements 2 (p. S4), 4 (p. S20), 6 (p. S39), 7 (p. S46), and 13 (p. S78) can be 
used with this chapter.

The earth’s thin film of living matter is sustained 
by grand-scale cycles of chemical elements.

G. EVELYN HUTCHINSON

3-1 What Is Ecology?
CONCEPT 3-1 Ecology is the study of how organisms interact with one another 
and with their physical environment of matter and energy.

▲

51Links: refers to the Core Case Study. refers to the book’s sustainability theme. indicates links to key concepts in earlier chapters.
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Biosphere

Ecosystem

Community

Population

Organism

Parts of the earth's air,
water, and soil where life
is found

A community of different
species interacting with one
another and with their
nonliving environment of
matter and energy

Populations of different
species living in a particular
place, and potentially
interacting with each other

A group of individuals of the
same species living in a
particular place

An individual living being

Cell The fundemental structural
and functional unit of life

Molecule Chemical combination of two
or more atoms of the same or
different elements

Atom Smallest unit of a chemical
element that exhibits its
chemical properties

Water

OxygenHydrogen

O
H H

H O
 Active Figure 3-3 Some levels of organization of 

matter in nature. Ecology focuses on the top five of these levels. See 
an animation based on this figure at CengageNOW. 

distinctive system for classifying and naming each spe-
cies, as discussed in Supplement 7 on p. S46.

We do not know how many species are on the 
earth. Estimates range from 4 million to 100 million. 
The best guess is that there are 10–14 million species. 
So far biologists have identified about 1.8 million spe-
cies. These and millions of species still to be classified 
are the entries in the encyclopedia of life found on the 
earth. Up to half of the world’s plant and animal species 
live in tropical rain forests that are being cleared rapidly 
(Core Case Study). Insects make up most of the 
world’s known species (Science Focus, p. 54). 
In 2007, scientists began a $100 million, 10-year proj-
ect to list and describe all 1.8 million known species in 
a free Internet encyclopedia (www.eol.org).

Ecologists Study Connections 
in Nature
Ecology (from the Greek words oikos, meaning “house” 
or “place to live,” and logos, meaning “study of”) is the 
study of how organisms interact with their living (bi-
otic) environment of other organisms and with their 
nonliving (abiotic) environment of soil, water, other 
forms of matter, and energy mostly from the sun (Con-
cept 3-1). In effect, it is a study of connections in nature.

To enhance their understanding of nature, scien-
tists classify matter into levels of organization from at-
oms to the biosphere (Figure 3-3). Ecologists focus on 
organisms, populations, communities, ecosystems, and 
the biosphere.

A population is a group of individuals of the same 
species that live in the same place at the same time. Ex-
amples include a school of glassfish in the Red Sea (Fig-
ure 3-4), the field mice living in a cornfield, monarch 
butterflies clustered in a tree, and people in a country. 

(b) Prokaryotic Cell

DNA (no nucleus)

Cell membrane
Protein construction and energy
conversion occur without specialized
internal structures

Protein 
construction

Nucleus 
(DNA)

Energy 
conversion

(a) Eukaryotic Cell

Cell membrane

Figure 3-2 Natural capital: (a) generalized 
structure of a eukaryotic cell and (b) prokary-
otic cell. Note that a prokaryotic cell lacks a 
distinct nucleus and generalized structure of a 
eukaryotic cell.

www.eol.org
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In most natural populations, individuals vary slightly 
in their genetic makeup, which is why they do not all 
look or act alike. This variation in a population is called 
genetic diversity (Figure 3-5).

The place where a population or an individual or-
ganism normally lives is its habitat. It may be as large 
as an ocean or as small as the intestine of a termite. An 
organism’s habitat can be thought of as its natural “ad-
dress.” Each habitat, such as a tropical rain forest (Fig-
ure 3-1, Core Case Study), a desert, or a pond, 
has certain resources, such as water, and en-
vironmental conditions, such as temperature and light, 
that its organisms need in order to survive.

A community, or biological community, con-
sists of all the populations of different species that live 
in a particular place. For example, a catfish species in a 
pond usually shares the pond with other fish species, 
and with plants, insects, ducks, and many other species 
that make up the community. Many of the organisms 
in a community interact with one another in feeding 
and other relationships.

An ecosystem is a community of different species 
interacting with one another and with their nonliving 
environment of soil, water, other forms of matter, and 
energy, mostly from the sun. Ecosystems can range 
in size from a puddle of water to an ocean, or from a 
patch of woods to a forest. Ecosystems can be natural 
or artificial (human created). Examples of artificial eco-
systems are crop fields, tree farms, and reservoirs.

Ecosystems do not have clear boundaries and are 
not isolated from one another. Matter and energy move 
from one ecosystem to another. For example, soil can 
wash from a grassland or crop field into a nearby river 
or lake. Water flows from forests into nearby rivers 

and crop fields. Birds and various other species migrate 
from one ecosystem to another. And winds can blow 
pollen from a forest into a grassland.

The biosphere consists of the parts of the earth’s 
air, water, and soil where life is found. In effect, it is 
the global ecosystem in which all organisms exist and 
can interact with one another.

Learn more about how the earth’s life is orga-
nized in five levels in the study of ecology at CengageNOW™.

Figure 3-4 Population 
(school) of glassfish in a 
cave in the Red Sea.
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Figure 3-5 Genetic diversity among individuals in a population of a 
species of Caribbean snail is reflected in the variations in shell color 
and banding patterns. Genetic diversity can also include other varia-
tions such as slight differences in chemical makeup, sensitivity to 
various chemicals, and behavior. 
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The Earth’s Life-Support System 
Has Four Major Components
Scientific studies reveal that the earth’s life-support 
system consists of four main spherical systems that in-
teract with one another—the atmosphere (air), the hy-
drosphere (water), the geosphere (rock, soil, sediment), 
and the biosphere (living things) (Figure 3-6).

The atmosphere is a thin spherical envelope of 
gases surrounding the earth’s surface. Its inner layer, 
the troposphere, extends only about 17 kilometers 
(11 miles) above sea level at the tropics and about 
7 kilometers (4 miles) above the earth’s north and 

south poles. It contains the majority of the air that we 
breathe, consisting mostly of nitrogen (78% of the total 
volume) and oxygen (21%). The remaining 1% of the 
air includes water vapor, carbon dioxide, and methane, 
all of which are called greenhouse gases, because 
they trap heat and thus warm the lower atmosphere. 
Almost all of the earth’s weather occurs in this layer.

The next layer, stretching 17–50 kilometers 
(11–31 miles) above the earth’s surface, is the strato-
sphere. Its lower portion contains enough ozone (O3)
gas to filter out most of the sun’s harmful ultraviolet 
radiation. This global sunscreen allows life to exist on 
land and in the surface layers of bodies of water.

SCIENCE FOCUS

Have You Thanked the Insects Today?

biodiversity expert E. O. Wilson, if all insects 
disappeared, parts of the life support systems 
for us and other species would be greatly 
disrupted.

The environmental lesson: although in-
sects do not need newcomer species such as 
us, we and most other land organisms need 
them.

Critical Thinking
Identify three insect species not discussed 
above that benefit your life.

Insects have been around for at least 
400 million years—about 4,000 times longer 
than the latest version of the human species 
that we belong to. They are phenomenally 
successful forms of life. Some reproduce at 
an astounding rate and can rapidly develop 
new genetic traits, such as resistance to pes-
ticides. They also have an exceptional ability 
to evolve into new species when faced with 
new environmental conditions, and they are 
very resistant to extinction. This is fortunate 
because, according to ant specialist and 

nsects are an important part of the 
earth’s natural capital, although they 

generally have a bad reputation. We classify 
many insect species as pests because they 
compete with us for food, spread human 
diseases such as malaria, bite or sting us, and 
invade our lawns, gardens, and houses. Some 
people fear insects and think the only good 
bug is a dead bug. They fail to recognize the 
vital roles insects play in helping to sustain life 
on earth.

For example, pollination is a natural service 
that allows plants to reproduce sexually when 
pollen grains are transferred from one plant to 
a receptive part of another plant. Some plants 
are pollinated by species such as humming-
birds and bats, and by pollen being transmit-
ted by wind or flowing water. But many of 
the earth’s plant species depend on insects to 
pollinate their flowers (Figure 3-A, left).

Insects that eat other insects—such as 
the praying mantis (Figure 3-A, right)—help 
control the populations of at least half the 
species of insects we call pests. This free pest 
control service is an important part of the 
earth’s natural capital. Some insects also play 
a key role in loosening and renewing the soil 
that supports terrestrial plant life. In 2006, 
scientists John Losey and Mace Vaughan 
estimated that the value of the ecological 
services provided by insects in the United 
States is at least $57 billion a year.

I

Figure 3-A Importance of insects: The monarch butterfly, which feeds on pollen in a flower (left), and 
other insects pollinate flowering plants that serve as food for many plant eaters. The praying mantis, which 
is eating a house cricket (right), and many other insect species help to control the populations of most of 
the insect species we classify as pests. 
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3-2 What Keeps Us and Other Organisms Alive?
CONCEPT 3-2 Life is sustained by the flow of energy from the sun through the 
biosphere, the cycling of nutrients within the biosphere, and gravity.

▲



 CONCEPT 3-2 55
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Figure 3-7 
Major biomes 
found along 
the 39th paral-
lel across the 
United States. 
The differences 
reflect changes 
in climate, 
mainly differ-
ences in average 
annual pre-
cipitation and 
temperature.

The hydrosphere consists of all of the water on or 
near the earth’s surface. It is found as liquid water (on 
the surface and underground), ice (polar ice, icebergs, 
and ice in frozen soil layers called permafrost), and water 

vapor in the atmosphere. Most of this water is in the 
oceans, which cover about 71% of the globe.

The geosphere consists of the earth’s intensely 
hot core, a thick mantle composed mostly of rock, and a 
thin outer crust. Most of the geosphere is located in the 
earth’s interior. Its upper portion contains nonrenew-
able fossil fuels and minerals that we use, as well as re-
newable soil chemicals that organisms need in order to 
live, grow, and reproduce.

The biosphere occupies those parts of the atmo-
sphere, hydrosphere, and geosphere where life exists. 
This thin layer of the earth extends from about 9 kilo-
meters (6 miles) above the earth’s surface down to the 
bottom of the ocean, and it includes the lower part of 
the atmosphere, most of the hydrosphere, and the up-
permost part of the geosphere. If the earth were an ap-
ple, the biosphere would be no thicker than the apple’s 
skin. The goal of ecology is to understand the interactions in 
this thin layer of air, water, soil, and organisms.

Life Exists on Land and in Water
Biologists have classified the terrestrial (land) portion of 
the biosphere into biomes—large regions such as for-
ests, deserts, and grasslands, with distinct climates and 
certain species (especially vegetation) adapted to them. 
Figure 3-7 shows different major biomes along the 39th 
parallel spanning the United States (see Figure 5 on 
p. S27 in Supplement 4 for a map of the major biomes Figure 3-6 Natural capital: general structure of the earth show-

ing that it consists of a land sphere, air sphere, water sphere, and 
life sphere. 
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of North America). We discuss biomes in more detail in 
Chapter 7.

Scientists divide the watery parts of the biosphere 
into aquatic life zones, each containing numerous 
ecosystems. There are freshwater life zones (such as lakes 
and streams) and ocean or marine life zones (such as coral 
reefs and coastal estuaries). The earth is mostly a water 
planet with saltwater covering about 71% of its surface 
and freshwater covering just 2%.

Three Factors Sustain Life 
on Earth
Life on the earth depends on three interconnected fac-
tors (Concept 3-2):

• The one-way flow of high-quality energy from the 
sun, through living things in their feeding inter-
actions, into the environment as low-quality 
energy (mostly heat dispersed into air or water 
at a low temperature), and eventually back into 
space as heat. No round-trips are allowed because 
high-quality energy cannot be recycled. The first 
and second laws of thermodynamics (Con-
cepts 2-4A and 2-4B, p. 40) govern this en-
ergy flow.

• The cycling of matter or nutrients (the atoms, ions, and 
compounds needed for survival by living organ-
isms) through parts of the biosphere. Because the 
earth is closed to significant inputs of matter from 
space, its essentially fixed supply of nutrients must 
be continually recycled to support life (Figure 1-4, 

p. 9). Nutrient movements in ecosystems and in the 
biosphere are round-trips, which can take from sec-
onds to centuries to complete. The law of conserva-
tion of matter (Concept 2-3, p. 39) governs 
this nutrient cycling process.

• Gravity, which allows the planet to hold onto its 
atmosphere and helps to enable the movement and 
cycling of chemicals through the air, water, soil, 
and organisms.

THINKING ABOUT
Energy Flow and the First and Second Laws 
of Thermodynamics

Explain the relationship between energy flow through the 
biosphere and the first and second laws of thermodynamics 
(pp. 42–43).

What Happens to Solar Energy 
Reaching the Earth?
Millions of kilometers from the earth, in the immense 
nuclear fusion reactor that is the sun, nuclei of hydro-
gen fuse together to form larger helium nuclei (Fig-
ure 2-7, bottom, p. 41), releasing tremendous amounts 
of energy into space. Only a very small amount of this 
output of energy reaches the earth—a tiny sphere in 
the vastness of space. This energy reaches the earth 
in the form of electromagnetic waves, mostly as vis-
ible light, ultraviolet (UV) radiation, and heat (infrared 
radiation) (Figure 2-8, p. 42). Much of this energy is 
absorbed or reflected back into space by the earth’s at-
mosphere, clouds, and surface (Figure 3-8). Ozone gas 
(O3) in the lower stratosphere absorbs about 95% of 
the sun’s harmful incoming UV radiation. Without this 
ozone layer, life as we know it on the land and in the 
upper layer of water would not exist.

The UV, visible, and infrared energy that reaches 
the atmosphere lights the earth during daytime, warms 
the air, and evaporates and cycles water through the 
biosphere. Approximately 1% of this incoming energy 
generates winds. Green plants, algae, and some types 
of bacteria use less than 0.1% of it to produce the nu-
trients they need through photosynthesis and in turn 
to feed animals that eat plants and flesh.

Of the total solar radiation intercepted by the earth, 
about 1% reaches the earth’s surface, and most of it is 
then reflected as longer-wavelength infrared radiation. 
As this infrared radiation travels back up through the 
lower atmosphere toward space, it encounters green-
house gases such as water vapor, carbon dioxide, meth-
ane, nitrous oxide, and ozone. It causes these gaseous 
molecules to vibrate and release infrared radiation with 
even longer wavelengths. The vibrating gaseous mol-
ecules then have higher kinetic energy, which helps to 
warm the lower atmosphere and the earth’s surface. 
Without this natural greenhouse effect, the earth 
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radiation

Lower Stratosphere
(ozone layer)

Troposphere

Heat radiated  
by the earthHeat

UV radiation

Visible 
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Greenhouse 
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atmosphere Radiated by 

atmosphere 
as heat

 Active Figure 3-8 Solar capital: flow of energy to and from the 
earth. See an animation based on this figure at CengageNOW. 
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would be too cold to support the forms of life we find 
here today. (See The Habitable Planet, Video 2, www
.learner.org/resources/series209.html.)

Human activities add greenhouse gases to the at-
mosphere. For example, burning carbon-containing fu-
els releases huge amounts of carbon dioxide (CO2) into 
the atmosphere. Growing crops and raising livestock re-
lease large amounts of methane (CH4) and nitrous ox-
ide (N2O). Clearing CO2-absorbing tropical rain 
forests (Core Case Study) faster than they can 

grow back also increases the amount of CO2 in the at-
mosphere. There is considerable and growing evidence 
that these activities are increasing the natural green-
house effect and warming the earth’s atmosphere (Sci-
ence Focus, p. 33). This in turn is changing the earth’s 
climate as we discuss at length in Chapter 19.

 Learn more about the flow of energy—from 
sun to earth and within the earth’s systems—at CengageNOW.

3-3 What Are the Major Components 
of an Ecosystem?

CONCEPT 3-3A Ecosystems contain living (biotic) and nonliving (abiotic) 
components.
CONCEPT 3-3B Some organisms produce the nutrients they need, others get 
their nutrients by consuming other organisms, and some recycle nutrients back to 
producers by decomposing the wastes and remains of organisms.

▲
▲

Ecosystems Have Living 
and Nonliving Components
Two types of components make up the biosphere and 
its ecosystems: One type, called abiotic, consists of 
nonliving components such as water, air, nutrients, 

rocks, heat, and solar energy. The other type, called bi-
otic, consists of living and once living biological com-
ponents—plants, animals, and microbes (Concept 3-3A). 
Biotic factors also include dead organisms, dead parts 
of organisms, and the waste products of organisms. Fig-
ure 3-9 is a greatly simplified diagram of some of the 

biotic and abiotic components of a terres-
trial ecosystem.

Different species and their populations 
thrive under different physical and chemi-
cal conditions. Some need bright sunlight; 
others flourish in shade. Some need a hot 
environment; others prefer a cool or cold 
one. Some do best under wet conditions; 
others thrive under dry conditions.

Each population in an ecosystem has 
a range of tolerance to variations in its 
physical and chemical environment, as 
shown in Figure 3-10 (p. 58). Individuals 
within a population may also have slightly 
different tolerance ranges for temperature or 
other factors because of small differences in 
genetic makeup, health, and age. For exam-
ple, a trout population may do best within 

Precipitaton

Producer

Water Decomposers

Soluble mineral
nutrients

Oxygen (O2)

Carbon dioxide (CO2)

Primary
consumer
(rabbit)

Secondary
consumer
(fox)

Producers

 Active Figure 3-9 Major living 
(biotic) and nonliving (abiotic) components of an eco-
system in a field. See an animation based on this figure 
at CengageNOW.

www.learner.org/resources/series209.html
www.learner.org/resources/series209.html


58 CHAPTER 3  Ecosystems: What Are They and How Do They Work?
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Figure 3-10 Range of tolerance for a population of organisms, such as fish, to an abiotic environmental 
factor—in this case, temperature. These restrictions keep particular species from taking over an ecosystem by 
keeping their population size in check. Question: Which scientific principle of sustainability (see back 
cover) is related to the range of tolerance concept? 

a narrow band of temperatures (optimum level or range), 
but a few individuals can survive above and below that 
band. Of course, if the water becomes much too hot or 
too cold, none of the trout can survive.

Several Abiotic Factors Can Limit 
Population Growth
A variety of abiotic factors can affect the number of or-
ganisms in a population. Sometimes one or more fac-
tors, known as limiting factors, are more important 
in regulating population growth than other factors are. 
This ecological principle is called the limiting factor 
principle: Too much or too little of any abiotic factor can 
limit or prevent growth of a population, even if all other fac-
tors are at or near the optimal range of tolerance. This prin-
ciple describes one way in which population 
control—a scientific principle of sustainability 
(see back cover)—is achieved.

On land, precipitation often is the limiting abiotic 
factor. Lack of water in a desert limits plant growth. 
Soil nutrients also can act as a limiting factor on land. 
Suppose a farmer plants corn in phosphorus-poor soil. 
Even if water, nitrogen, potassium, and other nutrients 
are at optimal levels, the corn will stop growing when it 
uses up the available phosphorus. Too much of an abi-
otic factor can also be limiting. For example, too much 
water or fertilizer can kill plants. Temperature can also 
be a limiting factor. Both high and low temperatures 
can limit the survival and population sizes of various 
terrestrial species, especially plants.

Important limiting abiotic factors in aquatic life zones 
include temperature, sunlight, nutrient availability, and 
the low solubility of oxygen gas in water (dissolved oxygen 
content ). Another such factor is salinity—the amounts of 
various inorganic minerals or salts dissolved in a given 
volume of water.

Producers and Consumers Are the 
Living Components of Ecosystems
Ecologists assign every organism in an ecosystem to a 
feeding level, or trophic level, depending on its source 
of food or nutrients. The organisms that transfer en-
ergy and nutrients from one trophic level to another in 
an ecosystem can be broadly classified as producers and 
consumers.

Producers, sometimes called autotrophs (self-
feeders), make the nutrients they need from com-
pounds and energy obtained from their environment. 
On land, most producers are green plants, which gen-
erally capture about 1% of the solar energy that falls 
on their leaves and convert it to chemical energy stored 
in organic molecules such as carbohydrates. In fresh-
water and marine ecosystems, algae and aquatic plants 
are the major producers near shorelines. In open wa-
ter, the dominant producers are phytoplankton—mostly 
microscopic organisms that float or drift in the water.

Most producers capture sunlight to produce energy-
rich carbohydrates (such as glucose, C6H12O6) by 
photo synthesis, which is the way energy enters most 
ecosystems. Although hundreds of chemical changes 
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take place during photosynthesis, the overall reaction 
can be summarized as follows:

carbon dioxide # water # solar energy  glucose # oxygen

 6 CO2 # 6 H2O # solar energy C6H12O6 # 6 O2

(See p. S44 in Supplement 6 for information on how to 
balance chemical equations such as this one and p. S44 
in Supplement 6 for more details on photosynthesis.)

A few producers, mostly specialized bacteria, can 
convert simple inorganic compounds from their envi-
ronment into more complex nutrient compounds with-
out using sunlight, through a process called chemo-
synthesis. In 1977, scientists discovered a community 
of bacteria living in the extremely hot water around hy-
drothermal vents on the deep ocean floor. These bacteria 
serve as producers for their ecosystems without the use 
of sunlight. They draw energy and produce carbohy-
drates from hydrogen sulfide (H2S) gas escaping through 
fissures in the ocean floor. Most of the earth’s organisms 
get their energy indirectly from the sun. But chemo-
synthetic organisms in these dark and deep-sea habitats 
survive indirectly on geothermal energy from the 
earth’s interior and represent an exception to 
the first scientific principle of sustainability.

All other organisms in an ecosystem are consum-
ers, or heterotrophs (“other-feeders”), that can-
not produce the nutrients they need through photo-
synthesis or other processes and must obtain their 
nutrients by feeding on other organisms (producers or 
other consumers) or their remains. In other words, all 
consumers (including humans) are directly or indirectly 
dependent on producers for their food or nutrients.

There are several types of consumers:

• Primary consumers, or herbivores (plant eat-
ers), are animals such as rabbits, grasshoppers, 
deer, and zooplankton that eat producers, mostly 
by feeding on green plants.

• Secondary consumers, or carnivores (meat eat-
ers), are animals such as spiders, hyenas, birds, 
frogs, and some zooplankton-eating fish, all of 
which feed on the flesh of herbivores.

• Third- and higher-level consumers are carni-
vores such as tigers, wolves, mice-eating snakes, 
hawks, and killer whales (orcas) that feed on the 
flesh of other carnivores. Some of these relation-
ships are shown in Figure 3-9.

• Omnivores such as pigs, foxes, cockroaches, and 
humans, play dual roles by feeding on both plants 
and animals.

• Decomposers, primarily certain types of bacteria 
and fungi, are consumers that release nutrients 
from the dead bodies of plants and animals and 
return them to the soil, water, and air for reuse by 
producers. They feed by secreting enzymes that 

speed up the break down of bodies of dead organ-
isms into nutrient compounds such as water, carbon 
dioxide, minerals, and simpler organic compounds.

• Detritus feeders, or detritivores, feed on the 
wastes or dead bodies of other organisms, called 
detritus (“di-TRI-tus,” meaning debris). Examples 
include small organisms such as mites and earth-
worms, some insects, catfish, and larger scavenger 
organisms such as vultures.

Hordes of decomposers and detritus feeders can 
transform a fallen tree trunk into a powder and finally 
into simple inorganic molecules that plants can absorb 
as nutrients (Figure 3-11, p. 60). In summary, some 
organisms produce the nutrients they need, others get 
their nutrients by consuming other organisms, and still 
others recycle the nutrients in the wastes and remains 
of organisms so that producers can use them again 
(Concept 3-3B).

THINKING ABOUT
What You Eat

When you had your most recent meal, were you an herbi-
vore, a carnivore, or an omnivore?

Producers, consumers, and decomposers use the 
chemical energy stored in glucose and other organic 
compounds to fuel their life processes. In most cells this 
energy is released by aerobic respiration, which uses 
oxygen to convert glucose (or other organic nutrient 
molecules) back into carbon dioxide and water. The net 
effect of the hundreds of steps in this complex process 
is represented by the following reaction:

 glucose # oxygen  carbon dioxide # water # energy

 C6H12O6 # 6 O2  6 CO2 # 6 H2O # energy

Although the detailed steps differ, the net chemical 
change for aerobic respiration is the opposite of that for 
photosynthesis.

Some decomposers get the energy they need by 
breaking down glucose (or other organic compounds) in 
the absence of oxygen. This form of cellular respiration 
is called anaerobic respiration, or fermentation.
Instead of carbon dioxide and water, the end products 
of this process are compounds such as methane gas 
(CH4, the main component of natural gas), ethyl alco-
hol (C2H6O), acetic acid (C2H4O2, the key component of 
vinegar), and hydrogen sulfide (H2S, when sulfur com-
pounds are broken down). Note that all organisms get 
their energy from aerobic or anaerobic respiration but 
only plants carry out photosynthesis.

Explore the components of ecosystems, how 
they interact, the roles of bugs and plants, and what a fox will 
eat at CengageNOW.
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Energy Flow and Nutrient Cycling 
Sustain Ecosystems and 
the Biosphere
Ecosystems and the biosphere are sustained through 
a combination of one-way energy flow from the sun 
through these systems and nutrient cycling of key mate-

rials within them—two important natural services that 
are components of the earth’s natural capital. 
These two scientific principles of sustainabil-
ity arise from the structure and function of 
natural ecosystems (Figure 3-12), the law of 
conservation of matter (Concept 2-3, p. 39), 
and the two laws of thermodynamics (Con-
cepts  2-4A and 2-4B, p. 40).

 Active Figure 3-12 Natural 
capital: the main structural components of an 
ecosystem (energy, chemicals, and organisms). 
Nutrient cycling and the flow of energy—first 
from the sun, then through organisms, and 
finally into the environment as low-quality heat—
link these components. See an animation based 
on this figure at CengageNOW. 
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Energy Flows through Ecosystems 
in Food Chains and Food Webs
The chemical energy stored as nutrients in the bodies 
and wastes of organisms flows through ecosystems from 
one trophic (feeding) level to another. For example, a 
plant uses solar energy to store chemical energy in a 
leaf. A caterpillar eats the leaf, a robin eats the cater-
pillar, and a hawk eats the robin. Decomposers and de-

tritus feeders consume the leaf, caterpillar, robin, and 
hawk after they die and return their nutrients to the 
soil for reuse by producers.

A sequence of organisms, each of which serves as a 
source of food or energy for the next, is called a food
chain. It determines how chemical energy and nu-
trients move from one organism to another through 
the trophic levels in an ecosystem—primarily through 
photosynthesis, feeding, and decomposition—as shown 

SCIENCE FOCUS

Many of the World’s Most Important Species Are Invisible to Us

gasoline. (See The Habitable Planet, Video 3, 
www.learner.org/resources/series209
.html.) Scientists are working on using mi-
crobes to develop new medicines and fuels. 
Genetic engineers are inserting genetic mate-
rial into existing microbes to convert them 
to microbes that can help clean up polluted 
water and soils.

Some microbes help control diseases that 
affect plants and populations of insect species 
that attack our food crops. Relying more on 
these microbes for pest control could reduce 
the use of potentially harmful chemical pesti-
cides. In other words, microbes are a vital part 
of the earth’s natural capital.

Critical Thinking
What are three advantages that microbes 
have over us for thriving in the world?

Bacteria in our intestinal tracts help to break 
down the food we eat and microbes in our 
noses help to prevent harmful bacteria from 
reaching our lungs.

Bacteria and other microbes help to purify 
the water we drink by breaking down wastes. 
Bacteria also help to produce foods such as 
bread, cheese, yogurt, soy sauce, beer, and 
wine. Bacteria and fungi in the soil decom-
pose organic wastes into nutrients that can 
be taken up by plants that we and most other 
animals eat. Without these tiny creatures, we 
would go hungry and be up to our necks in 
waste matter.

Microbes, particularly phytoplankton in 
the ocean, provide much of the planet’s 
oxygen, and help slow global warming by 
removing some of the carbon dioxide pro-
duced when we burn coal, natural gas, and 

hey are everywhere. Billions of them 
can be found inside your body, on 

your body, in a handful of soil, and in a cup 
of ocean water.

These mostly invisible rulers of the earth 
are microbes, or microorganisms, catchall 
terms for many thousands of species of bac-
teria, protozoa, fungi, and floating phyto-
plankton—most too small to be seen with the 
naked eye.

Microbes do not get the respect they 
deserve. Most of us view them primarily as 
threats to our health in the form of infectious 
bacteria or “germs,” fungi that cause ath-
lete’s foot and other skin diseases, and proto-
zoa that cause diseases such as malaria. But 
these harmful microbes are in the minority.

We are alive because of multitudes of 
microbes toiling away mostly out of sight. 

T

3-4 What Happens to Energy in an Ecosystem?
CONCEPT 3-4A Energy flows through ecosystems in food chains and webs.
CONCEPT 3-4B As energy flows through ecosystems in food chains and webs, the 
amount of chemical energy available to organisms at each succeeding feeding level 
decreases.

▲
▲

Decomposers and detritus feeders, many of which 
are microscopic organisms, (Science Focus, above) are 
the key to nutrient cycling because they break down 
organic matter into simpler nutrients that can be re-
used by producers. Without decomposers and detritus 
feeders, there would be little, if any, nutrient cycling 
and the planet would be overwhelmed with plant lit-
ter, dead animal bodies, animal wastes, and garbage. 
In addition, most life as we know it could not exist 
because the nutrients stored in such wastes and dead 

bodies would be locked up and unavailable for use by 
other organisms.

THINKING ABOUT
Chemical Cycling and the Law 
of Conservation of Matter

Explain the relationship between chemical cycling in eco-
systems and in the biosphere and the law of conservation of 
matter (Concept 2-3, p. 39).

www.learner.org/resources/series209.html
www.learner.org/resources/series209.html
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in Figure 3-13. Every use and transfer of energy by or-
ganisms involves a loss of some useful energy to the 
environment as heat. Thus, eventually an ecosystem 
and the biosphere would run out of energy if they were 
not powered by a continuous inflow of energy from an 
outside source, ultimately the sun.

In natural ecosystems, most consumers feed on 
more than one type of organism, and most organisms 
are eaten or decomposed by more than one type of con-
sumer. Because of this, organisms in most eco systems 
form a complex network of interconnected food chains 
called a food web (Figure 3-14). Trophic levels can 
be assigned in food webs just as in food chains. Food 
chains and webs show how producers, consumers, and 
decomposers are connected to one another as energy 
flows through trophic levels in an ecosystem.

THINKING ABOUT
Energy Flow and Tropical Rain forests

What happens to the flow of energy through tropi-
cal rain forest ecosystems when such forests are degraded 
(Core Case Study)?

Usable Energy Decreases 
with Each Link in a Food Chain 
or Web
Each trophic level in a food chain or web contains a 
certain amount of biomass, the dry weight of all or-
ganic matter contained in its organisms. In a food chain 
or web, chemical energy stored in biomass is trans-
ferred from one trophic level to another.

Energy transfer through food chains and food webs 
is not very efficient because, with each transfer, some 
usable chemical energy is degraded and lost to the en-
vironment as low-quality heat, as a result of the sec-
ond law of thermodynamics. In other words, as energy 
flows through ecosystems in food chains and webs, 
there is a decrease in the amount of chemical energy 
available to organisms at each succeeding feeding level 
(Concept 3-4B).

The percentage of usable chemical energy trans-
ferred as biomass from one trophic level to the next is 
called ecological efficiency. It ranges from 2% to 40% 
(that is, a loss of 60–98%) depending on what types of 
species and ecosystems are involved, but 10% is typical.

Assuming 10% ecological efficiency (90% loss of 
usable energy) at each trophic transfer, if green plants 
in an area manage to capture 10,000 units of energy 
from the sun, then only about 1,000 units of chemical 
energy will be available to support herbivores, and only 
about 100 units will be available to support carnivores.

The more trophic levels there are in a food chain or 
web, the greater is the cumulative loss of usable chemi-
cal energy as it flows through the trophic levels. The 
pyramid of energy flow in Figure 3-15 illustrates this 
energy loss for a simple food chain, assuming a 90% 
energy loss with each transfer.

THINKING ABOUT
Energy Flow and the Second Law of 
Thermodynamics

Explain the relationship between the second law of ther-
modynamics (Concept 2-4B, p. 40) and the flow of energy 
through a food chain or web.

First Trophic 
Level

Second Trophic
Level

Third Trophic 
Level

Fourth Trophic 
Level

Solar
energy

Decomposers and detritus feeders

Producers
(plants)

Primary
consumers
(herbivores)

Secondary
consumers
(carnivores)

Tertiary
consumers

(top carnivores)

Heat

Heat

Heat

Heat Heat Heat Heat

Solar
energy

 Active Figure 3-13 A food chain. The arrows show how chemical energy in nutrients flows 
through various trophic levels in energy transfers; most of the energy is degraded to heat, in accordance with the 
second law of thermodynamics. See an animation based on this figure at CengageNOW. Question: Think about 
what you ate for breakfast. At what level or levels on a food chain were you eating?
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Figure 3-14 Greatly simplified food web 
in the Antarctic. Many more participants in 
the web, including an array of decomposer 
and detritus feeder organisms, are not 
depicted here. Question: Can you imag-
ine a food web of which you are a part? 
Try drawing a simple diagram of it.
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Figure 3-15 Generalized pyramid of energy flow 
showing the decrease in usable chemical energy 
available at each succeeding trophic level in a 
food chain or web. In nature, ecological efficiency 
varies from 2% to 40%, with 10% efficiency 
being common. This model assumes a 10% 
ecological efficiency (90% loss of usable energy 
to the environment, in the form of low-quality 
heat) with each transfer from one trophic level 
to another. Question: Why is a vegetarian diet 
more energy efficient than a meat-based diet?

Energy flow pyramids explain why the earth can 
support more people if they eat at lower trophic lev-
els by consuming grains, vegetables, and fruits directly, 
rather than passing such crops through another trophic 

level and eating grain eaters or herbivores such as cattle. 
About two-thirds of the world’s people survive primar-
ily by eating wheat, rice, and corn at the first trophic 
level, mostly because they cannot afford meat.
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The large loss in chemical energy between succes-
sive trophic levels also explains why food chains and 
webs rarely have more than four or five trophic lev-
els. In most cases, too little chemical energy is left after 
four or five transfers to support organisms feeding at 
these high trophic levels.

THINKING ABOUT
Food Webs, Tigers, and Insects

Use Figure 3-15 to help explain (a) why there are not many 
tigers in the world and why they are vulnerable to premature 
extinction because of human activities, and (b) why there are 
so many insects (Science Focus, p. 54) in the world.

 Examine how energy flows among organisms 
at different trophic levels and through food webs in tropical rain 
forests, prairies, and other ecosystems at CengageNOW.

Some Ecosystems Produce Plant 
Matter Faster Than Others Do
The amount, or mass, of living organic material (bio-
mass) that a particular ecosystem can support is deter-
mined by the amount of energy captured and stored 
as chemical energy by the producers of that ecosystem 
and by how rapidly they can produce and store such 
chemical energy. Gross primary productivity (GPP) 
is the rate at which an ecosystem’s producers (usually 

plants) convert solar energy into chemical energy as 
biomass found in their tissues. It is usually measured in 
terms of energy production per unit area over a given 
time span, such as kilocalories per square meter per 
year (kcal/m2/yr).

To stay alive, grow, and reproduce, producers must 
use some of the chemical energy stored in the biomass 
they make for their own respiration. Net primary 
productivity (NPP) is the rate at which producers use 
photosynthesis to produce and store chemical energy 
minus the rate at which they use some of this stored 
chemical energy through aerobic respiration. In other 
words, NPP " GPP ! R, where R is energy used in res-
piration. NPP measures how fast producers can provide 
the chemical energy stored in their tissue that is poten-
tially available to other organisms (consumers) in an 
ecosystem.

Ecosystems and life zones differ in their NPP as illus-
trated in Figure 3-16. On land, NPP generally decreases 
from the equator toward the poles because the amount 
of solar radiation available to terrestrial plant producers 
is highest at the equator and lowest at the poles.

In the ocean, the highest NPP is found in estuar-
ies where high inputs of plant nutrients flow from 
nutrient-laden rivers, which also stir up nutrients in 
bottom sediments. Because of the lack of nutrients, 
the open ocean has a low NPP, except at occasional 
areas where an upwelling (water moving up from the 
depths toward the surface) brings nutrients in bottom 
sediments to the surface. Despite its low NPP, the open 
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Figure 3-16 Estimated annual average net primary productivity in major life zones and ecosystems, expressed as 
kilocalories of energy produced per square meter per year (kcal/m2/yr). Question: What are nature’s three most 
productive and three least productive systems? (Data from R. H. Whittaker, Communities and Ecosystems, 2nd ed., 
New York: Macmillan, 1975) 
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3-5 What Happens to Matter in an Ecosystem?
CONCEPT 3-5 Matter, in the form of nutrients, cycles within and among eco-
systems and the biosphere, and human activities are altering these chemical cycles.

▲

Nutrients Cycle in the Biosphere
The elements and compounds that make up nutrients 
move continually through air, water, soil, rock, and 
living organisms in ecosystems and in the biosphere 
in cycles called biogeochemical cycles (literally, life-
earth-chemical cycles) or nutrient cycles—
prime examples of one of the four scientific
principles of sustainability (see back cover). 
These cycles, driven directly or indirectly by incoming 
solar energy and gravity, include the hydrologic (wa-
ter), carbon, nitrogen, phosphorus, and sulfur cycles. 
These cycles are an important component of the earth’s 
natural capital (Figure 1-3, p. 8), and human activities 
are altering them (Concept 3-5).

As nutrients move through the biogeochemical cy-
cles, they may accumulate in one portion of the cycle 
and remain there for different lengths of time. These 
temporary storage sites such as the atmosphere, the 
oceans and other waters, and underground deposits are 
called reservoirs.

Nutrient cycles connect past, present, and future 
forms of life. Some of the carbon atoms in your skin 
may once have been part of an oak leaf, a dinosaur’s 
skin, or a layer of limestone rock. Your grandmother, 
Attila the Hun, or a hunter–gatherer who lived 25,000 
years ago may have inhaled some of the oxygen mol-
ecules you just inhaled.

Water Cycles through the Biosphere
The hydrologic cycle, or water cycle, collects, puri-
fies, and distributes the earth’s fixed supply of water, 
as shown in Figure 3-17 (p. 66). The water cycle is a 
global cycle because there is a large reservoir of wa-
ter in the atmosphere as well as in the hydrosphere, 
especially the oceans. Water is an amazing substance 
(Science Focus, p. 67), which makes the water cycle 
critical to life on earth.

The water cycle is powered by energy from the sun 
and involves three major processes—evaporation, pre-
cipitation, and transpiration. Incoming solar energy 
causes evaporation of water from the oceans, lakes, riv-
ers, and soil. Evaporation changes liquid water into 
water vapor in the atmosphere, and gravity draws the 
water back to the earth’s surface as precipitation (rain, 
snow, sleet, and dew). About 84% of water vapor in 
the atmosphere comes from the oceans, which cover 
almost three-fourths of the earth’s surface; the rest 
comes from land. Over land, about 90% of the water 
that reaches the atmosphere evaporates from the sur-
faces of plants through a process called transpiration.

Water returning to the earth’s surface as precipita-
tion takes various paths. Most precipitation falling on 
terrestrial ecosystems becomes surface runoff. This water 
flows into streams and lakes, which eventually carry 
water back to the oceans, from which it can evaporate 
to repeat the cycle. Some surface water also seeps into 
the upper layer of soils and some evaporates from soil, 
lakes, and streams back into the atmosphere.

Some precipitation is converted to ice that is stored 
in glaciers, usually for long periods of time. Some pre-
cipitation sinks through soil and permeable rock forma-
tions to underground layers of rock, sand, and gravel 
called aquifers, where it is stored as groundwater.

A small amount of the earth’s water ends up in the 
living components of ecosystems. Roots of plants ab-
sorb some of this water, most of which evaporates from 
plant leaves back into the atmosphere. Some combines 
with carbon dioxide during photosynthesis to produce 
high-energy organic compounds such as carbohydrates. 
Eventually these compounds are broken down in plant 
cells, which release water back into the environment. 
Consumers get their water from their food or by drink-
ing it.

Surface runoff replenishes streams and lakes, but 
also causes soil erosion, which moves soil and rock 
fragments from one place to another. Water is the pri-
mary sculptor of the earth’s landscape. Because water 

ocean produces more of the earth’s biomass per year 
than any other ecosystem or life zone, simply because 
there is so much open ocean.

As we have seen, producers are the source of all 
nutrients or chemical energy in an ecosystem for them-
selves and for the animals and decomposers that feed on 
them. Only the biomass represented by NPP is available 
as nutrients for consumers, and they use only a portion 
of this amount. Thus, the planet’s NPP ultimately limits the 

number of consumers (including humans) that can survive on 
the earth. This is an important lesson from nature.

Peter Vitousek, Stuart Rojstaczer, and other ecolo-
gists estimate that humans now use, waste, or destroy 
about 20–32% of the earth’s total potential NPP. This is 
a remarkably high value, considering that the human 
population makes up less than 1% of the total biomass 
of all of the earth’s consumers that depend on produc-
ers for their nutrients.
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dissolves many nutrient compounds, it is a major me-
dium for transporting nutrients within and between 
ecosystems.

Throughout the hydrologic cycle, many natural pro-
cesses purify water. Evaporation and subsequent precip-
itation act as a natural distillation process that removes 
impurities dissolved in water. Water flowing above 
ground through streams and lakes and below ground 
in aquifers is naturally filtered and partially purified by 
chemical and biological processes—mostly by the ac-
tions of decomposer bacteria—as long as these natural 
processes are not overloaded. Thus, the hydrologic cycle 
can be viewed as a cycle of natural renewal of water quality.

Only about 0.024% of the earth’s vast water sup-
ply is available to us as liquid freshwater in accessible 
groundwater deposits and in lakes, rivers, and streams. 
The rest is too salty for us to use, is stored as ice, or 
is too deep underground to extract at affordable prices 
using current technology.

We alter the water cycle in three major ways (see 
red arrows and boxes in Figure 3-17). First, we with-
draw large quantities of freshwater from streams, lakes, 
and underground sources, sometimes at rates faster 
than nature can replace it.

Second, we clear vegetation from land for agricul-
ture, mining, road building, and other activities, and 
cover much of the land with buildings, concrete, and 
asphalt. This increases runoff, reduces infiltration that 
would normally recharge groundwater supplies, in-

creases the risk of flooding, and accelerates soil erosion 
and landslides.

Clearing vegetation can also alter weather patterns 
by reducing transpiration. This is especially important 
in dense tropical rain forests (Core Case Study 
and Figure 3-1). Because so many plants in a 
tropical rain forest transpire water into the atmosphere, 
vegetation is the primary source of local rainfall. In 
other words, as part of the water cycle, these plants 
create their own rain. 

Cutting down the forest raises ground temperatures 
(because it reduces shade) and can reduce local rainfall 
so much that the forest cannot grow back. When such 
a tipping point is reached, these biologically diverse for-
ests are converted into much less diverse tropical grass-
lands, as a 2005 study showed in parts of Brazil’s huge 
Amazon basin. Models project that if current burning 
and deforestation rates continue, 20–30% of the Ama-
zon rain forests will turn into tropical grassland in the 
next 50 years.

The third way in which we alter the water cycle is 
by increasing flooding. This happens when we drain 
wetlands for farming and other purposes. Left undis-
turbed, wetlands provide the natural service of flood 
control, acting like sponges to absorb and hold overflows 
of water from drenching rains or rapidly melting snow. 
We also cover much of the land with roads, parking lots, 
and buildings, eliminating the land’s ability to absorb 
water and dramatically increasing runoff and flooding.
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 Active Figure 3-17 Natural capital: simplified model of the hydrologic cycle with major 
harmful impacts of human activities shown in red. See an animation based on this figure at CengageNOW. 
Question: What are three ways in which your lifestyle directly or indirectly affects the hydrologic cycle?
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Carbon Cycles through 
the Biosphere and Depends 
on Photosynthesis and Respiration
Carbon is the basic building block of the carbohydrates, 
fats, proteins, DNA, and other organic compounds nec-
essary for life. It circulates through the biosphere, the 
atmosphere, and parts of the hydrosphere, in the car-
bon cycle shown in Figure 3-18 (p. 68). It depends on 
photosynthesis and aerobic respiration by the earth’s 
living organisms.

The carbon cycle is based on carbon dioxide (CO2)
gas, which makes up 0.038% of the volume of the 
atmosphere and is also dissolved in water. Carbon diox-
ide is a key component of nature’s thermostat. If the car-
bon cycle removes too much CO2 from the atmosphere, 
the atmosphere will cool, and if it generates too much 
CO2, the atmosphere will get warmer. Thus, even slight 
changes in this cycle caused by natural or human fac-
tors can affect climate and ultimately help determine 
the types of life that can exist in various places.

Terrestrial producers remove CO2 from the atmo-
sphere and aquatic producers remove it from the water. 
(See The Habitable Planet, Video 3, www.learner.org/
resources/series209.html.) These producers then use 
photosynthesis to convert CO2 into complex carbohy-
drates such as glucose (C6H12O6).

The cells in oxygen-consuming producers, consum-
ers, and decomposers then carry out aerobic respiration. 
This process breaks down glucose and other complex 
organic compounds and converts the carbon back to 
CO2 in the atmosphere or water for reuse by producers. 
This linkage between photosynthesis in producers and 
aerobic respiration in producers, consumers, and decom-
posers circulates carbon in the biosphere. Oxygen and 
hydrogen—the other elements in carbohydrates—cycle 
almost in step with carbon.

Some carbon atoms take a long time to recycle. De-
composers release the carbon stored in the bodies of 
dead organisms on land back into the air as CO2. How-
ever, in water, decomposers can release carbon that is 
stored as insoluble carbonates in bottom sediment. In-
deed, marine sediments are the earth’s largest store of 
carbon. Over millions of years, buried deposits of dead 
plant matter and bacteria are compressed between lay-
ers of sediment, where high pressure and heat con-
vert them to carbon-containing fossil fuels such as coal, 
oil, and natural gas (Figure 3-18). This carbon is not 
released to the atmosphere as CO2 for recycling until 
these fuels are extracted and burned, or until long-
term geological processes expose these deposits to air. 
In only a few hundred years, we have extracted and 
burned large quantities of fossil fuels that took millions 
of years to form. This is why, on a human time scale, 
fossil fuels are nonrenewable resources.

SCIENCE FOCUS

Water’s Unique Properties

• Hydrogen bonds allow water to adhere 
to a solid surface. This enables narrow 
columns of water to rise through a plant 
from its roots to its leaves (a process called 
capillary action).

• Unlike most liquids, water expands when 
it freezes. This means that ice floats on 
water because it has a lower density (mass 
per unit of volume) than liquid water. Oth-
erwise, lakes and streams in cold climates 
would freeze solid, losing most of their 
aquatic life. Because water expands upon 
freezing, it can break pipes, crack a car’s 
engine block (if it doesn’t contain anti-
freeze), break up street pavements, and 
fracture rocks.

Critical Thinking
Water is a bent molecule (see Figure 4 on 
p. S40 in Supplement 6) and this allows it to 
form hydrogen bonds (Figure 7, p. S42, in 
Supplement 6) between its molecules. What 
are three ways in which your life would be 
different if water were a linear or straight 
molecule?

bonds. Water absorbs large amounts of 
heat as it changes into water vapor and 
releases this heat as the vapor condenses 
back to liquid water. This helps to distrib-
ute heat throughout the world and to de-
termine regional and local climates. It also 
makes evaporation a cooling process—
explaining why you feel cooler when per-
spiration evaporates from your skin.

• Liquid water can dissolve a variety of com-
pounds (see Figure 3, p. S40, in Supple-
ment 6). It carries dissolved nutrients into 
the tissues of living organisms, flushes 
waste products out of those tissues, serves 
as an all-purpose cleanser, and helps re-
move and dilute the water-soluble wastes 
of civilization. This property also means 
that water-soluble wastes can easily pol-
lute water.

• Water filters out some of the sun’s ultra-
violet radiation (Figure 2-8, p. 42) that
would harm some aquatic organisms.
However, up to a certain depth it is trans-
parent to visible light needed for photo-
synthesis.

ater is a remarkable substance 
with a unique com bination of 

properties:

• Forces of attraction, called hydrogen
bonds (see Figure 7 on p. S42 in Supple-
ment 6), hold water molecules together—
the major factor determining water’s dis-
tinctive properties.

• Water exists as a liquid over a wide tem-
perature range because of the hydrogen 
bonds. Without water’s high boiling point 
the oceans would have evaporated long 
ago.

• Liquid water changes temperature slowly 
because it can store a large amount of 
heat without a large change in tempera-
ture. This high heat storage capacity 
helps protect living organisms from tem-
perature changes, moderates the earth’s 
climate, and makes water an excellent 
coolant for car engines and power 
plants.

• It takes a large amount of energy to 
evaporate water because of the hydrogen 

W

www.learner.org/resources/series209.html
www.learner.org/resources/series209.html
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Since 1800, and especially since 1950, we have been 
intervening in the earth’s carbon cycle by adding car-
bon dioxide to the atmosphere in two ways (shown by 
red arrows in Figure 3-18). First, in some areas, espe-
cially in tropical forests, we clear trees and other plants, 
which absorb CO2 through photo synthesis, faster than 
they can grow back (Core Case Study). Second, 
we add large amounts of CO2 to the atmosphere 
by burning carbon-containing fossil fuels and 
wood.

THINKING ABOUT
The Carbon Cycle, Tropical Deforestation, 
and Global Warming

Use Figure 3-18 and Figure 3-8 to explain why 
clearing tropical rain forests faster than they can grow back 
(Core Case Study) can warm the earth’s atmosphere. What 
are two ways in which this could affect the survival of re-
maining tropical forests? What are two ways in which it could 
affect your lifestyle?

Computer models of the earth’s climate systems in-
dicate that increased concentrations of atmospheric CO2 
and other gases are very likely (90–99% probability) to 
enhance the planet’s natural greenhouse effect, which 

will cause global warming and change the earth’s cli-
mate (see Science Focus, p. 33).

Nitrogen Cycles through the 
Biosphere: Bacteria in Action
The major reservoir for nitrogen is the atmosphere. 
Chemically unreactive nitrogen gas (N2) makes up 78% 
of the volume of the atmosphere. Nitrogen is a crucial 
component of proteins, many vitamins, and nucleic ac-
ids such as DNA. However, N2 cannot be absorbed and 
used directly as a nutrient by multicellular plants or 
animals.

Fortunately, two natural processes convert or fix 
N2 into compounds useful as nutrients for plants and 
animals. One is electrical discharges, or lightning, tak-
ing place in the atmosphere. The other takes place in 
aquatic systems, soil, and the roots of some plants, 
where specialized bacteria, called nitrogen-fixing bacteria, 
complete this conversion as part of the nitrogen cycle, 
which is depicted in Figure 3-19.

The nitrogen cycle consists of several major steps. 
In nitrogen fixation, specialized bacteria in soil and blue-
green algae (cyanobacteria) in aquatic environments 
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 Active Figure 3-18 
Natural capital: simplified model 
of the global carbon cycle, with 
major harmful impacts of human 
activities shown by red arrows. 
See an animation based on 
this figure at CengageNOW. 
Question: What are three 
ways in which you directly 
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combine gaseous N2 with hydrogen to make ammo-
nia (NH3). The bacteria use some of the ammonia they 
produce as a nutrient and excrete the rest to the soil or 
water. Some of the ammonia is converted to ammonium 
ions (NH4

#) that can be used as a nutrient by plants.
Ammonia not taken up by plants may undergo nitri-

fication. In this two-step process, specialized soil bacteria 
convert most of the NH3 and NH4

# in soil to nitrate ions 
(NO3

!), which are easily taken up by the roots of plants. 
The plants then use these forms of nitrogen to pro-
duce various amino acids, proteins, nucleic acids, and 
vitamins (see Supplement 6, p. S39). Animals that eat 
plants eventually consume these nitrogen-containing 
compounds, as do detritus feeders, or decomposers.

Plants and animals return nitrogen-rich organic 
compounds to the environment as wastes, cast-off 
particles, and through their bodies when they die and 
are decomposed or eaten by detritus feeders. In ammon-
ification, vast armies of specialized decomposer bacteria 
convert this detritus into simpler nitrogen-containing 
inorganic compounds such as ammonia (NH3) and 
water-soluble salts containing ammonium ions (NH4

#).
In denitrification, specialized bacteria in waterlogged 

soil and in the bottom sediments of lakes, oceans, 
swamps, and bogs convert NH3 and NH4

# back into ni-
trite and nitrate ions, and then into nitrogen gas (N2) 
and nitrous oxide gas (N2O). These gases are released 
to the atmosphere to begin the nitrogen cycle again.

We intervene in the nitrogen cycle in several ways 
(as shown by red arrows in Figure 3-19). First, we add 
large amounts of nitric oxide (NO) into the atmosphere 
when N2 and O2 combine as we burn any fuel at high 
temperatures, such as in car, truck, and jet engines. In 
the atmosphere, this gas can be converted to nitrogen 
dioxide gas (NO2  ) and nitric acid vapor (HNO3 ), which 
can return to the earth’s surface as damaging acid depo-
sition, commonly called acid rain.

Second, we add nitrous oxide (N2O) to the atmo-
sphere through the action of anaerobic bacteria on 
livestock wastes and commercial inorganic fertilizers 
applied to the soil. This greenhouse gas can warm the 
atmosphere and deplete stratospheric ozone, which 
keeps most of the sun’s harmful ultraviolet radiation 
from reaching the earth’s surface.

Third, we release large quantities of nitrogen stored 
in soils and plants as gaseous compounds into the atmo-
sphere through destruction of forests, grasslands, and 
wetlands.

Fourth, we upset the nitrogen cycle in aquatic eco-
systems by adding excess nitrates to bodies of water 
through agricultural runoff and discharges from mu-
nicipal sewage systems.

Fifth, we remove nitrogen from topsoil when we 
harvest nitrogen-rich crops, irrigate crops (washing ni-
trates out of the soil), and burn or clear grasslands and 
forests before planting crops.
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According to the 2005 Millennium Ecosystem 
Assessment, since 1950, human activities have more 
than doubled the annual release of nitrogen from the 
land into the rest of the environment. Most of this is 
from the greatly increased use of inorganic fertilizer 
to grow crops, and the amount released is projected 
to double again by 2050 (Figure 3-20). This excessive 
input of nitrogen into the air and water contributes to 
pollution, acid deposition, and other problems to be 
discussed in later chapters. 

Nitrogen overload is a serious and growing local, re-
gional, and global environmental problem that has at-
tracted little attention. Princeton University physicist 
Robert Socolow calls for countries around the world to 
work out some type of nitrogen management agreement 
to help prevent this problem from reaching crisis levels.

THINKING ABOUT
The Nitrogen Cycle and Tropical Deforestation

What effects might the clearing and degrading of 
tropical rain forests (Core Case Study) have on the 
nitrogen cycle in such ecosystems and on any nearby water 
systems (see Figure 2-1, p. 28, and Figure 2-4, p. 37).

Phosphorus Cycles through 
the Biosphere
Phosphorus circulates through water, the earth’s crust, 
and living organisms in the phosphorus cycle, de-
picted in Figure 3-21. In contrast to the cycles of water, 

carbon, and nitrogen, the phosphorus cycle does not 
include the atmosphere. The major reservoir for phos-
phorous is phosphate salts containing phosphate ions 
(PO4

3!) in terrestrial rock formations and ocean bottom 
sediments. The phosphorus cycle is slow compared to 
the water, carbon, and nitrogen cycles.

As water runs over exposed phosphorus-containing 
rocks, it slowly erodes away inorganic compounds that 
contain phosphate ions (PO4

3!). The dissolved phos-
phate can be absorbed by the roots of plants and by 
other producers. Phosphorous is transferred by food 
webs from such producers to consumers, eventually in-
cluding detritus feeders and decomposers. In both pro-
ducers and consumers, phosphorous is a component of 
biologically important molecules such as nucleic acids 
(Figure 10, p. S43, in Supplement 6) and energy trans-
fer molecules such as ADP and ATP (Figure 14, p. S44, 
in Supplement 6). It is also a major component of ver-
tebrate bones and teeth.

Phosphate can be lost from the cycle for long peri-
ods when it washes from the land into streams and riv-
ers and is carried to the ocean. There it can be deposited 
as marine sediment and remain trapped for millions of 
years. Someday, geological processes may uplift and 
expose these seafloor deposits, from which phosphate 
can be eroded to start the cycle again.

Because most soils contain little phosphate, it is of-
ten the limiting factor for plant growth on land unless 
phosphorus (as phosphate salts mined from the earth) 
is applied to the soil as an inorganic fertilizer. Phospho-
rus also limits the growth of producer populations in 
many freshwater streams and lakes because phosphate 
salts are only slightly soluble in water.

Human activities are affecting the phosphorous 
cycle (as shown by red arrows in Figure 3-21). This 
includes removing large amounts of phosphate from 
the earth to make fertilizer and reducing phospho-
rus in tropical soils by clearing forests (Core 
Case Study). Soil that is eroded from fertilized 
crop fields carries large quantities of phosphates into 
streams, lakes, and the ocean, where it stimulates the 
growth of producers. Phosphorous-rich runoff from the 
land can produce huge populations of algae, which can 
upset chemical cycling and other processes in lakes.

Sulfur Cycles through 
the Biosphere
Sulfur circulates through the biosphere in the sulfur 
cycle, shown in Figure 3-22 (p. 72). Much of the earth’s 
sulfur is stored underground in rocks and minerals, in-
cluding sulfate (SO4

2!)  salts buried deep under ocean 
sediments.

Sulfur also enters the atmosphere from several natu-
ral sources. Hydrogen sulfide (H2S)—a colorless, highly 
poisonous gas with a rotten-egg smell—is released from 
active volcanoes and from organic matter broken down 
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by anaerobic decomposers in flooded swamps, bogs, 
and tidal flats. Sulfur dioxide (SO2), a colorless and suf-
focating gas, also comes from volcanoes.

Particles of sulfate (SO4
2!) salts, such as ammonium 

sulfate, enter the atmosphere from sea spray, dust 
storms, and forest fires. Plant roots absorb sulfate ions 
and incorporate the sulfur as an essential component 
of many proteins.

Certain marine algae produce large amounts of vol-
atile dimethyl sulfide, or DMS (CH3SCH3). Tiny droplets 
of DMS serve as nuclei for the condensation of water 
into droplets found in clouds. In this way, changes in 
DMS emissions can affect cloud cover and climate.

In the atmosphere, DMS is converted to sulfur diox-
ide, some of which in turn is converted to sulfur trioxide 
gas (SO3) and to tiny droplets of sulfuric acid (H2SO4). 
DMS also reacts with other atmospheric chemicals such 
as ammonia to produce tiny particles of sulfate salts. 
These droplets and particles fall to the earth as compo-
nents of acid deposition, which along with other air pol-
lutants can harm trees and aquatic life.

In the oxygen-deficient environments of flooded 
soils, freshwater wetlands, and tidal flats, specialized 
bacteria convert sulfate ions to sulfide ions (S2!). The 
sulfide ions can then react with metal ions to form insol-

uble metallic sulfides, which are deposited as rock, and 
the cycle continues.

Human activities have affected the sulfur cycle pri-
marily by releasing large amounts of sulfur dioxide 
(SO2) into the atmosphere (as shown by red arrows in 
Figure 3-22). We add sulfur dioxide to the atmosphere 
in three ways. First, we burn sulfur-containing coal and 
oil to produce electric power. Second, we refine sulfur-
containing petroleum to make gasoline, heating oil, 
and other useful products. Third, we convert sulfur-
containing metallic mineral ores into free metals such 
as copper, lead, and zinc. Once in the atmosphere, SO2 
is converted to droplets of sulfuric acid (H2SO4) and 
particles of sulfate (SO4

2!) salts, which return to the 
earth as acid deposition.

RESEARCH FRONTIER

The effects of human activities on the major nutrient cy-
cles and how we can reduce these effects. See academic
.cengage.com/biology/miller.

 Learn more about the water, carbon, nitrogen, 
phosphorus, and sulfur cycles using interactive animations at 
CengageNOW.
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 Active Figure 3-22 Natural capital: simplified model of the sulfur cycle, with major harm-
ful impacts of human activities shown by red arrows. See an animation based on this figure at CengageNOW. 
Question: What are three ways in which your lifestyle directly or indirectly affects the sulfur cycle? 

3-6 How Do Scientists Study Ecosystems?
CONCEPT 3-6 Scientists use field research, laboratory research, and mathematical 
and other models to learn about ecosystems.

▲

Some Scientists Study Nature 
Directly
Scientists use field research, laboratory research, and 
mathematical and other models to learn about eco-
systems (Concept 3-6). Field research, sometimes called 
“muddy-boots biology,” involves observing and mea-
suring the structure of natural ecosystems and what 
happens in them. Most of what we know about struc-
ture and functioning of ecosystems has come from 
such research. GREEN CAREER: Ecologist. See academic
.cengage.com/biology/miller for details on various 
green careers.

Ecologists trek through forests, deserts, and grass-
lands and wade or boat through wetlands, lakes, 
streams, and oceans collecting and observing species. 

Sometimes they carry out controlled experiments by 
isolating and changing a variable in part of an area and 
comparing the results with nearby unchanged areas 
(Chapter 2 Core Case Study, p. 28, and see The Habitable 
Planet, Videos 4 and 9, www.learner.org/resources/
series209.html). Tropical ecologists have erected tall 
construction cranes over the canopies of tropical forests 
from which they observe the rich diversity of species 
living or feeding in these treetop habitats.

Increasingly, new technologies are being used to col-
lect ecological data. Scientists use aircraft and satellites 
equipped with sophisticated cameras and other remote 
sensing devices to scan and collect data on the earth’s 
surface. Then they use geographic information system 
(GIS) software to capture, store, analyze, and display 
such geographically or spatially based information.

www.learner.org/resources/series209.html
www.learner.org/resources/series209.html
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In a GIS, geographic and ecological data can be stored 
electronically as numbers or as images in computer da-
tabases. For example, a GIS can convert digital satellite 
images generated through remote sensing into global, 
regional, and local maps showing variations in vegeta-
tion (Figure 1, pp. S20–S21, and Figure 2, pp. S22–S23, 
in Supplement 4), gross primary productivity (Figure 6, 
p. S27, in Supplement 4), temperature patterns, air pol-
lution emissions, and other variables.

Scientists also use GIS programs and digital satel-
lite images to produce two- or three-dimensional maps 
combining information about a variable such as land use 
with other data. Separate layers within such maps, each 
showing how a certain factor varies over an area, can 
be combined to show a composite effect (Figure 3-23). 
Such composites of information can lead to a better un-
derstanding of environmental problems and to better 
decision making about how to deal with such problems.

In 2005, scientists launched the Global Earth Ob-
servation System of Systems (GEOSS)—a 10-year pro-
gram to integrate data from sensors, gauges, buoys, and 
satellites that monitor the earth’s surface, atmosphere, 
and oceans. GREEN CAREERS: GIS analyst; remote sens-
ing analyst

Some Scientists Study Ecosystems 
in the Laboratory
During the past 50 years, ecologists have increasingly 
supplemented field research by using laboratory research 
to set up, observe, and make measurements of model 
ecosystems and populations under laboratory condi-
tions. Such simplified systems have been created in 
containers such as culture tubes, bottles, aquaria tanks, 
and greenhouses, and in indoor and outdoor chambers 
where temperature, light, CO2, humidity, and other 
variables can be controlled.

Such systems make it easier for scientists to carry 
out controlled experiments. In addition, laboratory ex-
periments often are quicker and less costly than similar 
experiments in the field.

THINKING ABOUT
Greenhouse Experiments and Tropical 
Rain Forests

How would you design an experiment, including an experi-
mental group and a control group, that uses a greenhouse to 
determine the effect of clearing a patch of tropical rain forest 
vegetation (Core Case Study) on the temperature above the 
cleared patch?

But there is a catch. Scientists must consider how 
well their scientific observations and measurements in 
a simplified, controlled system under laboratory condi-
tions reflect what takes place under the more complex 
and dynamic conditions found in nature. Thus, the re-

sults of laboratory research must be coupled with and 
supported by field research. (See The Habitable Planet, 
Videos, 2, 3, and 12, www.learner.org/resources/
series209.html.)

Some Scientists Use Models 
to Simulate Ecosystems
Since the late 1960s, ecologists have developed math-
ematical and other models that simulate ecosystems. 
Computer simulations can help scientists understand 
large and very complex systems that cannot be ade-
quately studied and modeled in field and laboratory re-
search. Examples include rivers, lakes, oceans, forests, 
grasslands, cities, and the earth’s climate system. Sci-
entists are learning a lot about how the earth works by 
feeding data into increasingly sophisticated models of the 
earth’s systems and running them on supercomputers.

Researchers can change values of the variables in 
their computer models to project possible changes in 
environmental conditions, to help them anticipate en-
vironmental surprises, and to analyze the effectiveness 
of various alternative solutions to environmental prob-
lems. GREEN CAREER: Ecosystem modeler

Of course, simulations and projections made with 
ecosystem models are no better than the data and as-
sumptions used to develop the models. Ecologists must 
do careful field and laboratory research to get baseline 
data, or beginning measurements, of variables being 
studied. They also must determine the relationships 
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Figure 3-23 Geographic information systems (GIS) provide the 
computer technology for storing, organizing, and analyzing 
complex data collected over broad geographic areas. They en-
able scientists to produce maps of various geographic data sets 
and then to overlay and compare the layers of data (such as soils, 
topography, distribution of endangered populations, and land 
protection status). 

www.learner.org/resources/series209.html
www.learner.org/resources/series209.html
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among key variables that they will use to develop and 
test ecosystem models.

RESEARCH FRONTIER

Improved computer modeling for understanding complex 
environmental systems. See academic.cengage.com/
biology/miller.

We Need to Learn More about the 
Health of the World’s Ecosystems
We need baseline data on the condition of the world’s 
ecosystems to see how they are changing and to de-
velop effective strategies for preventing or slowing their 
degradation.

By analogy, your doctor needs baseline data on 
your blood pressure, weight, and functioning of your 

organs and other systems, as revealed through basic 
tests. If your health declines in some way, the doctor 
can run new tests and compare the results with the 
baseline data to identify changes and come up with a 
treatment.

According to a 2002 ecological study published by 
the Heinz Foundation and the 2005 Millennium Eco-
system Assessment, scientists have less than half of the 
basic ecological data they need to evaluate the status of 
ecosystems in the United States. Even fewer data are 
available for most other parts of the world. Ecologists 
call for a massive program to develop baseline data for 
the world’s ecosystems.

RESEARCH FRONTIER

A crash program to gather and evaluate baseline data for 
all of the world’s major terrestrial and aquatic systems. See 
academic.cengage.com/biology/miller.

All things come from earth, 
and to earth they all return.

MENANDER (342–290 B.C.)

REVIEW

1. Review the Key Questions and Concepts for this chapter 
on p. 51. What are three harmful effects resulting from 
the clearing and degradation of tropical rain forests?

2. What is a cell? What is the cell theory? Distinguish 
between a eukaryotic cell and a prokaryotic cell.
What is a species? Explain the importance of insects. 

Define ecology. What is genetic diversity? Distin-
guish among a species, population, community (bio-
logical community), habitat, ecosystem, and the 
biosphere.

3. Distinguish among the atmosphere, troposphere, 
stratosphere, greenhouse gases, hydrosphere, and 

Tropical Rain Forests and Sustainability

This chapter applied two of the scientific principles of sustain-
ability (see back cover and Concept 1-6, p. 23) by which the 
biosphere and the ecosystems it contains have been sustained 
over the long term. First, the biosphere and almost all of its eco-
systems use solar energy as their energy source, and this energy 
flows through the biosphere. Second, they recycle the chemical 
nutrients that their organisms need for survival, growth, and re-
production.

These two principles arise from the structure and function of 
natural ecosystems (Figure 3-12), the law of conservation of mat-
ter (Concept 2-3, p. 39), and the two laws of thermodynamics 
(Concepts 2-4A and 2-4B, p. 40). Nature’s required adherence 
to these principles is enhanced by biodiversity, another sustain-
ability principle, which also helps to regulate population levels of 

interacting species in the world’s ecosystems—yet another of the 
sustainability principles.

This chapter started with a discussion of the importance of 
incredibly diverse tropical rain forests (Core Case Study), which 
showcase the functioning of the four scientific principles of 
sustainability. Producers within rain forests rely on solar energy 
to produce a vast amount of biomass through photosynthesis. 
Species living in the forests take part in, and depend on cycling 
of nutrients in the biosphere and the flow of energy through 
the biosphere. Tropical forests contain a huge and vital part of 
the earth’s biodiversity, and interactions among species living in 
these forests help to control the populations of the species living 
there.

R E V I S I T I N G
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CRITICAL THINKING

1. List three ways in which you could apply Concept 3-4B
and Concept 3-5 to making your lifestyle more environ-
mentally sustainable.

2. How would you explain the importance of tropical rain 
forests (Core Case Study) to people who think that 
such forests have no connection to their lives?

3. Explain why (a) the flow of energy through the bio-
sphere (Concept 3-2) depends on the cycling of nutri-
ents, and (b) the cycling of nutrients depends on 
gravity.

4. Explain why microbes are so important. List two benefi-
cial and two harmful effects of microbes on your health 
and lifestyle.

5. Make a list of the food you ate for lunch or dinner today. 
Trace each type of food back to a particular producer 
species.

6. Use the second law of thermodynamics (Con-
cept 2-5B, p. 44) to explain why many poor 
people in developing countries live on a mostly 
vegetarian diet.

7. Why do farmers not need to apply carbon to grow their 
crops but often need to add fertilizer containing nitrogen 
and phosphorus?

8. What changes might take place in the hydrologic cycle 
if the earth’s climate becomes (a) hotter or (b) cooler? 
In each case, what are two ways in which these changes 
might affect your lifestyle?

9. What would happen to an ecosystem if (a) all its decom-
posers and detritus feeders were eliminated, (b) all its 
producers were eliminated, or (c) all of its insects were 
eliminated? Could a balanced ecosystem exist with only 
producers and decomposers and no consumers such as 
humans and other animals? Explain.

10. List two questions that you would like to have answered 
as a result of reading this chapter.

Note: Key Terms are in bold type.

geosphere. Distinguish between biomes and aquatic
life zones and give an example of each. What three in-
terconnected factors sustain life on earth?

4. Describe what happens to solar energy as it flows to and 
from the earth. What is the natural greenhouse effect
and why is it important for life on earth?

5. Distinguish between the abiotic and biotic components
in ecosystems and give two examples of each. What is the 
range of tolerance for an abiotic factor? Define and give 
an example of a limiting factor. What is the limiting
factor principle?

6. What is a trophic level? Distinguish among producers
(autotrophs), consumers (heterotrophs), and de-
composers and give an example of each in an ecosystem. 
Distinguish among primary consumers (herbivores), 
secondary consumers (carnivores), high-level (third-
level) consumers, omnivores, decomposers, and 
detritus feeders (detritivores), and give an example 
of each.

7. Distinguish among photosynthesis, chemosynthesis, 
aerobic respiration, and anaerobic respiration (fer-
mentation). What two processes sustain ecosystems and 
the biosphere and how are they linked? Explain the im-
portance of microbes.

8. Explain what happens to energy as it flows through the 
food chains and food webs of an ecosystem. Distinguish 
between a food chain and a food web. What is bio-
mass? What is ecological efficiency? What is the pyra-
mid of energy flow? Discuss the difference between 
gross primary productivity (GPP) and net primary 
productivity (NPP) and explain their importance.

9. What happens to matter in an ecosystem? What is a 
biogeochemical cycle (nutrient cycle)? Describe the 
unique properties of water. What is transpiration? De-
scribe the hydrologic (water), carbon, nitrogen, phos-
phorus, and sulfur cycles and describe how human 
activities are affecting each cycle.

10. Describe three ways in which scientists study ecosys-
tems. Explain why we need much more basic data 
about the structure and condition of the world’s eco-
systems. How are the four scientific prin-
ciples of sustainability showcased in tropical 
rain forests (Core Case Study)?

Note: See Supplement 13 (p. S78) for a list of Projects related to this chapter.
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LEARNING ONLINE

Log on to the Student Companion Site for this book at 
academic.cengage.com/biology/miller, and choose 
Chapter 3 for many study aids and ideas for further read-

ing and research. These include flash cards, practice quiz-
zing, Weblinks, information on Green Careers, and InfoTrac®

College Edition articles.

1. Calculate the per capita carbon footprint for each country 
and the world and complete the table. 

2. It has been suggested that a sustainable average world-
wide carbon footprint per person should be no more than 
2.0 metric tons per person per year (2.2 tons per person 
per year). How many times larger is the U.S. carbon foot-
print per person than are (a) the sustainable level, and 
(b) the world average?

ECOLOGICAL FOOTPRINT ANALYSIS

Based on the following carbon dioxide emissions data and 
2007 population data, answer the questions below.

 Total  
 Carbon Footprint—  Per Capita
 Carbon Dioxide Emissions  Population Carbon Footprint —
 (in metric gigatons  (in billions, Per Capita Carbon Dioxide
Country per year*) 2007) Emissions Per Year

China 5.0 (5.5) 1.3

India 1.3 (1.4) 1.1

Japan 1.3 (1.4) 0.13

Russia 1.5 (1.6) 1.14

United States 6.0 (6.6) 0.30

WORLD 29 (32) 6.6

Souce: Data from World Resources Institute and International Energy Agency

*The prefix giga stands for “1 billion.”

3. By what percentage will China, Japan, Russia, the United 
States, and the world each have to reduce their carbon 
footprints per person to achieve the estimated maximum 
sustainable carbon footprint per person of 2.0 metric tons 
(2.2 tons) per person per year?



use old gator nests for incubating their eggs. These alligators eat 
large numbers of gar, a predatory fish. This helps maintain popu-
lations of game fish such as bass and bream.

As alligators move from gator holes to nesting mounds, they 
help keep areas of open water free of invading vegetation. With-
out these free ecosystem services, freshwater ponds and coastal 
wetlands where these alligators live would be filled in with 
shrubs and trees, and dozens of species would disappear from 
these ecosystems. Some ecologists classify the American alliga-
tor as a keystone species because of its important ecological role 
in helping to maintain the structure, function, and sustainability 
of the ecosystems where it is found. And, in 2008, scientists 
began analyzing the blood of the American alligator to identify 
compounds that could kill a variety of harmful bacteria, including 
those that have become resistant to commonly used antibiotics.

In 1967, the U.S. government placed the American alligator 
on the endangered species list. Protected from hunters, the pop-
ulation made a strong comeback in many areas by 1975—too 
strong, according to those who find alligators in their backyards 
and swimming pools, and to duck hunters whose retriever dogs 
are sometimes eaten by alligators. In 1977, the U.S. Fish and 

Wildlife Service reclassified the American alligator 
as a threatened species in the U.S. states of Florida, 
Louisiana, and Texas, where 90% of the animals 
live. Today there are 1–2 million American alliga-
tors in Florida, and the state now allows property 
owners to kill alligators that stray onto their land.

To biologists, the comeback of the American 
alligator is an important success story in wildlife 
conservation. This tale illustrates how each species 
in a community or ecosystem fills a unique role, 
and it highlights how interactions between species 
can affect ecosystem structure and function. In this 
chapter, we will examine biodiversity, with an em-
phasis on species diversity, and the theory of how 
the earth’s diverse species arose.

The American alligator (Figure 4-1), North America’s largest rep-
tile, has no natural predators except for humans, and it plays a 
number of important roles in the ecosystems where it is found. 
This species outlived the dinosaurs and has been able to sur-
vive numerous dramatic changes in the earth’s environmental 
conditions.

But starting in the 1930s, these alligators faced a new chal-
lenge. Hunters began killing them in large numbers for their 
exotic meat and their supple belly skin, used to make shoes, belts, 
and pocketbooks. Other people hunted alligators for sport or out 
of hatred. By the 1960s, hunters and poachers had wiped out 
90% of the alligators in the U.S. state of Louisiana, and the alliga-
tor population in the Florida Everglades was also near extinction.

Those who did not care much for the American alligator 
were probably not aware of its important ecological role—its 
niche—in subtropical wetland communities. These alligators dig 
deep depressions, or gator holes, which hold freshwater during 
dry spells, serve as refuges for aquatic life, and supply freshwater 
and food for fish, insects, snakes, turtles, birds, and other ani-
mals. Large alligator nesting mounds provide nesting and feed-
ing sites for species of herons and egrets, and red-bellied turtles 

Why Should We Care about the 
American Alligator?

Biodiversity
and Evolution 4

Figure 4-1 The American alligator plays an important 
ecological role in its marsh and swamp habitats in 
the southeastern United States. Since being classified 
as an endangered species in 1967, it has recovered 
enough to have its status changed from endangered 
to threatened—an outstanding success story in wildlife 
conservation.A.
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Biodiversity Is a Crucial Part 
of the Earth’s Natural Capital
Biological diversity, or biodiversity, is the variety of 
the earth’s species, the genes they contain, the ecosys-
tems in which they live, and the ecosystem processes 
such as energy flow and nutrient cycling that sustain 
all life (Figure 4-2). Biodiversity is a vital renewable re-
source (Concept 4-1).

So far, scientists have identified about 1.8 million 
of the earth’s 4 million to 100 million species, and 
every year, thousands of new species are identified. 
The identified species include almost a million species 
of insects, 270,000 plant species, and 45,000 vertebrate 
animal species. Later in this chapter, we look at the sci-
entific theory of how such a great variety of life forms 
came to be, and we consider the importance of species 
diversity.

Key Questions and Concepts

4-1 What is biodiversity and why is it important?
CONCEPT 4-1  The biodiversity found in genes, species, eco-
systems, and ecosystem processes is vital to sustaining life on earth.

4-2 Where do species come from?
CONCEPT 4-2A  The scientific theory of evolution explains how 
life on earth changes over time through changes in the genes of 
populations.

CONCEPT 4-2B  Populations evolve when genes mutate and 
give some individuals genetic traits that enhance their abilities 
to survive and to produce offspring with these traits (natural 
selection).

4-3 How do geological processes and climate change 
affect evolution?
CONCEPT 4-3  Tectonic plate movements, volcanic eruptions, 
earthquakes, and climate change have shifted wildlife habitats, 
wiped out large numbers of species, and created opportunities for 
the evolution of new species.

4-4 How do speciation, extinction, and human 
activities affect biodiversity?
CONCEPT 4-4A  As environmental conditions change, the 
balance between formation of new species and extinction of 
existing species determines the earth’s biodiversity.

CONCEPT 4-4B  Human activities can decrease biodiversity by 
causing the premature extinction of species and by destroying or 
degrading habitats needed for the development of new species.

4-5 What is species diversity and why is it 
important?
CONCEPT 4-5  Species diversity is a major component of 
biodiversity and tends to increase the sustainability of ecosystems.

4-6 What roles do species play in ecosystems?
CONCEPT 4-6A  Each species plays a specific ecological role 
called its niche.

CONCEPT 4-6B  Any given species may play one or more of 
five important roles—native, nonnative, indicator, keystone, or 
foundation roles—in a particular ecosystem.

There is grandeur to this view of life . . . 
that, whilst this planet has gone cycling on . . . 

endless forms most beautiful and most wonderful 
have been, and are being, evolved.

CHARLES DARWIN

4-1 What Is Biodiversity and Why Is It Important?
CONCEPT 4-1 The biodiversity found in genes, species, ecosystems, and ecosystem 
processes is vital to sustaining life on earth.

▲

Note: Supplements 2 (p. S4), 4 (p. S20), 6 (p. S39), 7 (p. S46), 8 (p. S47), and 13 
(p. S78) can be used with this chapter.
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Species diversity is the most obvious, but not the only, 
component of biodiversity. Another important compo-
nent is genetic diversity (Figure 3-5, p. 53). The earth’s 
variety of species contains an even greater variety of 
genes. Genetic diversity enables life on the earth to 
adapt to and survive dramatic environmental changes. 
In other words, genetic diversity is vital to the sustain-
ability of life on earth.

Ecosystem diversity—the earth’s variety of deserts, 
grasslands, forests, mountains, oceans, lakes, rivers, 
and wetlands is another major component of biodiver-
sity. Each of these ecosystems is a storehouse of genetic 
and species diversity.

Yet another important component of biodiversity 
is functional diversity—the variety of processes such as 

matter cycling and energy flow taking place within 
ecosystems (Figure 3-12, p. 60) as species interact with 
one another in food chains and webs. Part of the im-
portance of the American alligator (Figure 4-1) is its 
role in supporting these processes within its ecosys-
tems, which help to maintain other species of animals 
and plants that live there.

THINKING ABOUT
Alligators and Biodiversity

What are three ways in which the American 
alligator (Core Case Study) supports one or more 
of the four components of biodiversity within its 
environment?

Functional Diversity
The biological and chemical processes such as energy
flow and matter recycling needed for the survival of species,
communities, and ecosystems.

Abiotic chemicals
(carbon dioxide, 

oxygen, nitrogen, 
minerals)

Decomposers
(bacteria, fungi)

Consumers
(herbivores, 
carnivores)

Solar
energy

Heat

Heat

Heat

Heat Heat

Producers
(plants)

Ecological Diversity
The variety of terrestrial and
aquatic ecosystems found in
an area or on the earth.

Species Diversity
The number and abundance of species
present in different communities

Genetic Diversity
The variety of genetic material
within a species or a population.

 Active Figure 4-2 Natural capital: the major components of the earth’s biodiversity —one 
of the earth’s most important renewable resources. See an animation based on this figure at CengageNOW™. 
Question: What are three examples of how people, in their daily living, intentionally or unintentionally degrade 
each of these types of biodiversity?
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The earth’s biodiversity is a vital part of the natu-
ral capital that keeps us alive. It supplies us with food, 
wood, fibers, energy, and medicines—all of which 
represent hundreds of billions of dollars in the world 
economy each year. Biodiversity also plays a role in 
preserving the quality of the air and water and main-
taining the fertility of soils. It helps us to dispose of 
wastes and to control populations of pests. In carrying 
out these free ecological services, which are also part of 
the earth’s natural capital (Concept 1-1A, p. 6), 
biodiversity helps to sustain life on the earth.

Because biodiversity is such an important concept 
and so vital to sustainability, we are going to take a 
grand tour of biodiversity in this and the next seven 

chapters. This chapter focuses on the earth’s variety of 
species, how these species evolved, and the major roles 
that species play in ecosystems. Chapter 5 examines 
how different interactions among species help to con-
trol population sizes and promote biodiversity. Chapter 
6 uses principles of population dynamics developed in 
Chapter 5 to look at human population growth and its 
effects on biodiversity. Chapters 7 and 8, respectively, 
look at the major types of terrestrial and aquatic eco-
systems that make up a key component of biodiversity. 
Then, the next three chapters examine major threats 
to species diversity (Chapter 9), terrestrial biodiversity 
(Chapter 10), and aquatic biodiversity (Chapter 11), 
and solutions for dealing with these threats.

4-2 Where Do Species Come From?
CONCEPT 4-2A The scientific theory of evolution explains how life on earth 
changes over time through changes in the genes of populations.
CONCEPT 4-2B Populations evolve when genes mutate and give some individuals 
genetic traits that enhance their abilities to survive and to produce offspring with 
these traits (natural selection).

▲
▲

Biological Evolution by Natural 
Selection Explains How Life 
Changes over Time
How did we end up with an amazing array of 4 million 
to 100 million species? The scientific answer involves 
biological evolution: the process whereby earth’s 
life changes over time through changes in the genes of 
populations (Concept 4-2A).

The idea that organisms change over time and are 
descended from a single common ancestor has been 
around in one form or another since the early Greek 
philosophers. But no one had come up with a credible 
explanation of how this could happen until 1858 when 
naturalists Charles Darwin (1809–1882) and Alfred 
Russel Wallace (1823–1913) independently proposed 
the concept of natural selection as a mechanism for bio-
logical evolution. Although Wallace also proposed the 
idea of natural selection, it was Darwin, who meticu-
lously gathered evidence for this idea and published it 
in 1859 in his book, On the Origin of Species by Means of 
Natural Selection.

Darwin and Wallace observed that organisms must 
constantly struggle to obtain enough food and other re-
sources to survive and reproduce. They also observed 
that individuals in a population with a specific advan-
tage over other individuals are more likely to survive, 
reproduce, and have offspring with similar survival 
skills. The advantage was due to a characteristic, or 
trait, possessed by these individuals but not by others.

Darwin and Wallace concluded that these survival 
traits would become more prevalent in future popula-
tions of the species through a process called natural
selection, which occurs when some individuals of a 
population have genetically based traits that enhance 
their ability to survive and produce offspring with the 
same traits. A change in the genetic characteristics of 
a population from one generation to another is known 
as biological evolution, or simply evolution.

A huge body of field and laboratory evidence 
has supported this idea. As a result, biological evolu-
tion through natural selection has become an impor-
tant scientific theory. According to this theory, life has 
evolved into six major groups of species, called king-
doms, as a result of natural selection. This view sees the 
development of life as an ever-branching tree of species 
diversity, sometimes called the tree of life (Figure 4-3).

This scientific theory generally explains how life 
has changed over the past 3.7 billion years and why 
life is so diverse today. However, there are still many 
unanswered questions and scientific debates about the 
details of evolution by natural selection. Such con-
tinual questioning and discussion is an important way 
in which science advances our knowledge of how the 
earth works.

Get a detailed look at early biological evolu-
tion by natural selection—the roots of the tree of life—at 
CengageNOW™.
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The Fossil Record Tells Much 
of the Story of Evolution
Most of what we know of the earth’s life history comes 
from fossils: mineralized or petrified replicas of skel-
etons, bones, teeth, shells, leaves, and seeds, or impres-
sions of such items found in rocks. Also, scientists drill 
cores from glacial ice at the earth’s poles and on moun-
taintops and examine the kinds of life found at differ-
ent layers. Fossils provide physical evidence of ancient 
organisms and reveal what their internal structures 
looked like (Figure 4-4, p. 82).

The world’s cumulative body of fossils found is 
called the fossil record. This record is uneven and incom-
plete. Some forms of life left no fossils, and some fos-

sils have decomposed. The fossils found so far probably 
represent only 1% of all species that have ever lived. 
Trying to reconstruct the development of life with 
so little evidence—a challenging scientific detective 
game—is the work of paleontologists. GREEN CAREER: 
Paleontologist

The Genetic Makeup 
of a Population Can Change
The process of biological evolution by natural selec-
tion involves changes in a population’s genetic makeup 
through successive generations. Note that populations—
not individuals—evolve by becoming genetically different.
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Figure 4-3 Overview of the evolution of life on the earth into six major kingdoms of species as a result of natural selection. 
For more details, see p. S46 in Supplement 7.



82 CHAPTER 4  Biodiversity and Evolution

The first step in this process is the development of 
genetic variability in a population. This genetic variety 
occurs through mutations: random changes in the 
structure or number of DNA molecules in a cell that 
can be inherited by offspring (Figure 11, p. S43, in 
Supplement 6). Most mutations result from random 
changes that occur in coded genetic instructions when 
DNA molecules are copied each time a cell divides and 
whenever an organism reproduces. In other words, 
this copying process is subject to random errors. Some 
mutations also occur from exposure to external agents 
such as radioactivity, X rays, and natural and human-
made chemicals (called mutagens).

Mutations can occur in any cell, but only those tak-
ing place in reproductive cells are passed on to offspring. 
Sometimes a mutation can result in a new genetic trait 
that gives an individual and its offspring better chances 
for survival and reproduction under existing environ-
mental conditions or when such conditions change.

Individuals in Populations 
with Beneficial Genetic Traits 
Can Leave More Offspring
The next step in biological evolution is natural selection,
which occurs when some individuals of a population 
have genetically based traits (resulting from mutations) 
that enhance their ability to survive and produce off-
spring with these traits (Concept 4-2B).

An adaptation, or adaptive trait, is any herita-
ble trait that enables an individual organism to survive 
through natural selection and to reproduce more than 

other individuals under prevailing environmental con-
ditions. For natural selection to occur, a trait must be 
heritable, meaning that it can be passed from one gen-
eration to another. The trait must also lead to differ-
ential reproduction, which enables individuals with 
the trait to leave more offspring than other members of 
the population leave.

For example, in the face of snow and cold, a few 
gray wolves in a population that have thicker fur than 
other wolves might live longer and thus produce more 
offspring than those without thicker fur who do not 
live as long. As those individuals with thicker fur mate, 
genes for thicker fur spread throughout the population 
and individuals with those genes increase in number 
and pass this helpful trait on to their offspring. Thus, 
the concept of natural selection explains how popula-
tions adapt to changes in environmental conditions.

Genetic resistance is the ability of one or more organ-
isms in a population to tolerate a chemical designed to 
kill it. For example, an organism might have a gene 
that allows it to break the chemical down into harmless 
substances. Another important example of natural se-
lection at work is the evolution of antibiotic resistance 
in disease-causing bacteria. Scientists have developed 
antibacterial drugs (antibiotics) to fight these bacteria, 
and the drugs have become a driving force of natural 
selection. The few bacteria that are genetically resistant 
to the drugs (because of some trait they possess) sur-
vive and produce more offspring than the bacteria that 
were killed by the drugs could have produced. Thus, 
the antibiotic eventually loses its effectiveness, as resis-
tant bacteria rapidly reproduce and those that are sus-
ceptible to the drug die off (Figure 4-5).

Figure 4-4 Fossilized skeleton of 
an herbivore that lived during the 
Cenozoic era from 26–66 million 
years ago.
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Note that natural selection acts on individuals, but 
evolution occurs in populations. In other words, popu-
lations can evolve when genes change or mutate and 
give some individuals genetic traits that enhance their 
ability to survive and to produce offspring with these 
traits (natural selection) (Concept 4-2B).

 How many moths can you eat? Find out and 
learn more about adaptation at CengageNOW.

Another way to summarize the process of biological 
evolution by natural selection is: Genes mutate, individu-
als are selected, and populations evolve that are better adapted 
to survive and reproduce under existing envi ronmental 
conditions.

When environmental conditions change, a popula-
tion of a species faces three possible futures: adapt to 
the new conditions through natural selection, migrate 
(if possible) to an area with more favorable conditions, 
or become extinct.

A remarkable example of evolution by natural se-
lection is human beings. We have evolved certain traits 
that have allowed us to take over much of the world 
(see Case Study below).

 ■ CASE STUDY

How Did Humans Become 
Such a Powerful Species?
Like many other species, humans have survived and 
thrived because we have certain traits that allow us to 
adapt to and modify parts of the environment to in-
crease our survival chances.

Evolutionary biologists attribute our success to three 
adaptations: strong opposable thumbs that allow us to grip 
and use tools better than the few other animals that 
have thumbs can do, an ability to walk upright, and a 
complex brain. These adaptations have helped us develop 

weapons, protective devices, and technologies that ex-
tend our limited senses and make up for some of our 
deficiencies. Thus, in just a twitch of the 3.56-billion-
year history of life on earth, we have developed pow-
erful technologies and taken over much of the earth’s 
life-support systems and net primary productivity.

But adaptations that make a species successful dur-
ing one period of time may not be enough to ensure 
the species’ survival when environmental conditions 
change. This is no less true for humans, and some envi-
ronmental conditions are now changing rapidly, largely 
due to our own actions.

The good news is that one of our adaptations—our 
powerful brain—may enable us to live more sus-
tainably by understanding and copying the ways in 
which nature has sustained itself for billions of years, 
despite major changes in environmental conditions 
(Con cept 1-6, p. 23).

THINKING ABOUT
Human Adaptations

An important adaptation of humans is strong opposable 
thumbs, which allow us to grip and manipulate things with 
our hands. Make a list of the things you could not do without 
the use of your thumbs.

Adaptation through Natural 
Selection Has Limits
In the not-too-distant future, will adaptations to new 
environmental conditions through natural selection al-
low our skin to become more resistant to the harmful 
effects of ultraviolet radiation, our lungs to cope with air 
pollutants, and our livers to better detoxify pollutants?

According to scientists in this field, the answer is no 
because of two limits to adaptations in nature through 
natural selection. First, a change in environmental con-
ditions can lead to such an adaptation only for genetic 

A group of bacteria, including
genetically resistant ones, are
exposed to an antibiotic

(a)
Most of the normal bacteria die

(b)
The genetically resistant bacteria
start multiplying

(c)
Eventually the resistant strain
replaces the strain affected by
the antibiotic

(d)

Normal bacterium Resistant bacterium

Figure 4-5 Evolution by natural selection. (a) A population of bacteria is exposed to an antibiotic, which (b) kills all 
but those possessing a trait that makes them resistant to the drug. (c) The resistant bacteria multiply and eventually 
(d) replace the nonresistant bacteria.
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traits already present in a population’s gene pool or for 
traits resulting from mutations.

Second, even if a beneficial heritable trait is present 
in a population, the population’s ability to adapt may be 
limited by its reproductive capacity. Populations of ge-
netically diverse species that reproduce quickly—such 
as weeds, mosquitoes, rats, bacteria, or cockroaches—
often adapt to a change in environmental conditions in 
a short time. In contrast, species that cannot produce 
large numbers of offspring rapidly—such as elephants, 
tigers, sharks, and humans—take a long time (typically 
thousands or even millions of years) to adapt through 
natural selection.

Three Common Myths about 
Evolution through Natural Selection
According to evolution experts, there are three com-
mon misconceptions about biological evolution through 
natural selection. One is that “survival of the fittest” 
means “survival of the strongest.” To biologists, fitness is 

a measure of reproductive success, not strength. Thus, 
the fittest individuals are those that leave the most 
descendants.

Another misconception is that organisms develop 
certain traits because they need or want them. A gi-
raffe does not have a very long neck because it needs 
or wants it in order to feed on vegetation high in trees. 
Rather, some ancestor had a gene for long necks that 
gave it an advantage over other members of its popu-
lation in getting food, and that giraffe produced more 
offspring with long necks.

A third misconception is that evolution by natural 
selection involves some grand plan of nature in which 
species become more perfectly adapted. From a scien-
tific standpoint, no plan or goal of genetic perfection 
has been identified in the evolutionary process. Rather, 
it appears to be a random, branching process that re-
sults in a great variety of species (Figure 4-3).

4-3 How Do Geological Processes and Climate 
Change Affect Evolution?

CONCEPT 4-3 Tectonic plate movements, volcanic eruptions, earthquakes, and 
climate change have shifted wildlife habitats, wiped out large numbers of species, 
and created opportunities for the evolution of new species.

▲

Geological Processes Affect 
Natural Selection
The earth’s surface has changed dramatically over 
its long history. Scientists have discovered that huge 
flows of molten rock within the earth’s interior break 
its surface into a series of gigantic solid plates, called 
tectonic plates. For hundreds of millions of years, these 
plates have drifted slowly atop the planet’s mantle (Fig-
ure 4-6).

This process has had two important effects on the 
evolution and location of life on the earth. First, the 
locations of continents and oceanic basins greatly in-
fluence the earth’s climate and thus help determine 
where plants and animals can live.

Second, the movement of continents has allowed 
species to move, adapt to new environments, and form 
new species through natural selection. When conti-
nents join together, populations can disperse to new 
areas and adapt to new environmental conditions. And 
when continents separate, populations either evolve 
under the new conditions or become extinct.

Earthquakes can also affect biological evolution by 
causing fissures in the earth’s crust that can separate 
and isolate populations of species. Over long periods 
of time, this can lead to the formation of new species 
as each isolated population changes genetically in re-
sponse to new environmental conditions. And volcanic
eruptions affect biological evolution by destroying habi-
tats and reducing or wiping out populations of species 
(Concept 4-3).

Climate Change and Catastrophes 
Affect Natural Selection
Throughout its long history, the earth’s climate has 
changed drastically. Sometimes it has cooled and cov-
ered much of the earth with ice. At other times it has 
warmed, melted ice, and drastically raised sea levels. 
Such alternating periods of cooling and heating have 
led to advances and retreats of ice sheets at high lati-
tudes over much of the northern hemisphere, most re-
cently, about 18,000 years ago (Figure 4-7).
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These long-term climate changes have a major ef-
fect on biological evolution by determining where 
different types of plants and animals can survive and 
thrive and by changing the locations of different types 
of ecosystems such as deserts, grasslands, and forests 
(Concept 4-3). Some species became extinct because the 
climate changed too rapidly for them to survive, and 
new species evolved to fill their ecological roles.

Another force affecting natural selection has been 
catastrophic events such as collisions between the 
earth and large asteroids. There have probably been 
many of these collisions during the earth’s 4.5 billion 

Figure 4-6 Over millions of years, the earth’s continents have moved very slowly on several gigantic tectonic 
plates. This process plays a role in the extinction of species, as land areas split apart, and also in the rise of new 
species when isolated land areas combine. Rock and fossil evidence indicates that 200–250 million years ago, all 
of the earth’s present-day continents were locked together in a supercontinent called Pangaea (top left). About 
180 million years ago, Pangaea began splitting apart as the earth’s tectonic plates separated, eventually resulting 
in today’s locations of the continents (bottom right). Question: How might an area of land splitting apart cause 
the extinction of a species?

Figure 4-7 Changes in ice coverage 
in the northern hemisphere during the 
past 18,000 years. Question: What 
are two characteristics of an animal 
and two characteristics of a plant that 
natural selection would have favored 
as these ice sheets (left) advanced? 
(Data from the National Oceanic and 
Atmospheric Administration)

18,000
years before
present

Legend
Continental ice

Sea ice

Land above sea level

Modern day
(August)

Northern Hemisphere
Ice coverage

years. Such impacts have caused widespread destruc-
tion of eco systems and wiped out large numbers of 
species. But they have also caused shifts in the loca-
tions of ecosystems and created opportunities for the 
evolution of new species. On a long-term ba-
sis, the four scientific principles of sustainability 
(see back cover), especially biodiversity (Fig-
ure 4-2) have enabled life on earth to adapt to drastic 
changes in environmental conditions (Science Focus, 
p. 86). In other words, we live on a habitable planet. 
(See The Habitable Planet, Video 1, www.learner.org/
resources/series209.html.)
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How Do New Species Evolve?
Under certain circumstances, natural selection can lead 
to an entirely new species. In this process, called spe-
ciation, two species arise from one. For sexually re-
producing species, a new species is formed when some 
members of a population have evolved to the point 
where they no longer can breed with other members to 
produce fertile offspring.

The most common mechanism of speciation (es-
pecially among sexually reproducing animals) takes 
place in two phases: geographic isolation and repro-
ductive isolation. Geographic isolation occurs when 
different groups of the same population of a species 
become physically isolated from one another for long 
periods. For example, part of a population may migrate 
in search of food and then begin living in another area 

with different environmental conditions. Separation 
of populations can occur because of a physical barrier 
(such as a mountain range, stream, or road), a volcanic 
eruption or earthquake, or when a few individuals are 
carried to a new area by wind or flowing water.

In reproductive isolation, mutation and change 
by natural selection operate independently in the 
gene pools of geographically isolated populations. If 
this process continues long enough, members of the 
geographically and reproductively isolated populations 
may become so different in genetic makeup that they 
cannot produce live, fertile offspring if they are re-
joined. Then one species has become two, and specia-
tion has occurred (Figure 4-8).

For some rapidly reproducing organisms, this type 
of speciation may occur within hundreds of years. For 
most species, it takes from tens of thousands to millions 

SCIENCE FOCUS

Earth Is Just Right for Life to Thrive

forms of life. If it increased to about 25%, 
oxygen in the atmosphere would probably 
ignite into a giant fireball. The current oxy-
gen content of the atmosphere is largely the 
result of producer and consumer organisms 
interacting in the carbon cycle. Also, because 
of the development of photosynthesizing 
bacteria that have been adding oxygen to the 
atmosphere for more than 2 billion years, an 
ozone sunscreen in the stratosphere protects 
us and many other forms of life from an over-
dose of ultraviolet radiation.

In short, this remarkable planet we live on 
is uniquely suited for life as we know it.

Critical Thinking
Design an experiment to test the hypothesis 
that various forms of life can maintain the 
oxygen content in the atmosphere at around 
21% of its volume.

its iron and nickel core molten and to keep 
the atmosphere—made up of light gaseous 
molecules required for life (such as N2, O2,
CO2, and H2O)—from flying off into space.

Although life on earth has been enor-
mously resilient and adaptive, it has benefit-
ted from a favorable temperature range. 
During the 3.7 billion years since life arose, 
the average surface temperature of the earth 
has remained within the narrow range of 
10–20 °C (50–68 °F), even with a 30–40% 
increase in the sun’s energy output. One rea-
son for this is the evolution of organisms that 
modify levels of the temperature-regulating 
gas carbon dioxide in the atmosphere as a 
part of the carbon cycle (Figure 3-18, p. 68)

For almost 600 million years, oxygen has 
made up about 21% of the volume of earth’s 
atmosphere. If this oxygen content dropped 
to about 15%, it would be lethal for most 

ife on the earth, as we know it, can 
thrive only within a certain tempera-

ture range, which depends on the liquid wa-
ter that dominates the earth’s surface. Most 
life on the earth requires average tempera-
tures between the freezing and boiling points 
of water.

The earth’s orbit is the right distance from 
the sun to provide these conditions. If the 
earth were much closer to the sun, it would 
be too hot—like Venus—for water vapor 
to condense and form rain. If it were much 
farther away, the earth’s surface would be so 
cold—like Mars—that its water would exist 
only as ice. The earth also spins; if it did not, 
the side facing the sun would be too hot and 
the other side too cold for water-based life 
to exist.

The size of the earth is also just right for 
life. It has enough gravitational mass to keep 

L

4-4 How Do Speciation, Extinction, and 
Human Activities Affect Biodiversity?

CONCEPT 4-4A As environmental conditions change, the balance between 
formation of new species and extinction of existing species determines the earth’s 
biodiversity.
CONCEPT 4-4B Human activities can decrease biodiversity by causing the 
premature extinction of species and by destroying or degrading habitats needed for 
the development of new species.

▲
▲
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of years—making it difficult to observe and document 
the appearance of a new species.

 Learn more about different types of speciation 
and ways in which they occur at CengageNOW.

Humans are playing an increasing role in the pro-
cess of speciation. We have learned to shuffle genes 
from one species to another though artificial selection 
and more recently through genetic engineering (Sci-
ence Focus, p. 88).

THINKING ABOUT
Speciation and American Alligators

Imagine how a population of American alligators 
(Core Case Study) might have evolved into two 
species had they become separated, with one group evolving 
in a more northern climate. Describe some of the traits of the 
hypothetical northern species.

Extinction Is Forever
Another process affecting the number and types of 
species on the earth is extinction, in which an entire 
species ceases to exist. Species that are found in only 
one area are called endemic species and are especially 
vulnerable to extinction. They exist on islands and in 
other unique small areas, especially in tropical rain for-
ests where most species are highly specialized.

One example is the brilliantly colored golden toad 
(Figure 4-9) once found only in a small area of lush 
cloud rain forests in Costa Rica’s mountainous region. 
Despite living in the country’s well-protected Monte-
verde Cloud Forest Reserve, by 1989, the golden toad 
had apparently become extinct. Much of the moisture 
that supported its rain forest habitat came in the form of 
moisture-laden clouds blowing in from the Caribbean 
Sea. But warmer air from global climate change caused 

these clouds to rise, depriving the forests of moisture, 
and the habitat for the golden toad and many other 
species dried up. The golden toad appears to be one 
of the first victims of climate change caused largely by 
global warming. A 2007 study found that global warm-
ing has also contributed to the extinction of five other 
toad and frog species in the jungles of Costa Rica.

Extinction Can Affect One Species 
or Many Species at a Time
All species eventually become extinct, but drastic 
changes in environmental conditions can eliminate 
large groups of species. Throughout most of history, spe-
cies have disappeared at a low rate, called background 

Northern
population

Different environmental
conditions lead to different
selective pressures and evolution
into two different species.

Arctic Fox

Gray Fox

Adapted to cold
through heavier fur,
short ears, short legs,
and short nose. White
fur matches snow for
camouflage.

Adapted to heat
through lightweight
fur and long ears,
legs, and nose, which
give off more heat.

Spreads northward
and southward
and separates

Southern
population

Early fox
population

Figure 4-8 
Geographic 
isolation can 
lead to repro-
ductive isola-
tion, divergence 
of gene pools, 
and speciation.
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Figure 4-9 Male golden toad in Costa Rica’s high-altitude 
Monteverde Cloud Forest Reserve. This species has recently 
become extinct, primarily because changes in climate dried up 
its habitat.
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SCIENCE FOCUS

We Have Developed Two Ways to Change the Genetic 
Traits of Populations

what it means to be human? If so, how will it 
change? These are some of the most impor-
tant and controversial ethical questions of the 
21st century.

Another concern is that most new tech-
nologies have had unintended harmful con-
sequences. For example, pesticides have 
helped protect crops from insect pests and 
disease. But their overuse has accelerated the 
evolution of pesticide-resistant species and 
has wiped out many natural predator insects 
that had helped to keep pest populations un-
der control.

For these and other reasons, a backlash 
developed in the 1990s against the increas-
ing use of genetically modified food plants 
and animals. Some protesters argue against 
using this new technology, mostly for ethical 
reasons. Others advocate slowing down the 
technological rush and taking a closer look at 
the short- and long-term advantages and dis-
advantages of genetic technologies.

Critical Thinking
What might be some beneficial and harmful 
effects on the evolutionary process if genetic 
engineering is widely applied to plants and 
animals?

raises some serious ethical and privacy issues. 
For example, some people have genes that 
make them more likely to develop certain ge-
netic diseases or disorders. We now have the 
power to detect these genetic deficiencies, 
even before birth. Questions of ethics and 
morality arise over how this knowledge and 
technology will be applied, who will benefit, 
and who might suffer from it.

Further, what will be the environmental 
impacts of such applications? If genetic en-
gineering could help all humans live in good 
health much longer than we do now, it might 
increase pollution, environmental degrada-
tion, and the strain on natural resources. 
More and more affluent people living longer 
and longer could create an enormous and 
ever-growing ecological footprint.

Some people dream of a day when our 
genetic engineering prowess could eliminate 
death and aging altogether. As one’s cells, 
organs, or other parts wear out or become 
damaged, they could be replaced with new 
ones grown in genetic engineering facilities.

Assuming this is scientifically possible, 
is it morally acceptable to take this path? 
Who will decide? Who will regulate this new 
industry? Sometime in the not-too-distant fu-
ture, will we be able to change the nature of 

e have used artificial selec-
tion to change the genetic 

characteristics of populations with similar 
genes. In this process, we select one or more 
desirable genetic traits in the population of 
a plant or animal, such as a type of wheat, 
fruit, or dog. Then we use selective breed-
ing to generate populations of the species 
containing large numbers of individuals with 
the desired traits. Note that artificial selec-
tion involves crossbreeding between genetic 
varieties of the same species and thus is not a 
form of speciation. Most, of the grains, fruits, 
and vegetables we eat are produced by artifi-
cial selection.

Artificial selection has given us food crops 
with higher yields, cows that give more milk, 
trees that grow faster, and many different 
types of dogs and cats. But traditional cross-
breeding is a slow process. Also, it can com-
bine traits only from species that are close to 
one another genetically.

Now scientists are using genetic engineer-
ing to speed up our ability to manipulate 
genes. Genetic engineering, or gene splic-
ing, is the alteration of an organism’s genetic 
material, through adding, deleting, or chang-
ing segments of its DNA (Figure 11, p. S43, 
in Supplement 6), to produce desirable traits 
or eliminate undesirable ones. It enables sci-
entists to transfer genes between different 
species that would not interbreed in nature. 
For example, genes from a fish species can 
be put into a tomato plant to give it certain 
properties.

Scientists have used gene splicing to de-
velop modified crop plants, new drugs, pest-
resistant plants, and animals that grow rapidly 
(Figure 4-A). They have also created geneti-
cally engineered bacteria to extract minerals 
such as copper from their underground ores 
and to clean up spills of oil and other toxic 
pollutants.

Application of our increasing genetic 
knowledge is filled with great promise, but it 

W Figure 4-A An example of genetic 
engineering. The 6-month-old 
mouse on the left is normal; the 
same-age mouse on the right has 
a human growth hormone gene 
inserted in its cells. Mice with the 
human growth hormone gene 
grow two to three times faster 
and twice as large as mice without 
the gene. Question: How do you 
think the creation of such species 
might change the process of evolu-
tion by natural selection? 
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groups of species (perhaps 25–70%) are wiped out in 
a geological period lasting up to 5 million years. Fossil 
and geological evidence indicate that the earth’s species 
have experienced five mass extinctions (20–60 million 
years apart) during the past 500 million years. For ex-
ample, about 250 million years ago, as much as 95% of 
all existing species became extinct.

extinction. Based on the fossil record and analysis of 
ice cores, biologists estimate that the average annual 
background extinction rate is one to five species for 
each million species on the earth.

In contrast, mass extinction is a significant rise in 
extinction rates above the background level. In such 
a catastrophic, widespread (often global) event, large 
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Some biologists argue that a mass extinction should 
be distinguished by a low speciation rate as well as by 
a high rate of extinction. Under this more strict defini-
tion, there have been only three mass extinctions. As 
this subject is debated, the definitions will be refined, 
and one argument or the other will be adopted as the 
working hypothesis. Either way, there is substantial 
evidence that large numbers of species have become 
extinct several times in the past.

A mass extinction provides an opportunity for 
the evolution of new species that can fill unoccupied 

ecological roles or newly created ones. As environmen-
tal conditions change, the balance between formation 
of new species (speciation) and extinction of exist-
ing species determines the earth’s biodiversity (Con-
cept 4-4A). The existence of millions of species today 
means that speciation, on average, has kept ahead of 
extinction.

Extinction is a natural process. But much evidence 
indicates that humans have become a major force in 
the premature extinction of a growing number of spe-
cies, as discussed further in Chapter 9.

4-5 What Is Species Diversity and Why 
Is It Important?

CONCEPT 4-5 Species diversity is a major component of biodiversity and tends to 
increase the sustainability of ecosystems.

▲

Species Diversity Includes the 
Variety and Abundance of Species 
in a Particular Place
An important characteristic of a community and the 
ecosystem to which it belongs is its species diver-
sity: the number of different species it contains (spe-

cies richness) combined with the relative abundance 
of individuals within each of those species (species
evenness).

For example, a biologically diverse community such 
as a tropical rain forest or a coral reef (Figure 4-10, left) 
with a large number of different species (high species 
richness) generally has only a few members of each 

Figure 4-10 Variations in species richness and species evenness. A coral reef (left), with a large number of different 
species (high species richness), generally has only a few members of each species (low species evenness). In con-
trast, a grove of aspen trees in Alberta, Canada, in the fall (right) has a small number of different species (low 
species richness), but large numbers of individuals of each species (high species evenness).
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species (low species evenness). Biologist Terry Erwin 
found an estimated 1,700 different beetle species in a 
single tree in a tropical forest in Panama but only a few 
individuals of each species. On the other hand, an as-
pen forest community in Canada (Figure 4-10, right) 
may have only a few plant species (low species rich-
ness) but large numbers of each species (high species 
evenness).

The species diversity of communities varies with 
their geographical location. For most terrestrial plants and 
animals, species diversity (primarily species richness) is 
highest in the tropics and declines as we move from the 
equator toward the poles (see Figure 2, pp. S22–S23, 
in Supplement 4). The most species-rich environments 
are tropical rain forests, coral reefs (Figure 4-10, left), 
the ocean bottom zone, and large tropical lakes.

Scientists have sought to learn more about species 
richness by studying species on islands (Science Focus, 
above). Islands make good study areas because they are 
relatively isolated, and it is easier to observe species ar-
riving and disappearing from islands than it would be 
to make such a study in other less isolated ecosystems.

Learn about how latitude affects species diver-
sity and about the differences between big and small islands at 
CengageNOW.

Species-Rich Ecosystems 
Tend to Be Productive 
and Sustainable
How does species richness affect an ecosystem? In try-
ing to answer this question, ecologists have been con-
ducting research to answer two related questions: Is 
plant productivity higher in species-rich ecosystems? 
And does species richness enhance the stability, or sus-
tainability of an ecosystem? Research suggests that the 
answers to both questions may be “yes” but more re-
search is needed before these scientific hypotheses can 
be accepted as scientific theories.

According to the first hypothesis, the more diverse 
an ecosystem is, the more productive it will be. That 
is, with a greater variety of producer species, an eco-
system will produce more plant biomass, which in turn 
will support a greater variety of consumer species.

A related hypothesis is that greater species rich-
ness and productivity will make an ecosystem more 
stable or sustainable. In other words, the greater the 
species richness and the accompanying web of feeding 
and biotic interactions in an ecosystem, the greater its 
sustainability, or ability to withstand environmental 
disturbances such as drought or insect infestations. Ac-
cording to this hypothesis, a complex ecosystem with 

SCIENCE FOCUS

Species Richness on Islands

These factors interact to influence the 
relative species richness of different islands. 
Thus, larger islands closer to a mainland 
tend to have the most species, while smaller 
islands farther away from a mainland tend 
to have the fewest. Since MacArthur and 
Wilson presented their hypothesis and did 
their experiments, others have conducted 
more scientific studies that have born out 
their hypothesis, making it a widely accepted 
scientific theory.

Scientists have used this theory to study 
and make predictions about wildlife in habi-
tat islands—areas of natural habitat, such as 
national parks and mountain ecosystems, sur-
rounded by developed and fragmented land. 
These studies and predictions have helped 
scientists to preserve these ecosystems and 
protect their resident wildlife.

Critical Thinking
Suppose we have two national parks sur-
rounded by development. One is a large park 
and the other is much smaller. Which park 
is likely to have the highest species richness? 
Why?

(The website CengageNOW has a great in-
teractive animation of this model. Go to the 
end of any chapter for instructions on how to 
use it.)

According to the model, two features of 
an island affect the immigration and extinc-
tion rates of its species and thus its species 
diversity. One is the island’s size. Small islands 
tend to have fewer species than large islands 
do because they make smaller targets for 
potential colonizers flying or floating toward 
them. Thus, they have lower immigration 
rates than larger islands do. In addition, a 
small island should have a higher extinction 
rate because it usually has fewer resources 
and less diverse habitats for its species.

A second factor is an island’s distance
from the nearest mainland. Suppose we have 
two islands about equal in size, extinction 
rates, and other factors. According to the 
model, the island closer to a mainland source 
of immigrant species should have the higher 
immigration rate and thus a higher species 
richness. The farther a potential colonizing 
species has to travel, the less likely it is to 
reach the island.

n the 1960s, ecologists Robert 
MacArthur and Edward O. Wilson 

began studying communities on islands to 
discover why large islands tend to have more 
species of a certain category such as insects, 
birds, or ferns than do small islands.

To explain these differences in species 
richness among islands of varying sizes, 
MacArthur and Wilson carried out research 
and used their findings to propose what is 
called the species equilibrium model, or the 
theory of island biogeography. According 
to this widely accepted scientific theory, the 
number of different species (species richness) 
found on an island is determined by the inter-
actions of two factors: the rate at which new 
species immigrate to the island and the rate 
at which species become extinct, or cease to 
exist, on the island.

The model projects that, at some point, 
the rates of species immigration and species 
extinction should balance so that neither 
rate is increasing or decreasing sharply. This 
balance point is the equilibrium point that 
determines the island’s average number of 
different species (species richness) over time. 

I
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Each Species Plays a Unique 
Role in Its Ecosystem
An important principle of ecology is that each spe-
cies has a distinct role to play in the ecosystems where it is 
found (Concept 4-6A). Scientists describe the role that a 
species plays in its ecosystem as its ecological niche, 
or simply niche (pronounced “nitch”). It is a species’ 
way of life in a community and includes everything 
that affects its survival and reproduction, such as how 
much water and sunlight it needs, how much space it 
requires, and the temperatures it can tolerate. A spe-
cies’ niche should not be confused with its habitat, 
which is the place where it lives. Its niche is its pattern 
of living.

Scientists use the niches of species to classify them 
broadly as generalists or specialists. Generalist species 
have broad niches (Figure 4-11, right curve). They can 
live in many different places, eat a variety of foods, and 

4-6 What Roles Do Species Play in Ecosystems?
CONCEPT 4-6A Each species plays a specific ecological role called its niche.
CONCEPT 4-6B Any given species may play one or more of five important 
roles—native, nonnative, indicator, keystone, or foundation roles—in a particular 
ecosystem.

▲
▲

early and others will bloom late. Some have shallow 
roots to absorb water and nutrients in shallow soils, and 
others use deeper roots to tap into deeper soils.

There is some debate among scientists about how 
much species richness is needed to help sustain vari-
ous ecosystems. Some research suggests that the aver-
age annual net primary productivity of an ecosystem 
reaches a peak with 10–40 producer species. Many eco-
systems contain more than 40 producer species, but do 
not necessarily produce more biomass or reach a higher 
level of stability. Scientists are still trying to determine 
how many producer species are needed to enhance the 
sustainability of particular ecosystems and which pro-
ducer species are the most important in providing such 
stability.

Bottom line: species richness appears to increase 
the productivity and stability or sustainability of an 
ecosystem (Concept 4-5). While there may be some ex-
ceptions to this, most ecologists now accept it as a use-
ful hypothesis.

RESEARCH FRONTIER

Learning more about how biodiversity is related to ecosystem 
stability and sustainability. See academic.cengage.com/
biology/miller.
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Figure 4-11 
Specialist 
species such as 
the giant panda 
have a narrow 
niche (left) and 
generalist spe-
cies such as a 
raccoon have 
a broad niche 
(right). 

many different species (high species richness) and the 
resulting variety of feeding paths has more ways to re-
spond to most environmental stresses because it does 
not have “all its eggs in one basket.”

Many studies support the idea that some level of 
species richness and productivity can provide insurance 
against catastrophe. In one prominent 11-year study, 
David Tilman and his colleagues at the University of 
Minnesota found that communities with high plant 
species richness produced a certain amount of biomass 
more consistently than did communities with fewer 
species. The species-rich communities were also less 
affected by drought and more resistant to invasions 
by new insect species. Because of their higher level of 
biomass, the species-rich communities also consumed 
more carbon dioxide and took up more nitrogen, thus 
taking more robust roles in the carbon and nitrogen 
cycles (Concept 3-5, p. 65). Later laboratory 
studies involved setting up artificial ecosys-
tems in growth chambers where key variables such as 
temperature, light, and atmospheric gas concentrations 
could be controlled and varied. These studies have sup-
ported Tilman’s findings.

Ecologists hypothesize that in a species-rich ecosys-
tem, each species can exploit a different portion of the 
resources available. For example, some plants will bloom 
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often tolerate a wide range of environmental conditions. 
Flies, cockroaches (see Case Study below), mice, rats, 
white-tailed deer, raccoons, and humans are generalist 
species.

In contrast, specialist species occupy narrow 
niches (Figure 4-11, left curve). They may be able to 
live in only one type of habitat, use one or a few types 
of food, or tolerate a narrow range of climatic and 
other environmental conditions. This makes specialists 
more prone to extinction when environmental condi-
tions change.

For example, tiger salamanders breed only in fishless 
ponds where their larvae will not be eaten. China’s giant
panda (Figure 4-11, left) is highly endangered because 
of a combination of habitat loss, low birth rate, and 
its specialized diet consisting mostly of bamboo. Some 
shorebirds occupy specialized niches, feeding on crus-
taceans, insects, and other organisms on sandy beaches 
and their adjoining coastal wetlands (Figure 4-13).

Is it better to be a generalist or a specialist? It de-
pends. When environmental conditions are fairly con-
stant, as in a tropical rain forest, specialists have an 
advantage because they have fewer competitors. But 
under rapidly changing environmental conditions, the 
generalist usually is better off than the specialist.

THINKING ABOUT
The American Alligator’s Niche

Does the American alligator (Core Case Study) have 
a specialist or a generalist niche? Explain.

 ■ CASE STUDY

Cockroaches: Nature’s Ultimate 
Survivors
Cockroaches (Figure 4-12), the bugs many people love 
to hate, have been around for 350 million years, out-
living the dinosaurs. One of evolution’s great success 
stories, they have thrived because they are generalists.

The earth’s 3,500 cockroach species can eat almost 
anything, including algae, dead insects, fingernail clip-
pings, salts in tennis shoes, electrical cords, glue, paper, 
and soap. They can also live and breed almost any-
where except in polar regions.

Some cockroach species can go for a month without 
food, survive for a month on a drop of water from a 
dishrag, and withstand massive doses of radiation. One 
species can survive being frozen for 48 hours.

Cockroaches usually can evade their predators—
and a human foot in hot pursuit—because most spe-
cies have antennae that can detect minute movements 
of air. They also have vibration sensors in their knee 
joints, and they can respond faster than you can blink 
your eye. Some even have wings. They have compound 

eyes that allow them to see in almost all directions at 
once. Each eye has about 2,000 lenses, compared to 
one in each of your eyes.

And, perhaps most significantly, they have high re-
productive rates. In only a year, a single Asian cock-
roach and its offspring can add about 10 million new 
cockroaches to the world. Their high reproductive rate 
also helps them to quickly develop genetic resistance to 
almost any poison we throw at them.

Most cockroaches sample food before it enters their 
mouths and learn to shun foul-tasting poisons. They 
also clean up after themselves by eating their own dead 
and, if food is scarce enough, their living.

About 25 species of cockroach live in homes and 
can carry viruses and bacteria that cause diseases. On 
the other hand, cockroaches play a role in nature’s food 
webs. They make a tasty meal for birds and lizards.

Niches Can Be Occupied by Native 
and Nonnative Species
Niches can be classified further in terms of specific roles 
that certain species play within ecosystems. Ecologists 
describe native, nonnative, indicator, keystone, and foun-
dation species. Any given species may play one or more 
of these five roles in a particular community (Con-
cept 4-6B).

Native species are those species that normally live 
and thrive in a particular ecosystem. Other species that 
migrate into or are deliberately or accidentally intro-
duced into an ecosystem are called nonnative spe-
cies, also referred to as invasive, alien, or exotic species.

Figure 4-12 As generalists, cockroaches are among the earth’s 
most adaptable and prolific species. This is a photo of an American 
cockroach.
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Some people tend to think of nonnative species 
as villains. In fact, most introduced and domesticated 
species of crops and animals, such as chickens, cattle, 
and fish from around the world, are beneficial to us. 
However, some nonnative species can threaten a com-
munity’s native species and cause unintended and un-
expected consequences. In 1957, for example, Brazil 
imported wild African bees to help increase honey pro-
duction. Instead, the bees displaced domestic honey-
bees and reduced the honey supply.

Since then, these nonnative bee species—popularly 
known as “killer bees”—have moved northward into 
Central America and parts of the southwestern and 
southeastern United States. The wild African bees are 
not the fearsome killers portrayed in some horror mov-
ies, but they are aggressive and unpredictable. They 
have killed thousands of domesticated animals and an 
estimated 1,000 people in the western hemisphere, 
many of whom were allergic to bee stings.

Nonnative species can spread rapidly if they find a 
new more favorable niche. In their new niches, these 
species often do not face the predators and diseases 
they faced before, or they may be able to out-compete 
some native species in their new niches. We will ex-
amine this environmental threat in greater detail in 
Chapter 9.

Indicator Species Serve as Biological 
Smoke Alarms
Species that provide early warnings of damage to a 
community or an ecosystem are called indicator spe-
cies. For example, the presence or absence of trout 

species in water at temperatures within their range of 
tolerance (Figure 3-10, p. 58) is an indicator of water 
quality because trout need clean water with high levels 
of dissolved oxygen.

Birds are excellent biological indicators because they 
are found almost everywhere and are affected quickly 
by environmental changes such as loss or fragmenta-
tion of their habitats and introduction of chemical 
pesticides. The populations of many bird species are 
declining. Butterflies are also good indicator species 
because their association with various plant species 
makes them vulnerable to habitat loss and fragmenta-
tion. Some amphibians are also classified as indicator 
species (Case Study below).

Using a living organism to monitor environmental 
quality is not new. Coal mining is a dangerous occu-
pation, partly because of the underground presence of 
poisonous and explosive gases, many of which have 
no detectable odor. In the 1800s and early 1900s, 
coal miners took caged canaries into mines to act as 
early-warning sentinels. These birds sing loudly and of-
ten. If they quit singing for a long period and appeared 
to be distressed, miners took this as an indicator of the 
presence of poisonous or explosive gases and got out of 
the mine.

 ■ CASE STUDY

Why Are Amphibians Vanishing?
Amphibians (frogs, toads, and salamanders) live part 
of their lives in water and part on land. Populations of 
some amphibians, also believed to be indicator species, 
are declining throughout the world.

Figure 4-13 Specialized feeding niches of various bird species in a coastal wetland. This specialization reduces 
competition and allows sharing of limited resources.
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Amphibians were the first vertebrates to set foot on 
the earth. Historically, they have been better than many 
other species have been at adapting to environmental 
changes through evolution. But many amphibian spe-
cies apparently are having difficulty adapting to some of 
the rapid environmental changes that have taken place 
in the air and water and on the land during the past few 
decades—changes resulting mostly from human activi-
ties. Evolution takes time and some amphibians have 
traits that can make them vulnerable to certain changes 
in environmental conditions. Frogs, for example, are 
especially vulnerable to environmental disruption at 
various points in their life cycle (Figure 4-14).

As tadpoles, frogs live in water and eat plants; as 
adults, they live mostly on land and eat insects, which 
can expose them to pesticides. The eggs of frogs have 
no protective shells to block UV radiation or pollution. 
As adults, they take in water and air through their thin, 
permeable skins, which can readily absorb pollutants 
from water, air, or soil. During their life cycle, frogs 
and many other amphibian species also seek sunlight, 
which warms them and helps them to grow and de-
velop, but which also increases their exposure to UV 
radiation.

Since 1980, populations of hundreds of the world’s 
almost 6,000 amphibian species have been vanish-
ing or declining in almost every part of the world, 
even in protected wildlife reserves and parks. Accord-

ing to the 2004 Global Amphibian Assessment, about 
33% of all known amphibian species (and more than 
80% of those in the Caribbean) are threatened with 
extinction, and populations of 43% of the species are 
declining.

No single cause has been identified to explain these 
amphibian declines. However, scientists have identified 
a number of factors that can affect frogs and other am-
phibians at various points in their life cycles:

• Habitat loss and fragmentation, especially from drain-
ing and filling of inland wetlands, deforestation, 
and urban development

• Prolonged drought, which can dry up breeding pools 
so that few tadpoles survive

• Pollution, especially exposure to pesticides, which 
can make frogs more vulnerable to bacterial, viral, 
and fungal diseases

• Increases in UV radiation caused by reductions in 
stratospheric ozone during the past few decades, 
caused by chemicals we have put into the air that 
have ended up in the stratosphere

• Parasites such as flatbed worms, which feed on 
the amphibian eggs laid in water, apparently have 
caused an increase in births of amphibians with 
missing or extra limbs

Young frog
Adult frog
(3 years) Young frog
Adult frog
(3 years)

Tadpole
develops
into frog

Tadpole

Egg hatchesFertilized egg
development

Sexual
reproduction

Sperm

Eggs

Organ formation

Figure 4-14 Life cycle of a frog. Populations of various frog species can decline because of the effects of harmful 
factors at different points in their life cycle. Such factors include habitat loss, drought, pollution, increased ultraviolet 
radiation, parasitism, disease, overhunting by humans, and nonnative predators and competitors.
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• Viral and fungal diseases, especially the chytrid fun-
gus, which attacks the skin of frogs, apparently 
reducing their ability to take in water, which leads 
to death from dehydration. Such diseases spread 
when adults of many amphibian species congregate 
in large numbers to breed.

• Climate change. A 2005 study found an appar-
ent correlation between global warming and the 
extinction of about two-thirds of the 110 known 
species of harlequin frog in tropical forests in 
Central and South America by creating favorable 
conditions for the spread of the deadly chytrid 
fungus to the frogs. But a 2008 study cast doubt 
on this hypothesis—another example of how sci-
ence works. Climate change from global warming 
has also been identified as the primary cause of the 
extinction of the golden toad in Costa Rica (Fig-
ure 4-9).

• Overhunting, especially in Asia and France, where 
frog legs are a delicacy

• Natural immigration of, or deliberate introduction of, 
nonnative predators and competitors (such as certain 
fish species)

A combination of such factors probably is respon-
sible for the decline or disappearance of most amphib-
ian species.

RESEARCH FRONTIER

Learning more about why amphibians are disappearing 
and applying this knowledge to other threatened species. See 
academic.cengage.com/biology/miller.

Why should we care if some amphibian species be-
come extinct? Scientists give three reasons. First, am-
phibians are sensitive biological indicators of changes 
in environmental conditions such as habitat loss and 
degradation, air and water pollution, exposure to ultra-
violet light, and climate change. Their possible extinc-
tion suggests that environmental health is deteriorating 
in parts of the world.

Second, adult amphibians play important ecologi-
cal roles in biological communities. For example, am-
phibians eat more insects (including mosquitoes) than 
do birds. In some habitats, extinction of certain am-
phibian species could lead to extinction of other spe-
cies, such as reptiles, birds, aquatic insects, fish, mam-
mals, and other amphibians that feed on them or their 
larvae.

Third, amphibians are a genetic storehouse of phar-
maceutical products waiting to be discovered. Com-
pounds in secretions from amphibian skin have been 
isolated and used as painkillers and antibiotics and as 
treatment for burns and heart disease.

The rapidly increasing global extinction of a variety 
of amphibian species is a warning about the harmful 

effects of an array of environmental threats to biodi-
versity. Like canaries in a coal mine, these indicator 
species are sending us urgent distress signals.

Keystone and Foundation 
Species Help Determine the 
Structure and Functions of Their 
Ecosystems
A keystone is the wedge-shaped stone placed at the top 
of a stone archway. Remove this stone and the arch 
collapses. In some communities and ecosystems, ecolo-
gists hypothesize that certain species play a similar role. 
Keystone species have a large effect on the types and 
abundances of other species in an ecosystem.

The effects that keystone species have in their 
ecosystems is often much larger than their numbers 
would suggest, and because of their relatively limited 
numbers, some keystone species are more vulnerable 
to extinction than others are. As was shown by the 
near extinction of the American alligator (Core
Case Study) in the southeastern United States, 
eliminating a keystone species may dramatically alter 
the structure and function of a community.

Keystone species can play several critical roles in 
helping to sustain an ecosystem. One such role is pol-
lination of flowering plant species by bees, butterflies 
(Figure 3-A, left, p. 54), hummingbirds, bats, and other 
species. In addition, top predator keystone species feed 
on and help regulate the populations of other species. 
Examples are the alligator, wolf, leopard, lion, and 
some shark species (see Case Study, p. 96).

Ecologist Robert Paine conducted a controlled ex-
periment along the rocky Pacific coast of the U.S. state 
of Washington that demonstrated the keystone role of 
the top-predator sea star Piaster orchaceus in an intertidal 
zone community. Paine removed the mussel-eating 
Piaster sea stars from one rocky shoreline community 
but not from an adjacent community, which served as 
a control group. Mussels took over and crowded out 
most other species in the community without the Pias-
ter sea stars.

The loss of a keystone species can lead to population 
crashes and extinctions of other species in a commu-
nity that depends on it for certain services, as we saw 
in the Core Case Study that opens this chapter. 
This explains why it so important for scientists 
to identify and protect keystone species.

Another important type of species in some ecosys-
tems is a foundation species, which plays a major 
role in shaping communities by creating and enhancing 
their habitats in ways that benefit other species. For ex-
ample, elephants push over, break, or uproot trees, cre-
ating forest openings in the grasslands and woodlands 
of Africa. This promotes the growth of grasses and other 
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forage plants that benefit smaller grazing species such 
as antelope. It also accelerates nutrient cycling rates.

Beavers are another good example of a foundation 
species. Acting as “ecological engineers,” they build 
dams in streams to create ponds and other wetlands 
used by other species. Some bat and bird foundation 
species help to regenerate deforested areas and spread 
fruit plants by depositing plant seeds in their droppings.

Keystone and foundation species play similar roles. 
In general, the major difference between the two types 
of species is that foundation species help to create habi-
tats and ecosystems. They often do this almost liter-
ally by providing the foundation for the ecosystem (as 
beavers do, for example). On the other hand, keystone 
species can do this and more. They sometimes play this 
foundation role (as do American alligators, for exam-
ple), but they also play an active role in maintaining 
the ecosystem and keeping it functioning in a way that 
serves the other species living there. (Recall that the 
American alligator helps to keep the waters in its habi-
tat clear of invading vegetation for use by other species 
that need open water.)

RESEARCH FRONTIER

Identifying and protecting keystone and foundation species. 
See academic.cengage.com/biology/miller.

THINKING ABOUT
The American Alligator

What species might disappear or suffer sharp popu-
lation declines if the American alligator (Core Case 
Study) became extinct in subtropical wetland ecosystems?

 ■ CASE STUDY

Why Should We Protect Sharks?
The world’s 370 shark species vary widely in size. The 
smallest is the dwarf dog shark, about the size of a large 
goldfish. The largest, the whale shark, can grow to 15 
meters (50 feet) long and weigh as much as two full-
grown African elephants.

Shark species that feed at or near the tops of food 
webs (Figure 3-14, p. 63) remove injured and sick ani-
mals from the ocean, and thus play an important eco-
logical role. Without the services provided by these key-
stone species, the oceans would be teeming with dead and 
dying fish.

In addition to their important ecological roles, sharks 
could save human lives. If we can learn why they almost 
never get cancer, we could possibly use this information 
to fight cancer in our own species. Scientists are also 
studying their highly effective immune system, which 
allows wounds to heal without becoming infected.

Many people—influenced by movies, popular nov-
els, and widespread media coverage of a fairly small 
number of shark attacks per year—think of sharks as 

people-eating monsters. In reality, the three largest spe-
cies—the whale shark, basking shark, and megamouth 
shark—are gentle giants. They swim through the water 
with their mouths open, filtering out and swallowing 
huge quantities of plankton.

Media coverage of shark attacks greatly distorts the 
danger from sharks. Every year, members of a few spe-
cies—mostly great white, bull, tiger, gray reef, lemon, 
hammerhead, shortfin mako, and blue sharks—injure 
60–100 people worldwide. Since 1990, sharks have 
killed an average of seven people per year. Most attacks 
involve great white sharks, which feed on sea lions and 
other marine mammals and sometimes mistake divers 
and surfers for their usual prey. Compare the risks: pov-
erty prematurely kills about 11 million people a year, to-
bacco 5 million a year, and air pollution 3 million a year.

For every shark that injures a person, we kill at least 
1 million sharks. Sharks are caught mostly for their valu-
able fins and then thrown back alive into the water, 
fins removed, to bleed to death or drown because they 
can no longer swim. The fins are widely used in Asia as 
a soup ingredient and as a pharmaceutical cure-all. A 
top (dorsal) fin from a large whale shark can fetch up 
to $10,000. In high-end restaurants in China, a bowl of 
shark fin soup can cost $100 or more. Ironically, shark 
fins have been found to contain dangerously high lev-
els of toxic mercury.

Sharks are also killed for their livers, meat, hides, 
and jaws, and because we fear them. Some sharks die 
when they are trapped in nets or lines deployed to catch 
swordfish, tuna, shrimp, and other species. Sharks are 
especially vulnerable to overfishing because they grow 
slowly, mature late, and have only a few offspring per 
generation. Today, they are among the most vulnerable 
and least protected animals on earth.

In 2008, The IUCN-World Conservation Union re-
ported that the populations of many large shark spe-
cies have declined by half since the 1970s. Because of 
the increased demand for shark fins and meat, eleven 
of the world’s open ocean shark species are considered 
critically endangered or endangered, and 81 species are 
threatened with extinction. In response to a public out-
cry over depletion of some species, the United States 
and several other countries have banned the hunting 
of sharks for their fins. But such bans apply only in ter-
ritorial waters and are difficult to enforce.

Scientists call for banning shark finning in inter-
national waters and establishing a network of fully pro-
tected marine reserves to help protect coastal shark and 
other aquatic species from overfishing. Between 1970 
and 2005, overfishing of hammerhead, bull, dusky, and 
other large predatory sharks in the northwest Atlan-
tic for their fins and meat cut their numbers by 99%. 
In 2007, scientists Charles “Pete” Peterson and Julia 
Baum reported that this decline may be indirectly deci-
mating the bay scallop fishery along the eastern coast 
of the United States. With fewer sharks around, popu-
lations of rays and skates, which sharks normally feed 



ACADEMIC.CENGAGE.COM/BIOLOGY/MILLER 97

All we have yet discovered is but a trifle 
in comparison with what lies hid 
in the great treasury of nature.

ANTOINE VAN LEEUWENHOEK

REVIEW

1. Review the Key Questions and Concepts for this chapter 
on p. 78. Explain why we should protect the American 
alligator (Core Case Study) from being driven to 
extinction as a result of our activities.

2. What are the four major components of biodiversity
(biological diversity)? What is the importance of 
biodiversity?

3. What is biological evolution? What is natural selec-
tion? What is a fossil and why are fossils important in 
understanding biological evolution? What is a mutation
and what role do mutations play in evolution by natu-
ral selection? What is an adaptation (adaptive trait)?
What is differential reproduction? How did we be-
come such a powerful species?

4. What are two limits to evolution by natural selection? 
What are three myths about evolution through natural 
selection?

5. Describe how geologic processes and climate change 
can affect natural selection. Describe conditions on 
the earth that favor the development of life as we 
know it.

6. What is speciation? Distinguish between geographic
isolation and reproductive isolation and explain 
how they can lead to the formation of a new species. 
Distinguish between artificial selection and genetic
engineering (gene splicing) and give an example of 
each. What are some possible social, ethical, and envi-
ronmental problems with the widespread use of genetic 

■✓on, have exploded and are feasting on bay scallops in 
seagrass beds along the Atlantic coast.

Sharks have been around for more than 400 million 
years. Sustaining this portion of the earth’s biodiversity 
begins with the knowledge that sharks may not need 
us, but that we and other species need them.

HOW WOULD YOU VOTE?

Do we have an ethical obligation to protect shark species 
from premature extinction and to treat them humanely? 
Cast your vote online at academic.cengage.com/biology/
miller.

The American Alligator and Sustainability

The Core Case Study of the American alligator at the beginning 
of this chapter illustrates the power humans have over the envi-
ronment—the power both to do harm and to make amends. As 
most American alligators were eliminated from their natural areas 
in the 1950s, scientists began pointing out the ecological benefits 
these animals had been providing to their ecosystems (such as 
building water holes, nesting mounds, and feeding sites for other 
species). Scientific understanding of these ecological connections 
led to protection of this species and to its recovery.

In this chapter, we studied the importance of biodiversity, 
especially the numbers and varieties of species found in different 
parts of the world (species richness), along with the other forms 
of biodiversity—functional, ecosystem, and genetic diversity. We 
also studied the process whereby all species came to be, accord-
ing to scientific theory of biological evolution through natural 

selection. Taken together, these two great assets, biodiversity and 
evolution, represent irreplaceable natural capital. Each depends 
upon the other and upon whether humans can respect and pre-
serve this natural capital. Finally, we examined the variety of roles 
played by species in ecosystems.

Ecosystems and the variety of species they contain are func-
tioning examples of the four scientific principles of sustain-
ability (see back cover) in action. They depend on solar energy 
and provide functional biodiversity in the form of energy flow and 
the chemical cycling of nutrients. In addition, ecosystems sustain 
biodiversity in all its forms, and population sizes are controlled by 
interactions among diverse species. In the next chapter, we delve 
further into this natural regulation of populations and the biodi-
versity of ecosystems.

REVISITING 
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Note: See Supplement 13 (p. S78) for a list of Projects related to this chapter.

CRITICAL THINKING

1. List three ways in which you could apply Concept 4-4B
in order to live a more environmentally sustainable 
lifestyle.

2. Explain what could happen to the ecosystem 
where American alligators (Core Case Study) live 
if the alligators went extinct. Name a plant species 
and an animal species that would be seriously af-
fected, and describe how each might respond to these 
changes in their environmental conditions.

3. What role does each of the following processes 
play in helping implement the four scientific prin-
ciples of sustainability (see back cover): (a) natural 
selection, (b) speciation, and (c) extinction?

4. Describe the major differences between the ecological 
niches of humans and cockroaches. Are these two spe-
cies in competition? If so, how do they manage to coexist?

5. How would you experimentally determine whether an 
organism is a keystone species?

6. Is the human species a keystone species? Explain. If hu-
mans were to become extinct, what are three species that 

might also become extinct and three species whose popu-
lations would probably grow?

7. How would you respond to someone who tells you:
a. that he or she does not believe in biological evolution 

because it is “just a theory”?
b. that we should not worry about air pollution because 

natural selection will enable humans to develop lungs 
that can detoxify pollutants?

8. How would you respond to someone who says that be-
cause extinction is a natural process, we should not worry 
about the loss of biodiversity when species become pre-
maturely extinct as a result of our activities?

9. Congratulations! You are in charge of the future evolution 
of life on the earth. What are the three most important 
things you would do?

10. List two questions that you would like to have answered 
as a result of reading this chapter.

DATA ANALYSIS

Injuries and deaths from shark attacks are highly publicized by 
the media. However, the risk of injury or death from a shark 
attack for people going into coastal waters as swimmers, surf-
ers, or divers is extremely small (see Case Study, p. 96). For 
example, according to the National Safety Council, the Centers 
for Disease Control and Prevention, and the International 
Shark Attack File, the estimated lifetime risk of dying from a 
shark attack in the United States is about 1 in 3,750,000 com-
pared to risks of 1 in 1,130 from drowning, 1 in 218 from a 

fall, 1 in 84 from a car accident, 1 in 63 from the flu, and 1 in 
38 from a hospital infection.

Between 1998 and 2007, the United States had the world’s 
highest percentage of deaths and injuries from unprovoked 
shark attacks, and the U.S. state of Florida had the country’s 
highest percentage of deaths and injuries from unprovoked 
shark attacks, as shown by the following data about shark 
attacks in the world, in the United States, and in Florida.

Note: Key Terms are in bold type.

engineering? What is extinction? What is an endemic
species and why is it vulnerable to extinction? Dis-
tinguish between background extinction and mass
extinction.

7. What is species diversity? Distinguish between 
species richness and species evenness and give an 
example of each. Describe the theory of island bio-
geography (species equilibrium model). Explain 
why species-rich ecosystems tend to be productive and 
sustainable.

8. What is an ecological niche? Distinguish between spe-
cialist species and generalist species and give an ex-
ample of each.

9. Distinguish among native, nonnative, indicator, 
keystone, and foundation species and give an example 
of each type. Explain why birds are excellent indicator 
species. Why are amphibians vanishing and why should 
we protect them? Why should we protect shark species 
from being driven to extinction as a result of our ac-
tivities? Describe the role of the beaver as a foundation 
species.

10. Explain how the role of the American alligator 
in its ecosystem (Core Case Study) illustrates 
the biodiversity principles of sustainability?
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LEARNING ONLINE

Log on to the Student Companion Site for this book at 
academic.cengage.com/biology/miller, and choose Chapter 
4 for many study aids and ideas for further reading and re-

search. These include flash cards, practice quizzing, Weblinks, 
information on Green Careers, and InfoTrac® College Edition 
articles.

1. What is the average number for each of the nine columns 
of data—unprovoked shark attacks, deaths, and non-fatal 
injuries between 1998 and 2007 for the world, the United 
States, and Florida?

2. What percentage of the world’s average annual unpro-
voked shark attacks between 1998 and 2007 occurred in 
(a) the United States and (b) Florida?

2. What percentage of the average annual unprovoked shark 
attacks in the United States between 1998 and 2007 oc-
curred in Florida?

 World United States Florida

 Total Fatal Non-fatal Total Fatal Non-fatal Total Fatal Non-fatal
Year Attacks Attacks Attacks Attacks Attacks Attacks Attacks Attacks Attacks

1998 51 6 45 26 1 25 21 1 20

1999 56 4 52 38 0 38 26 0 26

2000 79 11 68 53 1 52 37 1 36

2001 68 4 64 50 3 47 34 1 33

2002 62 3 59 47 0 47 29 0 29

2003 57 4 53 40 1 39 30 0 30

2004 65 7 58 30 2 28 12 0 12

2005 61 4 57 40 1 39 20 1 19

2006 63 4 59 40 0 40 23 0 23

2007 71 1 70 50 0 50 32 0 32

Source: Data from International Shark Attack File, Florida Museum of Natural 
History, University of Florida.
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a result, they help to generate millions of dollars a year in tourism 
income in coastal areas where they are found. Another reason is 
ethical. Some people believe it is wrong to cause the premature 
extinction of any species.

A third reason to care about otters—and a key reason in our 
study of environmental science—is that biologists classify them 
as a keystone species (p. 95), which play an important ecological 
role through its interactions with other species. The otters help 
to keep sea urchins and other kelp-eating species from depleting 
highly productive and rapidly growing kelp forests, which provide 
habitats for a number of species in offshore coastal waters, as 
discussed in more detail later in this chapter. Without southern 
sea otters, sea urchins would probably destroy the kelp forests 
and much of the rich biodiversity associated with them.

Biodiversity, an important part of the earth’s natural 
capital, is the focus of one of the four scientific prin-

ciples of sustainability (see back cover). 
One of its components is species diversity (Fig-
ure 4-2, p. 79), which is affected by how species inter-
act with one another and, in the process, help control 
each others’ population sizes.

Southern Sea Otters: Are They Back 
from the Brink of Extinction?

Southern sea otters (Figure 5-1, top left) live in giant kelp for-
ests (Figure 5-1, right) in shallow waters along part of the Pacific 
coast of North America. Most remaining members of this endan-
gered species are found between the U.S. state of California’s 
coastal cities of Santa Cruz and Santa Barbara.

Southern sea otters are fast and agile swimmers that dive 
to the ocean bottom looking for shellfish and other prey. These 
tool-using marine mammals use stones to pry shellfish off 
rocks under water. When they return to the surface they break 
open the shells while swimming on their backs, using their bel-
lies as a table (Figure 5-1, top left). Each day a sea otter con-
sumes about a fourth of its weight in clams, mussels, crabs, sea 
urchins, abalone, and about 40 other species of bottom-dwelling 
organisms.

Historically, between 16,000 and 17,000 southern sea otters 
are believed to have populated the waters along their habitat 
area of the California coast 
before fur traders began 
killing them for their thick, 
luxurious fur. For that rea-
son, and because the otters 
competed with humans for 
valuable abalone and other 
shellfish, the species was 
hunted almost to extinction 
in this region by the early 
1900s.

However, between 
1938 and 2007 the popu-
lation of southern sea ot-
ters off California’s coast 
increased from about 50 to 
almost 3,026. This partial 
recovery was helped when, in 1977, the U.S. Fish and 
Wildlife Service declared the species endangered in 
most of its range. But this species has a long way to go 
before its population increases enough to allow remov-
ing it from the endangered species list.

Why should we care about this species? One rea-
son is that people love to look at these charismatic, 
cute, and cuddly animals as they play in the water. As 

Biodiversity, Species 
Interactions, and 
Population Control
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Figure 5-1 An endangered southern sea otter in Monterey 
Bay, California (USA), uses a stone to crack the shell of a 
clam (top left). It lives in a giant kelp bed near San Clemente 
Island, California (right). Scientific studies indicate that the 
otters act as a keystone species in a kelp forest system by 
helping to control the populations of sea urchins and other 
kelp-eating species.
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Species Interact in Five Major Ways
Ecologists identify five basic types of interactions be-
tween species that share limited resources such as food, 
shelter, and space:

• Interspecific competition occurs when members 
of two or more species interact to gain access to the 
same limited resources such as food, light, or space.

• Predation occurs when a member of one spe-
cies (the predator ) feeds directly on all or part of a 
member of another species (the prey).

• Parasitism occurs when one organism (the para-
site) feeds on the body of, or the energy used by, 
another organism (the host ), usually by living on or 
in the host.

• Mutualism is an interaction that benefits both 
species by providing each with food, shelter, or 
some other resource.

• Commensalism is an interaction that benefits one 
species but has little, if any, effect on the other.

These interactions have significant effects on the 
resource use and population sizes of the species in an 

ecosystem (Concept 5-1). Interactions that help to limit 
population size illustrate one of the four scien-
tific principles of sustainability (see back cover). 
These interactions also influence the abilities 
of the interacting species to survive and repro-
duce; thus the interactions serve as agents of 
natural selection (Concept 4-2B, p. 80).

Most Species Compete with One 
Another for Certain Resources
The most common interaction between species is compe-
tition for limited resources. While fighting for resources 
does occur, most competition involves the ability of 
one species to become more efficient than another spe-
cies in acquiring food or other resources.

Recall that each species plays a unique role in its 
ecosystem called its ecological niche (p. 91). Some species 
are generalists with broad niches and some are special-
ists with narrow niches. When two species compete 
with one another for the same resources such as food, 
light, or space, their niches overlap (Figure 4-11, p. 91). 

Key Questions and Concepts

5-1 How do species interact?
CONCEPT 5 - 1  Five types of species interactions—competition, 
predation, parasitism, mutualism, and commensa lism—affect the 
resource use and population sizes of the species in an ecosystem.

5-2 How can natural selection reduce competition 
between species?
CONCEPT 5 -2  Some species develop adaptations that allow 
them to reduce or avoid competition with other species for 
resources.

5-3 What limits the growth of populations?
CONCEPT 5 -3  No population can continue to grow indefinitely 
because of limitations on resources and because of competition 
among species for those resources.

5-4 How do communities and ecosystems respond 
to changing environmental conditions?
CONCEPT 5 -4  The structure and species composition of 
communities and ecosystems change in response to changing 
environmental conditions through a process called ecological 
succession.

In looking at nature, never forget that every single organic being around us 
may be said to be striving to increase its numbers.

CHARLES DARWIN, 1859

5-1 How Do Species Interact?
CONCEPT 5-1 Five types of species interactions—competition, predation, 
parasitism, mutualism, and commensalism—affect the resource use and population 
sizes of the species in an ecosystem.

▲

Note: Supplements 2 (p. S4), 4 (p. S20), 5 (p. S31), 6 (p. S39), and 13 (p. S78) can be 
used with this chapter.

Links: refers to the Core Case Study. refers to the book’s sustainability theme. indicates links to key concepts in earlier chapters.
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The greater this overlap the more intense their compe-
tition for key resources.

Although different species may share some aspects of 
their niches, no two species can occupy exactly the same 
ecological niche for very long—a concept known as the 
competitive exclusion principle. When there is intense com-
petition between two species for the same resources, 
both species suffer harm by having reduced access to 
important resources. If one species can take over the 
largest share of one or more key resources, the other 
competing species must migrate to another area (if pos-
sible), shift its feeding habits or behavior through natu-
ral selection to reduce or alter its niche, suffer a sharp 
population decline, or become extinct in that area.

Humans compete with many other species for space, 
food, and other resources. As our ecological footprints 
grow and spread (Figure 1-10, p. 15) and we convert 
more of the earth’s land, aquatic resources, and net pri-
mary productivity (Figure 3-16, p. 64) to our uses, we 
are taking over the habitats of many other species and 
depriving them of resources they need to survive.

THINKING ABOUT
Humans and the Southern Sea Otter

What human activities have interfered with the eco-
logical niche of the southern sea otter (Core Case Study)?

Most Consumer Species Feed 
on Live Organisms of Other Species
All organisms must have a source of food to survive. 
Recall that members of producer species, such as plants 
and floating phytoplankton, make their own food, 
mostly through photosynthesis (p. 58). Other species 
are consumers that interact with some species by feed-
ing on them. Some consumers feed on live individuals 
of other species. They include herbivores that feed on 
plants, carnivores that feed on the flesh of other ani-
mals, and omnivores that feed on plants and animals. 
Other consumers, such as detritus feeders and decom-
posers, feed on the wastes or dead bodies of organisms.

In predation, a member of one species (the preda-
tor) feeds directly on all or part of a living organism of 
another plant or animal species (the prey) as part of a 
food web (Concept 3-4A, p. 61). Together, the 
two different species, such as lions (the pred-
ator or hunter) and zebras (the prey or hunted), form 
a predator–prey relationship. Such relationships are 
shown in Figures 3-13 (p. 62) and 3-14 (p. 63).

Herbivores, carnivores, and omnivores are preda-
tors. However, detritus feeders and decomposers, while 
they do feed on other organisms after they have died, 
are not considered predators because they do not feed 
on live organisms.

Sometimes predator–prey relationships can sur-
prise us. During the summer months, the grizzly bears 

of the Greater Yellowstone ecosystem in the western 
United States eat huge amounts of army cutworm 
moths, which huddle in masses high on remote moun-
tain slopes. One grizzly bear can dig out and lap up as 
many as 40,000 of these moths in a day. Consisting of 
50–70% fat, the moths offer a nutrient that the bear 
can store in its fatty tissues and draw on during its win-
ter hibernation.

In giant kelp forest ecosystems, sea urchins prey on 
giant kelp, a form of seaweed (Core Case Study,
Figure 5-1, right). However, as keystone spe-
cies, southern sea otters (Figure 5-1, top left) prey on 
the sea urchins and help to keep them from destroying 
the kelp forest ecosystems (Science Focus, p. 104).

Predators have a variety of methods that help 
them capture prey. Herbivores can simply walk, swim, 
or fly up to the plants they feed on. For example, sea 
urchins (Science Focus, Figure 5-A, p. 104) can move 
along the ocean bottom to feed on the base of giant 
kelp plants. Carnivores feeding on mobile prey have two 
main options: pursuit and ambush. Some, such as the 
cheetah, catch prey by running fast; others, such as the 
American bald eagle, can fly and have keen eyesight; 
still others, such as wolves and African lions, cooperate 
in capturing their prey by hunting in packs.

Other predators use camouflage to hide in plain sight 
and ambush their prey. For example, praying mantises 
(Figure 3-A, right, p. 54) sit in flowers of a similar color 
and ambush visiting insects. White ermines (a type of 
weasel) and snowy owls hunt in snow-covered areas. 
People camouflage themselves to hunt wild game and 
use camouflaged traps to ambush wild game.

Some predators use chemical warfare to attack their 
prey. For example, spiders and poisonous snakes 
use venom to paralyze their prey and to deter their 
predators.

Prey species have evolved many ways to avoid 
predators, including abilities to run, swim, or fly fast, 
and highly developed senses of sight or smell that 
alert them to the presence of predators. Other avoid-
ance adaptations include protective shells (as on arma-
dillos and turtles), thick bark (giant sequoia), spines 
(porcupines), and thorns (cacti and rosebushes). Many 
lizards have brightly colored tails that break off when 
they are attacked, often giving them enough time to 
escape.

Other prey species use the camouflage of certain 
shapes or colors or the ability to change color (chame-
leons and cuttlefish). Some insect species have shapes 
that make them look like twigs (Figure 5-2a), bark, 
thorns, or even bird droppings on leaves. A leaf insect 
can be almost invisible against its background (Fig-
ure 5-2b), as can an arctic hare in its white winter fur.

Chemical warfare is another common strategy. Some 
prey species discourage predators with chemicals that 
are poisonous (oleander plants), irritating (stinging net-
tles and bombardier beetles, Figure 5-2c), foul smelling
(skunks, skunk cabbages, and stinkbugs), or bad tast-
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(a) Span worm (b) Wandering leaf insect

(c) Bombardier beetle (d) Foul-tasting monarch butterfly

(f) Viceroy butterfly mimics 
    monarch butterfly

(e) Poison dart frog

(g) Hind wings of Io moth 
     resemble eyes of a much 
     larger animal.

(h) When touched, 
     snake caterpillar changes 
     shape to look like head of snake.

ing (buttercups and monarch butterflies, Figure 5-2d). 
When attacked, some species of squid and octopus emit 
clouds of black ink, allowing them to escape by confus-
ing their predators.

Many bad-tasting, bad-smelling, toxic, or stinging 
prey species have evolved warning coloration, brightly 
colored advertising that enables experienced preda-
tors to recognize and avoid them. They flash a warning: 
“Eating me is risky.” Examples are brilliantly colored 
poisonous frogs (Figure 5-2e); and foul-tasting mon-
arch butterflies (Figure 5-2d). For example, when a bird 
such as a blue jay eats a monarch butterfly it usually 
vomits and learns to avoid them.

Biologist Edward O. Wilson gives us two rules, based 
on coloration, for evaluating possible danger from an 
unknown animal species we encounter in nature. First, 
if it is small and strikingly beautiful, it is probably poi-
sonous. Second, if it is strikingly beautiful and easy to 
catch, it is probably deadly.

Some butterfly species, such as the nonpoisonous 
viceroy (Figure 5-2f), gain protection by looking and 
acting like the monarch, a protective device known as 
mimicry. Other prey species use behavioral strategies to 
avoid predation. Some attempt to scare off predators by 
puffing up (blowfish), spreading their wings (peacocks), 
or mimicking a predator (Figure 5-2h). Some moths 
have wings that look like the eyes of much larger ani-
mals (Figure 5-2g). Other prey species gain some pro-
tection by living in large groups such as schools of fish 
and herds of antelope.

THINKING ABOUT
Predation and the Southern Sea Otter

Describe a trait possessed by the southern sea otter 
(Core Case Study) that helps it (a) catch prey and 
(b) avoid being preyed upon?

At the individual level, members of the predator 
species benefit and members of the prey species are 
harmed. At the population level, predation plays a 
role in evolution by natural selection (Con-
cept 4-2B, p. 80). Animal predators, for ex-
ample, tend to kill the sick, weak, aged, and least fit 
members of a population because they are the easiest 
to catch. This leaves behind individuals with better de-
fenses against predation. Such individuals tend to sur-
vive longer and leave more offspring with adaptations 
that can help them avoid predation. Thus, predation 
can help increase biodiversity by promoting natural se-
lection in which species evolve with the ability to share 
limited resources by reducing their niche overlap.

Some people tend to view certain animal predators 
with contempt. When a hawk tries to capture and feed 
on a rabbit, some root for the rabbit. Yet the hawk, like 
all predators, is merely trying to get enough food for 
itself and its young. In doing so, it plays an important 
ecological role in controlling rabbit populations.

Predator and Prey Species 
Can Drive Each Other’s Evolution
To survive, predators must eat and prey must avoid be-
coming a meal. As a result, predator and prey popula-
tions exert intense natural selection pressures on one 
another. Over time, as prey develop traits that make 
them more difficult to catch, predators face selection 

Figure 5-2 Some ways in which prey species avoid their predators: (a, b) camouflage, 
(c–e) chemical warfare, (d, e) warning coloration, (f) mimicry, (g) deceptive looks, 
and (h) deceptive behavior. 
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quencies, they try to escape by dropping to the ground 
or flying evasively.

Some bat species evolved ways to counter this de-
fense by changing the frequency of their sound pulses. 
In turn, some moths have evolved their own high-
frequency clicks to jam the bats’ echolocation systems. 
Some bat species then adapted by turning off their 
echolocation systems and using the moths’ clicks to lo-
cate their prey.

Coevolution is like an arms race between interact-
ing populations of different species. Sometimes the 
predators surge ahead; at other times the prey get the 
upper hand. Coevolution is one of nature’s ways of 
maintaining long-term sustainability through popula-
tion control (see back cover and Concept 1-6,
p. 23), and it can promote biodiversity by in-
creasing species diversity.

However, we should not think of coevolution as 
a process with which species can design strategies to 
increase their survival chances. Instead, it is a prime 
example of populations responding to changes in en-
vironmental conditions as part of the process of evolu-
tion by natural selection. And, unlike a human arms 

pressures that favor traits that increase their ability to 
catch prey. Then prey must get better at eluding the 
more effective predators.

When populations of two different species inter act
in this way over a such long period of time, changes in 
the gene pool of one species can lead to changes in the 
gene pool of the other species. Such changes can help 
both sides to become more competitive or can help to 
avoid or reduce competition. Biologists call this process 
coevolution.

Consider the species interaction between bats (the 
predator) and certain species of moths (the prey). Bats 
like to eat moths, and they hunt at night (Figure 5-3) 
and use echolocation to navigate and to locate their 
prey, emitting pulses of extremely high-frequency and 
high-intensity sound. They capture and analyze the 
returning echoes and create a sonic “image” of their 
prey. (We have copied this natural technology by using 
sonar to detect submarines, whales, and schools of fish.)

As a countermeasure to this effective prey-detection 
system, certain moth species have evolved ears that are 
especially sensitive to the sound frequencies that bats 
use to find them. When the moths hear the bat fre-

SCIENCE FOCUS

Why Should We Care about Kelp Forests?

est ecosystems would collapse and reduce 
aquatic biodiversity.

A second threat to kelp forests is pol-
luted water running off of the land into the 
coastal waters where kelp forests grow. 
The pollutants in this runoff include pes-
ticides and herbicides, which can kill kelp 
plants and other kelp forest species and 
upset the food webs in these forests. An-
other runoff pollutant is fertilizer whose 
plant nutrients (mostly nitrates) can cause 
excessive growth of algae and other plants. 
These growths block some of the sun-
light needed to support the growth of 
giant kelp, and thus upset these aquatic 
ecosystems.

A third looming threat is global warm-
ing. Giant kelp forests require fairly cool 
water, where the temperature stays be-
tween 28–36 °C (50–65 °F). If coastal 
waters warm up as projected during this 
century, many—perhaps most—of the 
world’s giant kelp forests will disappear 
and along with them the southern sea otter 
and many other species.

Critical Thinking
What are three ways to protect giant kelp 
forests and southern sea otters?

of sea urchins (Figure 5-A) can rapidly dev-
astate a kelp forest because they eat the 
base of young kelp. Male southern sea ot-
ters, a keystone species, help to control 
populations of sea urchins. An adult male 
southern sea otter (Figure 5-1, top left) can 
eat up to 50 sea urchins a day—equivalent 
to a 68-kilogram (150-pound) person eat-
ing 160 quarter-pound hamburgers a day. 
Without southern sea otters, giant kelp for-

kelp forest is a forest of seaweed 
called giant kelp whose large 

blades grow straight to the surface (Fig-
ure 5-1, right) (Core Case Study).
The dependence of these plants on 
photosynthesis restricts their growth 
to cold, nutrient-rich, and fairly shallow 
coastal waters, which are found in various 
areas of the world, such as off the coast of 
northern California (USA).

Giant kelp is one of the world’s fastest 
growing plants. Under good conditions, its 
blades can grow 0.6 meter (2 feet) a day. 
Each blade is held up by a gas-filled bladder 
at its base. The blades are very flexible and 
can survive all but the most violent storms 
and waves.

Kelp forests are one of the most bio-
logically diverse ecosystems found in marine 
waters, supporting large numbers of marine 
plants and animals. These forests help reduce 
shore erosion by blunting the force of incom-
ing waves and helping to trap outgoing sand. 
People harvest kelp as a renewable resource, 
extracting a substance called algin from its 
blades. We use this substance in toothpaste, 
cosmetics, ice cream, and hundreds of other 
products.

Sea urchins and pollution are major 
threats to kelp forests. Large populations 

A

Figure 5-A Purple sea urchin in coastal waters of 
the U.S. state of California.
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race, each step in this process takes hundreds to thou-
sands of years.

Some Species Feed off Other Species 
by Living on or in Them
Parasitism occurs when one species (the parasite )
feeds on the body of, or the energy used by, another 
organism (the host ), usually by living on or in the host. 
In this relationship, the parasite benefits and the host is 
harmed but not immediately killed.

Unlike the typical predator, a parasite usually is 
much smaller than its host and rarely kills its host. 
Also, most parasites remain closely associated with 
their hosts, draw nourishment from them, and may 
gradually weaken them over time.

Some parasites, such as tapeworms and some 
disease-causing microorganisms (pathogens), live inside
their hosts. Other parasites attach themselves to the 
outsides of their hosts. Examples of the latter include 
mosquitoes, mistletoe plants (Figure 5-4, left), and sea 
lampreys, which use their sucker-like mouths to attach 
themselves to fish and feed on their blood (Figure 5-4, 
right). Some parasites move from one host to another, 
as fleas and ticks do; others, such as tapeworms, spend 
their adult lives with a single host.

Some parasites have little contact with their hosts. 
For example, North American cowbirds take over the 
nests of other birds by laying their eggs in them and 
then letting the host birds raise their young.

From the host’s point of view, parasites are harm-
ful. But at the population level, parasites can promote 
biodiversity by increasing species richness, and they 
help to keep their hosts’ populations in check.

Like predator–prey interactions, parasite–host in-
teractions can lead to coevolutionary change. For ex-
ample, malaria is caused by a parasite spread by the 
bites of a certain mosquito species. The parasite in-

vades red blood cells, which are destroyed every few 
days when they are swept into the spleen. However, 
through coevolution, the malaria parasite developed 
an adaptation that keeps it from being swept into the 
spleen. The parasite produces a sticky protein nodule 
that attaches the cell it has infected to the wall of a 
blood vessel.

However, the body’s immune system detects the 
foreign protein on the blood vessel wall and sends an-
tibodies to attack it. Through coevolution, the malaria 
parasite has in turn developed a defense against this at-
tack. It produces thousands of different versions of the 
sticky protein that keep it attached to the blood ves-
sel wall. By the time the immune system recognizes 
and attacks one type of the protein, the parasite has 
switched to another type.

Figure 5-3 Coevolution. A Langohrfledermaus bat hunting a moth. Long-term 
interactions between bats and their prey such as moths and butterflies can lead to 
coevolution, as the bats evolve traits that increase their chances of getting a meal and 
the moths evolve traits that help them avoid being eaten.
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Figure 5-4 Parasitism: (a) Healthy tree on the left 
and an unhealthy one on the right, which is infested 
with parasitic mistletoe. (b) Blood-sucking parasitic 
sea lampreys attached to an adult lake trout from the 
Great Lakes (USA). Ph

ot
oA

lto
/S

up
er

St
oc

k

U.
S.

 F
is

h 
an

d 
W

ild
lif

e 
Se

rv
ic

e 
Ph

ot
o



106 CHAPTER 5  Biodiversity, Species Interactions, and Population Control

In Some Interactions, Both 
Species Benefit
In mutualism, two species behave in ways that ben-
efit both by providing each with food, shelter, or some 
other resource. For example, honeybees, caterpillars, 
butterflies, and other insects feed on a male flower’s 
nectar, picking up pollen in the process, and then pol-
linating female flowers when they feed on them.

Figure 5-5 shows two examples of mutualistic re-
lationships that combine nutrition and protection. One 
involves birds that ride on the backs of large animals 
like African buffalo, elephants, and rhinoceroses (Fig-
ure 5-5a). The birds remove and eat parasites and pests 
(such as ticks and flies) from the animal’s body and 
often make noises warning the larger animals when 
predators approach.

A second example involves the clownfish species 
(Figure 5-5b), which live within sea anemones, whose 
tentacles sting and paralyze most fish that touch them. 
The clownfish, which are not harmed by the tentacles, 
gain protection from predators and feed on the detritus 

left from the anemones’ meals. The sea anemones ben-
efit because the clownfish protect them from some of 
their predators.

In gut inhabitant mutualism, vast armies of bacteria 
in the digestive systems of animals help to break down 
(digest) their hosts’ food. In turn, the bacteria receive 
a sheltered habitat and food from their host. Hundreds 
of millions of bacteria in your gut secrete enzymes that 
help digest the food you eat. Cows and termites are 
able to digest the cellulose in plant tissues they eat be-
cause of the large number of microorganisms, mostly 
bacteria, that live in their guts.

It is tempting to think of mutualism as an example 
of cooperation between species. In reality, each species 
benefits by unintentionally exploiting the other as a re-
sult of traits they obtained through natural selection.

In Some Interactions, One Species 
Benefits and the Other Is Not 
Harmed
Commensalism is an interaction that benefits one 
species but has little, if any, effect on the other. For ex-
ample, in tropical forests certain kinds of silverfish in-
sects move along with columns of army ants to share the 
food obtained by the ants in their raids. The army ants 
receive no apparent harm or benefit from the silverfish.

Another example involves plants called epiphytes 
(such as certain types of orchids and bromeliads), which 
attach themselves to the trunks or branches of large 
trees in tropical and subtropical forests (Figure 5-6). 
These air plants benefit by having a solid base on which 
to grow. They also live in an elevated spot that gives 
them better access to sunlight, water from the humid 
air and rain, and nutrients falling from the tree’s upper 
leaves and limbs. Their presence apparently does not 
harm the tree.

 Review the way in which species can interact 
and see the results of an experiment on species interaction at 
CengageNOW™.

Figure 5-5 Examples of mutualism. (a) Oxpeckers (or 
tickbirds) feed on parasitic ticks that infest large, thick-
skinned animals such as the endangered black rhinoc-
eros. (b) A clownfish gains protection and food by living 
among deadly stinging sea anemones and helps protect 
the anemones from some of their predators. (Oxpeck-
ers and black rhinoceros: Joe McDonald/Tom Stack & 
Associates; clownfish an sea anemone: Fred Bavendam/
Peter Arnold, Inc.)

Figure 5-6 In an example 
of commensalism, this bro-
meliad—an epiphyte, or 
air plant, in Brazil’s Atlantic 
tropical rain forest—roots 
on the trunk of a tree, 
rather than in soil, without 
penetrating or harming 
the tree. In this interaction, 
the epiphyte gains access 
to water, other nutrient 
debris, and sunlight; the 
tree apparently remains 
unharmed. Lu
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(a) Oxpeckers and black rhinoceros (b) Clownfish and sea anemone
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5-2 How Can Natural Selection Reduce Competition 
between Species?

CONCEPT 5-2 Some species develop adaptations that allow them to reduce or 
avoid competition with other species for resources.

▲

Some Species Evolve Ways 
to Share Resources
Over a time scale long enough for natural selection to 
occur, populations of some species competing for the 
same resources develop adaptations through natural 
selection that allow them to reduce or avoid such com-
petition (Concept 5-2). In other words, some species 
evolve to reduce niche overlap. One way this happens 
is through resource partitioning. It occurs when spe-
cies competing for similar scarce resources evolve spe-
cialized traits that allow them to use shared resources at 
different times, in different ways, or in different places. 
For example, through natural selection, the fairly broad 
and overlapping niches of two competing species (Fig-
ure 5-7, top) can reduce their niche overlap by becom-
ing more specialized (Figure 5-7, bottom).

Figure 5-8 shows resource partitioning by some 
insect-eating bird species. In this case, their adapta-
tions allow them to reduce competition by feeding 
in different portions of the same tree species and by 
feeding on different insect species. Figure 4-13 (p. 93) 
shows how bird species in a coastal wetland have 
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Figure 5-7 Competing species can evolve to reduce niche overlap. 
The top diagram shows the overlapping niches of two competing 
species. The bottom diagram shows that through natural selection, 
the niches of the two species become separated and more special-
ized (narrower) as the species develop adaptations that allow them 
to avoid or reduce competition for the same resources.

Blackburnian Warbler Black-throated Green Warbler Cape May Warbler Bay-breasted Warbler Yellow-rumped Warbler

Figure 5-8 Sharing the wealth: resource partitioning of five species of insect-eating warblers in the spruce forests 
of the U.S. state of Maine. Each species minimizes competition for food with the others by spending at least half 
its feeding time in a distinct portion (shaded areas) of the spruce trees, and by consuming different insect species. 
(After R. H. MacArthur, “Population Ecology of Some Warblers in Northeastern Coniferous Forests,” Ecology 36 
(1958): 533–536.) 
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Populations Have Certain 
Characteristics
Populations differ in factors such as their distribution, 
numbers, age structure (proportions of individuals in differ-
ent age groups), and density (number of individuals in a 
certain space). Population dynamics is a study of how 
these characteristics of populations change in response 
to changes in environmental conditions. Examples of 
such conditions are temperature, presence of disease or-
ganisms or harmful chemicals, resource availability, and 
arrival or disappearance of competing species.

Studying the population dynamics of southern sea 
otter populations (Core Case Study) and their 
interactions with other species has helped us 
understand the ecological importance of this keystone 
species. Let’s look at some of the characteristics of popu-
lations in more detail.

Most Populations Live Together 
in Clumps or Patches
Let’s begin our study of population dynamics with how 
individuals in populations are distributed or dispersed 

within a particular area or volume. Three general pat-
terns of population distribution or dispersion in a habitat 
are clumping, uniform dispersion, and random dispersion 
(Figure 5-10).

In most populations, individuals of a species live to-
gether in clumps or patches (Figure 5-10a). Examples 
are patches of desert vegetation around springs, cotton-
wood trees clustered along streams, wolf packs, flocks 
of birds, and schools of fish. The locations and sizes 
of these clumps and patches vary with the availability 
of resources. Southern sea otters (Figure 5-1, top left), 
for example, are usually found in groups known as 
rafts or pods ranging in size from a few to several hun-
dred animals.

Why clumping? Several reasons: First, the resources 
a species needs vary greatly in availability from place to 
place, so the species tends to cluster where the resources 
are available. Second, individuals moving in groups have 
a better chance of encountering patches or clumps of re-
sources, such as water and vegetation, than they would 
searching for the resources on their own. Third, living 
in groups protects some animals from predators. Fourth, 
hunting in packs gives some predators a better chance 
of finding and catching prey. Fifth, some species form 
temporary groups for mating and caring for young.
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Figure 5-9 Specialist species of honeycreepers. Evolutionary di-
vergence of honeycreepers into species with specialized ecological 
niches has reduced competition between these species. Each species 
has evolved a beak specialized to take advantage of certain types of 
food resources.

5-3 What Limits the Growth of Populations?
CONCEPT 5-3 No population can continue to grow indefinitely because of 
limitations on resources and because of competition among species for those 
resources.

▲

evolved specialized feeding niches, thereby reducing 
their competition for resources.

Another example of resource partitioning through 
natural selection involves birds called honey creepers 
that live in the U. S. state of Hawaii. Long ago these 
birds started from a single ancestor species. But be-
cause of evolution by natural selection, there are now 
numerous honeycreeper species. Each has a different 
type of beak specialized to feed on certain food sources, 
such as specific types of insects, nectar from particular 
types of flowers, and certain types of seeds and fruit 
(Figure 5-9). This is an example of a process called evo-
lutionary divergence.
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Clumped (elephants)(a) (b) (c)Uniform (creosote bush) Random (dandelions)

Figure 5-10 Generalized dispersion patterns 
for individuals in a population throughout 
their habitat. The most common pattern is 
clumps of members of a population scat-
tered throughout their habitat, mostly be-
cause resources are usually found in patches. 
Question: Why do you think the creosote 
bushes are uniformly spaced while the 
dandelions are not? 

THINKING ABOUT
Population Distribution

Why do you think living in packs would help some predators 
to find and kill their prey?

Some species maintain a fairly constant distance 
between individuals. Because of its sparse distribution 
pattern, creosote bushes in a desert (Figure 5-10b) have 
better access to scarce water resources. Organisms with 
a random distribution (Figure 5-10c) are fairly rare. 
The living world is mostly clumpy and patchy.

Populations Can Grow, Shrink, 
or Remain Stable
Over time, the number of individuals in a population 
may increase, decrease, remain about the same, or go 
up and down in cycles in response to changes in en-
vironmental conditions. Four variables—births, deaths, 
immigration, and emigration—govern changes in popula-
tion size. A population increases by birth and immigra-
tion (arrival of individuals from outside the population) 
and decreases by death and emigration (departure of 
individuals from the population):

 Population 
 change  " (Births # Immigration) ! (Deaths # Emigration)

In natural systems, species that are able to move 
can leave or emigrate from an area where their habitat 
has been degraded or destroyed and immigrate to an-
other area where resources are more plentiful.

A population’s age structure—the proportions 
of individuals at various ages—can have a strong ef-
fect on how rapidly it increases or decreases in size. Age 
structures are usually described in terms of organisms 
not mature enough to reproduce (the pre-reproductive 
age ), those capable of reproduction (the reproductive 
stage ), and those too old to reproduce (the post-reproduc-
tive stage ).

The size of a population will likely increase if it is 
made up mostly of individuals in their reproductive 
stage or soon to enter this stage. In contrast, a popu-
lation dominated by individuals past their reproduc-

tive stage will tend to decrease over time. Excluding 
emigration and immigration, the size of a population 
with a fairly even distribution among these three age 
groups tends to remain stable because reproduction by 
younger individuals will be roughly balanced by the 
deaths of older individuals.

No Population Can Grow 
Indefinitely: J-Curves and S-Curves
Species vary in their biotic potential or capacity for 
population growth under ideal conditions. Generally, 
populations of species with large individuals, such as 
elephants and blue whales, have a low biotic potential 
while those of small individuals, such as bacteria and 
insects, have a high biotic potential.

The intrinsic rate of increase (r ) is the rate at 
which the population of a species would grow if it had 
unlimited resources. Individuals in populations with a 
high intrinsic rate of growth typically reproduce early in 
life, have short generation times (the time between suc-
cessive generations), can reproduce many times, and have 
many offspring each time they reproduce.

Some species have an astounding biotic potential. 
With no controls on population growth, a species of 
bacteria that can reproduce every 20 minutes would 
generate enough offspring to form a layer 0.3 meter 
(1 foot) deep over the entire earth’s surface in only 
36 hours!

Fortunately, this is not a realistic scenario. Research 
reveals that no population can grow indefinitely be-
cause of limitations on resources and competition with 
populations of other species for those resources (Con-
cept 5-3). In the real world, a rapidly growing popula-
tion reaches some size limit imposed by one or more 
limiting factors, such as light, water, space, or nutrients, 
or by exposure to too many competitors, predators, or 
infectious diseases. There are always limits to 
population growth in nature. This is one of na-
ture’s four scientific principles of sustainability 
(see back cover and Concept 1-6, p. 23). Sea 
otters, for example, face extinction because of 
low biotic potential and other factors (Science Focus, 
p. 110).
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Environmental resistance is the combination 
of all factors that act to limit the growth of a popula-
tion. Together, biotic potential and environmental re-
sistance determine the carrying capacity ( K ): the 
maximum population of a given species that a partic-
ular habitat can sustain indefinitely without being de-
graded. The growth rate of a population decreases as 
its size nears the carrying capacity of its environment 
because resources such as food, water, and space begin 
to dwindle.

A population with few, if any, limitations on its re-
source supplies can grow exponentially at a fixed rate 
such as 1% or 2% per year. Exponential or geometric 
growth (Figure 1-1, p. 5) starts slowly but then acceler-
ates as the population increases, because the base size 
of the population is increasing. Plotting the number of 
individuals against time yields a J-shaped growth curve 
(Figure 5-11, left half of curve).

Logistic growth involves rapid exponential 
population growth followed by a steady decrease in 
population growth until the population size levels off 
(Figure 5-11, right half of curve). This slowdown oc-
curs as the population encounters environmental resis-

tance from declining resources and other environmen-
tal factors and approaches the carrying capacity of its 
environment. After leveling off, a population with this 
type of growth typically fluctuates slightly above and 
below the carrying capacity. The size of such a popula-
tion may also increase or decrease as the carrying ca-
pacity changes because of short- or long-term changes 
in environmental conditions.

A plot of the number of individuals against time 
yields a sigmoid, or S-shaped, logistic growth curve (the 
whole curve in Figure 5-11). Figure 5-12 depicts such 
a curve for sheep on the island of Tasmania, south of 
Australia, in the 19th century.

 Learn how to estimate a population of but-
terflies and see a mouse population growing exponentially at 
CengageNOW.

Sometimes a species whose population has been 
kept in check mostly by natural predators is deliber-
ately or accidentally transferred to a different ecosys-
tem where it has few if any predators. For example, 
the brown tree snake is native to the Solomon Islands, 

SCIENCE FOCUS

Why Are Protected Sea Otters Making a Slow Comeback?

a single tanker off the state’s central coast. 
These factors plus a fairly low reproductive 
rate have hindered the ability of the endan-
gered southern sea otter to rebuild its popula-
tion (Figure 5-B).

Critical Thinking
How would you design a controlled experi-
ment to test the hypothesis that parasites 
contained in cat litter that is flushed down 
toilets may be killing sea otters?

he southern sea otter (Core 
Case Study) does not have 

a high biotic potential for several 
reasons. Female southern sea otters reach 
sexual maturity between 2 and 5 years of 
age, can reproduce until age 15, and typically 
each produce only one pup a year.

The population size of southern sea 
otters has fluctuated in response to changes 
in environmental conditions. One such 
change has been a rise in populations of 
orcas (killer whales) that feed on them. 
Scientists hypothesize that orcas feed more 
on southern sea otters when populations 
of their normal prey, sea lions and seals, 
decline.

Another factor may be deaths from 
parasites known to breed in cats. Sci-
entists hypothesize that some sea ot-
ters may be dying because California cat 
owners flush used cat litter containing 
these parasites down their toilets or dump 
it in storm drains that empty into coastal 
waters.

Thorny-headed worms from seabirds 
are also known to be killing sea otters, as 
are toxic algae blooms triggered by urea, a 
key ingredient in fertilizer that washes into 
coastal waters. Toxins such as PCBs and 
other toxic chemicals released by human 
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activities accumulate in the tissues of the 
shellfish on which otters feed and prove fatal 
to otters. The facts that sea otters feed at 
high trophic levels and live close to the shore 
makes them vulnerable to these and other 
pollutants in coastal waters. In other words, 
sea otters are indicator species that warn us 
of the condition of coastal waters in their 
habitat.

Some southern sea otters also die when 
they encounter oil spilled from ships. The en-
tire California southern sea otter population 
could be wiped out by a large oil spill from 

Figure 5-B Population size of 
southern sea otters off the coast 
of the U.S. state of California, 
1983–2007. According to the 
U.S. Fish and Wildlife Service, 
the sea otter population would 
have to reach about 8,400 ani-
mals before it can be removed 
from the endangered species 
list. (Data from U.S. Geological 
Survey)
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New Guinea, and Australia. After World War II, a few 
of these snakes stowed away on military planes going 
to the island of Guam. With no enemies or rivals in 
Guam, they have multiplied exponentially for several 
decades and have wiped out 8 of Guam’s 11 native for-
est bird species. Their venomous bites have also sent 
large numbers of people to emergency rooms. Sooner 
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 Active Figure 5-11 No population can continue 
to increase in size indefinitely. Exponential growth (left half of the 
curve) occurs when resources are not limiting and a population 
can grow at its intrinsic rate of increase (r) or biotic potential. Such 
exponential growth is converted to logistic growth, in which the 
growth rate decreases as the population becomes larger and faces 
environmental resistance. Over time, the population size stabilizes 
at or near the carrying capacity (K) of its environment, which results 
in a sigmoid (S-shaped) population growth curve. Depending on 
resource availability, the size of a population often fluctuates around 
its carrying capacity, although a population may temporarily exceed 
its carrying capacity and then suffer a sharp decline or crash in its 
numbers. See an animation based on this figure at CengageNOW. 
Question: What is an example of environmental resistance that 
humans have not been able to overcome? 
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Figure 5-12 Logistic growth of a sheep population on the island of 
Tasmania between 1800 and 1925. After sheep were introduced 
in 1800, their population grew exponentially, thanks to an ample 
food supply. By 1855, they had overshot the land’s carrying capac-
ity. Their numbers then stabilized and fluctuated around a carrying 
capacity of about 1.6 million sheep. 

or later the brown tree snake will use up most of its 
food supply in Guam and will then decline in numbers, 
but meanwhile they are causing serious ecological and 
economic damage. They may also end up on islands 
such as those in Hawaii, where they could devastate 
bird populations.

Changes in the population sizes of keystone species 
such as the southern sea otter (Core Case Study) 
and the American alligator (Chapter 4 Core 
Case Study, p. 77) can alter the species composition and 
biodiversity of an ecosystem. For example, a decline in 
the population of the southern sea otter caused a de-
cline in the populations of species dependent on them, 
including the giant kelp. This reduced species diversity 
of the kelp forest and altered its functional biodiversity 
by upsetting its food webs and reducing energy flows 
and nutrient cycling within the forest.

THINKING ABOUT
Southern Sea Otters

Name two species whose populations will likely 
decline if the population of southern sea otters in 
kelp beds declines sharply. Name a species whose population 
would increase if this happened.

When a Population Exceeds 
Its Habitat’s Carrying Capacity, 
Its Population Can Crash
Some species do not make a smooth transition from ex-
ponential growth to logistic growth. Such populations 
use up their resource supplies and temporarily over-
shoot, or exceed, the carrying capacity of their environ-
ment. This occurs because of a reproductive time lag—the 
period needed for the birth rate to fall and the death 
rate to rise in response to resource overconsumption.

In such cases, the population suffers a dieback, or 
crash, unless the excess individuals can switch to new 
resources or move to an area with more resources. Such 
a crash occurred when reindeer were introduced onto a 
small island in the Bering Sea (Figure 5-13, p. 112).

The carrying capacity of an area or volume is not 
fixed. The carrying capacity of some areas can increase 
or decrease seasonally and from year to year because 
of variations in weather and other factors, including an 
abundance of predators and competitors. For example, 
a drought can decrease the amount of vegetation grow-
ing in an area supporting deer and other herbivores, and 
this would decrease the normal carrying capacity for 
those species.

Sometimes when a population exceeds the carrying 
capacity of an area, it causes damage that reduces the ar-
ea’s carrying capacity. For example, overgrazing by cat-
tle on dry western lands in the United States has reduced 
grass cover in some areas. This has allowed sagebrush—
which cattle cannot eat—to move in, thrive, and replace 
grasses, reducing the land’s carrying capacity for cattle.
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THINKING ABOUT
Population Overshoot and 
Human Ecological Footprints

Humanity’s ecological footprint is about 25% larger than the 
earth’s ecological capacity (Figure 1-10, bottom, p. 15) and is 
growing rapidly. If this keeps up, is the curve for future hu-
man population growth more likely to resemble Figure 5-12 
or Figure 5-13? Explain.

Species Have Different 
Reproductive Patterns
Species have different reproductive patterns that can 
help enhance their survival. Species with a capac-
ity for a high rate of population increase (r ) are called 
r-selected species (Figure 5-14). These species have 
many, usually small, offspring and give them little or 
no parental care or protection. They overcome typically 
massive losses of offspring by producing so many off-
spring that a few will likely survive to reproduce many 
more offspring to begin this reproductive pattern again. 
Examples include algae, bacteria, rodents, frogs, turtles, 
annual plants (such as dandelions), and most insects.

Such species tend to be opportunists. They repro-
duce and disperse rapidly when conditions are favor-
able or when a disturbance opens up a new habitat or 
niche for invasion. Environmental changes caused by 
disturbances, such as fires, clear-cutting, and volcanic 
eruptions, can allow opportunist species to gain a foot-
hold. However, once established, their populations may 
crash because of unfavorable changes in environmen-
tal conditions or invasion by more competitive species. 
This helps to explain why most opportunist species go 

through irregular and unstable boom-and-bust cycles 
in their population sizes.

At the other extreme are competitor or K-selected 
species (Figure 5-14). They tend to reproduce later in 
life and have a small number of offspring with fairly 
long life spans. Typically, for K-selected mammals, the 
offspring develop inside their mothers (where they 
are safe), are born fairly large, mature slowly, and are 
cared for and protected by one or both parents, and in 
some cases by living in herds or groups, until they reach 
reproductive age. This reproductive pattern results in a 
few big and strong individuals that can compete for re-
sources and reproduce a few young to begin the cycle 
again.

Such species are called K-selected species because 
they tend to do well in competitive conditions when 
their population size is near the carrying capacity (K  ) 
of their environment. Their populations typically fol-
low a logistic growth curve (Figure 5-12).

Most large mammals (such as elephants, whales, 
and humans), birds of prey, and large and long-lived 
plants (such as the saguaro cactus, and most tropical 
rain forest trees) are K-selected species. Ocean fish such 
as orange roughy and swordfish, which are now being 
depleted by overfishing, are also K-selected. Many of 
these species—especially those with long times between 
generations and low reproductive rates like elephants, 
rhinoceroses, and sharks—are prone to extinction.

Most organisms have reproductive patterns between 
the extremes of r-selected and K-selected species. In ag-
riculture we raise both r-selected species (crops) and K-
selected species (livestock). Individuals of species with 
different reproductive strategies tend to have different 
life expectancies, or expected lengths of life.

THINKING ABOUT
r-Selected and K-selected Species

If the earth experiences significant warming during this 
century as projected, is the resulting climate change likely to 
favor r-selected or K-selected species? Explain.

Carrying
capacity

Year

1910 1920 1930 1940 1950

N
um

be
r 

of
 r

ei
nd

ee
r

2,000

1,500

1,000

500

0

Population
crashes

Population
overshoots
carrying
capacity

Figure 5-13 Exponential growth, overshoot, and population crash of 
reindeer introduced to the small Bering Sea island of St. Paul. When 
26 reindeer (24 of them female) were introduced in 1910, lichens, 
mosses, and other food sources were plentiful. By 1935, the herd 
size had soared to 2,000, overshooting the island’s carrying capacity. 
This led to a population crash, when the herd size plummeted to 
only 8 reindeer by 1950. Question: Why do you think this popula-
tion grew fast and crashed, unlike the sheep in Figure 5-12? 
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Genetic Diversity Can Affect 
the Size of Small Populations
In most large populations, genetic diversity is fairly 
constant and the loss or addition of some individuals 
has little effect on the total gene pool. However, several 
genetic factors can play a role in the loss of genetic di-
versity and the survival of small, isolated populations.

One such factor, called the founder effect, can occur 
when a few individuals in a population colonize a new 
habitat that is geographically isolated from other mem-
bers of the population (Figure 4-8, p. 87). In such cases, 
limited genetic diversity or variability may threaten the 
survival of the colonizing population.

Another factor is a demographic bottleneck. It occurs 
when only a few individuals in a population survive a 
catastrophe such as a fire or hurricane, as if they had 
passed through the narrow neck of a bottle. Lack of ge-
netic diversity may limit the ability of these individuals 
to rebuild the population. Even if the population is able 
to increase in size, its decreased genetic diversity may 
lead to an increase in the frequency of harmful genetic 
diseases.

A third factor is genetic drift. It involves random 
changes in the gene frequencies in a population that 
can lead to unequal reproductive success. For example, 
some individuals may breed more than others do and 
their genes may eventually dominate the gene pool of 
the population. This change in gene frequency could 
help or hinder the survival of the population. The 
founder effect is one cause of genetic drift.

A fourth factor is inbreeding. It occurs when individ-
uals in a small population mate with one another. This 
can occur when a population passes through a demo-
graphic bottleneck. This can increase the frequency of 
defective genes within a population and affect its long-
term survival.

Conservation biologists use the concepts of founder 
effects, demographic bottleneck, genetic drift, inbreed-
ing, and island biogeography (Science Focus, p. 90) to 
estimate the minimum viable population size of rare and 
endangered species: the number of individuals such 
populations need for long-term survival.

Under Some Circumstances 
Population Density Affects 
Population Size
Population density is the number of individuals in a 
population found in a particular area or volume. Some 
factors that limit population growth have a greater ef-
fect as a population’s density increases. Examples of 
such density-dependent population controls include preda-
tion, parasitism, infectious disease, and competition for 
resources.

Higher population density may help sexually repro-
ducing individuals find mates, but it can also lead to in-

creased competition for mates, food, living space, water, 
sunlight, and other resources. High population density 
can help to shield some members from predators, but it 
can also make large groups such as schools of fish vul-
nerable to human harvesting methods. In addition, close 
contact among individuals in dense populations can in-
crease the transmission of parasites and infectious dis-
eases. When population density decreases, the opposite 
effects occur. Density-dependent factors tend to regu-
late a population at a fairly constant size, often near the 
carrying capacity of its environment.

Some factors—mostly abiotic—that can kill mem-
bers of a population are density independent. In other 
words, their effect is not dependent on the density of 
the population. For example, a severe freeze in late 
spring can kill many individuals in a plant population 
or a population of monarch butterflies (Figure 3-A, left, 
p. 54), regardless of their density. Other such factors 
include floods, hurricanes, fire, pollution, and habitat 
destruction, such as clearing a forest of its trees or fill-
ing in a wetland.

Several Different Types 
of Population Change Occur 
in Nature
In nature, we find four general patterns of variation in 
population size: stable, irruptive, cyclic, and irregular. A 
species whose population size fluctuates slightly above 
and below its carrying capacity is said to have a fairly 
stable population size (Figure 5-12). Such stability is 
characteristic of many species found in undisturbed 
tropical rain forests, where average temperature and 
rainfall vary little from year to year.

For some species, population growth may occasion-
ally explode, or irrupt, to a high peak and then crash 
to a more stable lower level or in some cases to a very 
low level. Many short-lived, rapidly reproducing spe-
cies such as algae and many insects have irruptive 
population cycles that are linked to seasonal changes in 
weather or nutrient availability. For example, in tem-
perate climates, insect populations grow rapidly during 
the spring and summer and then crash during the hard 
frosts of winter.

A third type of fluctuation consists of regular cyclic
fluctuations, or boom-and-bust cycles, of population size 
over a time period. Examples are lemmings, whose 
populations rise and fall every 3–4 years, and lynx and 
snowshoe hare, whose populations generally rise and 
fall in a 10-year cycle. Ecologists distinguish between 
top-down population regulation, through predation, and 
bottom-up population regulation, in which the size of 
predator and prey populations is controlled by the scar-
city of one or more resources (Figure 5-15, p. 114).

Finally, some populations appear to have irregular
changes in population size, with no recurring pattern. 
Some scientists attribute this irregularity to chaos in 
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■✓such systems. Others scientists contend that it may rep-
resent fluctuations in response to periodic catastrophic 
population crashes due to severe winter weather.

Humans Are Not Exempt from 
Nature’s Population Controls
Humans are not exempt from population overshoot 
and dieback. Ireland experienced a population crash af-
ter a fungus destroyed the potato crop in 1845. About 
1 million people died from hunger or diseases related 
to malnutrition, and 3 million people migrated to other 
countries, mostly the United States.

During the 14th century the bubonic plague spread 
through densely populated European cities and killed 
at least 25 million people. The bacterium causing this 
disease normally lives in rodents. It was transferred to 
humans by fleas that fed on infected rodents and then 
bit humans. The disease spread like wildfire through 
crowded cities, where sanitary conditions were poor 
and rats were abundant.

Currently, the world is experiencing a global epi-
demic of eventually fatal AIDS, caused by infection 
with the human immunodeficiency virus (HIV). Be-
tween 1981 and 2007, AIDS killed more than 25 mil-
lion people (584,000 in the United states) and claims 
another 2.1 million lives each year—an average of four 
deaths per minute.

So far, technological, social, and other cultural 
changes have extended the earth’s carrying capacity for 
the human species. We have increased food production 
and used large amounts of energy and matter resources 
to occupy normally uninhabitable areas. As humans 
spread into larger areas, they interact with and attempt 
to control the populations of other species such as al-
ligators (Chapter 4 Core Case Study, p. 77) and white-
tailed deer in the United States (Case Study, at right), 
as these two case studies reveal.

Some say we can keep expanding our ecological foot-
print indefinitely, mostly because of our technological 
ingenuity. Others say that sooner or later, we will reach 
the limits that nature always imposes on populations.

HOW WOULD YOU VOTE?

Can we continue to expand the earth’s carrying capacity for 
humans? Cast your vote online at academic.cengage.com/
biology/miller.

THINKING ABOUT
The Human Species

If the human species were to suffer a sharp population de-
cline, name three types of species that might move in to 
occupy part of our ecological niche.

 ■ CASE STUDY

Exploding White-Tailed Deer 
Populations in the United States
By 1900, habitat destruction and uncontrolled hunting 
had reduced the white-tailed deer population in the 
United States to about 500,000 animals. In the 1920s 
and 1930s, laws were passed to protect the remain-
ing deer. Hunting was restricted and predators such 
as wolves and mountain lions that preyed on the deer 
were nearly eliminated.

These protections worked, and some suburbanites 
and farmers say perhaps they worked too well. To-
day there are 25–30 million white-tailed deer in the 
United States. During the last 50 years, large numbers 
of Americans have moved into the wooded habitat of 
deer and provided them with flowers, garden crops, 
and other plants they like to eat.

Deer like to live in the woods for security and go 
to nearby fields, orchards, lawns, and gardens for food. 
Border areas between two ecosystems such as forests 
and fields are called edge habitat, and suburbanization 
has created an all-you-can-eat edge paradise for deer. 
Their populations in such areas have soared. In some 
forests, they are consuming native ground cover veg-
etation and allowing nonnative weed species to take 
over. Deer also spread Lyme disease (carried by deer 
ticks) to humans.

In addition, in deer–vehicle collisions, deer acciden-
tally kill and injure more people each year in the United 
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Figure 5-15 Population cycles for the snow-
shoe hare and Canada lynx. At one time, 
scientists believed these curves provided circum-
stantial evidence that these predator and prey 
populations regulated one another. More recent 
research suggests that the periodic swings in 
the hare population are caused by a combina-
tion of top-down population control—through 
predation by lynx and other predators—and 
bottom-up population control, in which 
changes in the availability of the food supply 
for hares help determine hare population size, 
which in turn helps determine the lynx popula-
tion size. (Data from D. A. MacLulich) 
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States than do any other wild animals. Each year, these 
1.5 million accidents injure at least 14,000 people and 
kill at least 200 (up from 101 deaths in 1993).

There are no easy answers to the deer population 
problem in the suburbs. Changing hunting regulations 
to allow killing of more female deer cuts down the 
overall deer population. But these actions have little 
effect on deer in suburban areas because it is too dan-
gerous to allow widespread hunting with guns in such 
populated communities. Some areas have hired experi-
enced and licensed archers who use bows and arrows to 
help reduce deer numbers. To protect nearby residents 
the archers hunt from elevated tree stands and shoot 
their arrows only downward. However, animal activists 
strongly oppose killing deer on ethical grounds, argu-
ing that this is cruel and inhumane treatment.

Some communities spray the scent of deer preda-
tors or rotting deer meat in edge areas to scare off 
deer. Others use electronic equipment that emits high-
frequency sounds, which humans cannot hear, for the 
same purpose. Some homeowners surround their gar-
dens and yards with a high black plastic mesh fencing 
that is invisible from a distance. Such deterrents may 
protect one area, but cause the deer to seek food in 
someone else’s yard or garden.

Deer can also be trapped and moved from one area 
to another, but this is expensive and must be repeated 
whenever deer move back into an area. Also, there are 

questions concerning where to move the deer and how 
to pay for such programs.

Should we put deer on birth control? Darts loaded 
with a contraceptive could be shot into female deer to 
hold down their birth rates. But this is expensive and 
must be repeated every year. One possibility is an ex-
perimental single-shot contraceptive vaccine that 
causes females to stop producing eggs for several years. 
Another approach is to trap dominant males and use 
chemical injections to sterilize them. Both these ap-
proaches will require years of testing.

Meanwhile, suburbanites can expect deer to chow 
down on their shrubs, flowers, and garden plants unless 
they can protect their properties with high, deer-proof 
fences or other methods. Deer have to eat every day 
just as we do. Suburban dwellers might consider not 
planting their yards with plants that deer like to eat.

THINKING ABOUT
White-Tailed Deer

Some blame the white-tailed deer for invading farms and 
suburban yards and gardens to eat food that humans have 
made easily available to them. Others say humans are mostly 
to blame because they have invaded deer territory, eliminated 
most of the predators that kept their populations under con-
trol, and provided the deer with plenty to eat in their lawns 
and gardens. Which view do you hold? Do you see a solution 
to this problem?

5-4 How Do Communities and Ecosystems Respond 
to Changing Environmental Conditions?

CONCEPT 5-4 The structure and species composition of communities and 
ecosystems change in response to changing environmental conditions through 
a process called ecological succession.

▲

Communities and Ecosystems 
Change over Time: Ecological 
Succession
We have seen how changes in environmental condi-
tions (such as loss of habitat) can reduce access to key 
resources and how invasions by competing species can 
lead to increases or decreases in species population 
sizes. Next, we look at how the types and numbers of 
species in biological communities change in response to 
changing environmental conditions such as a fires, cli-
mate change, and the clearing of forests to plant crops.

Mature forests and other ecosystems do not spring 
up from bare rock or bare soil. Instead, they undergo 
changes in their species composition over long periods 
of time. The gradual change in species composition in 

a given area is called ecological succession, during 
which, some species colonize an area and their popu-
lations become more numerous, while populations of 
other species decline and may even disappear. In this 
process, colonizing or pioneer species arrive first. As en-
vironmental conditions change, they are replaced by 
other species, and later these species may be replaced 
by another set of species.

Ecologists recognize two main types of ecological 
succession, depending on the conditions present at the 
beginning of the process. Primary succession involves 
the gradual establishment of biotic communities in life-
less areas where there is no soil in a terrestrial ecosys-
tem or no bottom sediment in an aquatic ecosystem. 
The other more common type of ecological succession is 
called secondary succession, in which a series of com-
munities or ecosystems with different species develop 
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Figure 5-16 Primary ecological succession. Over almost a thousand years, plant communities developed, starting 
on bare rock exposed by a retreating glacier on Isle Royal, Michigan (USA) in northern Lake Superior. The details 
of this process vary from one site to another. Question: What are two ways in which lichens, mosses, and plants 
might get started growing on bare rock?

in places containing soil or bottom sediment. As part of 
the earth’s natural capital, both types of succession are 
examples of natural ecological restoration, in which vari-
ous forms life adapt to changes in environmental condi-
tions, resulting in changes to the species composition, 
population size, and biodiversity in a given area.

Some Ecosystems Start from 
Scratch: Primary Succession
Primary succession begins with an essentially lifeless 
area where there is no soil in a terrestrial system (Fig-
ure 5-16) or bottom sediment in an aquatic system. 
Examples include bare rock exposed by a retreating 
glacier or severe soil erosion, newly cooled lava from 
a volcanic eruption, an abandoned highway or parking 
lot, and a newly created shallow pond or reservoir.

Primary succession usually takes a long time be-
cause there is no fertile soil to provide the nutrients 
needed to establish a plant community. Over time, bare 
rock weathers by crumbling into particles and releasing 
nutrients. Physical weathering occurs when a rock is 
fragmented, as water in its cracks freezes and expands. 
Rocks also undergo chemical weathering, reacting with 
substances in the atmosphere or with precipitation, 
which can break down the rock’s surface material.

The slow process of soil formation begins when pio-
neer or early successional species arrive and attach them-
selves to inhospitable patches of the weathered rock. 
Examples are lichens and mosses whose seeds or spores 

are distributed by the wind and carried by animals. A 
lichen consists of an alga and a fungus interacting in 
a mutualistic relationship. The fungi in the lichens 
provide protection and support for the algae, which, 
through photosynthesis, provide sugar nutrients for 
both of the interacting species.

These tough early successional plant species start the 
long process of soil formation by trapping wind-blown 
soil particles and tiny pieces of detritus, and adding their 
own wastes and dead bodies. They also secrete mild 
acids that further fragment and break down the rock. 
As the lichens spread over the rock, drought-resistant 
and sun-loving mosses start growing in cracks. As the 
mosses spread, they form a mat that traps moisture, 
much like a sponge. When the lichens and mosses die, 
their decomposing remains add to the growing thin 
layer of nutrients.

After hundreds to thousands of years, the soil may 
be deep and fertile enough to store the moisture and 
nutrients needed to support the growth of midsucces-
sional plant species such as herbs, grasses, and low shrubs. 
As the shrubs grow and create shade, the lichens and 
mosses die and decay from lack of sunlight. Next, trees 
that need lots of sunlight and are 
adapted to the area’s climate 
and soil usually replace the 
grasses and shrubs.
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burned or cut forests, heavily polluted streams, and 
land that has been flooded. In the soil that remains on 
disturbed land systems, new vegetation can germinate, 
usually within a few weeks, from seeds already in the 
soil and from those imported by wind, birds, and other 
animals.

In the central, or Piedmont, region of the U.S. state 
of North Carolina, European settlers cleared many of 
the mature native oak and hickory forests and planted 
the land with crops. Later, they abandoned some of 
this farmland because of erosion and loss of soil nutri-
ents. Figure 5-17 shows one way in which such aban-
doned farmland has undergone secondary succession 
over 150–200 years.

 Explore the difference between primary and 
secondary succession at CengageNOW.

Descriptions of ecological succession usually focus 
on changes in vegetation. But these changes in turn 
affect food and shelter for various types of animals. As 
a consequence, the numbers and types of animals and 
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 Active Figure 5-17 Natural ecological restoration of disturbed land. Secondary ecological succes-
sion of plant communities on an abandoned farm field in the U.S. state of North Carolina. It took 150–200 years 
after the farmland was abandoned for the area to become covered with a mature oak and hickory forest. A new 
disturbance, such as deforestation or fire, would create conditions favoring pioneer species such as annual weeds. 
In the absence of new disturbances, secondary succession would recur over time, but not necessarily in the same 
sequence shown here. Questions: Do you think the annual weeds (left) would continue to thrive in the mature 
forest (right)? Why or why not? See an animation based on this figure at CengageNOW. 

As these tree species grow and create shade, they 
are replaced by late successional plant species (mostly 
trees) that can tolerate shade. Unless fire, flooding, 
severe erosion, tree cutting, climate change, or other 
natural or human processes disturb the area, what was 
once bare rock becomes a complex forest community 
or ecosystem (Figure 5-16).

Primary succession can also take place in a newly 
created small pond, starting with an influx of sediments 
and nutrients in runoff from the surrounding land. This 
sediment can support seeds or spores of plants carried 
to the pond by winds, birds, or other animals. Over 
time, this process can transform the pond first into a 
marsh and eventually to dry land.

Some Ecosystems Do Not Have 
to Start from Scratch: Secondary 
Succession
Secondary succession begins in an area where an eco-
system has been disturbed, removed, or destroyed, but 
some soil or bottom sediment remains. Candidates for 
secondary succession include abandoned farmland, 
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decomposers also change. A key point is that primary 
succession (Figure 5-16) and secondary succession (Fig-
ure 5-17) tend to increase biodiversity and thus the sus-
tainability of communities and ecosystems by increasing 
species richness and interactions among species. Such 
interactions in turn enhance sustainability by promot-
ing population control and increasing the complexity 
of food webs for the energy flow and nutrient cycling 
that make up the functional component of biodiversity 
(Figure 4-2, p. 79). Ecologists have been conducting re-
search to find out more about the factors involved in 
ecological succession (Science Focus, above)

During primary or secondary succession, environ-
mental disturbances such as fires, hurricanes, clear-
cutting of forests, plowing of grasslands, and invasions 
by nonnative species can interrupt a particular stage of 
succession, setting it back to an earlier stage. For exam-
ple, the American alligator (Chapter 4 Core Case Study, 
p. 77) lives in ponds that would normally become filled 
in through natural selection. The alligator’s movements 
keep bottom vegetation from growing, thus preventing 
such succession.

Succession Doesn’t Follow 
a Predictable Path
According to traditional view, succession proceeds in an 
orderly sequence along an expected path until a certain 
stable type of climax community occupies an area. Such 
a community is dominated by a few long-lived plant 
species and is in balance with its environment. This 
equilibrium model of succession is what ecologists once 
meant when they talked about the balance of nature.

Over the last several decades, many ecologists have 
changed their views about balance and equilibrium in 
nature. Under the balance-of-nature view, a large ter-
restrial community or ecosystem undergoing succession 
eventually became covered with an expected type of 

climax vegetation such as a mature forest (Figures 5-16 
and 5-17). There is a general tendency for succession to 
lead to more complex, diverse, and presumably stable 
ecosystems. But a close look at almost any terrestrial 
community or ecosystem reveals that it consists of an 
ever-changing mosaic of patches of vegetation at differ-
ent stages of succession.

The current view is that we cannot predict the 
course of a given succession or view it as preordained 
progress toward an ideally adapted climax plant com-
munity or ecosystem. Rather, succession reflects the 
ongoing struggle by different species for enough light, 
nutrients, food, and space. Most ecologists now recog-
nize that mature late-successional ecosystems are not 
in a state of permanent equilibrium, but rather a state 
of continual disturbance and change.

Living Systems Are Sustained 
through Constant Change
All living systems from a cell to the biosphere are dy-
namic systems that are constantly changing in response 
to changing environmental conditions. Continents 
move, the climate changes, and disturbances and suc-
cession change the composition of communities and 
ecosystems.

Living systems contain complex networks of posi-
tive and negative feedback loops (Figure 2-11, p. 45, 
and Figure 2-12, p. 45) that interact to provide some de-
gree of stability, or sustainability, over each system’s ex-
pected life span. This stability, or capacity to withstand 
external stress and disturbance, is maintained only by 
constant change in response to changing environmental 
conditions. For example, in a mature tropical rain forest, 
some trees die and others take their places. However, 
unless the forest is cut, burned, or otherwise destroyed, 
you would still recognize it as a tropical rain forest 50 or 
100 years from now.

SCIENCE FOCUS

How Do Species Replace One Another in Ecological Succession?

they are not in direct competition with them 
for key resources. For example, shade tolerant 
trees and other plants can thrive in the under-
story of a mature forest (Figure 5-17) because 
they do not need to compete with the taller 
species for access to sunlight.

Critical Thinking
Explain how tolerance can increase biodi-
versity by increasing species diversity and 
functional diversity (energy flow and chemical 
cycling) in an ecosystem.

and growth of other species. Inhibition often 
occurs when plants release toxic chemicals 
that reduce competition from other plants. 
For example, pine needles dropped by some 
species of pines can make the underlying soil 
acidic and inhospitable to other plant spe-
cies. Succession then can proceed only when 
a fire, bulldozer, or other human or natural 
disturbance removes most of the inhibiting 
species.

A third factor is tolerance, in which late 
successional plants are largely unaffected by 
plants at earlier stages of succession because 

cologists have identified three fac-
tors that affect how and at what 

rate succession occurs. One is facilitation,
in which one set of species makes an area 
suitable for species with different niche re-
quirements, but less suitable for itself. For 
example, as lichens and mosses gradually 
build up soil on a rock in primary succession, 
herbs and grasses can colonize the site and 
crowd out the pioneer community of lichens 
and mosses.

A second factor is inhibition, in which 
some early species hinder the establishment 

E
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Southern Sea Otters and Sustainabiliy

Before the arrival of European settlers on the North American 
west coast, the sea otter population was part of a complex ecosys-
tem made up of bottom-dwelling creatures, kelp, otters, whales, 
and other species depending on one another for survival. Giant 
kelp forests served as food and shelter for sea urchins. Otters ate 
the sea urchins and other kelp eaters. Some species of whales and 
sharks ate the otters. And detritus from all these species helped to 
maintain the giant kelp forests. Each of these interacting popula-
tions was kept in check by, and helped to sustain, all others.

When humans arrived and began hunting the otters for their 
pelts, they probably did not know much about the intricate web 
of life beneath the ocean surface. But with the effects of over-
hunting, people realized they had done more than simply take 
otters. They had torn the web, disrupted an entire ecosystem, and 
triggered a loss of valuable natural resources and services, includ-
ing biodiversity.

Populations of most plants and animals depend directly or 
indirectly on solar energy and each population plays a role in the 

cycling of nutrients in the ecosystems where they live. In addition, 
the biodiversity found in the variety of species in different terres-
trial and aquatic ecosystems provides alternative paths for energy 
flow and nutrient cycling and better opportunities for natural 
selection as environmental conditions change. Disrupt these paths 
and we can decrease the various components of the biodiversity 
of ecosystems and the sizes of their populations.

In this chapter, we looked more closely at two principles
of sustainability: biodiversity promotes sustainability and 
there are always limits to population growth in nature. Chap-
ter 6 applies the concepts of biodiversity and population dy-
namics discussed in this chapter to the growth of the human 
population and its environmental impacts. Chapters 7 and 8 
look more closely at biodiversity in the variety of terrestrial eco-
systems (such as deserts, grasslands, and forests) and aquatic 
ecosystems (such as oceans, lakes, rivers, and wetlands) found on 
the earth.

R E V I S I T I N G

We cannot command nature 
except by obeying her.

SIR FRANCIS BACON

It is useful to distinguish among two aspects of sta-
bility in living systems. One is inertia, or persistence:
the ability of a living system, such as a grassland or a 
forest, to survive moderate disturbances. A second fac-
tor is resilience: the ability of a living system to be re-
stored through secondary succession after a moderate 
disturbance.

Evidence suggests that some ecosystems have one of 
these properties but not the other. For example, tropi-
cal rain forests have high species diversity and high in-
ertia and thus are resistant to significant alteration or 
destruction. But once a large tract of tropical rain for-
est is severely damaged, the resilience of the resulting 
degraded ecosystem may be so low that the forest may 
not be restored by secondary ecological succession. One 
reason for this is that most of the nutrients in a tropical 
rain forest are stored in its vegetation, not in the soil as 
in most other terrestrial ecosystems. Once the nutrient-
rich vegetation is gone, daily rains can remove most of 
the other nutrients left in the soil and thus prevent a 
tropical rain forest from regrowing on a large cleared 
area.

Another reason for why the rain forest cannot re-
cover is that large-scale deforestation can change an 
area’s climate by decreasing the input of water vapor 
from its trees into the atmosphere. Without such water 
vapor, rain decreases and the local climate gets warmer. 
Over many decades, this can allow for the development 
of a tropical grassland in the cleared area but not for 
the reestablishment of a tropical rain forest.

By contrast, grasslands are much less diverse than 
most forests, and consequently they have low inertia 
and can burn easily. However, because most of their 
plant matter is stored in underground roots, these eco-
systems have high resilience and can recover quickly 
after a fire as their root systems produce new grasses. 
Grassland can be destroyed only if its roots are plowed 
up and something else is planted in its place, or if it is 
severely overgrazed by livestock or other herbivores.

Variations among species in resilience and inertia 
are yet another example of biodiversity—one aspect of 
natural capital that has allowed life on earth to sustain 
itself for billions of years.

However, there are limits to the stresses that ecosys-
tems and global systems such as climate can take. As a 
result, such systems can reach a tipping point, where 
any additional stress can cause the system to change in 
an abrupt and usually irreversible way that often in-
volves collapse. For example, once a certain number of 
trees have been eliminated from a stable tropical rain 
forest, it can crash and become a grassland. And con-
tinuing to warm the atmosphere by burning fossil fuels 
that emit CO2 and cutting down tropical forests that help 
remove CO2 could eventually change the global climate 
system in ways that could last for thousands of years. 

Exceeding a tipping point is like falling off a cliff. 
There is no way back. One of the most urgent scientific 
research priorities is to identify these and other tipping 
points and to develop strategies to prevent natural sys-
tems from reaching their tipping points.
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REVIEW

1. Review the Key Questions and Concepts for this chapter 
on p. 101. Explain how southern sea otters act as a key-
stone species in kelp beds. Explain why we should care 
about protecting this species from extinction. Explain why 
we should help to preserve kelp forests.

2. Define interspecific competition, predation, parasit-
ism, mutalism, and commensalism and give an exam-
ple of each. Explain how each of these species interactions 
can affect the population sizes of species in ecosystems. 
Distinguish between a predator and a prey and give an 
example of each. What is a predator–prey relation-
ship? Describe four ways in which prey species can avoid 
their predators and four ways in which predators can cap-
ture these prey.

3. Define and give an example of coevolution.

4. Describe and give an example of resource partitioning
and explain how it can increase species diversity.

5. What is population dynamics? Why do most popula-
tions live in clumps?

6. Describe four variables that govern changes in popula-
tion size and write an equation showing how they in-
teract. What is a population’s age structure and what 
are three major age group categories? Distinguish among 
the biotic potential, intrinsic rate of increase, expo-
nential growth, environmental resistance, carrying 
capacity, and logistic growth of a population, and use 
these concepts to explain why there are always limits to 

population growth in nature. Why are southern sea otters 
making a slow comeback and what factors can threaten 
this recovery? Define and give an example of a popula-
tion crash. Explain why humans are not exempt from 
nature’s population controls.

7. Distinguish between r-selected species and K-selected
species and give an example of each type. Define popu-
lation density and explain how it can affect the size of 
some but not all populations.

8. Describe the exploding white-tailed deer population prob-
lem in the United States and discuss options for dealing 
with it.

9. What is ecological succession? Distinguish between 
primary ecological succession and secondary eco-
logical succession and give an example of each. Explain 
why succession does not follow a predictable path. In 
terms of stability, distinguish between inertia (per-
sistence) and resilience. Explain how living systems 
achieve some degree of stability or sustainability by un-
dergoing constant change in response to changing envi-
ronmental conditions.

10. Explain how the role of the southern sea 
otter in its ecosystem (Core Case Study)
illustrates the population control principle
of sustainability.

Note: Key Terms are in bold type.

CRITICAL THINKING

1. What difference would it make if the southern sea otter 
(Core Case Study) became prematurely extinct be-
cause of human activities? What are three things 
we could do to help prevent the premature ex-
tinction of this species?

2. Use the second law of thermodynamics (p. 43) to explain 
why predators are generally less abundant than their 
prey.

3. Explain why most species with a high capacity for 
population growth (high biotic potential) tend to have 
small individuals (such as bacteria and flies) while those 
with a low capacity for population growth tend to have 
large individuals (such as humans, elephants, and whales).

4. List three factors that have limited human population 
growth in the past that we have overcome. Describe how 
we overcame each of these factors. List two factors that 
may limit human population growth in the future.

5. Why are pest species likely to be extreme examples of 
r-selected species? Why are many endangered species 

likely to be extreme examples of K-selected species?

6. Given current environmental conditions, if you had 
a choice, would you rather be an r-strategist or a 
K-strategist? Explain your answer.

7. Is the southern sea otter an r-strategist or a K-strategist 
species? Explain. How does this affect our efforts to pro-
tect this species from premature extinction?

8. How would you reply to someone who argues that we 
should not worry about our effects on natural systems be-
cause natural succession will heal the wounds of human 
activities and restore the balance of nature?

9. In your own words, restate this chapter’s closing quota-
tion by Sir Francis Bacon. Do you agree with this notion? 
Why or why not?

10. List two questions that you would like to have answered 
as a result of reading this chapter.

Note: See Supplement 13 (p. S78) for a list of Projects related to this chapter.
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ing and research. These include flash cards, practice quiz-
zing, Weblinks, information on Green Careers, and InfoTrac® 
College Edition articles.

 1. What was the approximate carrying capacity of the 
penguin population on the island from 1960 to 1975? 
(Hint: See Figure 5-11, p. 111.) What was the approxi-
mate carrying capacity of the penguin population on the 
island from 1980 to 1999?

Log on to the Student Companion Site for this book at 
academic.cengage.com/biology/miller, and choose 
Chapter 5 for many study aids and ideas for further read-

DATA ANALYSIS

The graph below shows the changes in size of an Emperor 
Penguin population in terms of breeding pairs on Terre 
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 2. What is the percentage decline in the penguin population 
from 1975 to 1999?

Source: Data from Nature, May 10, 2001.

Adelie in the Antarctic. Use the graph to answer the questions 
below.



C O R E  C A S E  S T U D Y

Many argue that both population growth and resource con-
sumption per person are important causes of the environmental 
problems we face (Concept 1-5A, p. 17).

Another view is that technological advances have 
allowed us to overcome the environmental resistance that all 
populations face (Figure 5-11, p. 111) and to increase the earth’s 
carrying capacity for our species. Some analysts argue there is no 
reason we cannot continue doing so, and they believe that the 
planet can support billions more people. They also see a growing 
population as our most valuable resource for solving environ-
mental and other problems and for stimulating economic growth 
by increasing the number of consumers. As a result, they see no 
need to control the world’s population growth.

Some people view any form of population regulation as a 
violation of their religious or moral beliefs. Others see it as an 
intrusion into their privacy and their freedom to have as many 
children as they want. These people also would argue against 

any form of population control.
Proponents of slowing and eventually 

stopping population growth have a differ-
ent view. They point out that we are not 
providing the basic necessities for about 
one of every five people—a total of some 
1.4 billion. They ask how we will be able 
to do so for the projected 2.6 billion more 
people by 2050.

They also warn of two serious conse-
quences we will face if we do not sharply 
lower birth rates. First, death rates may 
increase because of declining health and 
environmental conditions in some areas, 
as is already happening in parts of Africa. 
Second, resource use and environmental 
degradation may intensify as more con-
sumers increase their already large eco-
logical footprints in developed countries 
and in rapidly developing countries, such 
as China and India (Figure 1-10, p. 15). 
This could increase environmental stresses 
such as infectious disease, biodiversity 
losses, water shortages, traffic conges-
tion, pollution of the seas, and climate 
change.

This debate over interactions among 
population growth, economic growth, 
politics, and moral beliefs is one of the 
most important and controversial issues 
in environmental science.

Are There Too Many of Us?

Each week, about 1.6 million people are added to the world’s 
population. As a result, the number of people on the earth is 
projected to increase from 6.7 to 9.3 billion or more between 
2008 and 2050, with most of this growth occurring in the 
world’s developing countries (Figure 6-1). This raises an impor-
tant question: Can the world provide an adequate standard of 
living for a projected 2.6 billion more people by 2050 without 
causing widespread environmental damage? There is disagree-
ment over the answer to this question.

According to one view, the planet already has too many 
people collectively degrading the earth’s natural capital. To some 
analysts, the problem is the sheer number of people in develop-
ing countries with 82% of the world’s population. To others, it is 
high per capita resource consumption rates in developed coun-
tries—and to an increasing extent in rapidly developing countries 
such as China and India—that magnify the environmental im-
pact, or ecological footprint, of each person (Figure 1-10, p. 15). 

The Human Population 
and Its Impact6

Figure 6-1 Crowded street in China. Together, China and India have 36% of the world’s population 
and the resource use per person in these countries is projected to grow rapidly as they become more 
modernized (Case Study, p. 15).
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Human Population Growth 
Continues but It Is Unevenly 
Distributed
For most of history, the human population grew slowly 
(Figure 1-1, p. 5, left part of curve). But for the past 
200 years, the human population has experienced 
rapid exponential growth reflected in the characteristic 
J-curve (Figure 1-1, right part of curve).

Three major factors account for this population in-
crease. First, humans developed the ability to expand 
into diverse new habitats and different climate zones. 
Second, the emergence of early and modern agriculture 
allowed more people to be fed for each unit of land 
area farmed. Third, the development of sanitation sys-
tems, antibiotics, and vaccines helped control infectious 
disease agents. As a result, death rates dropped sharply 
below birth rates and population size grew rapidly.

About 10,000 years ago when agriculture began, 
there were about 5 million humans on the planet; 
now there are 6.7 billion of us. It took from the time 

we arrived until about 1927 to add the first 2 billion 
people to the planet; less than 50 years to add the next 
2 billion (by 1974); and just 25 years to add the 
next 2 billion (by 1999)—an illustration of the awe-
some power of exponential growth (Chapter 1 Core 
Case Study, p. 5). By 2012 we will be trying to support 
7 billion people and perhaps 9.3 billion by 2050. Such 
growth raises the question of whether the earth is over-
populated (Core Case Study). (See Figure 4, 
p. S12, in Supplement 3 for a timeline of key 
events related to human population growth.)

The rate of population growth has slowed, but the 
world’s population is still growing exponentially at a 
rate of 1.22% a year. This means that 82 million people 
were added to the world’s population during 2008—an 
average of nearly 225,000 more people each day, or 
2.4 more people every time your heart beats. (See 
The Habitable Planet, Video 5, at www.learner.org/
resources/series209.html for a discussion of how de-
mographers measure population size and growth.)

Geographically, this growth is unevenly distributed. 
About 1.2 million of these people were added to the 

Key Questions and Concepts

6-1 How many people can the earth support?
CONCEPT 6 -1  We do not know how long we can continue 
increasing the earth’s carrying capacity for humans without 
seriously degrading the life-support system for humans and many 
other species.

6-2 What factors influence the size of the human 
population?
CONCEPT 6 -2A  Population size increases because of births and 
immigration and decreases through deaths and emigration.

CONCEPT 6 -2B  The average number of children born to 
women in a population (total fertility rate) is the key factor that 
determines population size.

6-3 How does a population’s age structure affect its 
growth or decline?
CONCEPT 6 -3  The numbers of males and females in young, 
middle, and older age groups determine how fast a population 
grows or declines.

6-4 How can we slow human population growth?
CONCEPT 6 -4  Experience indicates that the most effective 
ways to slow human population growth are to encourage family 
planning, to reduce poverty, and to elevate the status of women.

The problems to be faced are vast and complex, but come down to this: 
6.7 billion people are breeding exponentially. 

The process of fulfilling their wants and needs is stripping earth 
of its biotic capacity to support life; 

a climactic burst of consumption by a single species 
is overwhelming the skies, earth, waters, and fauna.

PAUL HAWKEN

6-1 How Many People Can the Earth Support?
CONCEPT 6-1 We do not know how long we can continue increasing the earth’s 
carrying capacity for humans without seriously degrading the life-support system 
for humans and many other species.

▲

Note: Supplements 2 (p. S4), 3 (p. S10), 4 (p. S20), and 13 (p. S78) can be used with 
this chapter.

Links: refers to the Core Case Study. refers to the book’s sustainability theme. indicates links to key concepts in earlier chapters. 123

www.learner.org/resources/series209.html
www.learner.org/resources/series209.html
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SCIENCE FOCUS

How Long Can the Human Population Keep Growing?

duction has grown at an exponential rate 
instead of at a linear rate because of genetic 
and technological advances in industrialized 
food production.

No one knows how close we are to the 
environmental limits that sooner or later will 
control the size of the human population, 
but mounting evidence indicates that we are 
steadily degrading the natural capital, which 
keeps us and other species alive and supports 
our economies (Concept 6-1).

Critical Thinking
How close do you think we are to the en-
vironmental limits of human population 
growth?

o survive and provide resources for 
growing numbers of people, humans 

have modified, cultivated, built on, or de-
graded a large and increasing portion of the 
earth’s natural systems. Our activities have 
directly affected, to some degree, about 83% 
of the earth’s land surface, excluding Antarc-
tica (Figure 3, pp. S24–25, in Supplement 4), 
as our ecological footprints have spread 
across the globe (Concept 1-3, 
p. 12, and Figure 1-10, p. 15). In 
other words, human activities have degraded 
the various components of earth’s biodiversity 
(Figure 4-2, p. 79) and such threats are ex-
pected to increase.

We have used technology to alter much of 
the rest of nature to meet our growing needs 
and wants in eight major ways (Figure 6-A).

T Scientific studies of populations of other 
species tell us that no population can con-
tinue growing indefinitely (Con-
cept 5-3, p.108), which is one of 
the four scientific principles of 
sustainability (see back cover). 
How long can we continue increas-
ing the earth’s carrying capacity for our 
species by sidestepping many of the factors 
that sooner or later limit the growth of any 
population?

The debate over this important question 
has been going on since 1798 when Thomas 
Malthus, a British economist, hypothesized 
that the human population tends to increase 
exponentially, while food supplies tend to 
increase more slowly at a linear rate. So far, 
Malthus has been proven wrong. Food pro-

NATURAL CAPITAL
DEGRADATION

Reduction of biodiversity

Increasing use of the earth's net primary productivity

Increasing genetic resistance of pest species and disease-causing bacteria

Elimination of many natural predators

Introduction of potentially harmful species into communities

Using some renewable resources faster than they can be replenished

Interfering with the earth's chemical cycling and energy flow processes

Relying mostly on polluting and climate-changing fossil fuels

Altering Nature to Meet Our Needs

 Active Figure 6-A 
Major ways in which humans have altered the 
rest of nature to meet our growing population’s 
resource needs and wants. See an animation 
based on this figure at CengageNOW. Ques-
tions: Which three of these items do you believe 
have been the most harmful? Explain. How does 
your lifestyle contribute directly or indirectly to 
each of these three items?
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world’s developed countries, growing at 0.1% a year. 
About 80.8 million were added to developing countries, 
growing 15 times faster at 1.5% a year. In other words, 
most of the world’s population growth takes place in 
already heavily populated parts of world most of which 
are the least equipped to deal with the pressures of such 
rapid growth. In our demographically divided world, 
roughly 1 billion people live in countries with essen-
tially a stable population size while another billion or 
so live in countries whose populations are projected to 
at least double between 2008 and 2050.

How many of us are likely to be here in 2050? An-
swer: 7.8–10.7 billion people, depending mostly on pro-
jections about the average number of babies women are 
likely to have. The medium projection is 9.3 billion peo-
ple (Figure 6-2). About 97% of this growth is projected 
to take place in developing countries, where acute pov-
erty is a way of life for about 1.4 billion people.

The prospects for stabilization of the human pop-
ulation in the near future are nil. However, during 
this century, the human population may level off as it 
moves from a J-shaped curve of exponential growth to 
an S-shaped curve of logistic growth because of various 
factors that can limit human population growth (Fig-
ure 5-11, p. 111).

HOW WOULD YOU VOTE?

Should the population of the country where you live be 
stabilized as soon as possible? Cast your vote online at 
academic.cengage.com/biology/miller.

This raises the question posed in the Core 
Case Study at the beginning of this chapter: 
How many people can the earth support indefinitely? 
Some say about 2 billion. Others say as many as 30 bil-
lion. This issue has long been a topic of scientific debate 
(Science Focus, at left).

Some analysts believe this is the wrong question. 
Instead, they say, we should ask what the optimum 
sustainable population of the earth might be, based on 
the planet’s cultural carrying capacity. This would 
be an optimum level that would allow most people to 
live in reasonable comfort and freedom without im-
pairing the ability of the planet to sustain future gen-
erations. (See the Guest Essay by Garrett Hardin at 
CengageNOW™.)

RESEARCH FRONTIER

Determining the optimum sustainable population size for the 
earth and for various regions. See academic.cengage.com/
biology/miller.
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Figure 6-2 Global connections: UN world population projections, 
assuming that by 2050 women will have an average of 2.5 children 
(high), 2.0 children (medium), or 1.5 children (low). The most likely 
projection is the medium one—9.3 billion by 2050. (Data from 
United Nations).

6-2 What Factors Influence the Size 
of the Human Population?

CONCEPT 6-2A Population size increases because of births and immigration and 
decreases through deaths and emigration.
CONCEPT 6-2B The average number of children born to women in a population 
(total fertility rate) is the key factor that determines population size.

▲
▲

The Human Population Can Grow, 
Decline, or Remain Fairly Stable
On a global basis, if there are more births than deaths 
during a given period of time, the earth’s population 
increases, and when the reverse is true, it decreases. 

When births equal deaths during a particular time pe-
riod population size does not change.

Human populations of countries and cities grow 
or decline through the interplay of three factors: births 
(fertility), deaths (mortality), and migration. We can calcu-
late population change of an area by subtracting the 
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number of people leaving a population (through death 
and emigration) from the number entering it (through 
birth and immigration) during a specified period of 
time (usually one year) (Concept 6-2A). See Figures 5 
and 6, p. S13, in Supplement 3.

 Population 
 change  " (Births # Immigration) ! (Deaths # Emigration)

When births plus immigration exceed deaths plus 
emigration, population increases; when the reverse is 
true, population declines.

Instead of using the total numbers of births and 
deaths per year, population experts (demographers) 
use the birth rate, or crude birth rate (the num-
ber of live births per 1,000 people in a population in a 
given year), and the death rate, or crude death rate 
(the number of deaths per 1,000 people in a population 
in a given year).

What five countries had the largest numbers of 
people in 2008? Number 1 was China with 1.3 billion 
people, or one of every five people in the world (Fig-
ures 6-1 and 6-3). Number 2 was India with 1.1 bil-
lion people, or one of every six people. Together, China 
and India have 36% of the world’s population. The 
United States, with 304 million people in 2008—had 
the world’s third largest population but only 4.5% of 
the world’s people. Can you guess the next two most 
populous countries? What three countries are expected 

to have the most people in 2025? Look at Figure 6-3 to 
see if your answers are correct.

Women Are Having Fewer Babies 
but Not Few Enough to Stabilize 
the World’s Population
Another measurement used in population studies is 
fertility rate, the number of children born to a woman 
during her lifetime. Two types of fertility rates affect 
a country’s population size and growth rate. The first 
type, called the replacement-level fertility rate, is 
the average number of children that couples in a pop-
ulation must bear to replace themselves. It is slightly 
higher than two children per couple (2.1 in developed 
countries and as high as 2.5 in some developing coun-
tries), mostly because some children die before reach-
ing their reproductive years.

Does reaching replacement-level fertility bring an 
immediate halt to population growth? No, because so 
many future parents are alive. If each of today’s couples 
had an average of 2.1 children, they would not be con-
tributing to population growth. But if all of today’s girl 
children also have 2.1 children, the world’s population 
will continue to grow for 50 years or more (assuming 
death rates do not rise).

The second type of fertility rate, the total fertil-
ity rate (TFR), is the average number of children born 
to women in a population during their reproductive 
years. This factor plays a key role in determining popu-
lation size (Concept 6-2B). The average fertility rate has 
been declining. In 2008, the average global TFR was 
2.6 children per woman: 1.6 in developed countries 
(down from 2.5 in 1950) and 2.8 in developing coun-
tries (down from 6.5 in 1950). Although the decline in 
TFR in developing countries is impressive, the TFR re-
mains far above the replacement level of 2.1, not low 
enough to stabilize the world’s population in the near 
future. See Figures 7 and 8, p. S14, in Supplement 3.

THINKING ABOUT
The Slower Rate of Population Growth

Why has the world’s exponential rate of population growth 
slowed down in the last few decades? What would have to 
happen for the world’s population to stop growing?

 ■ CASE STUDY

The U.S. Population Is 
Growing Rapidly
The population of the United States grew from 76 mil-
lion in 1900 to 304 million in 2008, despite oscilla-
tions in the country’s TFR (Figure 6-4) and birth rates 
(Figure 6-5). It took the country 139 years to add its 

1.3 billion
1.5 billion

1.1 billion

304 million
357 million

1.4 billion

China

India

USA

195 million
229 million

240 million
292 million

148 million
205 million

147 million
180 million

173 million
229 million

142 million
129 million

Brazil

Nigeria

Bangladesh

Pakistan

Russia

128 million
119 million

Japan

Indonesia

2008

2025

Figure 6-3 Global connections: the world’s 10 most populous 
countries in 2008, with projections of their population sizes 
in 2025. (Data from World Bank and Population Reference 
Bureau) 
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first 100 million people, 52 years to add another 100 
million by 1967, and only 39 years to add the third 
100 million in 2006. The period of high birth rates be-
tween 1946 and 1964 is known as the baby boom, when 
79 million people were added to the U.S. population. 
In 1957, the peak of the baby boom, the TFR reached 
3.7 children per woman. Since then, it has generally 
declined, remaining at or below replacement level since 
1972. In 2008, the TFR was 2.1 children per woman, 
compared to 1.6 in China.

The drop in the TFR has slowed the rate of popu-
lation growth in the United States. But the country’s 
population is still growing faster than that of any other 
developed country, and of China, and is not close to 
leveling off. About 2.9 million people (one person ev-
ery 11 seconds) were added to the U.S. population in 
2008. About 66% (1.9 million) of this growth occurred 
because births outnumbered deaths and 34% (1 mil-
lion) came from legal and illegal immigration (with 
someone migrating to the U.S. every 32 seconds).

In addition to the almost fourfold increase in pop-
ulation growth since 1900, some amazing changes in 
lifestyles took place in the United States during the 
20th century (Figure 6-6, p. 128), which led to dra-
matic increases in per capita resource use and a much 
larger U.S. ecological footprint (Concept 1-3, 
p. 12, and Figure 1-10, top, p. 15).
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Figure 6-4 Total fertility rates for the United States between 1917 and 
2008. Question: The U.S. fertility rate has declined and remained at or 
below replacement levels since 1972, so why is the population of the 
United States still increasing? (Data from Population Reference Bureau 
and U.S. Census Bureau)

Figure 6-5 Birth rates in the United States, 1910–2008. Use this figure to trace changes in crude birth rates during 
your lifetime. (Data from U.S. Bureau of Census and U.S. Commerce Department) 

Here are a few more changes that occurred during 
the last century. In 1907, the three leading causes of 
death in the United States were pneumonia, tubercu-
losis, and diarrhea; 90% of U.S. doctors had no col-
lege education; one out of five adults could not read 
or write; only 6% of Americans graduated from high 
school; the average U.S. worker earned $200–400 per 
year and the average daily wage was 22 cents per hour; 
there were only 9,000 cars in the U.S., and only 232 ki-
lometers (144 miles) of paved roads; a 3-minute phone 
call from Denver, Colorado, to New York city cost 
$11; only 30 people lived in Las Vegas, Nevada; most 
women washed their hair only once a month; mari-
juana, heroin, and morphine were available over the 
counter at local drugstores; and there were only 230 
reported murders in the entire country.

According to U.S. Census Bureau, the U.S. popula-
tion is likely to increase from 304 million in 2008 to 
438 million by 2050 and then to 571 million by 2100. 
In contrast, population growth has slowed in other ma-
jor developed countries since 1950, most of which are 
expected to have declining populations after 2010. Be-
cause of a high per capita rate of resource use and the 
resulting waste and pollution, each addition to the U.S. 
population has an enormous environmental impact 
(Figure 1-9, bottom, p. 14, Figure 1-10, p. 15, and Fig-
ure 7 on pp. S28–S29 in Supplement 4).
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Several Factors Affect Birth Rates 
and Fertility Rates
Many factors affect a country’s average birth rate and 
TFR. One is the importance of children as a part of the labor 
force. Proportions of children working tend to be higher 
in developing countries.

Another economic factor is the cost of raising and ed-
ucating children. Birth and fertility rates tend to be lower 
in developed countries, where raising children is much 
more costly because they do not enter the labor force 
until they are in their late teens or twenties. In the 
United States, it costs about $290,000 to raise a mid-
dle-class child from birth to age 18. By contrast, many 
children in poor countries have to work to help their 
families survive.

The availability of private and public pension systems 
can influence the decision for some couples on how 
many children to have, especially the poor in develop-
ing countries. Pensions reduce a couple’s need to have 
many children to help support them in old age.

Urbanization plays a role. People living in urban ar-
eas usually have better access to family planning ser-
vices and tend to have fewer children than do those 
living in rural areas (especially in developing countries) 
where children are often needed to help raise crops and 
carry daily water and fuelwood supplies.

Another important factor is the educational and em-
ployment opportunities available for women. TFRs tend to 
be low when women have access to education and paid 
employment outside the home. In developing countries, 
a woman with no education typically has two more 
children than does a woman with a high school edu-

cation. In nearly all societies, better-educated women 
tend to marry later and have fewer children.

Another factor is the infant mortality rate—the 
number of children per 1,000 live births who die be-
fore one year of age. In areas with low infant mortality 
rates, people tend to have fewer children because fewer 
children die at an early age.

Average age at marriage (or, more precisely, the aver-
age age at which a woman has her first child) also plays 
a role. Women normally have fewer children when 
their average age at marriage is 25 or older.

Birth rates and TFRs are also affected by the avail-
ability of legal abortions. Each year about 190 million 
women become pregnant. The United Nations and the 
World Bank estimate that 46 million of these women 
get abortions—26 million of them legal and 20 million 
illegal (and often unsafe). Also, the availability of reliable 
birth control methods allows women to control the num-
ber and spacing of the children they have.

Religious beliefs, traditions, and cultural norms also play 
a role. In some countries, these factors favor large fam-
ilies and strongly oppose abortion and some forms of 
birth control.

Several Factors Affect Death Rates
The rapid growth of the world’s population over the 
past 100 years is not primarily the result of a rise in the 
crude birth rate. Instead, it has been caused largely by 
a decline in crude death rates, especially in developing 
countries.

More people started living longer and fewer infants 
died because of increased food supplies and distribu-

Life expectancy
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outside the home

High school
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47 years
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Figure 6-6 Some major changes 
that took place in the United 
States between 1900 and 2000. 
Question: Which two of these 
changes do you think were the 
most important? (Data from U.S. 
Census Bureau and Department of 
Commerce)
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tion, better nutrition, medical advances such as immu-
nizations and antibiotics, improved sanitation, and safer 
water supplies (which curtailed the spread of many in-
fectious diseases).

Two useful indicators of the overall health of people 
in a country or region are life expectancy (the average 
number of years a newborn infant can expect to live) 
and the infant mortality rate (the number of babies 
out of every 1,000 born who die before their first birth-
day). Between 1955 and 2008, the global life expectancy 
increased from 48 years to 68 years (77 years in devel-
oped countries and 67 years in developing countries) 
and is projected to reach 74 by 2050. Between 1900 
and 2008, life expectancy in the United States increased 
from 47 to 78 years and, by 2050, is projected to reach 
82 years. In the world’s poorest countries, however, life 
expectancy is 49 years or less and may fall further in 
some countries because of more deaths from AIDS.

Even though more is spent on health care per per-
son in the United States than in any other country, 
people in 41 other countries including Canada, Japan, 
Singapore, and a number of European countries have 
longer life expectancies than do Americans. Ana-
lysts cite two major reasons for this. First, 45 million 
Americans lack health care insurance, while Canada 
and many European countries have universal health 
care insurance. Second, adults in the United States 
have one of the world’s highest obesity rates.

Infant mortality is viewed as one of the best mea-
sures of a society’s quality of life because it reflects a 
country’s general level of nutrition and health care. 
A high infant mortality rate usually indicates insuffi-
cient food (undernutrition), poor nutrition (malnutri-
tion), and a high incidence of infectious disease (usu-
ally from drinking contaminated water and having 
weakened disease resistance due to undernutrition and 
malnutrition).

Between 1965 and 2008, the world’s infant mortal-
ity rate dropped from 20 to 6.3 in developed countries 
and from 118 to 59 in developing countries (see Fig-
ures 9 and 10, p. S15, in Supplement 3). This is good 
news, but annually, more than 4 million infants (most in 
developing countries) die of preventable causes during 
their first year of life—an average of 11,000 mostly un-
necessary infant deaths per day. This is equivalent to 
55 jet airliners, each loaded with 200 infants younger 
than age 1, crashing each day with no survivors!

The U.S. infant mortality rate declined from 165 
in 1900 to 6.6 in 2008. This sharp decline was a major 
factor in the marked increase in U.S. average life ex-
pectancy during this period. Still, some 40 countries, 
including Taiwan, Cuba, and most of Europe had lower 
infant mortality rates than the United States had in 
2008. Three factors helped keep the U.S. infant mortal-
ity rate high: inadequate health care for poor women dur-
ing pregnancy and for their babies after birth, drug addic-
tion among pregnant women, and a high birth rate among 
teenagers (although this rate dropped by almost half be-
tween 1991 and 2006).

Migration Affects an Area’s 
Population Size
The third factor in population change is migration: 
the movement of people into (immigration) and out of 
(emigration) specific geographic areas.

Most people migrating from one area or country 
to another seek jobs and economic improvement. But 
some are driven by religious persecution, ethnic con-
flicts, political oppression, wars, and environmental 
degradations such as water and food shortages and soil 
erosion. According to a U.N. study, there were about 
25 million environmental refugees in 2005 and the num-
ber could reach 50 million by 2010. Environmental sci-
entist Norman Myers warns that, in a warmer world, 
the number of such refugees could soar to 250 mil-
lion or more before the end of this century. (See 
more on this in the Guest Essay by Norman Myers at 
CengageNOW.)

■ CASE STUDY

The United States: A Nation 
of Immigrants
Since 1820, the United States has admitted almost twice 
as many immigrants and refugees as all other countries 
combined. The number of legal immigrants (including 
refugees) has varied during different periods because 
of changes in immigration laws and rates of economic 
growth (Figure 6-7). Currently, legal and illegal immi-
gration account for about 40% of the country’s annual 
population growth.
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Figure 6-7 Legal immigration to the United States, 1820–2003 
(the last year for which data are available). The large increase in 
immigration since 1989 resulted mostly from the Immigration 
Reform and Control Act of 1986, which granted legal status to ille-
gal immigrants who could show they had been living in the country 
for several years. (Data from U.S. Immigration and Naturalization 
Service and the Pew Hispanic Center) 
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Between 1820 and 1960, most legal immigrants to 
the United States came from Europe. Since 1960, most 
have come from Latin America (53%) and Asia (25%), 
followed by Europe (14%). In 2007, Latinos (67% of 
them from Mexico) made up 15% of the U.S. popula-
tion, and by 2050, are projected to make up 25% of 
the population. According to the Pew Hispanic Center, 
53% of the 100 million Americans that were added to 
the population between 1967 and 2007 were either im-
migrants or their children.

There is controversy over whether to reduce legal 
immigration to the United States. Some analysts would 
accept new entrants only if they can support them-
selves, arguing that providing legal immigrants with 
public services makes the United States a magnet for the 
world’s poor. Proponents of reducing legal immigration 
argue that it would allow the United States to stabilize 
its population sooner and help reduce the country’s 
enormous environmental impact from its huge eco-
logical footprint (Figure 1-10, p. 15; and Con-
cept 1-3, p. 12). 

Polls show that almost 60% of the U.S. public 
strongly supports reducing legal immigration. There is 
also intense political controversy over what to do about 
illegal immigration. In 2007, there were an estimated 
11.3 million illegal immigrants in the United States, 
with about 58% of them from Mexico and 22% from 
other Latin American countries.

Those opposed to reducing current levels of legal 
immigration argue that it would diminish the histori-

cal role of the United States as a place of opportunity 
for the world’s poor and oppressed and as a source of 
cultural diversity that has been a hallmark of Ameri-
can culture since its beginnings. In addition, according 
to several studies, including a 2006 study by the Pew 
Hispanic Center, immigrants and their descendants pay 
taxes, take many menial and low-paying jobs that most 
other Americans shun, start new businesses, create 
jobs, add cultural vitality, and help the United States 
succeed in the global economy. Also, according to the 
U.S. Census Bureau, after 2020, higher immigration 
levels will be needed to supply enough workers as baby 
boomers retire.

According to a recent study by the U.N. Population 
Division, if the United States wants to maintain its cur-
rent ratio of workers to retirees, it will need to absorb 
an average of 10.8 million immigrants each year—more 
than 13 times the current immigration level—through 
2050. At that point, the U.S. population would total 
1.1 billion people, 73% of them fairly recent immi-
grants or their descendants. Housing this influx of al-
most 11 million immigrants per year would require the 
equivalent of building another New York City every 
10 months.

HOW WOULD YOU VOTE?

Should legal immigration into the United States be 
reduced? Cast your vote online at academic.cengage
.com/biology/miller.

6-3 How Does a Population’s Age Structure 
Affect Its Growth or Decline?

CONCEPT 6-3 The numbers of males and females in young, middle, and older age 
groups determine how fast a population grows or declines.

▲

Populations Made Up Mostly 
of Young People Can Grow Rapidly
As mentioned earlier, even if the replacement-level 
fertility rate of 2.1 children per woman were magi-
cally achieved globally tomorrow, the world’s popula-
tion would keep growing for at least another 50 years 
(assuming no large increase in the death rate). This re-
sults mostly from the age structure: the distribution 
of males and females among age groups in a popula-
tion—in this case, the world population (Concept 6-3).

Population experts construct a population age-
structure diagram by plotting the percentages or num-
bers of males and females in the total population in 
each of three age categories: prereproductive (ages 0–14), 

reproductive (ages 15–44), and postreproductive (ages 45 
and older). Figure 6-8 presents generalized age-struc-
ture diagrams for countries with rapid, slow, zero, and 
negative population growth rates.

Any country with many people younger than age 
15 (represented by a wide base in Figure 6-8, far left) 
has a powerful built-in momentum to increase its pop-
ulation size unless death rates rise sharply. The number 
of births will rise even if women have only one or two 
children, because a large number of girls will soon be 
moving into their reproductive years.

What is one of the world’s most important popula-
tion statistics? Nearly 28% of the people on the planet were 
under 15 years old in 2008. These 1.9 billion young peo-
ple are poised to move into their prime reproductive 
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years. In developing countries, the percentage is even 
higher: 30% on average (41% in Africa) compared 
with 17% in developed countries (20% in the United 
States and 16% in Europe). These differences in popu-
lation age structure between developed and developing 
countries are dramatic, as Figure 6-9 reveals. This fig-
ure also shows why almost all of future human popula-
tion growth will be in developing countries.

We Can Use Age-Structure 
Information to Make Population 
and Economic Projections
Changes in the distribution of a country’s age groups 
have long-lasting economic and social impacts. Be-
tween 1946 and 1964, the United States had a baby 
boom, which added 79 million people to its population. 
Over time, this group looks like a bulge moving up 
through the country’s age structure, as shown in Fig-
ure 6-10, p. 132.

Baby boomers now make up almost half of all adult 
Americans. As a result, they dominate the population’s 
demand for goods and services and play increasingly 
important roles in deciding who gets elected and what 
laws are passed. Baby boomers who created the youth 
market in their teens and twenties are now creating the 
50-something market and will soon move on to create 
a 60-something market. After 2011, when the first baby 
boomers will turn 65, the number of Americans older 
than age 65 will grow sharply through 2029 in what 
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 Active Figure 6-8 Generalized population 
age structure diagrams for countries with rapid (1.5–3%), slow 
(0.3–1.4%), zero (0–0.2%), and negative (declining) population 
growth rates. A population with a large proportion of its people 
in the prereproductive age group (far left) has a large potential for 
rapid population growth. See an animation based on this figure 
at CengageNOW. Question: Which of these figures best repre-
sents the country where you live? (Data from Population Reference 
Bureau)
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Figure 6-9 Global outlook: population structure by age and 
sex in developing countries and developed countries, 2006. 
Question: If all girls under 15 had only one child during their life-
times, how do you think these structures would change over time? 
(Data from United Nations Population Division and Population 
Reference Bureau)
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has been called the graying of America. In 2008, about 
13% of Americans were 65 or older, but that number is 
projected to increase to about 25% by 2043.

According to some analysts, the retirement of baby 
boomers is likely to create a shortage of workers in 
the United States unless immigrant workers or vari-
ous forms of automation replace some of them. Retired 
baby boomers may use their political clout to have the 
smaller number of people in the baby-bust generation 
that followed them pay higher income, health-care, 
and social security taxes. However, the rapidly increas-
ing number of immigrants and their descendants may 
dilute their political power. Their power may also be 
weakened by the rise of members of the echo baby 
boom generation (Figure 6-5).

 Examine how the baby boom affects the U.S. 
age structure over several decades at CengageNOW.

Populations Made Up Mostly of 
Older People Can Decline Rapidly
As the age structure of the world’s population changes 
and the percentage of people age 60 or older increases, 
more countries will begin experiencing population de-
clines. If population decline is gradual, its harmful ef-
fects usually can be managed.

Japan has the world’s highest proportion of elderly 
people and the lowest proportion of young people. Its 
population, at 128 million in 2008, is projected to de-
cline to about 96 million by 2050.

Rapid population decline can lead to severe eco-
nomic and social problems. A country that experi-
ences a fairly rapid “baby bust” or a “birth dearth” 
when its TFR falls below 1.5 children per couple for 
a prolonged period sees a sharp rise in the proportion 
of older people. This puts severe strains on govern-
ment budgets because these individuals consume an 
increasingly larger share of medical care, social secu-
rity funds, and other costly public services, which are 
funded by a decreasing number of working taxpayers. 
Such countries can also face labor shortages unless 
they rely more heavily on automation or massive im-
migration of foreign workers. In the next two to three 
decades, countries such as the United States and many 
European nations with rapidly aging populations will 
face shortages of health workers. For example, the 
United Nations will need half a million more nurses by 
2020 and twice as many doctors specializing in health 
care for the elderly (geriatrics).

Figure 6-11 lists some of the problems associated 
with rapid population decline. Countries faced with 
a rapidly declining population in the future include 
Japan, Russia, Germany, Bulgaria, the Czech Republic, 
Hungary, Poland, Ukraine, Greece, Italy, and Spain.

Populations Can Decline 
from a Rising Death Rate: 
The AIDS Tragedy
A large number of deaths from AIDS can disrupt a 
country’s social and economic structure by remov-
ing significant numbers of young adults from its age 

 Active Figure 6-10 Tracking the baby-boom generation in the United States. U.S. population 
by age and sex, 1955, 1985, 2015, and 2035 (projected). See an animation based on this figure at CengageNOW. 
(Data from U.S. Census Bureau)
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structure. According to the World Health Organiza-
tion, AIDS had killed 25 million people by 2008. Unlike 
hunger and malnutrition, which kill mostly infants and 
children, AIDS kills many young adults.

As Countries Develop, Their 
Populations Tend to Grow 
More Slowly
Demographers examining birth and death rates of west-
ern European countries that became industrialized dur-
ing the 19th century developed a hypothesis of popula-
tion change known as the demographic transition: 
as countries become industrialized, first their death 
rates and then their birth rates decline. According to 
the hypothesis, based on such data, this transition takes 
place in four distinct stages (Figure 6-12, p. 134).

Some analysts believe that most of the world’s 
devel oping countries will make a demographic transi-

Figure 6-11 Some problems with rapid population decline. Question: Which three of 
these problems do you think are the most important? 

6-4 How Can We Slow Human Population Growth?
CONCEPT 6-4 Experience indicates that the most effective ways to slow human 
population growth are to encourage family planning, to reduce poverty, and to 
elevate the status of women.

▲

This change in the young-adult age 
structure of a country has a number of 
harmful effects. One is a sharp drop in 
average life expectancy. In 8 African 
countries, where 16–39% of the adult 
population is infected with HIV, life ex-
pectancy could drop to 34–40 years.

Another effect is a loss of a country’s 
most productive young adult workers 
and trained personnel such as scien-
tists, farmers, engineers, teachers, and 
government, business, and health-care 
workers. This causes a sharp drop in the 
number of productive adults available to 
support the young and the elderly and 
to grow food and provide essential ser-
vices. Within a decade, countries such as 
Zimbabwe and Botswana in sub-Saharan 
Africa could lose more than a fifth of 
their adult populations.

Analysts call for the international 
community—especially developed coun-
tries—to create and fund a massive pro-
gram to help countries ravaged by AIDS 
in Africa and elsewhere. This program 
would have two major goals. First, re-
duce the spread of HIV through a com-
bination of improved education and 

health care. Second, provide financial assistance for edu-
cation and health care as well as volunteer teachers and 
health-care and social workers to help compensate for 
the missing young-adult generation.

Can threaten economic growth

Labor shortages

Less government revenues with fewer workers

Less entrepreneurship and new business formation

Less likelihood for new technology development

Increasing public deficits to fund higher pension and 
health-care costs

Pensions may be cut and retirement age increased

Some Problems with
Rapid Population Decline

tion over the next few decades mostly because modern 
technology can bring economic development and fam-
ily planning to such countries. Others fear that the still-
rapid population growth in some developing countries 
might outstrip economic growth and overwhelm some 
local life-support systems. As a consequence, some of 
these countries could become caught in a demographic 
trap at stage 2. This is now happening as death rates 
rise in a number of developing countries, especially in 
Africa. Indeed, countries in Africa being ravaged by the 
HIV/AIDS epidemic are falling back to stage 1.

Other factors that could hinder the demographic 
transition in some developing countries are shortages 
of scientists and engineers (94% of them work in the 
industrialized world), shortages of skilled workers, 
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insufficient financial capital, large debts to developed 
countries, and a drop in economic assistance from de-
veloped countries since 1985.

 Explore the effects of economic develop-
ment on birth and death rates and population growth at 
CengageNOW.

Planning for Babies Works
Family planning provides educational and clinical 
services that help couples choose how many children 
to have and when to have them. Such programs vary 
from culture to culture, but most provide informa-
tion on birth spacing, birth control, and health care for 
pregnant women and infants.

Family planning has been a major factor in reduc-
ing the number of births throughout most of the world, 
mostly because of increased knowledge and availabil-
ity of contraceptives. According to the U.N. Popula-
tion Division, 58% of married women ages 15–45 in 
developed countries and 54% in developing countries 
used modern contraception in 2008. Family planning 
has also reduced the number of legal and illegal abor-
tions performed each year and decreased the number 
of deaths of mothers and fetuses during pregnancy.

Studies by the U.N. Population Division and other 
population agencies indicate that family planning is re-
sponsible for at least 55% of the drop in total fertility 

rates (TFRs) in developing countries, from 6.0 in 1960 
to 3.0 in 2008. Between 1971 and 2008, for example, 
Thailand used family planning to cut its annual popu-
lation growth rate from 3.2% to 0.5% and its TFR from 
6.4 to 1.6 children per family. Another family planning 
success involves Iran, which between 1989 and 2000, 
cut its population growth rate from 2.5% to 1.4%.

Despite such successes, two problems remain. First, 
according to the U.N. Population Fund, 42% of all 
pregnancies in developing countries are unplanned and 
26% end with abortion. Second, an estimated 201 mil-
lion couples in developing countries want to limit the 
number and determine the spacing of their children, 
but they lack access to family planning services. Ac-
cording to a recent study by the U.N. Population Fund 
and the Alan Guttmacher Institute, meeting women’s 
current unmet needs for family planning and contra-
ception could each year prevent 52 million unwanted 
pregnancies, 22 million induced abortions, 1.4 million 
infant deaths, and 142,000 pregnancy-related deaths.

Some analysts call for expanding family planning 
programs to include teenagers and sexually active un-
married women, who are excluded from many existing 
programs. Another suggestion is to develop programs 
that educate men about the importance of having fewer 
children and taking more responsibility for raising 
them. Proponents also call for greatly increased research 
on developing more effective and more acceptable birth 
control methods for men.

In 1994, the United Nations held its third Confer-
ence on Population and Development in Cairo, Egypt. 
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 Active Figure 6-12 Four stages of the demographic transition, which the population of a country 
can experience when it becomes industrialized. There is uncertainty about whether this model will apply to some of 
today’s developing countries. See an animation based on this figure at CengageNOW. Question: At what stage is 
the country where you live?
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One of the conference’s goals was to encourage action 
to stabilize the world’s population at 7.8 billion by 2050 
instead of the projected 9.2 billion.

The experiences of countries such as Japan, Thai-
land, South Korea, Taiwan, Iran, and China show that 
a country can achieve or come close to replacement-
level fertility within a decade or two. Such experiences 
also suggest that the best ways to slow and stabilize 
population growth are through investing in family plan-
ning, reducing poverty, and elevating the social and economic 
status of women (Concept 6-4).

Empowering Women Can Slow 
Population Growth
Studies show that women tend to have fewer chil-
dren if they are educated, hold a paying job outside the 
home, and live in societies where their human rights 
are not suppressed. Although women make up roughly 
half of the world’s population, in most societies they 
do not have the same rights and educational and eco-
nomic opportunities as men do.

Women do almost all of the world’s domestic work 
and child care for little or no pay and provide more 
unpaid health care than all of the world’s organized 
health services combined. They also do 60–80% of 
the work associated with growing food, gathering and 
hauling wood (Figure 6-13) and animal dung for use 
as fuel, and hauling water in rural areas of Africa, Latin 
America, and Asia. As one Brazilian woman put it, “For 
poor women the only holiday is when you are asleep.”

Globally, women account for two-thirds of all hours 
worked but receive only 10% of the world’s income, 

and they own less than 2% of the world’s land. Also, 
about 70% of the world’s poor and 64% of all 800 mil-
lion illiterate adults are women.

Because sons are more valued than daughters in 
many societies, girls are often kept at home to work in-
stead of being sent to school. Globally, some 900 mil-
lion girls—three times the entire U.S. population—do 
not attend elementary school. Teaching women to read 
has a major impact on fertility rates and population 
growth. Poor women who cannot read often have five 
to seven children, compared to two or fewer in societies 
where almost all women can read.

According to Thorya Obaid, executive director of 
the U.N. Population Fund, “Many women in the devel-
oping world are trapped in poverty by illiteracy, poor 
health, and unwanted high fertility. All of these con-
tribute to environmental degradation and tighten the 
grip of poverty.”

An increasing number of women in developing 
countries are taking charge of their lives and repro-
ductive behavior. As it expands, such bottom-up 
change by individual women will play an important 
role in stabilizing population and reducing environ-
mental degradation.

■ CASE STUDY

Slowing Population Growth 
in China: The One-Child Policy
China has made impressive efforts to feed its people, 
bring its population growth under control, and encour-
age economic growth. Between 1972 and 2008, the 
country cut its crude birth rate in half and trimmed its 

Figure 6-13 Women from a village in 
the West African country of Burkina 
Faso returning with fuelwood. Typically 
they spend 2 hours a day two or three 
times a week searching for and hauling 
fuelwood.M
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TFR from 5.7 to 1.6 children per woman, compared to 
2.1 in the United States. Despite such drops China is 
the world’s most populous country and in 2008 added 
about 6.8 million people to its population (compared 
to 2.9 million in the United States and 18 million in 
India). If current trends continue, China’s population is 
expected to peak by about 2033 at around 1.46 billion 
and then to begin a slow decline.

Since 1980, China has moved 350 million people 
(an amount greater than the entire U.S. population) 
from extreme poverty to its consumer middle class 
and is likely to double that number by 2010. How-
ever, about 47% of its people were struggling to live 
on less than $2 (U.S.) a day in 2006. China also has a 
literacy rate of 91% and has boosted life expectancy to 
73 years. By 2020, some economists project that China 
could become the world’s leading economic power.

In the 1960s, Chinese government officials con-
cluded that the only alternative to mass starvation 
was strict population control. To achieve a sharp drop 
in fertility, China established the most extensive, in-
trusive, and strict family planning and population 
control program in the world. It discourages premar-
ital sex and urges people to delay marriage and limit 
their families to one child each. Married couples who 
pledge to have no more than one child receive more 
food, larger pensions, better housing, free health care, 
salary bonuses, free school tuition for their child, and 
preferential employment opportunities for their child. 
Couples who break their pledge lose such benefits.

The government also provides married couples with 
free sterilization, contraceptives, and abortion. How-
ever, reports of forced abortions and other coercive 
actions have brought condemnation from the United 
States and other national governments.

In China, there is a strong preference for male 
children, because unlike sons, daughters are likely to 
marry and leave their parents. A folk saying goes, “Rear 
a son, and protect yourself in old age.” Some pregnant 
Chinese women use ultrasound to determine the gen-
der of their fetuses, and some get an abortion if it is 
female. The result: a rapidly growing gender imbalance
or “bride shortage” in China’s population, with a pro-
jected 30–40 million surplus of men expected by 2020. 
Because of this skewed sex ratio, teen-age girls in some 
parts of rural China are being kidnapped and sold as 
brides for single men in other parts of the country.

With fewer children, the average age of China’s 
population is increasing rapidly. By 2020, 31% of the 
Chinese population will be over 60 years old, com-
pared to 8% in 2008. This graying of the Chinese pop-
ulation could lead to a declining work force, higher 
wages for younger workers, a shortage of funding for 
continuing economic development, and fewer children 
and grandchildren to care for the growing number of 
elderly people. These concerns and other factors may 
slow economic growth and lead to some relaxation 
of China’s one-child population control policy in the 
future.

China also faces serious resource and environmen-
tal problems that could limit its economic growth. It 
has 19% of the world’s population, but only 7% of 
the world’s freshwater and cropland, 4% of its forests, 
and 2% of its oil. In 2002, only 15% of China’s land 
area was protected on paper (compared to 23% in the 
United States, 51% in Japan, and 63% in Venezuela) 
and only 29% of its rural population had access to ad-
equate sanitation.

In 2005, China’s deputy minister of the environ-
ment summarized the country’s environmental prob-
lems: “Our raw materials are scarce, we don’t have 
enough land, and our population is constantly grow-
ing. Half of the water in our seven largest rivers is com-
pletely useless. One-third of the urban population is 
breathing polluted air.”

China’s economy is growing at one of the world’s 
highest rates as the country undergoes rapid industrial-
ization. More middle class Chinese (Case Study, p. 15) 
will consume more resources per person, increasing 
China’s ecological footprint (Figure 1-10, p. 15) within 
its own borders and in other parts of the world that 
provide it with resources (Concept 1-3, p. 12). 
This will put a strain on the earth’s natural 
capital unless China steers a course toward more sus-
tainable economic development.

■ CASE STUDY

Slowing Population Growth in India
For more than 5 decades, India has tried to control 
its population growth with only modest success. The 
world’s first national family planning program began in 
India in 1952, when its population was nearly 400 mil-
lion. By 2008, after 56 years of population control ef-
forts, India had 1.1 billion people.

In 1952, India added 5 million people to its popu-
lation. In 2008, it added 18 million—more than any 
other country. By 2015, India is projected to be the 
world’s most populous country, with its population 
projected to reach 1.76 billion by 2050.

India faces a number of serious poverty, malnutri-
tion, and environmental problems that could worsen 
as its population continues to grow rapidly. India has a 
thriving and rapidly growing middle class of more than 
300 million people—roughly equal to the entire U.S. 
population—many of them highly skilled software de-
velopers and entrepreneurs.

By global standards, however, one of every four 
people in India is poor, despite the fact that since 2004 
it has had the world’s second fastest growing economy, 
and by 2007, was the world’s fourth largest economy. 
Such prosperity and progress have not touched many 
of the nearly 650,000 villages where more than two-
thirds of India’s population lives. In 2002, only 18% of 
its rural population had access to adequate sanitation. 
In 2006, nearly half of the country’s labor force was 
unemployed or underemployed and 80% of its people 
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were struggling to live on less than $2 (U.S.) day (see 
Photo 2 in the Detailed Contents).

Although India currently is self-sufficient in food 
grain production, about 40% of its population and 
more than half of its children suffer from malnutrition, 
mostly because of poverty. In 2002, only 5% of the 
country’s land was protected on paper.

The Indian government has provided informa-
tion about the advantages of small families for years 
and has also made family planning available through-
out the country. Even so, Indian women have an av-
erage of 2.8 children. Most poor couples still believe 
they need many children to work and care for them 
in old age. As in China, the strong cultural preference 
for male children also means some couples keep hav-
ing children until they produce one or more boys. The 
result: even though 90% of Indian couples know of at 
least one modern birth control method, only 48% ac-
tually use one.

Like China, India also faces critical resource and en-
vironmental problems. With 17% of the world’s peo-
ple, India has just 2.3% of the world’s land resources 
and 2% of the forests. About half the country’s crop-
land is degraded as a result of soil erosion and over-

grazing. In addition, more than two-thirds of its water 
is seriously polluted, sanitation services often are inad-
equate, and many of its major cities suffer from serious 
air pollution.

India is undergoing rapid economic growth, which 
is expected to accelerate. As members of its huge and 
growing middle class increase their resource use per 
person, India’s ecological footprint (Con-
cept 1-3) (Figure 1-10, p. 15) will expand and 
increase the pressure on the country’s and the earth’s 
natural capital.

On the other hand, economic growth may help to 
slow population growth by accelerating India’s demo-
graphic transition. By 2050, India—the largest democ-
racy the world has ever seen—could become the world’s 
leading economic power.

THINKING ABOUT
China, India, the United States, and 
Overpopulation

Based on population size and resource use per person (Fig-
ure 1-10, p. 15) is the United States more overpopulated than 
China? Explain. Answer the same question for the United 
States versus India.

Our numbers expand but Earth’s natural systems do not.
LESTER R. BROWN

REVIEW

1. Review the Key Questions and Concepts in this chapter 
on p. 123. Do you think the world is overpopulated? 
Explain.

2. List three factors that account for the rapid growth of the 
world’s human population over the past 200 years. De-
scribe eight ways in which we have used technology to 
alter nature to meet our growing needs and wants. How 
many of us are likely to be here in 2050?

3. What is the cultural carrying capacity of a population? 
How do some analysts apply this concept in considering 
the question of whether the earth is overpopulated?

4. List four variables that affect the population change of 
an area and write an equation showing how they are re-
lated. Distinguish between crude birth rate and crude
death rate. What five countries had the largest numbers 
of people in 2008?

Population Growth and Sustainability

This chapter began with a discussion of whether the world is 
overpopulated (Core Case Study). As we have noted, some ex-
perts say this is the wrong question to be asking. Instead, they 
believe we ought to ask, “What is the optimal level of human 
population that the planet can support sustainably?” In other 
words, “What is the maximum number of people that can live 
comfortably without seriously degrading the earth’s biodiversity 
and other forms of natural capital and jeopardizing the earth’s 
ability to provide the same comforts for future generations?”

In the first six chapters of this book, you have learned how 
ecosystems and species have been sustained throughout history in 

keeping with four scientific principles of sustainability—rely-
ing on solar energy, biodiversity, population control, and nutrient 
recycling (see back cover and Concept 1-6, p. 23). In this chapter, 
you may have gained a sense of the need for humans to apply 
these sustainability principles to their lifestyles and economies, 
especially with regard to human population growth, globally and 
in particular countries.

In the next five chapters, you will learn how various principles 
of ecology and these four scientific principles of sustainability
can be applied to help preserve the earth’s biodiversity.

R E V I S I T I N G
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5. What is fertility rate? Distinguish between 
replacement-level fertility rate and total fertility 
rate (TFR). Explain why reaching the replacement-level 
fertility rate will not stop global population growth until 
about 50 years have passed (assuming that death rates do 
not rise).

6. Describe population growth in the United States and 
explain why it is high compared to those of most other 
developed countries and China. Is the United States over-
populated? Explain.

7. List ten factors that can affect the birth rate and fertility 
rate of a country. Distinguish between life expectancy
and infant mortality rate and explain how they affect 
the population size of a country. Why does the United 
States have a lower life expectancy and higher infant 
mortality rate than a number of other countries? What is 
migration? Describe immigration into the United States 
and the issues it raises.

8. What is the age structure of a population. Explain how 
it affects population growth and economic growth. What 

are some problems related to rapid population decline 
from an aging population?

9. What is the demographic transition and what are its 
four stages? What factors could hinder some developing 
countries from making this transition? What is family
planning? Describe the roles of family planning, reduc-
ing poverty, and elevating the status of women in slowing 
population growth. Describe China’s and India’s efforts to 
control their population growth.

10. How has human population growth (Core Case 
Study) interfered with natural processes related 
to three of the scientific principles of sustainabil-
ity? Name the three principles, and for each one, 
describe the effects of rapid human population 
growth.

CRITICAL THINKING

1. List three ways in which you could apply some of what 
you learned in this chapter to making your lifestyle more 
environmentally sustainable.

2. Which of the three major environmental worldviews 
summarized on p. 20 do you believe underlie the two 
major positions on whether the world is overpopulated 
(Core Case Study)?

3. Identify a major local, national, or global envi-
ronmental problem, and describe the role of population 
growth in this problem.

4. Is it rational for a poor couple in a developing country 
such as India to have four or five children? Explain.

5. Do you believe that the population is too high in 
(a) the world (Core Case Study), (b) your own 
country, and (c) the area where you live? 
Explain.

6. Should everyone have the right to have as many children 
as they want? Explain. Is your belief on this issue consis-
tent with your environmental worldview?

7. Some people have proposed that the earth could solve 
its population problem by shipping people off to space 
colonies, each containing about 10,000 people. Assum-
ing we could build such large-scale, self-sustaining space 
stations (a big assumption), how many of them would 
we have to build to provide living spaces for the 82 mil-
lion people added to the earth’s population this year? If 
space shuttles could each carry 100 passengers, how many 
shuttles would have to be launched each day for a year to 

offset the 82 million people added to the population this 
year? According to your calculations, determine whether 
this proposal is a logical solution to the earth’s population 
problem. What effect might the daily launching of these 
shuttles have on global warming? Explain.

8. Some people believe our most important goal should be 
to sharply reduce the rate of population growth in de-
veloping countries where 97% of the world’s population 
growth is expected to take place. Others argue that the 
most serious environmental problems stem from high 
levels of resource consumption per person in developed 
countries, which use 88% of the world’s resources and 
have much larger ecological footprints per person (Fig-
ure 1-10, p. 15) than do developing countries. What is 
your view on this issue? Explain.

9. Congratulations! You are in charge of the world. List the 
three most important features of your population policy.

10. List two questions that you would like to have answered 
as a result of reading this chapter.

Note: Key Terms are in bold type.

Note: See Supplement 13 (p. S78) for a list of Projects related to this chapter.
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ECOLOGICAL FOOTPRINT ANALYSIS

The chart below shows selected population data for two differ-
ent countries A and B.

LEARNING ONLINE

Log on to the Student Companion Site for this book at 
academic.cengage.com/biology/miller, and choose 
Chapter 6 for many study aids and ideas for further read-

ing and research. These include flash cards, practice quiz-
zing, Weblinks, information on Green Careers, and InfoTrac®

College Edition articles.

1. Calculate the rates of natural increase for the populations 
of Country A and Country B. From the rates of natural 
increase and the data in the table, suggest whether A and 
B are developed or developing countries, and explain the 
reasons for your answers.

2. Describe where each of the two countries may be in terms 
of their stage in the demographic transition (Figure 6-12, 
p. 134). Discuss factors that could hinder Country A from 
progressing to later stages in the demographic transition.

3. Explain how the percentage of people under 15 years of 
age in Country A and in Country B could affect the per 
capita and total ecological footprints of each country.

 Country A Country B

Population (millions) 144 82

Crude birth rate 43 8

Crude death rate 18 10

Infant mortality rate 100 3.8

Total fertility rate 5.9 1.3

Percentage of population under 15 years old 45 14

Percentage of population older than 65 years 3.0 19

Average life expectancy at birth 47 79

Percentage urban 44 75

Source: Data from Population Reference Bureau 2007, World Population Data Sheet.



C O R E  C A S E  S T U D Y

Wind—an indirect form of solar energy—is an important 
factor in the earth’s climate. It is part of the planet’s circula-
tory system for heat, moisture, plant nutrients, soil particles, 
and long-lived air pollutants. Without wind, the tropics would 
be unbearably hot and most of the rest of the planet would 
freeze.

Winds transport nutrients from one place to another. For 
example, winds carry dust that is rich in phosphates and iron 
across the Atlantic Ocean from the Sahara Desert in West Africa 
(Figure 7-1). These deposits help to build agricultural soils in 
the Bahamas and to supply nutrients for plants in the upper 
canopies of rain forests in Brazil. A 2007 study indicated that 
in 2006, such dust might have helped to reduce hurricane fre-
quency in the southwestern North Atlantic and Caribbean by 
blocking some energizing sunlight. Dust blown from China’s 
Gobi Desert deposits iron into the Pacific Ocean between Hawaii 
and Alaska. The iron stimulates the growth of phytoplankton, 
the minute producers that support ocean food webs. Wind is 
also a rapidly growing source of renewable energy, as discussed 
in Chapter 16.

Winds also have a downside. They transport harmful sub-
stances. Particles of reddish-brown soil and pesticides banned in 
the United States are blown from Africa’s deserts and eroding 
farmlands into the sky over the U.S. state of Florida. Some types 
of fungi in this dust may play a role in degrading or killing coral 
reefs in the Florida Keys and in the Caribbean.

Particles of iron-rich dust from Africa also enhance the pro-
ductivity of algae, and have been linked to outbreaks of toxic al-
gal blooms—referred to as red tides—in Florida’s coastal waters. 
People who eat shellfish contaminated by a toxin produced in 
red tides can become paralyzed or can even die. These red tides 
can also cause fish kills.

Dust, soot, and other long-lived air pollutants from rapidly 
industrializing China and central Asia are blown across the Pacific 
Ocean and degrade air quality over parts of the western United 
States. Asian pollution makes up as much as 10% of West Coast 
smog—a problem that is expected to get worse as China con-
tinues to industrialize. A 2007 study, led by Renyl Zhang, linked 
such Asian air pollution to intensified storms over the North 
Pacific Ocean and to increased warming in the polar regions.

The ecological lesson: Everything we do affects some other 
part of the biosphere because everything is connected. In this 
chapter, we examine the key role that climate, including winds, 
plays in the formation and location of the deserts, grasslands, 
and forests that make up an important part of the earth’s terres-
trial biodiversity.

Blowing in the Wind: Connections 
between Wind, Climate, and Biomes

Terrestrial biomes such as de serts, grasslands, and forests make 
up one of the components of the earth’s biodiversity (Figure 4-2, 
p. 79). Why is one area of the earth’s land surface a desert, an-
other a grassland, and another a forest? The general answer lies 
in differences in climate, resulting mostly from long-term differ-
ences in average temperature and precipitation caused by global 
air circulation, which we discuss in this chapter.

Climate and Terrestrial 
Biodiversity7

Figure 7-1 Some of the dust blown from West Africa, shown here, can 
end up as soil nutrients in Amazonian rain forests and toxic air pollutants 
in the U.S. state of Florida and in the Caribbean. It may also help to sup-
press hurricanes in the western Atlantic.
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The Earth Has Many Different 
Climates
Weather is a local area’s short-term temperature, pre-
cipitation, humidity, wind speed, cloud cover, and other 
physical conditions of the lower atmosphere as mea-
sured over hours or days. (Supplement 8, p. S47, in-
troduces you to weather basics.) Climate is an area’s 
general pattern of atmospheric or weather conditions 
measured over long periods of time ranging from de-
cades to thousands of years. As American writer and 
humorist Mark Twain once said, “Climate is what we 
expect, weather is what we get.” Figure 7-2 (p. 142), de-
picts the earth’s major climate zones, an important com-
ponent of the earth’s natural capital (Figure 1-3, p. 8).

Climate varies in different parts of the earth mostly 
because patterns of global air circulation and ocean cur-
rents distribute heat and precipitation unevenly (Fig-
ure 7-3, p. 142). Three major factors determine how 
air circulates in the lower atmosphere, which helps to 
distribute heat and moisture from the tropics to other 
parts of the world:

• Uneven heating of the earth’s surface by the sun. Air 
is heated much more at the equator, where the 
sun’s rays strike directly, than at the poles, where 
sunlight strikes at a slanted angle and spreads 
out over a much greater area (Figure 7-3, right). 
These differences in the distribution of incom-
ing solar energy help to explain why tropical 
regions near the equator are hot, why polar re-
gions are cold, and why temperate regions in 
between generally have intermediate average 
temperatures.

• Rotation of the earth on its axis. As the earth rotates 
around its axis, its equator spins faster than its 
polar regions. As a result, heated air masses rising 
above the equator and moving north and south to 
cooler areas are deflected to the west or east over 
different parts of the planet’s surface (Figure 7-3). 
The atmosphere over these different areas is di-
vided into huge regions called cells, distinguished by 
direction of air movement. And the differing direc-
tions of air movement are called prevailing winds—
major surface winds that blow almost continuously 

Key Questions and Concepts

7-1 What factors influence climate?
CONCEPT 7 - 1  An area’s climate is determined mostly by solar 
radiation, the earth’s rotation, global patterns of air and water 
movement, gases in the atmosphere, and the earth’s surface 
features.

7-2 How does climate affect the nature and locations 
of biomes?
CONCEPT 7 -2  Differences in average annual precipitation and 
temperature lead to the formation of tropical, temperate, and 
cold deserts, grasslands, and forests, and largely determine their 
locations.

7-3 How have we affected the world’s terrestrial 
ecosystems?
CONCEPT 7 -3  In many areas, human activities are impairing 
ecological and economic services provided by the earth’s deserts, 
grasslands, forests, and mountains.

Note: Supplements 2 (p. S4), 4 (p. S20), 5 (p. S31), 8 (p. 47), 10 (p. S59), and 13 
(p. S78) can be used with this chapter.

To do science is to search for repeated patterns, 
not simply to accumulate facts, 

and to do the science of geographical ecology 
is to search for patterns of plant and animal life 

that can be put on a map.
ROBERT H. MACARTHUR

7-1 What Factors Influence Climate?
CONCEPT 7-1 An area’s climate is determined mostly by solar radiation, the earth’s 
rotation, global patterns of air and water movement, gases in the atmosphere, and 
the earth’s surface features.

▲

Links: refers to the Core Case Study. refers to the book’s sustainability theme. indicates links to key concepts in earlier chapters.
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 Active Figure 7-2 Natural capital: generalized map of the earth’s current climate zones, show-
ing the major contributing ocean currents and drifts and upwelling areas (where currents bring nutrients from the 
ocean bottom to the surface). Winds play an important role in distributing heat and moisture in the atmosphere, 
which leads to such climate zones. Winds also cause currents that help distribute heat throughout the world’s 
oceans. See an animation based on this figure at CengageNOW™. Question: Based on this map what is the gen-
eral type of climate where you live?
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Equator

Solar energy

Cold deserts

Cold deserts

Forests

Forests

Forests

Hot deserts

Hot deserts

Westerlies

Westerlies

Northeast trades

Southeast trades

Air cools and 
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lower latitudes.

Warm air rises and 
moves toward the 
poles.

The highest solar energy 
input is at the equator.
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descends at 
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Figure 7-3 Global air circulation. The largest input of solar energy occurs at the equator. As this air is heated it rises 
and moves toward the poles. However, the earth’s rotation deflects the movement of the air over different parts of 
the earth. This creates global patterns of prevailing winds that help distribute heat and moisture in the atmosphere. 
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and help distribute air, heat, moisture, and 
dust over the earth’s surface (Core Case 
Study).

• Properties of air, water, and land. Heat from the sun 
evaporates ocean water and transfers heat from the 
oceans to the atmosphere, especially near the hot 
equator. This evaporation of water creates giant 
cyclical convection cells that circulate air, heat, and 
moisture both vertically and from place to place in 
the atmosphere, as shown in Figure 7-4.

Prevailing winds (Figure 7-3) blowing over the 
oceans produce mass movements of surface water 
called currents. Driven by prevailing winds and the 
earth’s rotation, the earth’s major ocean currents (Fig-
ure 7-2) redistribute heat from the sun from place to 
place, thereby influencing climate and vegetation, es-
pecially near coastal areas. 

The oceans absorb heat from the earth’s air circula-
tion patterns; most of this heat is absorbed in tropical 
waters, which receive most of the sun’s heat. This heat 
and differences in water density (mass per unit volume) 
create warm and cold ocean currents. Prevailing winds 
and irregularly shaped continents interrupt these cur-

rents and cause them to flow in roughly circular pat-
terns between the continents, clockwise in the north-
ern hemisphere and counterclockwise in the southern 
hemisphere.

Heat is also distributed to the different parts of the 
ocean and the world when ocean water mixes verti-
cally in shallow and deep ocean currents, mostly as a 
result of differences in the density of seawater. Because 
it has a higher density, colder seawater sinks and flows 
beneath warmer and less dense seawater. This creates 
a connected loop of deep and shallow ocean currents, 
which act like a giant conveyer belt that moves heat 
to and from the deep sea and transfers warm and cold 
water between the tropics and the poles (Figure 7-5).

The ocean and the atmosphere are strongly linked in 
two ways: ocean currents are affected by winds in the at-
mosphere (Core Case Study), and heat from the 
ocean affects atmospheric circulation (Figure 
7-4). One example of the interactions between the ocean 
and the atmosphere is the El Niño–Southern Oscillation, or 
ENSO, as discussed on pp. S48–S49 in Supplement 8 and 
in The Habitable Planet, Video 3, at www.learner.org/
resources/series209.html. This large-scale weather 
phenomenon occurs every few years when prevailing 
winds in the tropical Pacific Ocean weaken and change 
direction. The resulting above-average warming of 
Pacific waters can affect populations of marine species by 
changing the distribution of plant nutrients. It also alters 
the weather of at least two-thirds of the earth for one or 
two years (see Figure 5, p. S49, in Supplement 8).
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expands,

cools

Moist surface warmed by sun

LOW
PRESSURE

HIGH
PRESSURE

HIGH
PRESSURE

LOW
PRESSURE

Falls,
is compressed,
warms

Flows toward low pressure,
picks up moisture and heat

Heat released
radiates to space

Warm,
dry air

Cool,
dry air

Condensation
and 

precipitation

Hot,
wet air

Figure 7-4 Energy transfer by convection in the atmosphere. Con-
vection occurs when hot and wet warm air rises, cools, and releases 
heat and moisture as precipitation (right side). Then the denser cool, 
dry air sinks, gets warmer, and picks up moisture as it flows across 
the earth’s surface to begin the cycle again. 

Warm, less
salty, shallow
current

Warm, less
salty, shallow
current

Cold, salty,
deep current

Figure 7-5 Connected deep and shallow ocean currents. A con-
nected loop of shallow and deep ocean currents transports warm 
and cool water to various parts of the earth. This loop, which rises 
in some areas and falls in others, results when ocean water in the 
North Atlantic near Iceland is dense enough (because of its salt 
content and cold temperature) to sink to the ocean bottom, flow 
southward, and then move eastward to well up in the warmer 
Pacific. A shallower return current aided by winds then brings 
warmer, less salty—and thus less dense—water to the Atlantic. This 
water can cool and sink to begin this extremely slow cycle again. 
Question: How do you think this loop affects the climates of the 
coastal areas around it?

www.learner.org/resources/series209.html
www.learner.org/resources/series209.html
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 Learn more about how oceans affect air move-
ments where you live and all over the world at CengageNOW™.

The earth’s air circulation patterns, prevailing 
winds, and configuration of continents and oceans re-
sult in six giant convection cells (like the one shown in 
Figure 7-4) in which warm, moist air rises and cools, 
and cool, dry air sinks. Three of these cells are found 
north of the equator and three are south of the equa-
tor. These cells lead to an irregular distribution of cli-
mates and deserts, grasslands, and forests, as shown in 
Figure 7-6 (Concept 7-1).

 Watch the formation of six giant convec-
tion cells and learn more about how they affect climates at 
CengageNOW.

THINKING ABOUT
Winds and Biomes

How might the distribution of the world’s forests, 
grasslands, and deserts shown in Figure 7-6 differ if 
the prevailing winds shown in Figure 7-3 did not exist?

Greenhouse Gases Warm 
the Lower Atmosphere
Figure 3-8 (p. 56) shows how energy flows to and from 
the earth. Small amounts of certain gases, including 
water vapor (H2O), carbon dioxide (CO2), methane 

(CH4), and nitrous oxide (N2O), in the atmosphere play 
a role in determining the earth’s average temperatures 
and its climates. These greenhouse gases allow mostly 
visible light and some infrared radiation and ultraviolet 
(UV) radiation from the sun to pass through the atmo-
sphere. The earth’s surface absorbs much of this solar 
energy and transforms it to longer-wavelength infra-
red radiation (heat), which then rises into the lower 
atmosphere.

Some of this heat escapes into space, but some is 
absorbed by molecules of greenhouse gases and emitted 
into the lower atmosphere as even longer-wavelength 
infrared radiation. Some of this released energy radi-
ates into space, and some warms the lower atmosphere 
and the earth’s surface. This natural warming effect of 
the troposphere is called the greenhouse effect (see 
Figure 3-8, p. 56, and The Habitable Planet, Video 2, at 
www.learner.org/resources/series209.html). With-
out the warming caused by these greenhouse gases, the 
earth would be a cold and mostly lifeless planet.

Human activities such as burning fossil fuels, clear-
ing forests, and growing crops release carbon diox-
ide, methane, and nitrous oxide into the atmosphere. 
Considerable evidence and climate models indicate 
that there is a 90–99% chance that the large inputs of 
greenhouse gases into the atmosphere from human ac-
tivities are enhancing the earth’s natural greenhouse 
effect. This human-enhanced global warming (Science 
Focus, p. 33) could cause climate changes in vari-
ous places on the earth that could last for centuries to 
thousands of years. As this warming intensifies during 
this century, climate scientists expect it to alter precipi-
tation patterns, shift areas where we can grow crops, 
raise average sea levels, and shift habitats for some 
types of plants and animals, as discussed more fully in 
Chapter 19.

 Witness the natural greenhouse effect and see 
how human activities have affected it at CengageNOW.

The Earth’s Surface Features Affect 
Local Climates
Heat is absorbed and released more slowly by wa-
ter than by land. This difference creates land and sea 
breezes. As a result, the world’s oceans and large lakes 
moderate the weather and climates of nearby lands.

Various topographic features of the earth’s surface 
create local and regional weather and climatic condi-
tions that differ from the general climate of a region. 
For example, mountains interrupt the flow of prevail-
ing surface winds and the movement of storms. When 
moist air blowing inland from an ocean reaches a 
mountain range, it is forced upward. As it rises, it cools 
and expands and then loses most of its moisture as rain 
and snow on the windward slope of the mountain (the 
side from which the wind is blowing).

Moist air rises,
cools, and releases
moisture as rain

Polar cap

Evergreen
coniferous forest

Temperate deciduous
forest and grassland

Temperate deciduous
forest and grassland

Desert

Tropical deciduous forest

Equator

Desert

Polar cap

60°

30°

0°

30°

60°

Tropical deciduous forest

Tropical rain forest

Arctic tundra

Figure 7-6 Global 
air circulation, 
ocean currents, 
and biomes. Heat 
and moisture are 
distributed over 
the earth’s surface 
via six giant con-
vection cells (like 
the one in Figure 
7-4) at different 
latitudes. The 
resulting uneven 
distribution of 
heat and moisture 
over the planet’s 
surface leads to 
the forests, grass-
lands, and deserts 
that make up the 
earth’s terrestrial 
biomes. 

www.learner.org/resources/series209.html
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As the drier air mass passes over the mountaintops 
it flows down the leeward (away from the wind) slopes, 
warms up (which increases its ability to hold moisture), 
and sucks up moisture from the plants and soil below. 
The loss of moisture from the landscape and the result-
ing semiarid or arid conditions on the leeward side of 
high mountains create the rain shadow effect (Fig-
ure 7-7). Sometimes this leads to the formation of des-
erts such as Death Valley in the United States, which 
is in the rain shadow of Mount Whitney, the highest 
mountain in the Sierra Nevadas. In this way, winds 
(Core Case Study) play a key role in forming 
some of the earth’s deserts.

Cities also create distinct microclimates. Bricks, con-
crete, asphalt, and other building materials absorb and 
hold heat, and buildings block wind flow. Motor vehi-

cles and the climate control systems of buildings release 
large quantities of heat and pollutants. As a result, cit-
ies tend to have more haze and smog, higher tempera-
tures, and lower wind speeds than the surrounding 
countryside.

THINKING ABOUT
Winds and Your Life

What are three changes in your lifestyle that would 
take place if there were no winds where you live?

RESEARCH FRONTIER

Modeling and other research to learn more about how hu-
man activities affect climate. See academic.cengage.com/
biology/miller.

Prevailing winds
pick up moisture
from an ocean.

On the windward side of a
mountain range, air rises,
cools, and releases moisture.

On the leeward side of the mountain
range, air descends, warms, and
releases little moisture.

Figure 7-7 The rain shadow effect is a reduction of rainfall and loss of moisture from the landscape on the 
side of a mountain facing away from prevailing surface winds. Warm, moist air in onshore winds loses most of 
its moisture as rain and snow on the windward slopes of a mountain range. This leads to semiarid and arid con-
ditions on the leeward side of the mountain range and the land beyond. The Mojave Desert in the U.S. state of 
California and Asia’s Gobi Desert are both produced by this effect. 

7-2 How Does Climate Affect the Nature 
and Locations of Biomes?

CONCEPT 7-2 Differences in average annual precipitation and temperature lead to 
the formation of tropical, temperate, and cold deserts, grasslands, and forests, and 
largely determine their locations.

▲

restrial regions characterized by similar climate, soil, 
plants, and animals, regardless of where they are found 
in the world. The variety of terrestrial biomes and 
aquatic systems is one of the four components of the 
earth’s biodiversity (Figure 4-2, p. 79, and Con-
cept 4-1A, p. 78)—a vital part of the earth’s nat-
ural capital.

By comparing Figure 7-8 with Figure 7-2 and Fig-
ure 1 on pp. S20–S21 in Supplement 4, you can see 
how the world’s major biomes vary with climate. 

Climate Affects Where Organisms 
Can Live
Different climates (Figure 7-2) explain why one area of 
the earth’s land surface is a desert, another a grassland, 
and another a forest (Figure 7-6) and why global air 
circulation (Figure 7-3) accounts for different types of 
deserts, grasslands, and forests (Concept 7-2).

Figure 7-8 (p. 146) shows how scientists have di-
vided the world into several major biomes—large ter-
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Figure 3-7 (p. 55) shows how major biomes in the 
United States (Figure 5, p. S27, in Supplement 4) are 
related to its different climates.

On maps such as the one in Figure 7-8, biomes are 
shown with sharp boundaries, each being covered with 
one general type of vegetation. In reality, biomes are not 
uniform. They consist of a mosaic of patches, each with 
somewhat different biological communities but with 
similarities typical of the biome. These patches occur 
mostly because the resources that plants and animals 
need are not uniformly distributed and because human 
activities remove and alter the natural vegetation in 
many areas.

Figure 7-9 shows how climate and vegetation vary 
with latitude and elevation. If you climb a tall mountain 
from its base to its summit, you can observe changes 
in plant life similar to those you would encounter in 
traveling from the equator to one of the earth’s poles. 
For example, if you hike up a tall Andes mountain in 

Ecuador, your trek can begin in tropical rain forest and 
end up on a glacier at the summit.

THINKING ABOUT
Biomes, Climate, and Human Activities

Use Figure 7-2 to determine the general type of climate where 
you live and Figure 7-8 to determine the general type of 
biome that should exist where you live. Then use Figure 3, 
pp. S24–S25, and Figure 7, pp. S28–S29, in Supplement 4 to 
determine how human ecological footprints have affected the 
general type of biome where you live.

Differences in climate, mostly from average annual 
precipitation and temperature, lead to the formation of 
tropical (hot), temperate (moderate), and polar (cold) 
deserts, grasslands, and forests (Figure 7-10)—another 
important component of the earth’s natural capital 
(Concept 7-2).
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Arctic tundra (cold grassland)

Temperate grassland

Tropical grassland (savanna)

Chaparral

Coniferous forest

Temperate deciduous forest

Tropical rainforest

Tropical dry forest

Desert

High mountains

Polar ice

 Active Figure 7-8 Natural capital: the earth’s major biomes—the main types of natural veg-
etation in various undisturbed land areas—result primarily from differences in climate. Each biome contains many 
ecosystems whose communities have adapted to differences in climate, soil, and other environmental factors. Figure 
5 on p. S27 in Supplement 4 shows the major biomes of North America. Human activities have removed or altered 
much of the natural vegetation in some areas for farming, livestock grazing, lumber and fuelwood, mining, and 
construction of towns and cities (see Figure 3, pp. S24–S25, and Figure 7, pp. S28–S29, in Supplement 4). See an 
animation based on this figure at CengageNOW. Question: If you factor out human influences such as farming 
and urban areas, what kind of biome do you live in?
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Figure 7-9 Generalized effects of elevation (left) and latitude (right) on climate and biomes. Parallel changes 
in vegetation type occur when we travel from the equator to the poles or from lowlands to mountain-
tops. Question: How might the components of the left diagram change as the earth warms during this 
century? Explain.
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There Are Three Major Types 
of Deserts
In a desert, annual precipitation is low and often scat-
tered unevenly throughout the year. During the day, 
the baking sun warms the ground and causes evapora-
tion of moisture from plant leaves and soil. But at night, 
most of the heat stored in the ground radiates quickly 
into the atmosphere. Desert soils have little vegetation 
and moisture to help store the heat, and the skies above 
deserts are usually clear. This explains why, in a desert, 
you may roast during the day but shiver at night.

A combination of low rainfall and different average 
temperatures creates tropical, temperate, and cold des-
erts (Figures 7-10 and 7-11).

Tropical deserts (Figure 7-11, top photo), such as the 
Sahara and Namib of Africa, are hot and dry most of 
the year (Figure 7-11, top graph). They have few plants 
and a hard, windblown surface strewn with rocks and 
some sand. They are the deserts we often see in the 
movies. Wind-blown dust storms (Core Case 
Study) in the Sahara Desert have increased 
tenfold since 1950 mostly because of overgraz-
ing and drought due to climate change and human 
population growth. Another reason is the SUV connec-
tion. Increasing numbers of four-wheel vehicles speed-
ing over the sand (Figure 7-11, top photo) break the 
desert’s surface crust. Wind storms can then blow the 
dusty material into the atmosphere.

In temperate deserts (Figure 7-11, center photo), such 
as the Mojave in the southern part of the U. S. state of 
California, daytime temperatures are high in summer 
and low in winter and there is more precipitation than in 
tropical deserts (Figure 7-11, center graph). The sparse 
vegetation consists mostly of widely dispersed, drought-
resistant shrubs and cacti or other succulents adapted to 
the lack of water and temperature variations. (Figure 1, 
p. S53, in Supplement 9 shows some components and 
food web interactions in a temperate desert ecosystem.)

In cold deserts, such as the Gobi Desert in Mongolia, 
vegetation is sparse (Figure 7-11, bottom photo). Win-
ters are cold, summers are warm or hot, and precipita-
tion is low (Figure 7-11, bottom graph). Desert plants 
and animals have adaptations that help them to stay 
cool and to get enough water to survive (Science Focus, 
above).

Desert ecosystems are fragile. Their soils take de-
cades to hundreds of years to recover from disturbances 
such as off-road vehicles. This is because of their slow 
plant growth, low species diversity, slow nutrient cy-
cling (due to low bacterial activity in the soils), and lack 
of water.

THINKING ABOUT
Winds and Deserts

What roles do winds (Core Case Study) play in 
creating and sustaining deserts?

SCIENCE FOCUS

Staying Alive in the Desert

use as needed. The camel is also covered 
with dense hair and does not sweat, which 
reduces heat gain and water loss through 
evaporation. Kangaroo rats never drink 
water. They get the water they need by 
breaking down fats in seeds that they 
consume.

Insects and reptiles (such as rattlesnakes 
and Gila monsters) have thick outer coverings 
to minimize water loss through evaporation, 
and their wastes are dry feces and a dried 
concentrate of urine. Many spiders and in-
sects get their water from dew or from the 
food they eat.

Critical Thinking
What are three things you would do to sur-
vive in the open desert?

daptations for survival in the des-
ert have two themes: beat the 

heat, and every drop of water counts.
Desert plants have evolved a number of 

strategies for doing this. During long hot and 
dry spells, plants such as mesquite and creo-
sote drop their leaves to survive in a dormant 
state. Succulent (fleshy) plants, such as the 
saguaro (“sah-WAH-ro”) cactus (Figure 7-11, 
middle photo), have three adaptations: they 
have no leaves, which can lose water by 
evapotranspiration; they store water and syn-
thesize food in their expandable, fleshy tissue; 
and they reduce water loss by opening their 
pores to take up carbon dioxide (CO2) only 
at night. The spines of these and many other 
desert plants guard them from being eaten by 
herbivores seeking the precious water 
they hold.

Some desert plants use deep roots to tap 
into groundwater. Others such as prickly pear 

A and saguaro cacti use widely spread, shallow 
roots to collect water after brief showers and 
store it in their spongy tissue.

Evergreen plants conserve water by hav-
ing wax-coated leaves that reduce water 
loss. Others, such as annual wildflowers and 
grasses, store much of their biomass in seeds 
that remain inactive, sometimes for years, 
until they receive enough water to germinate. 
Shortly after a rain, these seeds germinate, 
grow, and carpet some deserts with dazzling 
arrays of colorful flowers that last for a few 
weeks.

Most desert animals are small. Some 
beat the heat by hiding in cool burrows or 
rocky crevices by day and coming out at 
night or in the early morning. Others become 
dormant during periods of extreme heat or 
drought. Some larger animals such as camels 
can drink massive quantities of water when 
it is available and store it in their fat for 
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Figure 7-11 Climate graphs showing typical variations in annual temperature (red) and precipitation (blue) in tropi-
cal, temperate, and cold deserts. Top photo: a popular (but destructive) SUV rodeo in United Arab Emirates (tropical 
desert). Center photo: saguaro cactus in the U.S. state of Arizona (temperate desert). Bottom photo: a Bactrian 
camel in Mongolia’s Gobi Desert (cold desert). Question: What month of the year has the highest temperature 
and the lowest rainfall for each of the three types of deserts?
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There Are Three Major Types 
of Grasslands
Grasslands occur mostly in the interiors of continents 
in areas too moist for deserts and too dry for forests 
(Figure 7-8). Grasslands persist because of a combina-
tion of seasonal drought, grazing by large herbivores, 
and occasional fires—all of which keep large numbers 
of shrubs and trees from growing.

The three main types of grassland—tropical, tem-
perate, and cold (arctic tundra)—result from combina-
tions of low average precipitation and various average 
temperatures (Figures 7-10 and 7-12).

One type of tropical grassland, called a savanna,
contains widely scattered clumps of trees such as aca-
cia, (Figure 7-12, top photo), which are covered with 
thorns that help to keep herbivores away. This biome 
usually has warm temperatures year-round and alter-
nating dry and wet seasons (Figure 7-12, top graph).

Tropical savannas in East Africa have herds of graz-
ing (grass- and herb-eating) and browsing (twig- and 
leaf-nibbling) hoofed animals, including wildebeests 
(Figure 7-12, top photo), gazelles, zebras, giraffes, and 
antelopes and their predators such as lions, hyenas, and 
humans. Herds of these grazing and browsing animals 
migrate to find water and food in response to seasonal 
and year-to-year variations in rainfall (Figure 7-12, 
blue region in top graph) and food availability.

In their niches, these and other large herbivores 
have evolved specialized eating habits that minimize 
competition among species for the vegetation found 
on the savanna. For example, giraffes eat leaves and 
shoots from the tops of trees, elephants eat leaves 
and branches farther down, wildebeests prefer short 
grasses, and zebras graze on longer grasses and stems. 
Savanna plants, like desert plants, are adapted to sur-
vive drought and extreme heat. Many have deep roots 
that can tap into groundwater.

In a temperate grassland, winters are bitterly cold, 
summers are hot and dry, and annual precipitation is 
fairly sparse and falls unevenly through the year (Fig-
ure 7-12, center graph). Because the aboveground 
parts of most of the grasses die and decompose each 
year, organic matter accumulates to produce a deep, 
fertile soil. This soil is held in place by a thick network 
of intertwined roots of drought-tolerant grasses (un-
less the topsoil is plowed up, which exposes it to be 
blown away by high winds found in these biomes). The 
natural grasses are also adapted to fires, which burn 
the plant parts above the ground but do not harm the 
roots, from which new grass can grow.

Two types of temperate grasslands are tall-grass prai-
ries and short-grass prairies (Figure 7-12, center photo), 
such as those of the Midwestern and western United 
States and Canada. Short-grass prairies typically get 
about 25 centimeters (10 inches) of rain a year, and the 
grasses have short roots. Tall-grass prairies can get up 
to 88 centimeters (35 inches) of rain per year, and the 

grasses have deep roots. Mixed or middle-grass prairies 
get annual rainfall between these two extremes.

In all prairies, winds blow almost continuously and 
evaporation is rapid, often leading to fires in the sum-
mer and fall. This combination of winds and fires helps 
to maintain such grasslands by hindering tree growth. 
(Figure 2, p. S54, in Supplement 9 shows some com-
ponents and food-web interactions in a temperate tall-
grass prairie ecosystem in North America.)

Many of the world’s natural temperate grasslands 
have disappeared because their fertile soils are useful for 
growing crops (Figure 7-13, p. 152) and grazing cattle.

Cold grasslands, or arctic tundra (Russian for “marshy 
plain”), lie south of the arctic polar ice cap (Figure 7-8). 
During most of the year, these treeless plains are 
bitterly cold (Figure 7-12, bottom graph), swept by 
frigid winds, and covered by ice and snow. Winters are 
long and dark, and scant precipitation falls mostly as 
snow.

Under the snow, this biome is carpeted with a thick, 
spongy mat of low-growing plants, primarily grasses, 
mosses, lichens, and dwarf shrubs (Figure 7-12, bottom 
photo, and Figure 1-17, p. 23). Trees and tall plants 
cannot survive in the cold and windy tundra because 
they would lose too much of their heat. Most of the 
annual growth of the tundra’s plants occurs during 
the 7- to 8-week summer, when the sun shines almost 
around the clock. (Figure 3, p. S55, in Supplement 9 
shows some components and food-web interactions in 
an arctic tundra ecosystem.)

One outcome of the extreme cold is the formation 
of permafrost, underground soil in which captured 
water stays frozen for more than 2 consecutive years. 
During the brief summer, the permafrost layer keeps 
melted snow and ice from soaking into the ground. 
As a consequence, many shallow lakes, marshes, 
bogs, ponds, and other seasonal wetlands form when 
snow and frozen surface soil melt on the waterlogged 
tundra (Figure 7-12, bottom photo). Hordes of mos-
quitoes, black flies, and other insects thrive in these 
shallow surface pools. They serve as food for large colo-
nies of migratory birds (especially waterfowl) that re-
turn from the south to nest and breed in the bogs and 
ponds.

Animals in this biome survive the intense win-
ter cold through adaptations such as thick coats of fur 
(arctic wolf, arctic fox, and musk oxen) and feathers 
(snowy owl) and living underground (arctic lemming). 
In the summer, caribou migrate to the tundra to graze 
on its vegetation (Figure 1-17, p. 23).

Global warming is causing some of the permafrost 
in parts of Canada, Alaska, China, Russia, and Mongolia 
to melt. This disrupts these ecosystems and releases 
methane (CH4) and carbon dioxide (CO2) from the soil 
into the atmosphere. These two greenhouse gases can 
accelerate global warming and cause more permafrost 
to melt, which can lead to further warming and climate 
change. The melting permafrost causes the soil to sink 
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Figure 7-12 Climate graphs showing typical variations in annual temperature (red) and precipitation (blue) in tropi-
cal, temperate, and cold (arctic tundra) grassland. Top photo: wildebeests grazing on a savanna in Maasai Mara 
National Park in Kenya, Africa (tropical grassland). Center photo: wildflowers in bloom on a prairie near East Glacier 
Park in the U. S. state of Montana (temperate grassland). Bottom photo: arctic tundra (cold grassland) in autumn in 
front of the Alaska Range, Alaska (USA). Question: What month of the year has the highest temperature and the 
lowest rainfall for each of the three types of grassland?
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(subside), which can damage buildings, roads, power 
lines, and other human structures.

Tundra is a fragile biome. Most tundra soils formed 
about 17,000 years ago when glaciers began retreat-
ing after the last Ice Age (Figure 4-7, p. 85). These 
soils usually are nutrient poor and have little detritus. 
Because of the short growing season, tundra soil and 
vegetation recover very slowly from damage or distur-
bance. Human activities in the arctic tundra—mostly 
around oil drilling sites, pipelines, mines, and military 
bases—leave scars that persist for centuries.

Another type of tundra, called alpine tundra, occurs 
above the limit of tree growth but below the perma-
nent snow line on high mountains (Figure 7-9, left). 
The vegetation is similar to that found in arctic tundra, 
but it receives more sunlight than arctic vegetation gets. 

During the brief summer, alpine tundra can be covered 
with an array of beautiful wildflowers.

THINKING ABOUT
Winds and Grassland

What roles do winds play in creating and sustaining 
grasslands?

Temperate Shrubland: Nice Climate, 
Risky Place to Live
In many coastal regions that border on deserts we find 
fairly small patches of a biome known as temperate 
shrubland or chaparral. Closeness to the sea provides a 
slightly longer winter rainy season than nearby temper-
ate deserts have, and fogs during the spring and fall re-
duce evaporation. These biomes are found along coastal 
areas of southern California in the United States, the 
Mediterranean Sea, central Chile, southern Australia, 
and southwestern South Africa (Figure 7-8).

Chaparral consists mostly of dense growths of low-
growing evergreen shrubs and occasional small trees 
with leathery leaves that reduce evaporation (Fig-
ure 7-14). The soil is thin and not very fertile. Animal 
species of the chaparral include mule deer, chipmunks, 
jackrabbits, lizards, and a variety of birds.

During the long, warm, and dry summers, chapar-
ral vegetation becomes very dry and highly flammable. 
In the late summer and fall, fires started by lightning or 
human activities spread with incredible swiftness. Re-
search reveals that chaparral is adapted to and main-
tained by fires. Many of the shrubs store food reserves 
in their fire-resistant roots and produce seeds that 
sprout only after a hot fire. With the first rain, annual 
grasses and wildflowers spring up and use nutrients re-
leased by the fire. New shrubs grow quickly and crowd 
out the grasses.

People like living in this biome because of its mod-
erate, sunny climate with mild, wet winters and warm, 
dry summers. As a result, humans have moved in and 

Figure 7-13 Natural capital degradation: replacement of a biologically diverse tem-
perate grassland with a monoculture crop in the U.S. state of California. When humans 
remove the tangled root network of natural grasses, the fertile topsoil becomes subject 
to severe wind erosion unless it is covered with some type of vegetation. 
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modified this biome considerably (Figure 3, pp. S24–
S25, in Supplement 4). The downside of its favorable 
climate is that people living in chaparral assume the 
high risk of losing their homes and possibly their lives 
to frequent fires during the dry season followed by mud 
slides during rainy seasons.

There Are Three Major Types 
of Forests
Forest systems are lands dominated by trees. The 
three main types of forest—tropical, temperate, and cold
(northern coniferous and boreal)—result from combi-
nations of the precipitation level and various average 
temperatures (Figures 7-10 and 7-15, p. 154).

Tropical rain forests (Figure 7-15, top photo) are found 
near the equator (Figure 7-8), where hot, moisture-
laden air rises and dumps its moisture. These lush for-
ests have year-round, uniformly warm temperatures, 
high humidity, and heavy rainfall almost daily (Fig-
ure 7-15, top graph). This fairly constant warm and wet 
climate is ideal for a wide variety of plants and animals.

Figure 7-16 (p. 155) shows some of the compo-
nents and food web interactions in these extremely di-
verse ecosystems. Tropical rain forests are dominated 
by broad leaf evergreen plants, which keep most of their 
leaves year-round. The tops of the trees form a dense 
canopy, which blocks most light from reaching the for-
est floor, illuminating it with a dim greenish light.

The ground level in such a forest has little vegeta-
tion, except near stream banks or where a fallen tree 
has opened up the canopy and let in sunlight. Many 
of the plants that do live at the ground level have 
enormous leaves to capture what little sunlight filters 
through to the dimly lit forest floor.

Some trees are draped with vines (called lianas) 
that reach for the treetops to gain access to sunlight. 
Once in the canopy, the vines grow from one tree to 
another, providing walkways for many species living 
there. When a large tree is cut down, its lianas can pull 
down other trees.

Tropical rain forests have a very high net primary 
productivity (Figure 3-16, p. 64); they are teeming with 
life and boast incredible biological diversity. Although 
tropical rain forests cover only about 2% of the earth’s 
land surface, ecologists estimate that they contain at 
least half of the earth’s known terrestrial plant and ani-
mal species. For example, a single tree in a rain forest 
may support several thousand different insect species. 
Plants from tropical rain forests are a source of chemi-
cals used as blueprints for making most of the world’s 
prescription drugs. Thus, the plant biodiversity found 
in this biome saves many human lives.

Tropical rain forest life forms occupy a variety of 
specialized niches in distinct layers. For example, veg-
etation layers are structured mostly according to the 
plants’ needs for sunlight, as shown in Figure 7-17 
(p. 156). Stratification of specialized plant and animal 

niches in a tropical rain forest enables the coexistence 
of a great variety of species (high species richness; see 
Photo 3 in the Detailed Contents). Much of the ani-
mal life, particularly insects, bats, and birds, lives in the 
sunny canopy layer, with its abundant shelter and sup-
plies of leaves, flowers, and fruits. To study life in the 
canopy, ecologists climb trees, use tall construction 
cranes, and build platforms and boardwalks in the up-
per canopy. See The Habitable Planet, Videos 4 and 9, at 
www.learner.org/resources/series209.html for in-
formation on how scientists gather information about 
tropical rain forests and the effects of human activities 
on such forests.

Learn more about how plants and animals in a 
rain forest are connected in a food web at CengageNOW.

Because of the dense vegetation, there is little wind 
in these forests to spread seeds and pollen. Conse-
quently, most rain forest plant species depend on bats, 
butterflies, birds, bees, and other species to pollinate 
their flowers and to spread seeds in their droppings.

Dropped leaves, fallen trees, and dead animals de-
compose quickly because of the warm, moist conditions 
and the hordes of decomposers. This rapid recycling of 
scarce soil nutrients explains why there is so little plant 
litter on the ground. Instead of being stored in the soil, 
about 90% of plant nutrients released by decompo-
sition are quickly taken up and stored by trees, vines, 
and other plants. This is in sharp contrast to temper-
ate forests, where most plant nutrients are found in 
the soil.

Because of these ecological processes and the al-
most daily rainfall, which leaches nutrients from the 
soil, the soils in most rain tropical forests contain few 
plant nutrients. This helps explain why rain forests are 
not good places to clear and grow crops or graze cattle 
on a sustainable basis. Despite this ecological limitation, 
many of these forests are being cleared or degraded for 
logging, growing crops, grazing cattle, and mineral ex-
traction (Chapter 3 Core Case Study, p. 50).

So far, at least half of these forests have been de-
stroyed or disturbed by human activities and the pace 
of destruction and degradation of these centers of ter-
restrial biodiversity is increasing (Figure 3-1, p. 50). 
Ecologists warn that without strong conservation 
measures, most of these forests will probably be gone 
within your lifetime, and with them perhaps a quarter 
of the world’s species. This will reduce the earth’s bio-
diversity and help to accelerate global warming and the 
resulting climate change by eliminating large areas of 
trees that remove carbon dioxide from the atmosphere 
(see The Habitable Planet, Video 9, at www.learner
.org/resources/series209.html).

Temperate deciduous forests (Figure 7-15, center photo) 
grow in areas with moderate average temperatures that 
change significantly with the season. These areas have 
long, warm summers, cold but not too severe winters, 

www.learner.org/resources/series209.html
www.learner.org/resources/series209.html
www.learner.org/resources/series209.html


154 CHAPTER 7  Climate and Terrestrial Biodiversity

Figure 7-15 Climate graphs showing typical variations in annual temperature (red) and precipitation (blue) in tropi-
cal, temperate, and cold (northern coniferous and boreal) forests. Top photo: the closed canopy of a tropical rain 
forest in the western Congo Basin of Gabon, Africa. Middle photo: a temperate deciduous forest in the U.S. state of 
Rhode Island during the fall. (Photo 4 in the Detailed Contents shows this same area of forest during winter.) Bot-
tom photo: a northern coniferous forest in the Malheur National Forest and Strawberry Mountain Wilderness in the 
U.S. state of Oregon. Question: What month of the year has the highest temperature and the lowest rainfall for 
each of the three types of forest?
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and abundant precipitation, often spread fairly evenly 
throughout the year (Figure 7-15, center graph).

This biome is dominated by a few species of broad-
leaf deciduous trees such as oak, hickory, maple, poplar, 
and beech. They survive cold winters by dropping their 
leaves in the fall and becoming dormant through the 
winter (see Photo 4 in the Detailed Contents). Each 
spring, they grow new leaves whose colors change 
in the fall into an array of reds and golds before the 
leaves drop.

Because of a slow rate of decomposition, these for-
ests accumulate a thick layer of slowly decaying leaf 
litter, which is a storehouse of nutrients. (Figure 4, 
p. S56, in Supplement 9, shows some components and 
food web interactions in a temperate deciduous forest 
ecosystem.) On a global basis, this biome has been dis-
turbed by human activity more than any other terres-
trial biome. Many forests have been cleared for grow-
ing crops or developing urban areas. However, within 

100–200 years, abandoned cropland can return to a de-
ciduous forest through secondary ecological succession 
(Figure 5-17, p. 117).

The temperate deciduous forests of the eastern 
United States were once home to such large predators 
as bears, wolves, foxes, wildcats, and mountain lions 
(pumas). Today, most of the predators have been killed 
or displaced, and the dominant mammal species often 
is the white-tailed deer (Case Study, p. 114), along 
with smaller mammals such as squirrels, rabbits, opos-
sums, raccoons, and mice.

Warblers, robins, and other bird species migrate 
to these forests during the summer to feed and breed. 
Many of these species are declining in numbers because 
of loss or fragmentation of their summer and winter 
habitats.

Evergreen coniferous forests (Figure 7-15, bottom 
photo) are also called boreal forests and taigas (“TIE-
guhs”). These cold forests are found just south of the 
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 Active Figure 7-16 Some com-
ponents and interactions in a tropical rain forest 
ecosystem. When these organisms die, decomposers 
break down their organic matter into minerals that 
plants use. Colored arrows indicate transfers of matter 
and energy between producers; primary consumers 
(herbivores); secondary, or higher-level, consumers 
(carnivores); and decomposers. Organisms are not 
drawn to scale. See an animation based on this figure 
at CengageNOW. 
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arctic tundra in northern regions across North America, 
Asia, and Europe (Figure 7-8) and above certain alti-
tudes in the High Sierra and Rocky Mountains of the 
United States. In this subarctic climate, winters are long, 
dry, and extremely cold; in the northernmost taigas, 
winter sunlight is available only 6–8 hours per day. 
Summers are short, with cool to warm temperatures 
(Figure 7-15, bottom graph), and the sun shines up to 
19 hours a day.

Most boreal forests are dominated by a few species 
of coniferous (cone-bearing) evergreen trees such as spruce, 
fir, cedar, hemlock, and pine that keep most of their nar-
row-pointed leaves (needles) year-round (Figure 7-15, 
bottom photo). The small, needle-shaped, waxy-coated 
leaves of these trees can withstand the intense cold and 
drought of winter, when snow blankets the ground. 
Such trees are ready to take advantage of the brief sum-
mers in these areas without taking time to grow new 
needles. Plant diversity is low because few species can 
survive the winters when soil moisture is frozen.

Beneath the stands of these trees is a deep layer of 
partially decomposed conifer needles. Decomposition is 

slow because of the low temperatures, waxy coating on 
conifer needles, and high soil acidity. The decomposing 
needles make the thin, nutrient-poor soil acidic, which 
prevents most other plants (except certain shrubs) from 
growing on the forest floor.

This biome contains a variety of wildlife. Year-round 
residents include bears, wolves, moose, lynx, and many 
burrowing rodent species. Caribou spend the winter in 
taiga and the summer in arctic tundra. During the brief 
summer, warblers and other insect-eating birds feed on 
hordes of flies, mosquitoes, and caterpillars. (Figure 5, 
p. S57, in Supplement 9 shows some components and 
food web interactions in an evergreen coniferous forest 
ecosystem.)

Coastal coniferous forests or temperate rain forests (Fig-
ure 7-18) are found in scattered coastal temperate 
areas that have ample rainfall or moisture from dense 
ocean fogs. Dense stands of large conifers such as Sitka 
spruce, Douglas fir, and redwoods once dominated un-
disturbed areas of this biome along the coast of North 
America, from Canada to northern California in the 
United States.
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Figure 7-17 Stratification of specialized plant and animal niches in a tropical rain forest. Filling such specialized 
niches enables species to avoid or minimize competition for resources and results in the coexistence of a great 
variety of species. 
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nowhere else on earth. They also serve as sanctuaries 
for animal species driven to migrate from lowland ar-
eas to higher altitudes.

Mountains also help to regulate the earth’s climate. 
Mountaintops covered with ice and snow affect climate 
by reflecting solar radiation back into space. This helps 
to cool the earth and offset global warming. However, 
many of the world’s mountain glaciers are melting, 
mostly because of global warming. While glaciers re-
flect solar energy, the darker rocks exposed by melt-
ing glaciers absorb that energy. This helps to increase 
global warming, which melts more glaciers and warms 
the atmosphere more—an example of a runaway posi-
tive feedback loop.

Mountains can affect sea levels by storing and re-
leasing water in glacial ice. As the earth gets warmer, 
mountaintop glaciers and other land-based glaciers can 
melt, adding water to the oceans and helping to raise 
sea levels.

Finally, mountains play a critical role in the hydro-
logic cycle by serving as major storehouses of water. In 
the warmer weather of spring and summer, much of 
their snow and ice melts and is released to streams for 
use by wildlife and by humans for drinking and irrigat-
ing crops. As the earth warms, mountaintop snowpacks 
and glaciers melt earlier each year. This can lower food 
production if water needed to irrigate crops during the 
summer has already been released. 

Despite their ecological, economic, and cultural 
importance, the fate of mountain ecosystems has not 
been a high priority for governments or for many envi-
ronmental organizations.

Figure 7-19 Mountains such as these in Mount Rainier National 
Park in the U.S. state of Washington play important ecological roles. 
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Figure 7-18 Temperate rain forest in Olympic National Park in the 
U.S. state of Washington.
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THINKING ABOUT
Winds and Forests

What roles do winds play in creating temperate and 
coniferous forests?

Mountains Play Important 
Ecological Roles
Some of the world’s most spectacular environments are 
high on mountains (Figure 7-19), steep or high lands 
which cover about one-fourth of the earth’s land sur-
face (Figure 7-8). Mountains are places where dramatic 
changes in altitude, slope, climate, soil, and vegetation 
take place over a very short distance (Figure 7-9, left).

About 1.2 billion people (18% of the world’s pop-
ulation) live in mountain ranges or on their edges 
and 4 billion people (59% of the world’s population) 
depend on mountain systems for all or some of their 
water. Because of the steep slopes, mountain soils 
are easily eroded when the vegetation holding them 
in place is removed by natural disturbances, such as 
landslides and avalanches, or human activities, such 
as timber cutting and agriculture. Many freestanding 
mountains are islands of biodiversity surrounded by a sea 
of lower-elevation landscapes transformed by human 
activities.

Mountains play important ecological roles. They 
contain the majority of the world’s forests, which are 
habitats for much of the planet’s terrestrial biodiversity. 
They often provide habitats for endemic species found 
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7-3 How Have We Affected the World’s Terrestrial 
Ecosystems?

CONCEPT 7-3 In many areas, human activities are impairing ecological and 
economic services provided by the earth’s deserts, grasslands, forests, and 
mountains.

▲

Humans Have Disturbed 
Most of the Earth’s Land
The human species dominates most of the planet. In 
many areas, human activities are impairing some of 
the ecological and economic services provided by the 
world’s deserts, grasslands, forests, and mountains 
(Concept 7-3).

According to the 2005 Millennium Ecosystem 
Assessment, about 62% of the world’s major terrestrial 
ecosystems are being degraded or used unsustainably 
(see Figure 3, pp. S24–S25, and Figure 7, pp. S28–S29, 
in Supplement 4), as the human ecological footprint 
intensifies and spreads across the globe (Figure 1-10, 
p. 15, and Concept 1-3, p. 12). This environ-
mental destruction and degradation is increas-
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most harmful?
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ing in many parts of the world. Figure 7-20 summarizes 
some of the human impacts on the world’s deserts, 
grasslands, forests, and mountains.

How long can we keep eating away at these terres-
trial forms of natural capital without threatening our 
economies and the long-term survival of our own and 
other species? No one knows. But there are increasing 
signs that we need to come to grips with this vital issue.

This will require protecting the world’s remaining 
wild areas from development. In addition, many of 
the land areas we have degraded need to be restored. 
However, such efforts to achieve a balance between 
exploitation and conservation are highly controversial 
because of timber, mineral, fossil fuel, and other re-

sources found in or under many of the earth’s biomes. 
These issues are discussed in Chapter 10.

RESEARCH FRONTIER

Better understanding of the effects of human activities on 
terrestrial biomes and how we can reduce these impacts. See 
academic.cengage.com/biology/miller.

THINKING ABOUT
Sustainability

Develop four guidelines for preserving the earth’s 
terrestrial biodiversity based on the four scientific
principles of sustainability (see back cover).

Winds and Sustainability

This chapter’s opening Core Case Study described how winds 
connect parts of the planet to one another. Next time you feel or 
hear the wind blowing, think about these global connections. As 
part of the global climate system, winds play important roles in 
creating and sustaining the world’s deserts, grasslands, and for-
ests through the four scientific principles of sustainability (see 
back cover). Winds promote sustainability by helping to distribute 
solar energy and to recycle the earth’s nutrients. In turn, this helps 
support biodiversity, which in turn affects species interactions that 
help control population sizes.

Scientists have made a good start in understanding the ecol-
ogy of the world’s terrestrial biomes. One of the major lessons 
from their research is: in nature, everything is connected. Accord-
ing to these scientists, we urgently need more research on the 
workings of the world’s terrestrial biomes and on how they are 
interconnected. With such information, we will have a clearer pic-
ture of how our activities affect the earth’s natural capital and of 
what we can do to help sustain it.

R E V I S I T I N G 

When we try to pick out anything by itself, 
we find it hitched to everything else 

in the universe.
JOHN MUIR

REVIEW

1. Review the Key Questions and Concepts for this chapter 
on p. 141. Describe the environmentally beneficial and 
harmful effects of the earth’s winds.

2. Distinguish between weather and climate. Describe 
three major factors that determine how air circulates in 
the lower atmosphere. Describe how the properties of air, 
water, and land affect global air circulation. How is heat 
distributed to different parts of the ocean? Explain how 
global air circulation and ocean currents lead to the for-
ests, grasslands, and deserts that make up the earth’s ter-
restrial biomes.

3. Define and give four examples of a greenhouse gas.
What is the greenhouse effect and why is it important 
to the earth’s life and climate? What is the rain shadow 
effect and how can it lead to the formation of inland 
deserts? Why do cities tend to have more haze and smog, 

higher temperatures, and lower wind speeds than the sur-
rounding countryside?

4. What is a biome? Explain why there are three major 
types of each of the major biomes (deserts, grasslands, and 
forests). Describe how climate and vegetation vary with 
latitude and elevation.

5. Describe how the three major types of deserts differ in 
their climate and vegetation. How do desert plants and 
animals survive?

6. Describe how the three major types of grasslands differ 
in their climate and vegetation. What is a savanna? Why 
have many of the world’s temperate grasslands disap-
peared? What is permafrost? Distinguish between arctic 
tundra and alpine tundra.

7. What is temperate shrubland or chaparral? Why is this bi-
ome a desirable place to live? Why is it a risky place to live?
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 8. What is a forest system and what are the three major 
types of forests? Describe how these three types dif-
fer in their climate and vegetation. Why is biodiversity 
so high in tropical rain forests? Why do most soils in 
tropical rain forests have few plant nutrients? Describe 
what happens in temperate deciduous forests in the 
winter and fall. What are coastal coniferous or temperate 
rain forests? What important ecological roles do moun-
tains play?

 9. Describe how human activities have affected the world’s 
deserts, grasslands, forests, and mountains.

 10. Describe the connections between the earth’s 
winds, climates, and biomes (Core Case 
Study) and the four scientific principles of 
sustainability (see back cover).

Note: Key Terms are in bold type.

CRITICAL THINKING

 1. What would happen to (a) the earth’s species and 
(b) your lifestyle if the winds stopped blowing 
(Core Case Study)?

 2. List a limiting factor for each of the following 
ecosystems: (a) a desert, (b) arctic tundra, (c) temperate 
grassland, (d) the floor of a tropical rain forest, and (e) a 
temperate deciduous forest.

 3. Why do deserts and arctic tundra support a much smaller 
biomass of animals than do tropical forests?

 4. Why do most animals in a tropical rain forest live in its 
trees?

 5. Why do most species living at high latitudes or high al-
titudes tend to have generalist ecological niches while 
those living in the tropics tend to have specialist ecological 
niches (Figure 4-11, p. 91)?

 6. Which biomes are best suited for (a) raising crops 
and (b) grazing livestock? Use the four scientific 
principles of sustainability (see back cover) to come Note: See Supplement 13 (p. S78) for a list of Projects related to this chapter.

up with four guidelines for growing food and grazing live-
stock in these biomes on a more sustainable basis.

 7. What type of biome do you live in? List three ways in 
which your lifestyle is harming this biome?

 8. You are a defense attorney arguing in court for sparing a 
tropical rain forest. Give your three most important argu-
ments for the defense of this ecosystem.

 9. Congratulations! You are in charge of the world. What 
are the three most important features of your plan to help 
sustain the earth’s terrestrial biodiversity?

 10. List two questions that you would like to have answered 
as a result of reading this chapter.

DATA ANALYSIS

In this chapter, you learned how long-term variations in the 
average temperature and average precipitation play a major 
role in determining the types of deserts, forests, and grasslands 
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found in different parts of the world. Below are typical annual 
climate graphs for a tropical grassland (savanna) in Africa and 
a temperate grassland in the midwestern United States.
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LEARNING ONLINE

Log on to the Student Companion Site for this book at 
academic.cengage.com/biology/miller, and choose 
Chapter 7 for many study aids and ideas for further read-

ing and research. These include flash cards, practice quiz-
zing, Weblinks, information on Green Careers, and InfoTrac®

College Edition articles.

1. In what month (or months) does the most precipitation 
fall in each of these areas?

2. What are the driest months in each of these areas?

3. What is the coldest month in the tropical grassland?

4. What is the warmest month in the temperate grassland?



Why Should We Care 
about Coral Reefs?

Coral reefs form in clear, warm coastal waters of the tropics and 
subtropics (Figure 8-1, left). These stunningly beautiful natural 
wonders are among the world’s oldest, most diverse, and most 
productive ecosystems. In terms of biodiversity, they are the ma-
rine equivalents of tropical rain forests.

Coral reefs are formed by massive colonies of tiny animals 
called polyps (close relatives of jellyfish). They slowly build reefs 
by secreting a protective crust of limestone (calcium carbonate) 
around their soft bodies. When the polyps die, their empty crusts 
remain behind as a platform for more reef growth. The resulting 

Aquatic Biodiversity8

Figure 8-1 A healthy coral reef in the Red Sea covered by colorful algae 
(left) and a bleached coral reef that has lost most of its algae (right) be-
cause of changes in the environment (such as cloudy water or high water 
temperatures). With the colorful algae gone, the white limestone of the 
coral skeleton becomes visible. If the environmental stress is not removed 
and no other alga species fill the abandoned niche, the corals die. These 
diverse and productive ecosystems are being damaged and destroyed at an 
alarming rate. 

C O R E  C A S E  S T U D Y

elaborate network of crevices, ledges, and holes serves as cal-
cium carbonate “condominiums” for a variety of marine animals.

Coral reefs are the result of a mutually beneficial relationship 
between the polyps and tiny single-celled algae called zooxan-
thellae (“zoh-ZAN-thel-ee”) that live in the tissues of the polyps. 
In this example of mutualism (p. 106), the algae provide the 
polyps with food and oxygen through photosynthesis, and help 
to produce calcium carbonate, which forms the coral skeleton. 
Algae also give the reefs their stunning coloration. The polyps, in 
turn, provide the algae with a well-protected home and some of 
their nutrients.

Although coral reefs occupy only about 0.2% of the ocean 
floor, they provide important ecological and economic services. 

They help moderate atmospheric temperatures 
by removing CO2 from the atmosphere, and 
they act as natural barriers that protect 15% of 
the world’s coastlines from erosion caused by 
battering waves and storms. And they provide 
habitats for one-quarter of all marine organ-
isms. Economically, coral reefs produce about 
one-tenth of the global fish catch—one-fourth 
of the catch in developing countries—and they 
provide jobs and building materials for some 
of the world’s poorest countries. Coral reefs 
also support important fishing and tourism 
industries.

Finally, these biological treasures give us an underwater 
world to study and enjoy. Each year, more than 1 million scuba 
divers and snorkelers visit coral reefs to experience these won-
ders of aquatic biodiversity.

According to a 2005 report by the World Conservation 
Union, 15% of the world’s coral reefs have been destroyed and 
another 20% have been damaged by coastal development, 
pollution, overfishing, warmer ocean temperatures, increas-
ing ocean acidity, and other stresses. And another 25–33% of 
these centers of aquatic biodiversity could be lost within 20–40 
years. One problem is coral bleaching (Figure 8-1, upper right). 
It occurs when stresses such as increased temperature cause the 
algae, upon which corals depend for food, to die off, leaving 
behind a white skeleton of calcium carbonate. Another threat is 
the increasing acidity of ocean water as it absorbs some of the 
CO2 produced by the burning of carbon-containing fossils fuels. 
The CO2 reacts with ocean water to form a weak acid, which can 
slowly dissolve the calcium carbonate that makes up the corals.

The degradation and decline of these colorful oceanic senti-
nels should serve as a warning about threats to the health of the 
oceans, which provide us with crucial ecological and economic 
services.
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Key Questions and Concepts

8-1 What is the general nature of aquatic systems?
CONCEPT 8 -1A  Saltwater and freshwater aquatic life zones 
cover almost three-fourths of the earth’s surface with oceans 
dominating the planet.

CONCEPT 8 -1B  The key factors determining biodiversity 
in aquatic systems are temperature, dissolved oxygen content, 
availability of food, and availability of light and nutrients necessary 
for photosynthesis.

8-2 Why are marine aquatic systems important?
CONCEPT 8 -2  Saltwater ecosystems are irreplaceable reservoirs 
of biodiversity and provide major ecological and economic services.

8-3 How have human activities affected marine 
ecosystems?

CONCEPT 8 -3  Human activities threaten aquatic biodiversity 
and disrupt ecological and economic services provided by saltwater 
systems.

8-4 Why are freshwater ecosystems important?
CONCEPT 8 -4  Freshwater ecosystems provide major ecological 
and economic services and are irreplaceable reservoirs of biodiversity.

8-5 How have human activities affected freshwater 
ecosystems?
CONCEPT 8 -5  Human activities threaten biodiversity and disrupt 
ecological and economic services provided by freshwater lakes, 
rivers, and wetlands.

Note: Supplements 2 (p. S4), 4 (p. S20), 5 (p. S31), 7 (p. S46), 9 (p. S53), and 13 
(p. S78) can be used with this chapter.

If there is magic on this planet, 
it is contained in water.

LOREN EISLEY

Most of the Earth Is Covered 
with Water
When viewed from a certain point in outer space, the 
earth appears to be almost completely covered with 
water (Figure 8-2). Saltwater covers about 71% of the 
earth’s surface, and freshwater occupies roughly an-
other 2.2%. Yet, in proportion to the entire planet, it 
all amounts to a thin and precious film of water.

Although the global ocean is a single and continuous 
body of water, geographers divide it into four large ar-
eas—the Atlantic, Pacific, Arctic, and Indian Oceans—
separated by the continents. The largest ocean is the 
Pacific, which contains more than half of the earth’s 
water and covers one-third of the earth’s surface.

The aquatic equivalents of biomes are called 
aquatic life zones. The distribution of many aquatic 
organisms is determined largely by the water’s salin-
ity—the amounts of various salts such as sodium chlo-
ride (NaCl) dissolved in a given volume of water. As a 

8-1 What Is the General Nature of Aquatic Systems?
CONCEPT 8-1A Saltwater and freshwater aquatic life zones cover almost three-
fourths of the earth’s surface with oceans dominating the planet.
CONCEPT 8-1B The key factors determining biodiversity in aquatic systems are 
temperature, dissolved oxygen content, availability of food, and availability of light 
and nutrients necessary for photosynthesis.

▲
▲

Ocean hemisphere Land–ocean hemisphere

Figure 8-2 The ocean planet. The salty oceans cover 71% of the 
earth’s surface. Almost all of the earth’s water is in the intercon-
nected oceans, which cover 90% of the planet’s mostly ocean hemi-
sphere (left) and half of its land–ocean hemisphere (right). Freshwater 
systems cover less than 2.2% of the earth’s surface (Concept 8-1A).

result, aquatic life zones are classified into two major 
types: saltwater or marine (oceans and their accom-
panying estuaries, coastal wetlands, shorelines, coral 
reefs, and mangrove forests) and freshwater (lakes, 
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rivers, streams, and inland wetlands). Although some 
systems such as estuaries are a mix of saltwater and 
freshwater, we classify them as marine systems for pur-
poses of discussion.

Figure 8-3 shows the distribution of the world’s 
major oceans, coral reefs, mangroves, lakes, and rivers. 
These aquatic systems play vital roles in the earth’s bio-
logical productivity, climate, biogeochemical cycles, and 
biodiversity, and they provide us with fish, shellfish, 
minerals, recreation, transportation routes, and many 
other economically important goods and services.

Most Aquatic Species Live in Top, 
Middle, or Bottom Layers of Water
Saltwater and freshwater life zones contain several ma-
jor types of organisms. One such type consists of weakly 
swimming, free-floating plankton, which can be di-
vided into three groups, the first of which is phytoplank-
ton (“FY-toe-plank-ton,” Greek for “drifting plants”; see 
bottom of Figure 3-14, p. 63), which includes many 
types of algae. They and various rooted plants near 
shorelines are primary producers that support most 

aquatic food webs. See The Habitable Planet, Videos 2 and 
3, at www.learner.org/resources/series209.html.

The second group is zooplankton (“ZOH-uh-plank-
ton,” Greek for “drifting animals”; see bottom of Fig-
ure 3-14, p. 63). They consist of primary consumers 
(herbivores) that feed on phytoplankton and secondary 
consumers that feed on other zooplankton. They range 
from single-celled protozoa to large invertebrates such 
as jellyfish.

A third group consists of huge populations of much 
smaller plankton called ultraplankton. These extremely 
small photosynthetic bacteria may be responsible 
for 70% of the primary productivity near the ocean 
surface.

A second major type of organisms is nekton, 
strongly swimming consumers such as fish, turtles, and 
whales. The third type, benthos, consists of bottom 
dwellers such as oysters, which anchor themselves to 
one spot; clams and worms, which burrow into the sand 
or mud; and lobsters and crabs, which walk about on the 
sea floor. A fourth major type is decomposers (mostly 
bacteria), which break down organic compounds in the 
dead bodies and wastes of aquatic organisms into nutri-
ents that can be used by aquatic primary producers.

Lakes
Rivers
Coral reefs
Mangroves

Figure 8-3 Natural capital: distribution of the world’s major salt water oceans, coral reefs, mangroves, and fresh-
water lakes and rivers. Question: Why do you think most coral reefs lie in the southern hemisphere? 

www.learner.org/resources/series209.html
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Oceans Provide Important 
Ecological and Economic Resources
Oceans provide enormously valuable ecological and 
economic services (Figure 8-4). One estimate of the 
combined value of these goods and services from all 
marine coastal ecosystems is over $12 trillion per year, 
nearly equal to the annual U.S. gross domestic product.

As land dwellers, we have a distorted and limited 
view of the blue aquatic wilderness that covers most of 
the earth’s surface. We know more about the surface of 
the moon than about the oceans. According to aquatic 
scientists, the scientific investigation of poorly under-
stood marine and freshwater aquatic systems could 
yield immense ecological and economic benefits.

Marine aquatic systems are huge reservoirs of biodi-
versity. They include many different ecosystems, which 
host a great variety of species, genes, and biological and 
chemical processes, thus sustaining four major com-
ponents of the earth’s biodiversity (Figure 4-2, p. 79). 
Marine life is found in three major life zones: the coastal 
zone, open sea, and ocean bottom (Figure 8-5, p. 166).

RESEARCH FRONTIER

Discovering, cataloging, and studying the huge number of un-
known aquatic species and their interactions. See academic
.cengage.com/biology/miller.

The coastal zone is the warm, nutrient-rich, shal-
low water that extends from the high-tide mark on 

Most forms of aquatic life are found in the surface, 
middle, and bottom layers of saltwater and freshwa-
ter systems, which we explore later in this chapter. In 
most aquatic systems, the key factors determining the 
types and numbers of organisms found in these lay-
ers are temperature, dissolved oxygen content, availability 
of food, and availability of light and nutrients required for 
photosynthesis, such as carbon (as dissolved CO2 gas), 
nitrogen (as NO3

!), and phosphorus (mostly as PO4
3!)

(Concept 8-1B).
In deep aquatic systems, photosynthesis is largely 

confined to the upper layer—the euphotic or photic zone, 
through which sunlight can penetrate. The depth of the 
euphotic zone in oceans and deep lakes can be reduced 
when the water is clouded by excessive algal growth 

(algal blooms) resulting from nutrient overloads. This 
cloudiness, called turbidity, can occur naturally, such 
as from algal growth, or can result from disturbances 
such as clearing of land, which causes silt to flow into 
bodies of water. This is one of the problems plaguing 
coral reefs (Core Case Study), as excessive tur-
bidity due to silt runoff prevents photosynthe-
sis and causes the corals to die.

In shallow systems such as small open streams, 
lake edges, and ocean shorelines, ample supplies of 
nutrients for primary producers are usually available. 
By contrast, in most areas of the open ocean, nitrates, 
phosphates, iron, and other nutrients are often in short 
supply, and this limits net primary productivity (NPP) 
(Figure 3-16, p. 64).

8-2 Why Are Marine Aquatic Systems Important?
CONCEPT 8-2 Saltwater ecosystems are irreplaceable reservoirs of biodiversity and 
provide major ecological and economic services.

▲
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Figure 8-4 Major ecological and economic services provided by marine systems (Con-
cept 8-2). Question: Which two ecological services and which two economic services 
do you think are the most important? Why? 
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land to the gently sloping, shallow edge of the continen-
tal shelf. It makes up less than 10% of the world’s ocean 
area but contains 90% of all marine species and is the 
site of most large commercial marine fisheries. Most 
coastal zone aquatic systems, such as estuaries, coastal 
wetlands, mangrove forests, and coral reefs, have a 
high NPP per unit of area (Figure 3-16, p. 64). This is 
the result of the zone’s ample supplies of sunlight and 
plant nutrients that flow from land and are distributed 
by wind and ocean currents. Here, we look at some of 
these systems in more detail.

Estuaries and Coastal Wetlands 
Are Highly Productive
Estuaries are where rivers meet the sea (Figure 8-6). 
They are partially enclosed bodies of water where sea-
water mixes with freshwater as well as nutrients and 
pollutants from streams, rivers, and runoff from the 
land.

Estuaries and their associated coastal wetlands—
coastal land areas covered with water all or part of 
the year—include river mouths, inlets, bays, sounds, 
and salt marshes in temperate zones (Figure 8-7), and 
mangrove forests in tropical zones (Figure 8-3). They 
are some of the earth’s most productive ecosystems be-
cause of high nutrient inputs from rivers and nearby 
land, rapid circulation of nutrients by tidal flows, and 
ample sunlight penetrating the shallow waters.

Seagrass beds are another component of coastal ma-
rine biodiversity. They consist of at least 60 species of 
plants that grow underwater in shallow marine and es-
tuarine areas along most continental coastlines. These 
highly productive and physically complex systems sup-
port a variety of marine species. They also help stabilize 
shorelines and reduce wave impacts.

Life in these coastal ecosystems is harsh. It must 
adapt to significant daily and seasonal changes in tidal 
and river flows, water temperatures and salinity, and 
runoff of eroded soil sediment and other pollutants 
from the land. Because of these stresses, despite their 
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Natural capital: 
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Question: 
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Figure 8-6 View of an estuary from space. The 
photo shows the sediment plume (turbidity caused 
by runoff) at the mouth of Madagascar’s Betsiboka 
River as it flows through the estuary and into the 
Mozambique Channel. Because of its topography, 
heavy rainfall, and the clearing of forests for ag-
riculture, Madagascar is the world’s most eroded 
country. 

Figure 8-7 Some components and interactions in a salt 
marsh ecosystem in a temperate area such as the United 
States. When these organisms die, decomposers break 
down their organic matter into minerals used by plants. 
Colored arrows indicate transfers of matter and energy 
between consumers (herbivores), secondary or higher-level 
consumers (carnivores), and decomposers. Organisms are 
not drawn to scale. The photo shows a salt marsh in Peru.
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productivity, some coastal ecosystems have low plant 
diversity, composed of a few species that can withstand 
the daily and seasonal variations.

Mangrove forests are the tropical equivalent of salt 
marshes. They are found along some 70% of gently 
sloping sandy and silty coastlines in tropical and sub-
tropical regions, especially Southeast Asia (Figure 8-3). 
The dominant organisms in these nutrient-rich coastal 
forests are mangroves—69 different tree species that 
can grow in salt water. They have extensive root sys-
tems that often extend above the water, where they 
can obtain oxygen and support the trees during periods 
of changing water levels (Figure 8-8).

These coastal aquatic systems provide important 
ecological and economic services. They help to main-
tain water quality in tropical coastal zones by filtering 
toxic pollutants, excess plant nutrients, and sediments, 
and by absorbing other pollutants. They provide food, 
habitats, and nursery sites for a variety of aquatic and 
terrestrial species. They also reduce storm damage and 
coastal erosion by absorbing waves and storing excess 
water produced by storms and tsunamis. Historically, 
they have sustainably supplied timber and fuelwood to 
coastal communities. 

Loss of mangroves can lead to polluted drinking 
water, caused by inland intrusion of saltwater into 
aquifers that are used to supply drinking water. Despite 
their ecological and economic importance, in 2008, the 
U.N. Food and Agriculture Organization estimated that 
between 1980 and 2005 at least one-fifth of the world’s 
mangrove forests were lost mostly because of human 
coastal development.

Rocky and Sandy Shores Host 
Different Types of Organisms
The gravitational pull of the moon and sun causes tides
to rise and fall about every 6 hours in most coastal ar-
eas. The area of shoreline between low and high tides 
is called the intertidal zone. Organisms living in 
this zone must be able to avoid being swept away or 
crushed by waves, and must deal with being immersed 
during high tides and left high and dry (and much hot-
ter) at low tides. They must also survive changing levels 
of salinity when heavy rains dilute saltwater. To deal 
with such stresses, most intertidal organisms hold on to 
something, dig in, or hide in protective shells.

On some coasts, steep rocky shores are pounded 
by waves. The numerous pools and other habitats 
in their intertidal zones contain a great variety of spe-
cies that occupy different niches in response to daily 
and seasonal changes in environmental conditions 
such as temperature, water flows, and salinity (Fig-
ure 8-9, top).

Other coasts have gently sloping barrier beaches, or 
sandy shores, that support other types of marine organ-
isms (Figure 8-9, bottom). Most of them keep hidden 
from view and survive by burrowing, digging, and 
tunneling in the sand. These sandy beaches and their 
adjoining coastal wetlands are also home to a variety 
of shorebirds that feed in specialized niches on crusta-
ceans, insects, and other organisms (Figure 4-13, p. 93). 
Many of these species also live on barrier islands—low,
narrow, sandy islands that form offshore, parallel to 
some coastlines.

Figure 8-8 Mangrove forest in Daintree 
National Park in Queensland, Australia. The 
tangled roots and dense vegetation in these 
coastal forests act like shock absorbers to re-
duce damage from storms and tsunamis. They 
also provide a highly complex habitat for a 
diversity of invertebrates and fishes.
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Undisturbed barrier beaches generally have one or 
more rows of natural sand dunes in which the sand is 
held in place by plant roots (Figure 8-10, p. 170). These 
dunes are the first line of defense against the ravages 
of the sea. Such real estate is so scarce and valuable 
that coastal developers frequently remove the protec-

tive dunes or build behind the first set of dunes and 
cover them with buildings and roads. Large storms can 
then flood and even sweep away seaside buildings and 
severely erode the sandy beaches. Some people incor-
rectly call these human-influenced events “natural 
disasters.”
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Figure 8-9 Living between the tides. Some organisms with specialized niches found in various zones on rocky shore 
beaches (top) and barrier or sandy beaches (bottom). Organisms are not drawn to scale.
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Coral Reefs Are Amazing Centers 
of Biodiversity
As we noted in the Core Case Study, coral 
reefs are among the world’s oldest, most di-
verse, and productive ecosystems (Figure 8-1 and Fig-
ure 4-10, left, p. 89). These amazing centers of aquatic 
biodiversity are the marine equivalents of tropical rain 
forests, with complex interactions among their diverse 
populations of species (Figure 8-11). Coral reefs pro-
vide homes for one-fourth of all marine species.

The Open Sea and Ocean Floor 
Host a Variety of Species
The sharp increase in water depth at the edge of the 
continental shelf separates the coastal zone from the 
vast volume of the ocean called the open sea. Pri-
marily on the basis of the penetration of sunlight, this 
deep blue sea is divided into three vertical zones (see Fig-
ure 8-5). But temperatures also change with depth and 
can be used to define zones that help to determine spe-
cies diversity in these layers (Figure 8-5, red curve).

The euphotic zone is the brightly lit upper zone 
where drifting phytoplankton carry out about 40% 
of the world’s photosynthetic activity (see The Habit-
able Planet, Video 3, at www.learner.org/resources/
series209.html). Nutrient levels are low (except 
around upwellings, Figure 7-2, p. 142), and levels of 
dissolved oxygen are high. Large, fast-swimming pred-
atory fishes such as swordfish, sharks, and bluefin tuna 
populate this zone.

The bathyal zone is the dimly lit middle zone, which, 
because it gets little sunlight, does not contain photo-
synthesizing producers. Zooplankton and smaller fishes, 

many of which migrate to feed on the surface at night, 
populate this zone.

The deepest zone, called the abyssal zone, is dark 
and very cold; it has little dissolved oxygen. Neverthe-
less, the deep ocean floor is teeming with life—enough 
to be considered a major life zone—because it con-
tains enough nutrients to support a large number of 
species, even though there is no sunlight to support 
photosynthesis.

Most organisms of the deep waters and ocean floor 
get their food from showers of dead and decaying or-
ganisms—called marine snow—drifting down from up-
per lighted levels of the ocean. Some of these organ-
isms, including many types of worms, are deposit feeders, 
which take mud into their guts and extract nutrients 
from it. Others such as oysters, clams, and sponges are 
filter feeders, which pass water through or over their 
bodies and extract nutrients from it.

Average primary productivity and NPP per unit 
of area are quite low in the open sea. However, be-
cause open sea covers so much of the earth’s surface, 
it makes the largest contribution to the earth’s overall 
NPP. Also, NPP is much higher in some open sea areas 
where winds, ocean currents, and other factors cause 
water to rise from the depths to the surface. These up-
wellings bring nutrients from the ocean bottom to the 
surface for use by producers (Figure 7-2, p. 142).

In 2007, a team of scientists led by J. Craig Venter 
released a report that dramatically challenged scientists’ 
assumptions about biodiversity in the open sea. After 
sailing around the world and spending 2 years collect-
ing data, they found that the open sea contains many 
more bacteria, viruses, and other microbes than scien-
tists had previously assumed.

 Learn about ocean provinces where all ocean 
life exists at CengageNOW™.

Figure 8-10 Primary and secondary dunes on gently sloping sandy barrier beaches help protect land from erosion 
by the sea. The roots of grasses that colonize the dunes hold the sand in place. Ideally, construction is allowed only 
behind the second strip of dunes, and walkways to the ocean beach are built so as not to damage the dunes. This 
helps to preserve barrier beaches and to protect buildings from damage by wind, high tides, beach erosion, and 
flooding from storm surges. Such protection is rare in some coastal areas because the short-term economic value of 
oceanfront land is considered much higher than its long-term ecological value. Rising sea levels from global warm-
ing may put many barrier beaches under water by the end of this century. Question: Do you think that the long- 
and short-term ecological values of oceanfront dunes outweigh the short-term economic value of removing them 
for coastal development? Explain.

www.learner.org/resources/series209.html
www.learner.org/resources/series209.html
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Figure 8-11 Natural capital: 
some components and interac-
tions in a coral reef ecosystem. 
When these organisms die, 
decomposers break down their 
organic matter into minerals 
used by plants. Colored arrows 
indicate transfers of matter and 
energy between producers, 
primary consumers (herbivores), 
secondary or higher-level con-
sumers (carnivores), and decom-
posers. Organisms are not drawn 
to scale. 
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8-3 How Have Human Activities Affected Marine 
Ecosystems?

CONCEPT 8-3 Human activities threaten aquatic biodiversity and disrupt ecological 
and economic services provided by saltwater systems.

▲

Human Activities Are Disrupting 
and Degrading Marine Systems
Human activities are disrupting and degrading some eco-
logical and economic services provided by marine aquatic 
systems, especially coastal wetlands, shorelines, man-
grove forests, and coral reefs (Concept 8-3). (See The Hab-

itable Planet, Video 9, at www.learner.org/resources/
series209.html.) Thus, a single largely land-based 
species—humans—is increasingly threatening the bio-
logical diversity and ecosystem services provided by the 
oceans that cover about 71% of the earth’s surface. 

In 2008, the U.S. National Center for Ecological 
Analysis and Synthesis (NCEAS) used computer models 

www.learner.org/resources/series209.html
www.learner.org/resources/series209.html
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to analyze and provide the first-ever comprehensive 
map of the effects of 17 different types of human ac-
tivities on the world’s oceans. In this four-year study, 
the international team of scientists found that human 
activity has heavily affected 41% of the world’s ocean 
area, with no area left completely untouched.

In their desire to live near the coast, people are de-
stroying or degrading the natural resources and services 
(Figure 8-4) that make coastal areas so enjoyable and 
valuable. In 2006, about 45% of the world’s population 
(including more than half of the U.S. population) lived 
along or near coasts. By 2040, up to 80% of the world’s 
people are projected to be living in or near coastal zones.

Major threats to marine systems from human ac-
tivities include:

• Coastal development, which destroys and pollutes 
coastal habitats (see The Habitable Planet, Video 5, at 
www.learner.org/resources/series209.html)

• Overfishing, which depletes populations of com-
mercial fish species

• Runoff of nonpoint source pollution such as fertil-
izers, pesticides, and livestock wastes from the land 
(see The Habitable Planet, Videos 7 and 8, at www
.learner.org/resources/series209.html)

• Point source pollution such as sewage from passen-
ger cruise ships and spills from oil tankers

• Habitat destruction from coastal development and 
trawler fishing boats that drag weighted nets across 
the ocean bottom

• Invasive species, introduced by humans, that can 
deplete populations of native aquatic species and 
cause economic damage

• Climate change, enhanced by human activities, that 
could cause a rise in sea levels, which could destroy 
coral reefs and flood coastal marshes and coastal 
cities (see The Habitable Planet, Videos 7 and 8, at 
www.learner.org/resources/series209.html)

• Climate change from burning fossil fuels, which is 
also threatening marine ecosystems by warming 
the oceans and making them more acidic

• Pollution and degradation of coastal wetlands and 
estuaries (Case Study, below)

Figure 8-12 shows some of the effects of such human 
impacts on marine systems (left) and coral reefs (right). 
According to a 2007 study by O. Hoegh-Guldberg and 
16 other scientists, unless we take action soon to sig-
nificantly reduce carbon dioxide emissions, the oceans 
may become too acidic and too warm for most of the 
world’s coral reefs to survive this century, and the im-
portant ecological and economic services they provide 
will be lost. We will examine some of these impacts 
more closely in Chapter 11.

RESEARCH FRONTIER

Learning more about harmful human impacts on marine 
ecosystems and how to reduce these impacts. See academic
.cengage.com/biology/miller.

 ■ CASE STUDY

The Chesapeake Bay—an Estuary 
in Trouble
Since 1960, the Chesapeake Bay (Figure 8-13)—the 
largest estuary in the United States—has been in seri-
ous trouble from water pollution, mostly because of 
human activities. One problem is population growth. 
Between 1940 and 2007, the number of people living 

NATURAL CAPITAL
DEGRADATION

Ocean warming
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Damage from anchors
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Half of coastal wetlands lost to 
agriculture and urban development

Over one-fifth of mangrove forests 
lost to agriculture, development, 
and shrimp farms since 1980
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coastal development and rising sea 
levels

Ocean bottom habitats degraded 
by dredging and trawler fishing 

At least 20% of coral reefs severely 
damaged and 25–33% more 
threatened

Major Human Impacts on
Marine Ecosystems and Coral Reefs

Marine Ecosystems Coral Reefs

Figure 8-12 Major threats to marine ecosystems (left) and particularly coral reefs (right) 
resulting from human activities (Concept 8-3). Questions: Which two of the threats to 
marine ecosystems do you think are the most serious? Why? Which two of the threats 
to coral reefs do you think are the most serious? Why?

www.learner.org/resources/series209.html
www.learner.org/resources/series209.html
www.learner.org/resources/series209.html
www.learner.org/resources/series209.html
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in the Chesapeake Bay area grew from 3.7 million to 
16.6 million. And the rate of population increase in the 
bay area has increased since 1990. With more than 450 
people moving into the watershed each day, the popu-
lation may soon reach 17 million.

The estuary receives wastes from point and non-
point sources scattered throughout a huge drainage ba-
sin that includes 9 large rivers and 141 smaller streams 
and creeks in parts of six states (Figure 8-13). The bay 
has become a huge pollution sink because only 1% of 
the waste entering it is flushed into the Atlantic Ocean. 
It is also so shallow that people can wade through 
much of it.

Phosphate and nitrate levels have risen sharply in 
many parts of the bay, causing algal blooms and oxy-
gen depletion. Commercial harvests of its once-abun-
dant oysters, crabs, and several important fishes have 
fallen sharply since 1960 because of a combination of 
pollution, overfishing, and disease.

Point sources, primarily sewage treatment plants 
and industrial plants (often in violation of their dis-
charge permits), account for 60% by weight of the 
phosphates. Nonpoint sources—mostly runoff of fertil-
izer and animal wastes from urban, suburban, and agri-
cultural land and deposition from the atmosphere—ac-
count for 60% by weight of the nitrates. According to a 
2004 study by the Chesapeake Bay Foundation, animal 
manure is the largest source of nitrates and phosphates 
from agricultural pollution.

In 1983, the United States implemented the Chesa-
peake Bay Program. In this ambitious attempt at inte-
grated coastal management, citizens’ groups, communi-
ties, state legislatures, and the federal government are 
working together to reduce pollution inputs into the 
bay. Strategies include establishing land-use regula-
tions in the bay’s six watershed states to reduce agricul-
tural and urban runoff, banning phosphate detergents, 
upgrading sewage treatment plants, and monitoring 

industrial discharges more closely. In addi-
tion, wetlands are being restored and large 
areas of the bay are being replanted with 
sea grasses to help filter out nutrients and 
other pollutants.

A century ago, oysters were so abun-
dant that they filtered and cleaned the 
Chesapeake’s entire volume of water ev-
ery 3 days. This important form of natural 
capital helped to remove excess nutrients 
and reduce algal blooms that decreased dis-
solved oxygen levels. Now the oyster popu-

lation has been reduced to the point where this filtra-
tion process takes a year.

Officials in the states of Maryland and Virginia are 
evaluating whether to rebuild the Chesapeake’s oyster 
population by introducing an Asian oyster that appears 
resistant to two parasites that have killed off many of 
the bay’s native oysters. The Asian oysters grow bigger 
and faster and taste as good as native oysters. But in-
troducing the nonnative Asian oyster is unpredictable 
and irreversible, and some researchers warn that this 
nonnative species may not help to clean the water, be-
cause it requires clean water in order to flourish.

The hard work on improving the water quality of 
the Chesapeake Bay has paid off. Between 1985 and 
2000, phosphorus levels declined 27%, nitrogen levels 
dropped 16%, and grasses growing on the bay’s floor 
have made a comeback. This is a significant achieve-
ment, given the increasing population in the watershed 
and the fact that nearly 40% of the nitrogen inputs 
come from the atmosphere.

There is still a long way to go, and a sharp drop in 
state and federal funding has slowed progress. Dur-
ing the summer of 2005, more than 40% of the bay 
had too little dissolved oxygen to support many kinds 
of aquatic life. And according to a 2006 report by the 
Chesapeake Bay Foundation, “the bay’s health remains 
dangerously out of balance.” Yet despite some setbacks, 
the Chesapeake Bay Program shows what can be done 
when diverse groups work together to achieve goals 
that benefit both wildlife and people.

THINKING ABOUT
The Chesapeake Bay

What are three ways in which Chesapeake Bay 
area residents could apply the four scientific prin-
ciples of sustainability (see back cover) to try to improve 
the environmental quality of the bay?
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Figure 8-13 Chesapeake Bay, the largest estuary in 
the United States, is severely degraded as a result of 
water pollution from point and nonpoint sources in 
six states and from the atmospheric deposition of air 
pollutants.
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Water Stands in Some Freshwater 
Systems and Flows in Others
Freshwater life zones include standing (lentic) bodies of 
freshwater, such as lakes, ponds, and inland wetlands, 
and flowing (lotic) systems, such as streams and rivers. 
Although these freshwater systems cover less than 2.2% 
of the earth’s surface, they provide a number of impor-
tant ecological and economic services (Figure 8-14).

Lakes are large natural bodies of standing freshwa-
ter formed when precipitation, runoff, or groundwater 
seepage fills depressions in the earth’s surface. Causes 
of such depressions include glaciations (Lake Louise, 
Alberta, Canada), crustal displacement (Lake Nyasa in 
East Africa), and volcanic activity (Crater Lake in the 

U.S. state of Oregon). Lakes are supplied with water 
from rainfall, melting snow, and streams that drain 
their surrounding watershed.

Freshwater lakes vary tremendously in size, depth, 
and nutrient content. Deep lakes normally consist 
of four distinct zones that are defined by their depth 
and distance from shore (Figure 8-15). The top layer, 
called the littoral (“LIT-tore-el”) zone, is near the shore 
and consists of the shallow sunlit waters to the depth 
at which rooted plants stop growing. It has a high bio-
logical diversity because of ample sunlight and inputs 
of nutrients from the surrounding land. Species living 
in the littoral zone include many rooted plants and an-
imals such as turtles, frogs, crayfish, and many fishes 
such bass, perch, and carp.

Next is the limnetic (“lim-NET-ic”) zone: the open, 
sunlit surface layer away from the shore that extends 
to the depth penetrated by sunlight. The main photo-
synthetic body of the lake, this zone produces the food 
and oxygen that support most of the lake’s consum-
ers. Its most abundant organisms are microscopic phy-
toplankton and zooplankton. Some large fishes spend 
most of their time in this zone, with occasional visits to 
the littoral zone to feed and reproduce.

Next comes the profundal (“pro-FUN-dahl”) zone: 
the deep, open water where it is too dark for photo-
synthesis to occur. Without sunlight and plants, oxygen 
levels are often low here. Fishes adapted to the lake’s 
cooler and darker water are found in this zone.

The bottom of the lake contains the benthic (“BEN-
thic”) zone, inhabited mostly by decomposers, detritus 
feeders, and some fishes. The benthic zone is nourished 
mainly by dead matter that falls from the littoral and 
limnetic zones and by sediment washing into the lake.

Some Lakes Have More Nutrients 
Than Others
Ecologists classify lakes according to their nutrient 
content and primary productivity. Lakes that have a 
small supply of plant nutrients are called oligotrophic 
(poorly nourished) lakes (Figure 8-16, left). Often, this 
type of lake is deep and has steep banks.

Glaciers and mountain streams supply water to 
many such lakes, bringing little in the way of sediment 
or microscopic life to cloud the water. These lakes usu-
ally have crystal-clear water and small populations of 
phytoplankton and fishes such as smallmouth bass and 
trout. Because of their low levels of nutrients, these 
lakes have a low net primary productivity.

8-4 Why Are Freshwater Ecosystems Important?
CONCEPT 8-4 Freshwater ecosystems provide major ecological and economic 
services and are irreplaceable reservoirs of biodiversity.

▲

Food

Drinking water

Irrigation water

Hydroelectricity

Transportation corridors

Recreation

Employment

Climate moderation

Nutrient cycling

Waste treatment 

Flood control

Groundwater recharge

Habitats for many species

Genetic resources and 
biodiversity

Scientific information

Ecological
Services

Economic
Services

N A T U R A L
C A P I T A L

Freshwater Systems

Figure 8-14 Major ecological and economic services provided by freshwater systems 
(Concept 8-4). Question: Which two ecological services and which two economic ser-
vices do you think are the most important? Why? 
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Over time, sediment, organic material, and inor-
ganic nutrients wash into most oligotrophic lakes, and 
plants grow and decompose to form bottom sediments. 
A lake with a large supply of nutrients needed by pro-
ducers is called a eutrophic (well-nourished) lake 
(Figure 8-16, right). Such lakes typically are shallow 
and have murky brown or green water with high tur-

bidity. Because of their high levels of nutrients, these 
lakes have a high net primary productivity.

Human inputs of nutrients from the atmosphere 
and from nearby urban and agricultural areas can ac-
celerate the eutrophication of lakes, a process called 
cultural eutrophication. This process often puts 
excessive nutrients into lakes, which are then described 
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  Active Figure 8-15 
Distinct zones of life in a fairly deep 
temperate zone lake. See an animation 
based on this figure at CengageNOW. 
Question: How are deep lakes like tropi-
cal rain forests? ( Hint: See Figure 7-17, 
p. 156)

Figure 8-16 The effect of nutrient enrichment on a lake. Crater Lake in the U.S. state of Oregon (left) is an exam-
ple of an oligotrophic lake that is low in nutrients. Because of the low density of plankton, its water is quite clear. 
The lake on the right, found in western New York State, is a eutrophic lake. Because of an excess of plant nutrients, 
its surface is covered with mats of algae and cyanobacteria.
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as hypereutrophic. Many lakes fall somewhere be-
tween the two extremes of nutrient enrichment. They 
are called mesotrophic lakes.

Freshwater Streams and Rivers 
Carry Water from the Mountains 
to the Oceans
Precipitation that does not sink into the ground or 
evaporate becomes surface water. It becomes runoff 
when it flows into streams. A watershed, or drainage 
basin, is the land area that delivers runoff, sediment, 
and dissolved substances to a stream. Small streams 
join to form rivers, and rivers flow downhill to the 
ocean (Figure 8-17).

In many areas, streams begin in mountainous or 
hilly areas that collect and release water falling to the 
earth’s surface as rain or snow that melts during warm 
seasons. The downward flow of surface water and 
groundwater from mountain highlands to the sea typi-
cally takes place in three aquatic life zones character-
ized by different environmental conditions: the source 
zone, the transition zone, and the floodplain zone. Rivers 
and streams can differ somewhat from this generalized 
model.

In the first, narrow source zone (Figure 8-17, top), 
headwaters, or mountain highland streams are usu-
ally shallow, cold, clear, and swiftly flowing. As this 

Delta

Water
Sediment

Deposited
sediment

Ocean

Salt marsh

Floodplain Zone

Transition Zone

Source Zone

Oxbow lake

Tributary

Flood plain

Waterfall

Glacier

Rapids

Lake
Rain and snow

Figure 8-17 Three zones in the downhill flow of water: source zone containing mountain (headwater) streams; 
transition zone containing wider, lower-elevation streams; and floodplain zone containing rivers, which empty into 
the ocean.

turbulent water flows and tumbles downward over 
waterfalls and rapids, it dissolves large amounts of oxy-
gen from the air. Most of these streams are not very 
productive because of a lack of nutrients and primary 
producers. Their nutrients come primarily from organic 
matter (mostly leaves, branches, and the bodies of liv-
ing and dead insects) that falls into the stream from 
nearby land.

The source zone is populated by cold-water fishes 
(such as trout in some areas), which need lots of dis-
solved oxygen. Many fishes and other animals in fast-
flowing headwater streams have compact and flattened 
bodies that allow them to live under stones. Others 
have streamlined and muscular bodies that allow them 
to swim in the rapid and strong currents. Most plants 
are algae and mosses attached to rocks and other sur-
faces under water.

In the transition zone (Figure 8-17, middle), head-
water streams merge to form wider, deeper, and warmer 
streams that flow down gentler slopes with fewer ob-
stacles. They can be more turbid (from suspended sedi-
ment), slower flowing, and have less dissolved oxygen 
than headwater streams have. The warmer water and 
other conditions in this zone support more producers 
and cool-water and warm-water fish species (such as 
black bass) with slightly lower oxygen requirements.

As streams flow downhill, they shape the land 
through which they pass. Over millions of years, the 
friction of moving water may level mountains and cut 
deep canyons, and rock and soil removed by the water 
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are deposited as sediment in low-lying areas. In these 
floodplain zones (Figure 8-17, bottom), streams join into 
wider and deeper rivers that flow across broad, flat val-
leys. Water in this zone usually has higher tempera-
tures and less dissolved oxygen than water in the two 
higher zones. These slow-moving rivers sometimes 
support fairly large populations of producers such as al-
gae and cyanobacteria and rooted aquatic plants along 
the shores.

Because of increased erosion and runoff over a 
larger area, water in this zone often is muddy and 
contains high concentrations of suspended particulate 
matter (silt). The main channels of these slow-moving, 
wide, and murky rivers support distinctive varieties of 
fishes (such as carp and catfish), whereas their back-
waters support species similar to those present in lakes. 
At its mouth, a river may divide into many channels as 
it flows through deltas, built up by deposited sediment, 
and coastal wetlands and estuaries, where the river wa-
ter mixes with ocean water (Figure 8-6).

Coastal deltas and wetlands and inland wetlands and 
floodplains are important parts of the earth’s natural 
capital. They absorb and slow the velocity of floodwaters 
from coastal storms, hurricanes (see Case Study below), 
and tsunamis. Deposits of sediments and nutrients at the 
mouths of rivers build up protective coastal deltas.

Streams receive many of their nutrients from bor-
dering land ecosystems. Such nutrient inputs come 
from falling leaves, animal feces, insects, and other 
forms of biomass washed into streams during heavy 
rainstorms or by melting snow. Thus, the levels and 
types of nutrients in a stream depend on what is hap-
pening in the stream’s watershed.

 ■ CASE STUDY

Dams, Deltas, Wetlands, Hurricanes, 
and New Orleans
Coastal deltas, mangrove forests, and coastal wetlands 
provide considerable natural protection against flood 
damage from coastal storms, hurricanes, typhoons, and 
tsunamis.

When we remove or degrade these natural speed 
bumps and sponges, any damage from a natural di-
saster such as a hurricane or typhoon is intensified. As 
a result, flooding in places like New Orleans, Louisi-
ana (USA), the U.S. Gulf Coast, and Venice, Italy, are 
largely self-inflicted unnatural disasters. For example, 
the U.S. state of Louisiana, which contains about 40% 
of all coastal wetlands in the lower 48 states, has lost 
more than a fifth of such wetlands since 1950 to oil and 
gas wells and other forms of coastal development.

Dams and levees have been built along most of the 
world’s rivers to control water flows and provide elec-
tricity (from hydroelectric power plants). This helps to 
reduce flooding along rivers, but it also traps sediments 

that normally are deposited in deltas, which are con-
tinually rebuilt by such sediments. As a result, most of 
the world’s river deltas are sinking rather than rising, 
and their protective coastal wetlands are being flooded. 
Thus, they no longer provide natural flood protection 
for coastal communities.

For example, the Mississippi River once delivered 
huge amounts of sediments to its delta each year. But 
the multiple dams, levees, and canals in this river sys-
tem funnel much of this load through the wetlands 
and out into the Gulf of Mexico. Instead of building up 
delta lands, this causes them to subside. Other human 
processes that are increasing such subsidence include 
extraction of groundwater and oil and natural gas. As 
freshwater wetlands are lost, saltwater from the Gulf 
has intruded and killed many plants that depended 
on river water, further degrading this coastal aquatic 
system.

This helps to explain why the U.S. city of New 
Orleans, Louisiana, which was flooded by Hurricane 
Katrina in 2005 (Figure 8-18), is 3 meters (10 feet) 

Figure 8-18 Much of the U.S. city of New Orleans, Louisiana, was flooded by the 
storm surge that accompanied Hurricane Katrina, which made landfall just east of the 
city on August 29, 2005. When the surging water rushed through the Mississippi River 
Gulf Outlet, a dredged waterway on the edge of the city, it breached a floodwall, and 
parts of New Orleans were flooded with 2 meters (6.5 feet) of water within a few min-
utes. Within a day, floodwaters reached a depth of 6 meters (nearly 20 feet) in some 
places; 80% of the city was under water at one point. The hurricane killed more than 
1,800 people, and caused more than $100 billion in damages, making it the costliest 
and deadliest hurricane in the U.S. history. In addition, a variety of toxic chemicals from 
flooded industrial and hazardous waste sites, as well as oil and gasoline from more than 
350,000 ruined cars and other vehicles, were released into the stagnant floodwaters. 
After the water receded, parts of New Orleans were covered with a thick oily sludge. 
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below sea level and, in the not-too-distant future, will 
probably be 6 meters (20 feet) below sea level. Add to 
this the reduction of the protective effects of coastal 
and inland wetlands and barrier islands and you have a 
recipe for a major unnatural disaster.

To make matters worse, global sea levels have risen 
almost 0.3 meters (1 foot) since 1900 and are projected 
to rise 0.3–0.9 meter (1–3 feet) by the end of this cen-
tury. Figure 8-19 shows a projection of how such a rise 
in sea level would put New Orleans and other current 
areas of the Louisiana coast under water. Most of this 
projected rise is due to the expansion of water and 
melting ice caused by global warming—another un-
natural disaster helped along mostly by our burning 
of fossil fuels and clearing of large areas of the world’s 
tropical forests.

Governments can spend hundreds of billions of dol-
lars building or rebuilding higher levees around cities 
such as New Orleans. But sooner or later increasingly 
stronger hurricanes and rising sea levels will over-
whelm these defenses and cause even greater damage 
and loss of life.

For example, much of New Orleans is a 3-meter 
(10-foot)-deep bathtub or bowl, with parts of the city 
0.9–3 meters (3–9 feet) below sea level. According to 
engineers, even if we build levees high enough to make 
it a 6-meter (20-foot)-deep bathtub, a Category 5 hur-
ricane and rising sea levels will eventually overwhelm 
such defenses and lead to a much more serious unnat-
ural disaster.

The good news is that we now understand some of 
the connections between dams, deltas, wetlands, bar-
rier islands, sea level rise, and hurricanes. The question 
is whether we will use such ecological and geological 
wisdom to change our ways or suffer the increasingly 
severe consequences of our own actions.

THINKING ABOUT
New Orleans

Do you think that a sinking city such as New Orleans, 
Louisiana (USA), should be rebuilt and protected with higher 
levees, or should the lower parts of the city be allowed to 
revert to wetlands that would help to protect nearby coastal 
areas? Explain.

Freshwater Inland Wetlands 
Are Vital Sponges
Inland wetlands are lands covered with freshwater 
all or part of the time (excluding lakes, reservoirs, and 
streams) and located away from coastal areas. They 
include marshes (dominated by grasses and reeds with 
few trees), swamps (dominated by trees and shrubs), 
and prairie potholes (depressions carved out by ancient 
glaciers). Other examples are floodplains, which receive 
excess water during heavy rains and floods, and the 
wet arctic tundra in summer (Figure 7-12, bottom photo, 
p. 151). Some wetlands are huge; others are small.

Some wetlands are covered with water year-round. 
Others, called seasonal wetlands, remain under water 
or are soggy for only a short time each year. The lat-
ter include prairie potholes, floodplain wetlands, and 
bottomland hardwood swamps. Some stay dry for 
years before water covers them again. In such cases, 
scientists must use the composition of the soil or the 
presence of certain plants (such as cattails, bulrushes, 
or red maples) to determine that a particular area is a 
wetland. Wetland plants are highly productive because 
of an abundance of nutrients. Many of these wetlands 
are important habitats for game fishes, muskrats, ot-
ters, beavers, migratory waterfowl, and many other 
bird species.

Inland wetlands provide a number of other free 
ecological and economic services, which include:

• Filtering and degrading toxic wastes and 
pollutants

• Reducing flooding and erosion by absorbing storm 
water and releasing it slowly and by absorbing 
overflows from streams and lakes

• Helping to replenish stream flows during dry periods

• Helping to recharge groundwater aquifers

• Helping to maintain biodiversity by providing habi-
tats for a variety of species

Figure 8-19 Projection of how a 1-meter (3.3-foot) rise in sea level from global warm-
ing by the end of this century would put New Orleans and much of Louisiana’s current 
coast under water. (Used by permission from Jonathan Overpeck and Jeremy Weiss, 
University of Arizona)
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8-5 How Have Human Activities Affected Freshwater 
Ecosystems?

CONCEPT 8-5 Human activities threaten biodiversity and disrupt ecological and 
economic services provided by freshwater lakes, rivers, and wetlands.

▲

Human Activities Are Disrupting 
and Degrading Freshwater Systems
Human activities are disrupting and degrading many 
of the ecological and economic services provided by 
freshwater rivers, lakes, and wetlands (Concept 8-5).
Such activities affect freshwater systems in four ma-
jor ways. First, dams, and canals fragment about 40% 
of the world’s 237 large rivers. They alter and destroy 
terrestrial and aquatic wildlife habitats along rivers 
and in coastal deltas and estuaries by reducing water 
flow and increasing damage from coastal storms (Case 
Study, p. 177). Second, flood control levees and dikes 
built along rivers disconnect the rivers from their flood-
plains, destroy aquatic habitats, and alter or reduce the 
functions of nearby wetlands.

For example, the 2,341-mile Missouri River in the 
west central United States has been harnessed by le-
vees and a series of six dams, which have disrupted 
the seasonal variations in the flow of the river and 
changed water temperatures on some stretches. This 
hinders the growth of insect populations and inter-
feres with spawning cycles of fishes and the feeding 
habits of shorebirds, and thus severely disrupts entire 
food webs. The dams and levees also have interrupted 
sediment flow and distribution, degrading shoreline 
habitats maintained by sediments. As a result of these 
disturbances, dozens of native species have declined, 
and the biodiversity of the ecosystem is threatened.

A third major human impact on freshwater sys-
tems comes from cities and farms, which add pollut-
ants and excess plant nutrients to nearby streams, riv-
ers, and lakes. For example, runoff of nutrients into a 
lake (cultural eutrophication, Figure 8-16, right) causes 
explosions in the populations of algae and cyanobacte-
ria, which deplete the lake’s dissolved oxygen. When 
these organisms die and sink to the lake bottom, de-
composers go to work and further deplete the oxygen 
in deeper waters. Fishes and other species can then die 
off, causing a major loss in biodiversity.

Fourth, many inland wetlands have been drained or 
filled to grow crops or have been covered with concrete, 
asphalt, and buildings. See the following Case Study.

 ■ CASE STUDY

Inland Wetland Losses 
in the United States
About 95% of the wetlands in the United States con-
tain freshwater and are found inland. The remaining 
5% are saltwater or coastal wetlands. Alaska has more 
of the nation’s inland wetlands than the other 49 states 
put together.

More than half of the inland wetlands estimated to 
have existed in the continental United States during the 
1600s no longer exist. About 80% of lost wetlands were 
destroyed to grow crops. The rest were lost to mining, 
forestry, oil and gas extraction, highways, and urban 
development. The heavily farmed U.S. state of Iowa 
has lost about 99% of its original inland wetlands.

This loss of natural capital has been an important 
factor in increased flood and drought damage in the 
United States—more examples of unnatural disasters. 
Many other countries have suffered similar losses. For 
example, 80% of all wetlands in Germany and France 
have been destroyed.

RESEARCH FRONTIER

Learning more about harmful human impacts on freshwater 
aquatic biodiversity and how to reduce these impacts. See 
academic.cengage.com/biology/miller.

We look further into human impacts on aquatic 
systems in Chapter 11. There, we also explore pos-
sible solutions to environmental problems that result 
from these impacts, as well as ways to sustain aquatic 
biodiversity.

• Supplying valuable products such as fishes and 
shellfish, blueberries, cranberries, wild rice, and 
timber

• Providing recreation for birdwatchers, nature 
photographers, boaters, anglers, and waterfowl 
hunters

THINKING ABOUT
Inland Wetlands

Which two ecological and economic services provided by in-
land wetlands do you believe are the most important? Why? 
List two ways in which your lifestyle directly or indirectly de-
grades inland wetlands.
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REVIEW

1. Review the Key Questions and Concepts for this chap-
ter on p. 163. What is a coral reef and why should 
we care about coral reefs? What is coral bleaching?

2. What percentage of the earth’s surface is covered with 
water? What is an aquatic life zone? Distinguish be-
tween a saltwater (marine) life zone and a freshwater
life zone. What major types of organisms live in the top, 
middle, and bottom layers of aquatic life zones? Define 
plankton and describe three types of plankton. Distin-
guish among nekton, benthos, and decomposers and 
give an example of each. What five factors determine the 
types and numbers of organisms found in the three layers 
of aquatic life zones? What is turbidity, and how does it 
occur? Describe one of its harmful impacts.

3. What major ecological and economic services are pro-
vided by marine systems? What are the three major life 
zones in an ocean? Distinguish between the coastal
zone and the open sea. Distinguish between an 
estuary and a coastal wetland and explain why they 
have high net primary productivities. What is a man-
grove forest and what is its ecological and economic 
importance? What is the intertidal zone? Distinguish 
between rocky and sandy shores. Why does the open sea 
have a low net primary productivity?

4. What human activities pose major threats to marine sys-
tems and to coral reefs?

5. Explain why the Chesapeake Bay is an estuary in trouble. 
What is being done about some of its problems?

6. What major ecological and economic services do fresh-
water systems provide? What is a lake? What four 
zones are found in most lakes? Distinguish among 
oligotrophic, eutrophic, hypereutrophic, and me-
sotrophic lakes. What is cultural eutrophication?

7. Define surface water, runoff, and watershed (drain-
age basin). Describe the three zones that a stream passes 
through as it flows from mountains to the sea. Describe 
the relationships between dams, deltas, wetlands, hurri-
canes, and flooding in New Orleans, Louisiana (USA).

8. Give three examples of inland wetlands and explain the 
ecological importance of such wetlands.

9. What are four ways in which human activities are dis-
rupting and degrading freshwater systems? Describe in-
land wetlands in the United States in terms of the area of 
wetlands lost and the resulting loss of ecological and eco-
nomic services.

10. How is the degradation of many of the earth’s 
coral reefs (Core Case Study) a reflection of 
our failure to follow the four scientific prin-
ciples of sustainability? Describe this con-
nection for each principle.

Note: Key Terms are in bold type.

. . . the sea, once it casts its spell, holds one in its net of wonders forever.
JACQUES-YVES COUSTEAU

Coral Reefs and Sustainability

This chapter’s opening case study pointed out the ecological and 
economic importance of the world’s incredibly diverse coral reefs. 
They are living examples of the four scientific principles of sus-
tainability in action. They thrive on solar energy, participate in 
the cycling of carbon and other chemicals, are a prime example 
of aquatic biodiversity, and have a network of interactions among 
species that helps to maintain sustainable population sizes.

In this chapter, we have seen that coral reefs and other 
aquatic systems are being severely stressed by a variety of human 
activities. Research shows when such harmful human activities 
are reduced, coral reefs and other stressed aquatic systems can 
recover fairly quickly.

In other words, from a scientific standpoint, we know what 
to do. Whether or not we act is primarily a political and ethical 
problem. This requires educating leaders and citizens about the 
ecological and economic importance of the earth’s aquatic eco-
systems and about the need to include the economic values of 
such ecosystem services in the prices of goods and services gener-
ated with the use of these resources. Solving these problems also 
requires individual citizens to put pressure on elected officials and 
business leaders to change the ways we treat these important re-
positories of natural capital.

R E V I S I T I N G
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Note: See Supplement 13 (p. S78) for a list of Projects related to this chapter.

CRITICAL THINKING

 1. List three ways in which you could apply Concepts 8-3 
and 8-5 to make your lifestyle more environmentally 
sustainable.

 2. What are three steps governments and industries could 
take to protect remaining coral reefs (Core Case 
Study)? What are three ways in which individu-
als can help to protect those reefs?

 3. Why do aquatic plants such as phytoplankton tend to be 
very small, whereas most terrestrial plants such as trees 
tend to be larger and have more specialized structures 
such as stems and leaves for growth?

 4. Why are some aquatic animals, especially marine mam-
mals such as whales, extremely large compared with ter-
restrial animals?

 5. How would you respond to someone who proposes 
that we use the deep portions of the world’s oceans 
to deposit our radioactive and other hazardous wastes 
because the deep oceans are vast and are located far 
away from human habitats? Give reasons for your 
response.

 6. Suppose a developer builds a housing complex over-
looking a coastal salt marsh and the result is pollution 

and degradation of the marsh. Describe the effects of 
such a development on the wildlife in the marsh, as-
suming at least one species is eliminated as a result. (See 
Figure 8-7.)

 7. How does a levee built on a river affect species such as 
deer and hawks living in a forest overlooking the river?

 8. Suppose you have a friend who owns property that in-
cludes a freshwater wetland, and the friend tells you he 
is planning to fill the wetland to make more room for his 
lawn and garden. What would you say to this friend?

 9. Congratulations! You are in charge of the world. What 
are the three most important features of your plan to help 
sustain the earth’s aquatic biodiversity?

 10. List two questions that you would like to have answered 
as a result of reading this chapter.

DATA ANALYSIS

At least 25% of the world’s coral reefs have been severely 
damaged. A number of factors have played a role in this seri-
ous loss of aquatic biodiversity (Figure 8-12, right, p. 172), 
including ocean warming, sediment from coastal soil erosion, 
excessive algae growth from fertilizer runoff, coral bleaching, 
rising sea levels, overfishing, and damage from hurricanes.

In 2005, scientists Nadia Bood, Melanie McField, and Rich 
Aronson conducted research to evaluate the recovery of coral 

reefs in Belize from the combined effects of mass bleaching 
and Hurricane Mitch in 1998. Some of these reefs are in pro-
tected waters where no fishing is allowed. The researchers 
speculated that reefs in waters where no fishing is allowed 
should recover faster than reefs in water where fishing is al-
lowed. The graphs below show some of the data they collected 
from three highly protected (no fishing) sites and three unpro-
tected (fishing) sites to evaluate their hypothesis.

Effects of restricting fishing on the recovery of unfished and fished coral reefs damaged by 
the combined effects of mass bleaching and Hurricane Mitch in 1998. (Data from Melanie 
McField, et al., Status of Caribbean Coral Reefs After Bleaching and Hurricanes in 2005, 
NOAA, 2008. (Report available at www.coris.noaa.gov/activities/caribbean_rpt/)
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LEARNING ONLINE

Log on to the Student Companion Site for this book at 
academic.cengage.com/biology/miller, and choose 
Chapter 8 for many study aids and ideas for further read-

ing and research. These include flash cards, practice quiz-
zing, Weblinks, information on Green Careers, and InfoTrac®

College Edition articles.

1. By about what percentage did the mean coral cover drop 
in the protected (unfished) reefs between 1997 and 1999?

2. By about what percentage did the mean coral cover drop 
in the protected (unfished) reefs between 1997 and 2005?

3. By about what percentage did the coral cover drop in the 
unprotected (fished) reefs between 1997 and 1999?

4. By about what percentage did the coral cover change in 
the unprotected (fished) reefs between 1997 and 2005?

5. Do these data support the hypothesis that coral reef re-
covery should occur faster in areas where fishing is pro-
hibited? Explain.
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Commercial hunters would capture one pigeon alive, sew its 
eyes shut, and tie it to a perch called a stool. Soon a curious flock 
would land beside this “stool pigeon”—a term we now use to 
describe someone who turns in another person for breaking the 
law. Then the birds would be shot or ensnared by nets that could 
trap more than 1,000 of them at once.

Beginning in 1858, passenger pigeon hunting became a 
big business. Shotguns, traps, artillery, and even dynamite were 
used. People burned grass or sulfur below their roosts to suf-
focate the birds. Shooting galleries used live birds as targets. In 
1878, one professional pigeon trapper made $60,000 by killing 

3 million birds at their nesting grounds near Petoskey, 
Michigan.

By the early 1880s, only a few thousand birds 
remained. At that point, recovery of the species was 
doomed because the females laid only one egg per 
nest each year. On March 24, 1900, a young boy in the 
U.S. state of Ohio shot the last known wild passenger 
pigeon.

Eventually all species become extinct or evolve into 
new species. The archeological record reveals five mass
extinctions since life on the earth began—each a mas-
sive impoverishment of life on the earth. These mass 
extinctions were caused by natural phenomena, such 
as major climate change or large asteroids hitting the 
earth, which drastically altered the earth’s environmen-
tal conditions. 

There is considerable evidence that we are now 
in the early stage of a sixth great extinction. Evidence 
indicates that we humans are causing this mass extinc-
tion as our population grows and as we consume more 
resources, disturb more land and aquatic systems, use 
more of the earth’s net primary productivity, and cause 
changes to the earth’s climate. 

Scientists project that during this century, human 
activities, especially those that cause habitat destruc-
tion and climate change, will lead to the premature ex-
tinction of one-fourth to one-half of the world’s plant 
and animal species—an incredibly rapid rate of extinc-
tion. And there will be no way to restore what we have 
lost, because species extinction is forever. If we keep 
impoverishing the earth’s biodiversity, eventually, our 
species will also become impoverished.

In 1813, bird expert John James Audubon saw a single huge 
flock of passenger pigeons that took three days to fly past him 
and was so dense that it darkened the skies.

By 1900, North America’s passenger pigeon (Figure 9-1), 
once the most numerous bird species on earth, had disappeared 
from the wild because of a combination of uncontrolled com-
mercial hunting and habitat loss as forests were cleared to make 
room for farms and cities. These birds were good to eat, their 
feathers made good pillows, and their bones were widely used 
for fertilizer. They were easy to kill because they flew in gigantic 
flocks and nested in long, narrow, densely packed colonies.

The Passenger Pigeon: Gone Forever

Sustaining Biodiversity: 
The Species Approach 9

Figure 9-1 Lost natural capital: passenger pigeons have 
been extinct in the wild since 1900 because of human activi-
ties. The last known passenger pigeon died in the U.S. state of 
Ohio’s Cincinnati Zoo in 1914. M

ic
ha

el
 S

ew
el

l/P
et

er
 A

rn
ol

d,
 In

c.



184

Human Activities Are Destroying 
and Degrading Biodiversity
We have depleted and degraded some of the earth’s 
biodiversity, and these threats are expected to in-
crease (Concept 9-1A). According to biodiversity expert 
Edward O. Wilson, “The natural world is everywhere 
disappearing before our eyes—cut to pieces, mowed 
down, plowed under, gobbled up, replaced by human 
artifacts.”

According to the 2005 Millennium Ecosystem As-
sessment and other studies, humans have disturbed, 
to some extent, at least half and probably about 83% 
of the earth’s land surface (excluding Antarctica 
and Greenland; see Figure 3, pp. S24–S25, in Sup-
plement 4). Most of this disturbance involves filling in 
wetlands or converting grasslands and forests to crop 
fields and urban areas. Such disturbances eliminate 
large numbers of species by destroying or degrading 
their habitats, as discussed in more detail in Chapter 10. 

Key Questions and Concepts

9-4 How can we protect wild species from extinction 
resulting from our activities?
CONCEPT 9-4A We can use existing environmental laws and 
treaties and work to enact new laws designed to prevent premature 
species extinction and protect overall biodiversity.

CONCEPT 9-4B We can help to prevent premature species 
extinction by creating and maintaining wildlife refuges, gene banks, 
botanical gardens, zoos, and aquariums.

CONCEPT 9-4C According to the precautionary principle,
we should take measures to prevent or reduce harm to the 
environment and to human health, even if some of the cause-and-
effect relationships have not been fully established, scientifically.

9-1 What role do humans play in the premature 
extinction of species?
CONCEPT 9-1A We are degrading and destroying biodiversity in 
many parts of the world, and these threats are increasing.

CONCEPT 9-1B Species are becoming extinct 100 to 1,000 
times faster than they were before modern humans arrived on the 
earth (the background rate), and by the end of this century, the 
extinction rate is expected to be 10,000 times the background rate.

9-2 Why should we care about preventing premature 
species extinction?
CONCEPT 9-2 We should prevent the premature extinction of 
wild species because of the economic and ecological services they 
provide and because they have a right to exist regardless of their 
usefulness to us.

9-3 How do humans accelerate species extinction?
CONCEPT 9-3 The greatest threats to any species are (in order) 
loss or degradation of its habitat, harmful invasive species, human 
population growth, pollution, climate change, and overexploitation.

Note: Supplements 2 (p. S4), 4 (p. S20), 9 (p. S53), and 13 (p. S78) can be used with 
this chapter.

The last word in ignorance is the person who says of an animal or plant: 
“What good is it?” . . . If the land mechanism as a whole is good, 
then every part of it is good, whether we understand it or not. . . . 

Harmony with land is like harmony with a friend; 
you cannot cherish his right hand and chop off his left.

ALDO LEOPOLD

9-1 What Role Do Humans Play in the Premature 
Extinction of Species?

CONCEPT 9-1A We are degrading and destroying biodiversity in many parts of the 
world, and these threats are increasing.
CONCEPT 9-1B Species are becoming extinct 100 to 1,000 times faster than they 
were before modern humans arrived on the earth (the background rate ), and 
by the end of this century, the extinction rate is expected to be 10,000 times the 
background rate.

▲
▲

Links: refers to the Core Case Study. refers to the book’s sustainability theme. indicates links to key concepts in earlier chapters.
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Human activities are also degrading the earth’s aquatic 
biodiversity, as discussed in Chapter 11.

Extinctions Are Natural but 
Sometimes They Increase Sharply
In due time, all species become extinct. During most of 
the 3.56 billion years that life has existed on the earth, 
there has been a continuous, low level of extinction of 
species known as background extinction.

An extinction rate is expressed as a percent-
age or number of species that go extinct within a 
certain time period such as a year. For example, one 
extinction per million species per year would be 
1/1,000,000 " 0.000001 species per year. Expressed as 
a percentage, this is 0.000001 $ 100, or 0.0001%—the 
estimated background extinction rate existing before hu-
mans came on the scene.

The balance between formation of new species and 
extinction of existing species determines the earth’s 
biodiversity (Concept 4-4A, p. 86). Overall, 
the earth’s biodiversity has increased for sev-
eral hundred million years, except during a few peri-
ods. The extinction of many species in a relatively short 
period of geologic time is called a mass extinction. 
Geological and other records indicate that the earth has 
experienced five mass extinctions when 50–95% of the 
world’s species appear to have become extinct. After 
each mass extinction, biodiversity eventually returned 
to equal or higher levels, but each recovery required 
millions of years.

The causes of past mass extinctions are poorly un-
derstood but probably involved global changes in en-
vironmental conditions. Examples are major climate 
change or a large-scale catastrophe such as a collision 
between the earth and a comet or large asteroid. The 
last of these mass extinctions took place about 65 mil-
lion years ago. One hypothesis is that the last mass 
extinction taking place about 65 million years ago oc-
curred after a large asteroid hit the planet and spewed 
huge amounts of dust and debris into the atmosphere. 

This could have reduced the input of solar energy and 
cooled the planet enough to wipe out the dinosaurs 
and many other forms of earth’s life at that time.

Biologists distinguish among three levels of species 
extinction. Local extinction occurs when a species is no 
longer found in an area it once inhabited but is still 
found elsewhere in the world. Most local extinctions 
involve losses of one or more populations of species. 
Ecological extinction occurs when so few members of a 
species are left that it can no longer play its ecological 
roles in the biological communities where it is found.

In biological extinction, a species, such as the passen-
ger pigeon (Core Case Study, Figure 9-1) is no 
longer found anywhere on the earth. Biolog-
ical extinction is forever and represents an ir-
reversible loss of natural capital.

Some Human Activities Cause 
Premature Extinctions, and 
the Pace Is Speeding Up
Although extinction is a natural biological process, it 
has accelerated as human populations have spread over 
the globe, consuming large quantities of resources, and 
creating large ecological footprints (Figure 1-10, p. 15). 
As a result, human activities are destroying the earth’s 
biodiversity at an unprecedented and accelerating rate. 
Figure 9-2 shows a few of the many species that have 
become prematurely extinct mostly because of human 
activities.

Using the methods described in the Science Focus 
box (p. 188), scientists from around the world, who 
published the 2005 Millennium Ecosystem Assess-
ment, estimated that the current annual rate of spe-
cies extinction is at least 100 to 1,000 times the back-
ground rate of about 0.0001%, which existed before 
modern humans appeared some 150,000 years ago. 
This amounts to an extinction rate of 0.01% to 0.1% 
a year. Conservation biologists project that during this 
century the extinction rate caused by habitat loss, cli-
mate change mostly due to global warming, and other 

Passenger pigeon Great auk Dodo Aepyornis
(Madagascar)

Golden toad

Figure 9-2 Lost natural capital: some animal species that have become prematurely extinct largely because of 
human activities, mostly habitat destruction and overhunting. Question: Why do you think birds top the list of 
extinct species?
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human activities will increase to 10,000 times the back-
ground rate (Concept 9-1B). This will amount to an an-
nual extinction rate of 1% per year.

How many species are we losing prematurely each 
year? The answer depends on how many species are on 
the earth and the rate of species extinction. Assuming 
that the extinction rate is 0.1%, each year we lose 5,000 
species if there are 5 million species on earth and 14,000 
species if there are 14 million species—the current best 
scientific estimate. See Figure 9-3 for more examples.

According to researchers Edward O. Wilson and 
Stuart Pimm, at a 1% extinction rate, at least one-
fourth of the world’s current animal and plant species 
could be gone by 2050 and half could vanish by the 
end of this century. In the words of biodiversity expert 
Norman Myers, “Within just a few human generations, 
we shall—in the absence of greatly expanded conser-
vation efforts—impoverish the biosphere to an extent 
that will persist for at least 200,000 human generations 
or twenty times longer than the period since humans 
emerged as a species.”

THINKING ABOUT
Extinction

How might your lifestyle change if human activities cause the 
premature extinction of up to half of the world’s species in 
your lifetime? List three aspects of your lifestyle that contrib-
ute to this threat to the earth’s natural capital.

Most extinction experts consider extinction rates of 
0.01–1% to be conservative estimates (Concept 9-1B) 
for several reasons. First, both the rate of species loss 
and the extent of biodiversity loss are likely to in-
crease during the next 50–100 years because of the 
projected growth of the world’s human population 
and resource use per person (Figure 1-10, p. 15, and 
Figure 3, pp. S24–S25, in Supplement 4) and climate 
change caused mostly by global warming.

Second, current and projected extinction rates are 
much higher than the global average in parts of the 
world that are highly endangered centers of biodiver-

sity. Conservation biologists urge us to focus our efforts 
on slowing the much higher rates of extinction in such 
hotspots as the best and quickest way to protect much 
of the earth’s biodiversity from being lost prematurely. 
(We discuss this further in Chapter 10.)

Third, we are eliminating, degrading, fragment-
ing, and simplifying many biologically diverse en-
vironments—such as tropical forests, tropical coral 
reefs, wetlands, and estuaries—that serve as potential 
colonization sites for the emergence of new species 
(Concept 4-4B, p. 86). Thus, in addition to in-
creasing the rate of extinction, we may be lim-
iting the long-term recovery of biodiversity by reducing 
the rate of speciation for some species. In other words, 
we are creating a speciation crisis. (See the Guest Essay 
by Normal Myers on this topic at CengageNOW™.)

Philip Levin, Donald Levin, and other biologists also 
argue that the increasing fragmentation and distur-
bance of habitats throughout the world may increase 
the speciation rate for rapidly reproducing opportunist 
species such as weeds, rodents, and cockroaches and 
other insects. Thus, the real threat to biodiversity from 
current human activities may be long-term erosion in 
the earth’s variety of species and habitats. Such a loss 
of biodiversity would reduce the ability of life to adapt 
to changing conditions by creating new species.

Endangered and Threatened Species 
Are Ecological Smoke Alarms
Biologists classify species heading toward biological ex-
tinction as either endangered or threatened. An endan-
gered species has so few individual survivors that the 
species could soon become extinct over all or most of its 
natural range (the area in which it is normally found). 
Like the passenger pigeon (Core Case Study, 
Figure 9-1) and several other bird species (Fig-
ure 9-2), they may soon disappear from the earth. A 
threatened species (also known as a vulnerable spe-
cies) is still abundant in its natural range but, because 
of declining numbers, is likely to become endangered 
in the near future.

The International Union for the Conservation of 
Nature and Natural Resources (IUCN)—also known as 
the World Conservation Union—is a coalition of the 
world’s leading conservation groups. Since the 1960s, it 
has published annual Red Lists, which have become the 
world standard for listing the world’s threatened spe-
cies. In 2007, the list included 16,306 plants and ani-
mals that are in danger of extinction—60% higher than 
the number listed in 1995. Those compiling the list say 
it greatly underestimates the true number of threat-
ened species because only a tiny fraction of 1.8 mil-
lion known species have been assessed, and of the es-
timated total of 4–100 million additional species that 
have not been catalogued or studied. You can examine 
the Red Lists database online at www.iucnredlist.org. 
Figure 9-4 shows a few of the roughly 1,300 species 

Number
of species
existing Effects of a 0.1% extinction rate

Number of years until one million
species are extinct

5 million

14 million

50 million

100 million

0 50 100 150 200

5,000 extinct per year

14,000 extinct per year

50,000 extinct per year

100,000 extinct per year

Figure 9-3 Effects of a 0.1% extinction rate.

www.iucnredlist.org
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Grizzly bear Florida manatee African elephantKnowlton cactusKirkland’s warbler

Utah prairie dog Golden lion tamarin Siberian tigerHumpback chubSwallowtail butterfly

Giant panda Northern spotted owl Blue whaleWhooping craneBlack-footed ferret

Mountain gorilla Hawksbill sea turtle Black rhinocerosCalifornia condorFlorida panther

Figure 9-4 Endangered natural capital: some species that are endangered or threatened with premature 
extinction largely because of human activities. Almost 30,000 of the world’s species and roughly 1,300 of those 
in the United States are officially listed as being in danger of becoming extinct. Most biologists believe the actual 
number of species at risk is much larger. 
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SCIENCE FOCUS

Estimating Extinction Rates Is Not Easy

searchers know that their estimates of extinc-
tion rates are based on insufficient data and 
sampling and incomplete models. They are 
continually striving to get more data and to 
improve the models used to estimate extinc-
tion rates.

At the same time, they point to clear evi-
dence that human activities have accelerated 
the rate of species extinction and that this 
rate is still increasing. According to these bi-
ologists, arguing over the numbers and wait-
ing to get better data and models should not 
be used as excuses for inaction. They agree 
with the advice of Aldo Leopold (Individuals 
Matter, p. 22) in his thoughts about prevent-
ing premature extinction: “To keep every cog 
and wheel is the first precaution of intelligent 
tinkering.”

Critical Thinking
How would you improve the estimation of 
extinction rates?

onservation biologists who are try-
ing to catalog extinctions, estimate 

past extinction rates, and project future rates 
have three problems. First, the extinction 
of a species typically takes such a long time 
that it is not easy to document. Second, we 
have identified only about 1.8 million of the 
world’s estimated 4 million to 100 million 
species. Third, scientists know little about the 
nature and ecological roles of most of the 
species that have been identified.

One approach to estimating future extinc-
tion rates is to study records documenting 
the rates at which mammals and birds (which 
have been the easiest to observe) have be-
come extinct since humans arrived and to 
compare this with fossil records of extinctions 
prior to the arrival of humans. Determining 
the rates at which minor DNA copying mis-
takes occur can help scientists to track how 
long various species typically last before be-
coming extinct. Such evidence indicates that 

C under normal circumstances, species survive 
for 1 million to 10 million years before going 
extinct.

Another approach is to observe how the 
number of species present increases with the 
size of an area. This species–area relationship 
suggests that, on average, a 90% loss of hab-
itat causes the extinction of 50% of the spe-
cies living in that habitat. This is based on the 
theory of island biogeography (Science Focus, 
p. 90). Scientists use this model to estimate 
the number of current and future extinctions 
in patches or “islands” of shrinking habitat 
surrounded by degraded habitats or by rap-
idly growing human developments.

Scientists also use mathematical models 
to estimate the risk of a particular species 
becoming endangered or extinct within a 
certain period of time. These models include 
factors such as trends in population size, 
changes in habitat availability, interactions 
with other species, and genetic factors. Re-

Blue whale, giant panda, 
rhinoceros

Blue whale, giant panda, 
Everglades kite

Elephant seal, desert 
pupfish

Bengal tiger, bald eagle, 
grizzly bear

Blue whale, whooping 
crane, sea turtle

African violet, some 
orchids

Snow leopard, tiger, 
elephant, rhinoceros, 
rare plants and birds

California condor, grizzly 
bear, Florida panther

Low reproductive 
rate (K-strategist)

Specialized
niche

Narrow
distribution

Feeds at high 
trophic level

Fixed migratory 
patterns

Rare

Commercially 
valuable

Large territories

Characteristic Examples

Figure 9-5 Characteristics of species that are prone to ecological and 
biological extinction. Question: Which of these characteristics helped 
lead to the premature extinction of the passenger pigeon within a 
single human lifetime?

officially listed as endangered and protected under the 
U.S. Endangered Species Act.

Some species have characteristics that make them 
especially vulnerable to ecological and biological ex-
tinction (Figure 9-5). As biodiversity expert Edward O. 
Wilson puts it, “The first animal species to go are the 
big, the slow, the tasty, and those with valuable parts 
such as tusks and skins.”

Some species also have behavioral characteristics that 
make them prone to extinction. The passenger pigeon 
(Core Case Study, Figure 9-1) and the Carolina 
parakeet nested in large flocks that made 
them easy to kill. Key deer, which live only in the U.S. 
Florida Keys, are “nicotine addicts” that get killed by 
cars because they forage for cigarette butts along high-
ways. Some types of species are more threatened with 
premature extinction from human activities than oth-
ers are (Figure 9-6).

RESEARCH FRONTIER

Identifying and cataloguing the millions of unknown species 
and improving models for estimating extinction rates. See 
academic.cengage.com/biology/miller.
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Species Are a Vital Part 
of the Earth’s Natural Capital
So what is all the fuss about? If all species eventually 
become extinct, why should we worry about prema-
ture extinctions? Does it matter that the passenger 
pigeon (Core Case Study) became prematurely 
extinct because of human activities, or that the 
remaining orangutans (Figure 9-7) or some unknown 
plant or insect in a tropical forest might suffer the same 
fate?

New species eventually evolve to take the places 
of those lost through mass extinctions. So why should 
we care if we speed up the extinction rate over the 
next 50–100 years? The answer: because it will take 
5–10 million years for natural speciation to rebuild 
the biodiversity we are likely to destroy during your 
lifetime.

Biodiversity researchers say we should act now to 
prevent premature extinction of species partly for their 
instrumental value—their usefulness to us in provid-
ing many of the ecological and economic services that 

25%

20%

14%

12%

Mammals

34% (51% of freshwater species)

32%

Fishes

Amphibians

Reptiles

Plants

Birds

Figure 9-6 Endangered natural capital: 
percentage of various types of species 
threatened with premature extinction be-
cause of human activities (Concept 9-1A). 
Question: Why do you think fishes top this 
list? (Data from World Conservation Union, 
Conservation International, World Wide 
Fund for Nature, 2005 Millennium Ecosystem 
Assessment, and the Intergovernmental Panel 
on Climate Change)

9-2 Why Should We Care about Preventing Premature
Species Extinction?

CONCEPT 9-2 We should prevent the premature extinction of wild species because 
of the economic and ecological services they provide and because they have a right 
to exist regardless of their usefulness to us.

▲

Figure 9-7 Natural capital 
degradation: endangered 
orangutans in a tropical for-
est. In 1900, there were over 
315,000 wild orangutans. Now 
there are less than 20,000 and 
they are disappearing at a rate 
of over 2,000 per year because 
of illegal smuggling and clear-
ing of their forest habitat in In-
donesia and Malaysia to make 
way for oil palm plantations. 
An illegally smuggled orang-
utan typically sells for a street 
price of $10,000. According 
to 2007 study by the World 
Wildlife Fund (WWF), projected 
climate change will further 
devastate remaining orangutan 
populations in Indonesia and 
Malaysia. Question: How 
would you go about trying to 
set a price on the ecological 
value of an orangutan?ag
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make up the earth’s natural capital (Figure 1-3, p. 8) 
(Concept 9-2).

Instrumental values take two forms. One is use val-
ues, which benefit us in the form of economic goods 
and services, ecological services, recreation, scien-
tific information, and the continuation of such uses 
for future generations. Each year, Americans, as a 
whole, spend more than three times as many hours 
watching wildlife—doing nature photography and 
bird watching, for example—as they spend watching 
movies or professional sporting events. A diversity of 
plant species provides economic value in the form of 
food crops, fuelwood, lumber, paper, drugs, and medi-
cines (Figure 9-8). Bioprospectors search tropical for-
ests and other ecosystems for plants and animals that 
have chemicals that can be converted into useful me-
dicinal drugs. A 2005 United Nations University re-
port concluded that 62% of all cancer drugs were de-
rived from the discoveries of bioprospectors. GREEN 
CAREER: Bioprospecting

Species diversity also provides economic benefits 
from wildlife tourism, or ecotourism, which generates 
between $950,000 and $1.8 million per minute in 
tourist expenditures worldwide. Conservation biolo-
gist Michael Soulé estimates that one male lion living 
to age 7 generates $515,000 in tourist dollars in Kenya, 
but only $1,000 if killed for its skin. Similarly, over a 
lifetime of 60 years, a Kenyan elephant is worth about 
$1 million in ecotourist revenue—many times more 
than its tusks are worth when they are sold illegally for 
their ivory (Science Focus, at right). Ecotourism should 

not cause ecological damage, but some of it does. The 
website for this chapter lists some guidelines for evalu-
ating eco-tours. GREEN CAREER: Ecotourism guide

Another instrumental value is the genetic information 
that allows species to adapt to changing environmen-
tal conditions through evolution. Genetic engineers use 
this information to produce genetically modified crops 
and foods. Scientists warn of the alarming loss of ge-
netic diversity resulting from our increasing reliance on 
a small number of crop plants for feeding the world. 
Such a loss also results from the premature extinction 
of wild plants whose genes could be used by genetic 
engineers to develop improved crop varieties.

One of the tragedies of the current extinction crisis 
is that we do not know what we are losing, because no 
one has ever seen or named many of the species that 
are becoming extinct. Consequently, we know nothing 
about their genetic makeup, their roles in sustaining 
ecosystems, or how they might be used to improve hu-
man welfare. Carelessly eliminating many of the spe-
cies that make up the world’s vast genetic library is like 
burning books that we have never read.

The other major form of instrumental value is non-
use values, of which there are several types. For exam-
ple, there is existence value—the satisfaction of knowing 
that a redwood forest, a wilderness, orangutans (Fig-
ure 9-7), and wolf packs exist, even if we will never 
see them or get direct use from them. For many peo-
ple, biodiversity holds aesthetic value. For example, we 
can appreciate a tree, an orangutan, or a tropical bird 
(Figure 9-9) for its beauty. A third type is bequest value, 

Rauvolfia 
Rauvolfia sepentina, 
Southeast Asia
Anxiety, high 
blood pressure

Foxglove 
Digitalis purpurea, 
Europe
Digitalis for heart failure

Pacific yew 
Taxus brevifolia, 
Pacific Northwest
Ovarian cancer

Rosy periwinkle 
Cathranthus roseus, 
Madagascar
Hodgkin's disease, 
lymphocytic leukemia

Neem tree 
Azadirachta indica, 
India
Treatment of many 
diseases, insecticide, 
spermicide

Cinchona
Cinchona ledogeriana, 
South America
Quinine for malaria treatment

Figure 9-8 Natural capital: nature’s pharmacy. Parts of these and a number of other plant and animal species 
(many of them found in tropical forests) are used to treat a variety of human ailments and diseases. Nine of the ten 
leading prescription drugs originally came from wild organisms. About 2,100 of the 3,000 plants identified by the 
National Cancer Institute as sources of cancer-fighting chemicals come from tropical forests. Despite their economic 
and health potential, fewer than 1% of the estimated 125,000 flowering plant species in tropical forests (and a 
mere 1,100 of the world’s 260,000 known plant species) have been examined for their medicinal properties. Once 
the active ingredients in the plants have been identified, they can usually be produced synthetically. Many of these 
tropical plant species are likely to become extinct before we can study them. 
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based on the fact that people will pay to protect some 
forms of natural capital for use by future generations.

Finally, species diversity holds ecological value, be-
cause it is a vital component of the key ecosystem 
functions of energy flow, nutrient cycling (Figure 3-12, 
p. 60), and population control, in keeping with 
three of the four scientific principles of sustain-
ability (see back cover). In other words, the spe-
cies in ecosystems provide essential ecosystem or natural
services, an important component of the natural capital 
(Figure 1-3, p. 8, orange items) that supports and sus-
tains the earth’s life and economies. Thus, in protecting 
species from premature extinction and in protecting 
their vital habitats from environmental degradation (as 
we discuss in the next chapter), we are helping to sus-
tain our own health and well-being.

Are We Ethically Obligated 
to Prevent Premature Extinction?
Some scientists and philosophers believe that each wild 
species has intrinsic or existence value based on its 
inherent right to exist and play its ecological roles, re-
gardless of its usefulness to us (Concept 9-2). According 
to this view, we have an ethical responsibility to protect 
species from becoming prematurely extinct as a result 
of human activities and to prevent the degradation of 
the world’s ecosystems and its overall biodiversity.

Each species in the encyclopedia of life is a master-
piece of evolution that possesses a unique combination 

SCIENCE FOCUS

Using DNA to Reduce Illegal Killing of Elephants 
for Their Ivory

government is considering killing (culling) 
enough elephants each year to keep the 
population down in selected areas. The culled 
ivory would be sold in the international mar-
ketplace with the proceeds used to benefit 
the populations of local villagers and to help 
pay for conservation efforts. DNA analysis 
could be used to distinguish such culled ivory 
from poached ivory.

Supporters say that increasing the amount 
of ivory legally available in the marketplace 
could help to reduce poaching by lowering 
market prices. Some animal rights groups op-
pose elephant culling on ethical grounds.

Critical Thinking
Do you favor culling elephants in areas where 
large populations are degrading vegetation? 
Explain.

here are about 400,000 elephants 
remaining in the wild, most of 

them in Africa and the rest in Asia. Elephants 
have long been valued for the ivory in their 
tusks, but in 1989, an international treaty 
instituted a ban on the trading of such 
ivory.

Before the 1989 treaty, poachers slaugh-
tered about 87,000 elephants a year for 
their ivory. Although this treaty reduced the 
poaching, it did not stop it. In recent years, 
the illegal slaughter of elephants for ivory has 
increased again to about 25,000 a year, most 
of it in the African countries of Cameroon, 
Nigeria, and Democratic Republic of the 
Congo. This poaching has risen sharply since 
2004, fueled by sharply rising prices of high-
quality ivory, mostly in China. Because of 
the money to be made, organized crime has 

T become more heavily involved in this illegal 
trade.

In 2007, scientists began developing a 
DNA-based map of elephant populations that 
allows them to use DNA analysis of seized il-
legal ivory to determine where the elephants 
were killed. They hope to use such data to 
identify poaching hot spots and help interna-
tional law enforcement authorities to focus 
their anti-poaching efforts.

On the other hand, elephant populations 
have exploded in some areas, such as parts 
of South Africa, and are destroying vegeta-
tion and affecting the populations of other 
species.

A single adult elephant devours up to 
300 kilograms (660 pounds) of grass, leaves, 
and twigs a day. Elephants can also uproot 
trees and disturb the soil. The South African 

Figure 9-9 Many species of wildlife, such as this endangered scarlet 
macaw in Brazil’s Amazon rain forest, are a source of beauty and 
pleasure. These and other colorful species of parrots can become 
endangered when they are removed from the wild and sold (some-
times illegally) as pets.
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of genetic traits. These traits allow a species to become 
adapted to its natural environment and to changing 
environmental conditions through natural selection. 
Many analysts believe that we have no right to pre-
maturely erase these unique genetic packages. On this 
basis, we have an ethical obligation to control our re-
source consumption to help protect all species, which 
make up a key component of the earth’s biodiversity 
(Figure 4-2, p. 79), and in the process imple-
ment one of the four scientific principles of sus-
tainability (see back cover).

Biologist Edward O. Wilson contends that because 
of the billions of years of biological connections leading 
to the evolution of the human species, we have an in-
herent genetic kinship with the natural world. He calls 
this phenomenon biophilia (love of life).

Evidence of this natural and emotional affinity for 
life is seen in the preference most people have for al-
most any natural scene over one from an urban en-
vironment. Given a choice, most people prefer to live 
in an area where they can see water and natural land-
scapes, such as a grassland or a forest. They also have 
an affinity for parks, wildlife, and pets and enjoy bird-
watching, hiking, camping, fishing, and other outdoor 
activities. More people visit zoos and aquariums than 
attend all professional sporting events combined.

Some have the opposite feeling—a fear of many 
forms of wildlife—called biophobia. For example, some 
movies, books, and TV programs condition us to fear or 
be repelled by certain species such as alligators (Chap-
ter 4 Core Case Study, p. 77), cockroaches (Case Study, 
p. 92), sharks (Case Study, p. 96), bats (Science Focus 
above), and bacteria (Science Focus, p. 61). Many peo-

ple have lived so long in artificial urban settings that 
they are largely disconnected from wildlife and from 
outdoor experiences in nature.

Some people distinguish between the survival rights 
of plants and those of animals, mostly for practical rea-
sons. Poet Alan Watts once said he was a vegetarian 
“because cows scream louder than carrots.”

Other people distinguish among various types of 
species. For example, they might think little about get-
ting rid of the world’s mosquitoes, cockroaches, rats, or 
disease-causing bacteria, but feel protective of panda 
bears, elephants, and whales.

THINKING ABOUT
The Passenger Pigeon

In earlier times, many people viewed huge flocks of 
passenger pigeons (Core Case Study) as pests that 
devoured grain and left massive piles of their waste. Do you 
think this justified the passenger pigeon’s premature extinc-
tion? Explain. If you believe that premature extinction of an 
undesirable species is justified, what would be your three top 
candidates? What might be some harmful ecological effects of 
such extinctions?

Some biologists caution us not to focus primarily on 
protecting relatively large organisms—the plants and 
animals we can see that are familiar to us. They remind 
us that the true foundation of the earth’s ecosystems 
and ecological processes is made up of invisible bacteria 
and the algae, fungi, and other microorganisms that de-
compose the bodies of larger organisms and recycle the 
nutrients needed by all life.

SCIENCE FOCUS

Why Should We Care about Bats?

roles, several bat species have been driven 
to extinction. Currently, about one-fourth of 
the world’s bat species are listed as endan-
gered or threatened. And thousands of bats 
are dying from an unknown illness in the 
northeastern United States. Because of the 
important ecological and economic roles 
they play, conservation biologists urge us to 
view bats as valuable allies, not as enemies 
to kill.

Critical Thinking
Has reading this material changed your view 
of bats? Can you think of two things that 
could be done to help protect bat species 
from premature extinction?

orldwide there are 950 known 
species of bats—the only 

mammals that can fly. But bats have two 
traits that make them vulnerable to extinc-
tion. First, they reproduce slowly. Second,
many bat species live in huge colonies in 
caves and abandoned mines, which people 
sometimes close up. This prevents them from 
leaving to get food, or it can interrupt their 
hibernation if they have to leave their shelter 
to escape being trapped.

Bats play important ecological roles. About 
70% of all bat species feed on crop-damaging 
nocturnal insects (Figure 5-3, p. 105) and 
other insect pest species such as mosquitoes. 
This makes them the major nighttime SWAT 
team for such insects.

In some tropical forests and on many 
tropical islands, pollen-eating bats pollinate 

W flowers, and fruit-eating bats distribute plants 
throughout these forests by excreting undi-
gested seeds. As keystone species, such bats 
are vital for maintaining plant biodiversity and 
for regenerating large areas of tropical forest 
that has been cleared by humans. If you enjoy 
bananas, cashews, dates, figs, avocados, or 
mangos, you can thank bats.

Many people mistakenly view bats as 
fearsome, filthy, aggressive, rabies-carrying 
bloodsuckers. But most bat species are 
harmless to people, livestock, and crops. 
In the United States, only 10 people have 
died of bat-transmitted disease in more 
than 4 decades of record keeping; more 
Americans die each year from being hit by 
falling coconuts.

Because of unwarranted fears of bats and 
lack of knowledge about their vital ecological 
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Loss of Habitat Is the Single 
Greatest Threat to Species: 
Remember HIPPCO
Figure 9-10 shows the underlying and direct causes 
of the endangerment and premature extinction of 
wild species. Conservation biologists summarize the 
most important causes of premature extinction using 
the acronym HIPPCO: Habitat destruction, degrada-
tion, and fragmentation; Invasive (nonnative) species; 
Population and resource use growth (too many people 
consuming too many resources); Pollution; Climate 
change; and Overexploitation (Concept 9-3).

According to biodiversity researchers, the great-
est threat to wild species is habitat loss (Figure 9-11, 
p. 194), degradation, and fragmentation. The passenger 
pigeon (Core Case Study, Figure 9-1) is only 
one of many species whose extinction was 
hastened by loss of habitat from forest clearing.

Deforestation in tropical areas (Figure 3-1, p. 50) is 
the greatest eliminator of species, followed by the de-
struction and degradation of coral reefs and wetlands, 

plowing of grasslands, and pollution of streams, lakes, 
and oceans. Globally, temperate biomes have been af-
fected more by habitat loss and degradation than have 
tropical biomes because of widespread economic devel-
opment in temperate countries over the past 200 years. 
Such development is now shifting to many tropical 
biomes.

Island species—many of them endemic species found 
nowhere else on earth—are especially vulnerable to 
extinction when their habitats are destroyed, degraded, 
or fragmented. This is why the collection of islands that 
make up the U.S. state of Hawaii are America’s “extinc-
tion capital” —with 63% of its species at risk.

Any habitat surrounded by a different one can 
be viewed as a habitat island for most of the species 
that live there. Most national parks and other nature 
reserves are habitat islands, many of them encircled 
by potentially damaging logging, mining, energy ex-
traction, and industrial activities. Freshwater lakes are 
also habitat islands that are especially vulnerable to the 
introduction of nonnative species and pollution.

Habitat fragmentation—by roads, logging, agricul-
ture, and urban development—occurs when a large, 

9-3 How Do Humans Accelerate Species Extinction?
CONCEPT 9-3 The greatest threats to any species are (in order) loss or degradation 
of its habitat, harmful invasive species, human population growth, pollution, 
climate change, and overexploitation.

▲

NATURAL CAPITAL
DEGRADATION

Causes of Depletion and Premature Extinction of Wild Species

• Population growth

• Rising resource use

• Undervaluing natural capital

• Poverty

Underlying Causes

• Habitat loss

• Habitat degradation and fragmentation

• Introduction of nonnative species

• Commercial hunting and poaching

• Sale of exotic pets and decorative plants

• Predator and pest control

• Pollution

• Climate change

• Overfishing

Direct Causes

Figure 9-10 Underlying and direct causes of depletion and premature extinction of wild species (Concept 9-3). The 
major direct causes of wildlife depletion and premature extinction are habitat loss, degradation, and fragmentation. 
This is followed by the deliberate or accidental introduction of harmful invasive (nonnative) species into ecosystems. 
Question: What are two direct causes that are related to each of the underlying causes?
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contiguous area of habitat is reduced in area and di-
vided into smaller, more scattered, and isolated patches, 
or habitat islands. This process can decrease tree popu-
lations in forests (Science Focus, at right), block migra-
tion routes, and divide populations of a species into 
smaller and more isolated groups that are more vulner-
able to predators, competitor species, disease, and cata-
strophic events such as storms and fires. Also, it creates 
barriers that limit the abilities of some species to dis-
perse and colonize new areas, to get enough to eat, and 
to find mates. Migrating species also face dangers from 
fences, farms, paved areas, skyscrapers, and cell phone 
towers. 

Certain types of species are especially vulnerable to 
local and regional extinction because of habitat frag-
mentation. They include species that are rare, species 
that need to roam unhindered over large areas, and 
species that cannot rebuild their populations because 
of a low reproductive capacity. Species with special-
ized niches and species that are sought by people for 
furs, food, medicines, or other uses are also especially 
threatened by habitat fragmentation.

Scientists use the theory of island biogeography 
(Science Focus, p. 90) to help them understand the ef-
fects of fragmentation on species extinction and to de-
velop ways to help prevent such extinction.

Range 100 years ago

Range today

Range in 1700

Range today

Probable range 1600

Range today

Former range

Range today

African Elephant Asian or Indian Elephant

Indian Tiger Black Rhino

 Active Figure 9-11 Natural capital degradation: reductions in the ranges of four wildlife spe-
cies, mostly as the result of habitat loss and hunting. What will happen to these and millions of other species when 
the world’s human population doubles and per capita resource consumption rises sharply in the next few decades? 
See an animation based on this figure at CengageNOW. Question: Would you support expanding these ranges 
even though this would reduce the land available for people to grow food and live on? Explain. (Data from Interna-
tional Union for the Conservation of Nature and World Wildlife Fund) 
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 See how serious the habitat fragmentation 
problem is for elephants, tigers, and rhinos at CengageNOW.

 ■ CASE STUDY

A Disturbing Message from the Birds
Approximately 70% of the world’s nearly 10,000 
known bird species are declining in numbers, and 
roughly one of every eight (12%) of these bird species 
is threatened with extinction, mostly because of habi-
tat loss, degradation, and fragmentation. About three-
fourths of the threatened bird species live in forests, 
many of which are being cleared at a rapid rate, espe-
cially in the tropical areas in Asia and Latin America 
(Figure 9-12).

Some 40% of Indonesia’s moist, tropical forests, 
particularly in Borneo and Sumatra, has been cleared 
for lumber and palm plantations. The harvested palm 
oil is used as biofuel, mostly in European nations. As 
a result, 75% of the bird species in Sumatra’s lowland 
forests are on the verge of extinction.

In Brazil, 115 bird species are threatened, mostly 
because of the burning and clearing of Amazon forests 
for farms and ranches. Other threats to Brazil’s bird 
species are the loss of 93% of Brazil’s Atlantic coastal 
rain forest and, most recently, the clearing of the coun-
try’s savannah-like cerrado area to establish soybean 
plantations.

A 2007 joint study by the National Audubon Society 
and the American Bird Conservancy found that 30% of 

SCIENCE FOCUS

Studying the Effects of Forest Fragmentation 
on Old-Growth Trees

Such painstaking research reveals that 
within 100 meters (330 feet) of the edge of 
a forest fragment, typically up to 36% of the 
biomass of old-growth trees is lost within 
10-17 years after fragmentation. Plots in a 
fragment’s interior show little loss of their 
tree biomass. Scientists can use such data to 
estimate how large a fragment must be in 
order to prevent the loss of rare trees within 
its protected core habitat. For more details 
on this research see The Habitable Planet, 
Video 9, at www.learner.org/resources/
series209.html.

Critical Thinking
What are two ways to reduce the fragmenta-
tion of tropical rain forests?

ropical rain forests typically consist of 
large numbers of different tree spe-

cies with only a few members of each species 
in an area. Thus, most of the old-growth tree 
species in an area are rare and vulnerable to 
local or regional extinction when the forest is 
disturbed. 

Tropical biologist Bill Laurance and his 
colleagues have been studying the nature of 
topical rain forests and how they are affected 
by human activities for over 25 years. One of 
his research interests is the effect of increas-
ing fragmentation of tropical rain forests as 
people establish more roads, crop plantations, 
settlements, and cattle grazing areas. 

The edges of forest fragments are often 
invaded by sun-loving species such as vines, 
which can gradually take over and cause the 

T loss of a fragment’s rare old-growth trees. 
Laurance is trying to determine how large the 
undisturbed inner core of a fragment must 
be to afford protection to its rare old-growth 
tree species.

His research team studies this by look-
ing at the trees and other plant species in 
designated plots near the edge of a forest 
fragment and in the fragment’s interior. In 
this example of muddy-boots ecology, they 
identify the tree species present in each plot. 
Then they measure the height and diameter 
of each tree to calculate its biomass and thus 
the total biomass of the trees in each plot. 
Such measurements are repeated every two 
years for two decades or more to determine 
changes in the species composition of the 
study plots.

609

Number of
bird species

400

200

1

Figure 9-12 Distribution of bird species in North America and Latin 
America. Question: Why do you think more bird species are found 
in Latin America than in North America? (Data from The Nature 
Conservancy, Conservation International, World Wildlife Fund, and 
Environment Canada).

www.learner.org/resources/series209.html
www.learner.org/resources/series209.html
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all North American bird species (25% of those living in 
the United States) and 70% of those living in grasslands 
are declining in numbers or are at risk of disappear-
ing. A 2007 study by the American Bird Conservancy 
found that Hawaii’s forests are the most threatened 
bird habitat. The government lists 30 of 71 remaining 
bird species in the Hawaiian Islands as endangered or 
threatened. Three other seriously threatened U.S. bird 
habitats are stream watersheds in the Southwest, tall-
grass prairies in the Midwest, and beaches and marsh 
areas along the country’s coastlines.

The numbers and distribution of North American 
bird species that can prosper around humans, such as 
robins, blackbirds, and starlings, have increased over 
the last 35 years. But populations of many forest song-
birds have declined sharply. The greatest decline has 
occurred among long-distance migrant species such as 
tanagers, orioles, thrushes, vireos, and warblers that 
nest deep in North American woods in the summer 
and spend their winters in Central or South America or 
the Caribbean Islands. Figure 9-13 shows the 10 most 
threatened U.S. songbird species.

The primary culprit for these declines appears to 
be habitat loss and fragmentation of the birds’ breed-
ing habitats. In North America, woodlands are being 
cleared and broken up by roads and developments. In 

Central and South America, tropical forest habitats, 
mangroves, and wetland forests are suffering the same 
fate.

After habitat loss, the intentional or accidental in-
troduction of nonnative species such as bird-eating 
cats, rats, snakes, and mongooses is the second great-
est danger, affecting about 28% of the world’s threat-
ened birds. Fifty-two of the world’s 388 parrot species 
(Figure 9-9) are threatened by a combination of habitat 
loss and capture for the pet trade (often illegal), espe-
cially in Europe and the United States.

At least 23 species of seabirds face extinction. Many 
seabirds drown after becoming hooked on one of the 
many baited lines put out by fishing boats. And popu-
lations of 40% of the world’s water birds are in decline 
because of the global loss of wetlands.

Millions of migrating birds are killed each year 
when they collide with power lines, communications 
towers, and skyscrapers that have been erected in the 
middle of their migration routes. While U.S. hunters 
kill about 121 million birds a year, as many as 1 billion 
birds in the United States die each year when they fly 
into glass windows, especially those in tall city buildings 
that are lit up at night—the number one cause of U.S. 
bird mortality. Other threats to birds are oil spills, ex-
posure to pesticides, herbicides that destroy their habi-

Bachman's warblerCalifornia gnatcatcher Henslow's sparrowFlorida scrub jay Kirtland's warbler

Golden-cheeked warblerSprague’s pipitCerulean warbler Bichnell’s thrush Black-capped vireo

Figure 9-13 The 10 most threatened species of U.S. songbirds. Most of these species are vulnerable because of 
habitat loss and fragmentation from human activities. An estimated 12% of the world’s known bird species may 
face premature extinction due mostly to human activities during this century. (Data from National Audubon Society) 
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tats, and ingestion of toxic lead shotgun pellets, which 
fall into wetlands, and lead sinkers left by anglers.

The greatest new threat to birds is climate change. 
A 2006 review, done for the World Wildlife Fund 
(WWF), of more than 200 scientific articles found that 
climate change is causing declines of bird populations 
in every part of the world. And climate change is ex-
pected to increase sharply during this century.

Migratory, mountain, island, wetland, Antarctic, 
Arctic, and sea birds are especially at risk from climate 
change. The researchers have warned that protecting 
many current areas with high bird diversity will not 
help, because climate change will force many bird spe-
cies to shift to unprotected zones. Island and mountain 
birds may simply have nowhere to go.

Conservation biologists view this decline of bird 
species with alarm. One reason is that birds are excel-
lent environmental indicators because they live in every 
climate and biome, respond quickly to environmen-
tal changes in their habitats, and are relatively easy to 
track and count.

Furthermore, birds perform a number of impor-
tant economic and ecological services in ecosystems 
throughout the world. They help control populations 
of rodents and insects (which decimate many tree spe-
cies), remove dead animal carcasses (a food source for 
some birds), and spread plants throughout their habi-
tats by helping with pollination and by consuming and 
excreting plant seeds.

Extinctions of birds that play key and specialized 
roles in pollination and seed dispersal, especially in 
tropical areas, may lead to extinctions of plants depen-
dent on these ecological services. Then some special-
ized animals that feed on these plants may also become 

extinct. This cascade of extinctions, in turn, can affect 
our own food supplies and well-being. Protecting birds 
and their habitats is not only a conservation issue. It is 
an important issue for human health as well (Science 
Focus, above).

Biodiversity scientists urge us to listen more care-
fully to what birds are telling us about the state of the 
environment, for the birds’ sake, as well as for ours.

THINKING ABOUT
Bird Extinctions

How does your lifestyle directly or indirectly contribute to the 
premature extinction of some bird species? What are three 
things that you think should be done to reduce the premature 
extinction of birds?

RESEARCH FRONTIER

Learning more about why birds are declining, what it im-
plies for the biosphere, and what can be done about it. See 
academic.cengage.com/biology/miller.

Some Deliberately Introduced 
Species Can Disrupt Ecosystems
After habitat loss and degradation, the biggest cause of 
premature animal and plant extinctions is the deliber-
ate or accidental introduction of harmful invasive spe-
cies into ecosystems (Concept 9-3).

Most species introductions are beneficial to us, 
although they often displace native species. We de-
pend heavily on introduced species for ecosystem ser-
vices, food, shelter, medicine, and aesthetic enjoyment. 

SCIENCE FOCUS

Vultures, Wild Dogs, and Rabies: Some Unexpected 
Scientific Connections

people from a life-threatening disease. Un-
raveling often unexpected ecological connec-
tions in nature is not only fascinating but also 
vital to our own lives and health.

Some who argue against protecting spe-
cies and ecosystems from harmful human 
activities frame the issue as a choice between 
protecting people or wildlife. Conservation bi-
ologists reject this as a misleading conclusion. 
To them, the goal is to protect both wildlife 
and people because their fates and well-being 
are interconnected.

Critical Thinking
What would happen to your life and lifestyle 
if most of the world’s vultures disappeared?

n 2004, the World Conservation 
Union placed three species of vultures 

found in India and South Asia on the criti-
cally endangered list. During the early 1990s, 
there were more than 40 million of these 
carcass-eating vultures. But within a few 
years their populations had fallen by more 
than 97%.

This is an interesting scientific mystery, but 
should anyone care if various vulture species 
disappear? The answer is yes.

Scientists were puzzled, but they eventually 
discovered that the vultures were being poi-
soned by diclofenac. This anti-inflammatory 
drug reduces pain in cows and in humans and 
is used to increase milk production in cows. 

I But it causes kidney failure in vultures that 
feed on the carcasses of these cows.

As the vultures died off, huge numbers 
of cow carcasses, normally a source of food 
for the vultures, were consumed by wild 
dogs and rats whose populations the vultures 
helped control by reducing their food supply. 
As wild dog populations exploded due to a 
greatly increased food supply, the number of 
dogs with rabies also increased. This increased 
the risks to people bitten by rabid dogs. In 
1997 alone, more than 30,000 people in India 
died of rabies—more than half the world’s 
total number of rabies deaths that year.

Thus, protecting these vulture species from 
extinction can end up protecting millions of 
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According to a 2000 study by ecologist David Pimentel, 
introduced species such as corn, wheat, rice, and other 
food crops, and cattle, poultry, and other livestock pro-
vide more than 98% of the U.S. food supply. Similarly, 
nonnative tree species are grown in about 85% of the 
world’s tree plantations. Some deliberately introduced 
species have also helped to control pests.

The problem is that some introduced species have 
no natural predators, competitors, parasites, or patho-
gens to help control their numbers in their new hab-
itats. Such nonnative species can reduce or wipe out 
populations of many native species, trigger ecological 
disruptions, cause human health problems, and lead to 
economic losses.

In 1988, for example, a giant African land snail 
was imported into Brazil as a cheap substitute for con-
ventional escargot (snails) used as a source of food. It 
grows to the size of a human fist and weighs 1 kilo-
gram (2.2 pounds) or more. When export prices for es-
cargot fell, breeders dumped the snails into the wilds. 
Now it has spread to 23 of Brazil’s states and devours 
everything from lettuce to mouse droppings. It also can 
carry rat lungworm, a parasite that burrows into the 
human brain and causes meningitis, and another para-
site that can rupture the intestines. Authorities even-
tually banned the snail, but it was too late. So far, the 
snail has been unstoppable.

Figure 9-14 shows some of the estimated 7,100 
harmful invasive species that, after being deliberately 
or accidentally introduced into the United States, have 
caused ecological and economic harm. Nonnative spe-
cies threaten almost half of the roughly 1,300 endan-
gered and threatened species in the United States and 
95% of those in the state of Hawaii, according to the 
U.S. Fish and Wildlife Service. According to biologist 
Thomas Lovejoy, harmful invader species cost the U.S. 
public an average of $261,000 per minute! The situation 
in China is much worse. Biologist David Pimentel esti-
mates that, globally, damage to watersheds, soils, and 
wildlife by bioinvaders may be costing as much $44,400 
per second. And the damages are rising rapidly.

Some deliberately introduced species are plants 
such as kudzu (Case Study, at right). Deliberately intro-
duced animal species have also caused ecological and 
economic damage. Consider the estimated 1 million 
European wild (feral) boars (Figure 9-14) found in parts 
of Florida and other U.S. states. They compete for food 
with endangered animals, root up farm fields, and cause 
traffic accidents. Game and wildlife officials have failed 
to control their numbers through hunting and trapping 
and say there is no way to stop them. Another exam-
ple is the estimated 30 million feral cats and 41 million 
outdoor pet cats found in the United States. Most were 
introduced to the environment when they were aban-
doned by their owners and left to breed in the wild; 
they kill about 568 million birds per year. Because of 
pet overpopulation and abandonment, pet shelters in 
the United States are forced to kill over 14 million cats 

and dogs a year. Shelter officials urge owners to spay or 
neuter their cats and keep them indoors.

 ■ CASE STUDY

The Kudzu Vine
An example of a deliberately introduced plant species 
is the kudzu (“CUD-zoo”) vine, which, in the 1930s, 
was imported from Japan and planted in the southeast-
ern United States in an attempt to control soil erosion. 
Kudzu does control erosion. But it is so prolific and 
difficult to kill that it engulfs hillsides, gardens, trees, 
abandoned houses and cars, stream banks, patches 
of forest, and anything else in its path (Figure 9-15, 
p. 200).

This plant, which is sometimes called “the vine that 
ate the South,” has spread throughout much of the 
southeastern United States. It could spread as far north 
as the Great Lakes by 2040 if climate change caused by 
global warming occurs as projected.

Kudzu is considered a menace in the United States 
but Asians use a powdered kudzu starch in beverages, 
gourmet confections, and herbal remedies for a range 
of diseases. A Japanese firm has built a large kudzu 
farm and processing plant in the U.S. state of Alabama 
and ships the extracted starch to Japan. And almost 
every part of the kudzu plant is edible. Its deep-fried 
leaves are delicious and contain high levels of vitamins 
A and C. Stuffed kudzu leaves, anyone?

Although kudzu can engulf and kill trees, it might 
eventually save some trees from loggers. Researchers 
at the Georgia Institute of Technology indicate that it 
could be used in place of trees as a source of fiber for 
making paper. And a preliminary 2005 study indicated 
that kudzu powder could be used to reduce alcohol-
ism and binge drinking. Ingesting small amounts of the 
powder can lessen one’s desire for alcohol.

Some Accidentally Introduced 
Species Can Also Disrupt 
Ecosystems
Welcome to one of the downsides of global trade, 
travel, and tourism. Many unwanted nonnative invad-
ers arrive from other continents as stowaways on air-
craft, in the ballast water of tankers and cargo ships, 
and as hitchhikers on imported products such as 
wooden packing crates. Cars and trucks can also spread 
the seeds of nonnative plant species embedded in their 
tire treads. Many tourists return home with living 
plants that can multiply and become invasive. These 
plants might also harbor insects that can escape, multi-
ply rapidly, and threaten crops.

In the 1930s, the extremely aggressive Argentina 
fire ant (Figures 9-14 and 9-16, p. 200) was introduced 
accidentally into the United States in Mobile, Alabama. 
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Purple loosestrife Nutria Salt cedar
(Tamarisk)

African honeybee
(“Killer bee”)

European starling

Marine toad
(Giant toad)

Hydrilla European wild boar
(Feral pig)

Japanese beetle

Accidentally Introduced Species

Deliberately Introduced Species

Water hyacinth

Sea lamprey
(attached to lake trout)

Eurasian ruffe Common pigeon
(Rock dove)

Brown tree snakeArgentina fire ant

Formosan termite Asian tiger mosquito Gypsy moth larvaeAsian long-horned beetleZebra mussel

Figure 9-14 Some of the more than 7,100 harmful invasive (nonnative) species that have been deliberately or 
accidentally introduced into the United States.
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The ants may have arrived on shiploads of lumber or 
coffee imported from South America. Without natural 
predators, fire ants have spread rapidly by land and wa-
ter (they can float) throughout the South, from Texas 
to Florida and as far north as Tennessee and Virginia.

When these ants invade an area, they can wipe out 
as much as 90% of native ant populations. Mounds 
containing fire ant colonies cover many farm fields and 
invade people’s yards. Walk on one of these mounds, 
and as many as 100,000 ants may swarm out of their 
nest to attack you with painful and burning stings. 
They have killed deer fawns, birds, livestock, pets, and 
at least 80 people who were allergic to their venom. In 
the United States, they also do an estimated $68,000 
of economic damage per hour to crops and phone and 
power lines.

Widespread pesticide spraying in the 1950s and 
1960s temporarily reduced fire ant populations. But this 
chemical warfare actually hastened the advance of the 
rapidly multiplying fire ants by reducing populations of 
many native ant species. Even worse, it promoted de-
velopment of genetic resistance to pesticides in the fire 
ants through natural selection (Concept 4-2B,
p. 80). In other words, we helped wipe out 
their competitors and made them more genetically re-
sistant to pesticides.

In the Everglades in the U.S. state of Florida, the 
population of the huge Burmese python snake is in-
creasing. This native of Southeast Asia was imported 
as a pet, and many ended up being dumped in the 
Everglades by people who learned that, when they 
get larger, pythons do not make good pets. They can 
live 25 years, reach 6 meters (20 feet) in length, weigh 
more than 90 kilograms (200 pounds), and have the 
girth of a telephone pole. They have razor-sharp teeth 
and can catch, squeeze to death, and swallow whole 
practically anything that moves and is warm-blooded, 
including raccoons, a variety of birds, and full-grown 
deer. They are also known to have survived alligator 
attacks. They are slowly spreading to other areas and, 
by 2100, could be found in most of the southern half of 
the continental United States.

Figure 9-16 The Argentina fire ant, introduced accidentally into 
Mobile, Alabama, in the 1930s from South America (green area), 
has spread over much of the southern United States (red area). This 
invader is also found in Puerto Rico, New Mexico, and California. 
Question: How might this accidental introduction of fire ants have 
been prevented? (Data from S. D. Porter, Agricultural Research 
Service, U.S. Department of Agriculture)

Figure 9-15 Kudzu taking over 
an abandoned house in the 
U.S. state of Mississippi. This 
vine, which can grow 5 centi-
meters (2 inches) per hour, was 
deliberately introduced into 
the United States for erosion 
control. Digging it up or burn-
ing it cannot stop it. Grazing 
by goats and repeated doses 
of herbicides can destroy it, 
but goats and herbicides also 
destroy other plants, and her-
bicides can contaminate water 
supplies. Scientists have found 
a common fungus that can kill 
kudzu within a few hours, ap-
parently without harming other 
plants. Stay tuned.
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Prevention Is the Best Way 
to Reduce Threats from Invasive 
Species
Once a harmful nonnative species becomes established 
in an ecosystem, its removal is almost impossible—
somewhat like trying to get smoke back into a chim-
ney. Clearly, the best way to limit the harmful impacts 
of nonnative species is to prevent them from being in-
troduced and becoming established.

Scientists suggest several ways to do this:

• Fund a massive research program to identify the 
major characteristics of successful invader species 
and the types of ecosystems that are vulnerable to 
invaders (Figure 9-17).

• Greatly increase ground surveys and satellite obser-
vations to detect and monitor species invasions and 
develop better models for predicting how they will 
spread.

• Step up inspection of imported goods and goods 
carried by travelers that are likely to contain in-
vader species.

• Identify major harmful invader species and estab-
lish international treaties banning their transfer 
from one country to another, as is now done for 
endangered species.

• Require cargo ships to discharge their ballast water 
and replace it with saltwater at sea before enter-
ing ports, or require them to sterilize such water or 
pump nitrogen into the water to displace dissolved 
oxygen and kill most invader organisms.

• Increase research to find and introduce natural 
predators, parasites, bacteria, and viruses to control 
populations of established invaders.

RESEARCH FRONTIER

Learning more about invasive species, why they thrive, and 
how to control them. See academic.cengage.com/biology/
miller.

Figure 9-18 shows some of the things you can do 
to help prevent or slow the spread of these harmful 
invaders.

Population Growth, 
Overconsumption, Pollution, 
and Climate Change Can Cause 
Species Extinctions
Human population growth and excessive and wasteful 
consumption of resources have greatly expanded the 
human ecological footprint (Figure 1-10, p. 15; and Fig-
ure 3, pp. S24–S25, in Supplement 4), which has elimi-
nated vast areas of wildlife habitat (Figure 9-11). Acting 
together, these factors have caused premature extinction 
of many species (Concept 9-3). (See The Habitable Planet, 
Video 13, at www.learner.org/resources/series209
.html).

Pollution also threatens some species with extinc-
tion (Concept 9-3), as has been shown by the unin-
tended effects of certain pesticides. According to the 
U.S. Fish and Wildlife Service, each year pesticides kill 
about one-fifth of the beneficial honeybee colonies in 
United States (Case Study, p. 202), more than 67 mil-
lion birds, and 6–14 million fish. They also threaten 
about one-fifth of the country’s endangered and threat-
ened species.

Characteristics of
Successful 
Invader Species

Characteristics of
Ecosystems Vulnerable
to Invader Species

■ High reproductive rate,  
 short generation time 
 (r-selected species)

■ Pioneer species

■ Long lived

■ High dispersal rate

■ Generalists

■ High genetic variability

■ Climate similar to habitat  
 of invader

■ Absence of predators on  
 invading species

■ Early successional  
 systems

■ Low diversity of native  
 species

■ Absence of fire

■ Disturbed by human  
 activities

Figure 9-17 Some general characteristics of successful in-
vader species and ecosystems vulnerable to invading species. 
Question: Which, if any, of the characteristics on the right-hand 
side could humans influence? 

Figure 9-18 Individuals Matter: ways to prevent or slow the spread of harmful 
invasive species. Questions: Which two of these actions do you think are the most 
important? Why? Which of these actions do you plan to take? 

■  Do not capture or buy wild plants and animals

■ Do not remove wild plants from their natural areas

■  Do not dump the contents of an aquarium into waterways, wetlands, 
or storm drains

■ When camping, use wood found near your camp site instead of bringing
firewood from somewhere else

■ Do not dump unused bait into any waterways

■ After dogs visit woods or the water, brush them before taking them home

■ After each use, clean your mountain bike, canoe, boat, hiking boots, 
and other gear before heading for home

Controlling Invasive Species

WHAT CAN YOU DO?

www.learner.org/resources/series209.html
www.learner.org/resources/series209.html
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During the 1950s and 1960s, populations of fish-eat-
ing birds such as ospreys, brown pelicans (see Photo 1 
in the Detailed Contents), and bald eagles plummeted. 
A chemical derived from the pesticide DDT, when bio-
logically magnified in food webs (Figure 9-19), made 
the birds’ eggshells so fragile that they could not repro-
duce successfully. Also hard hit were such predatory 
birds as the prairie falcon, sparrow hawk, and peregrine 
falcon, which help to control rabbits, ground squirrels, 
and other crop eaters. 

Since the U.S. ban on DDT in 1972, most of these 
species have made a comeback. For example, after 
eliminating DDT and after crackdowns on hunting and 
habitat destruction, the American bald eagle has re-
bounded from only 417 breeding pairs in the lower 48 
states in 1963 to almost 10,000 breeding pairs in 2007. 
This was enough to have it removed from the endan-
gered species list. The comeback of this species from 
the brink of extinction is one of the greatest wildlife 
protection successes in U.S. history.

A 2004 study by Conservation International pre-
dicted that climate change caused mostly by global 
warming (Science Focus, p. 33) could drive more than 
a quarter of all land animals and plants to extinction 
by the end of this century. Some scientific studies in-

dicate that polar bears (Case Study, p. 203) and 10 of 
the world’s 17 penguin species are already threatened 
because of higher temperatures and melting sea ice in 
their polar habitats.

■ CASE STUDY

Where Have All the 
Honeybees Gone?
Three-quarters of all flowering plants in North 
America—including most fruit and vegetable crops—
rely on pollinators such as bees, bats (Science Focus, 
p. 192), butterflies, and hummingbirds for fertilization.

According to a 2006 report by the U.S. National 
Academy of Sciences (NAS), populations of such vital 
pollinators are declining across North America, and 
honeybee populations have been in increasing trouble 
for over 2 decades. The report warns that continued 
decreases in wild populations of such pollinators could 
disrupt food production and ecosystems.

The report includes a specific warning on the de-
cline of the honeybee, which pollinates more than 
110 commercially grown crops that are vital to U.S. 
agriculture, including up to one-third of U.S. fruit and 
vegetable crops. Globally, about one-third of the hu-
man diet comes from insect-pollinated plants, and the 
honeybee is responsible for 80% of that pollination, ac-
cording to the U.S. Department of Agriculture. Adult 
honeybees live on honey that they make from nectar 
they collect from flowering plants, and they feed their 
young with protein-rich pollen.

Honeybees are big business. In the United States, 
honeybee colonies are managed by beekeepers who 
rent the bees out for their pollination services, espe-
cially for major crops such as almonds, apples, and 
blueberries. By 1994, such colonies had replaced an es-
timated 98% of the wild, free-range honeybees in the 
United States.

According to the NAS report, there has been a 30% 
drop in U.S. honeybee populations since the 1980s. 
Causes include pesticide exposure (the wax in beehives 
absorbs these and other airborne toxins), attacks by 
parasitic mites that can wipe out a colony in hours, and 
invasion by African honeybees (killer bees, p. 93).

Since 2006, a growing number of bee colonies in 27 
states have suffered what researchers call “bee colony 
collapse disorder,” or what French scientists call “mad 
bee disease,” in which the worker bees in a colony van-
ish without a trace. When beekeepers inspect what were 
once healthy and strong colonies, they find all of the 
adult worker bees gone and an abandoned queen bee.

More than a quarter of the country’s 2.4 million 
honeybee colonies (each with 30,000 to 100,000 indi-
vidual bees) have been lost. Nobody knows where the 
missing bees went or what is causing them to leave the 
hives. Possible causes include parasites, fungi, bacteria, 

DDT in fish-eating
birds (ospreys)

25 ppm

DDT in large
fish (needle fish)
2 ppm

DDT in small
fish (minnows)
0.5 ppm

DDT in 
zooplankton
0.04 ppm

DDT in water
0.000003 ppm,
or 3 ppt

Figure 9-19 Bioaccumulation and biomagnification. DDT is a fat-soluble chemical that 
can accumulate in the fatty tissues of animals. In a food chain or web, the accumulated 
DDT can be biologically magnified in the bodies of animals at each higher trophic level. 
The concentration of DDT in the fatty tissues of organisms was biomagnified about 
10 million times in this food chain in an estuary near Long Island Sound in the U.S. 
state of New York. If each phytoplankton organism takes up from the water and retains 
one unit of DDT, a small fish eating thousands of zooplankton (which feed on the phy-
toplankton) will store thousands of units of DDT in its fatty tissue. Each large fish that 
eats 10 of the smaller fish will ingest and store tens of thousands of units, and each 
bird (or human) that eats several large fish will ingest hundreds of thousands of units. 
Dots represent DDT. Question: How does this story demonstrate the value of pollution 
prevention?
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and pesticides. Scientists also suspect a virus that para-
lyzes bees, which may have come from Israel or from 
bees imported from Australia to help replace declining 
U.S. honeybee populations. Another problem is poor 
nutrition and stress caused when colonies of bees are 
fed an artificial diet while being trucked around the 
country and rented out for pollination.

Scientists are also finding sharp declines in some 
species of bumblebees found in the United States. These 
bees are responsible for pollinating an estimated 15% 
of the crops grown in the United States, especially those 
that are raised in greenhouses, such as tomatoes, pep-
pers, and strawberries. Bumblebees collect pollen and 
nectar to feed their young, but make very little honey.

Declining bee populations have also been reported 
in Brazil, Taiwan, Guatemala, and parts of Europe. 
China, where some argue that pesticides are overused, 
gives us a glimpse of a future without honeybees. Ap-
ple orchards in China are now largely hand-fertilized 
by humans in the absence of bees. Some scientists warn 
that if it continues and grows, bee colony collapse disorder
could lead to agricultural collapse disorder in parts of the 
world.

THINKING ABOUT
Bees

What difference would it make to your lifestyle if most of 
the honeybees or bumblebees disappeared? What two things 
would you do to help reduce the loss of honeybees?

■ CASE STUDY

Polar Bears and Global Warming
The world’s 20,000–25,000 polar bears are found in 19 
populations distributed across the frozen Arctic. About 
60% of them are in Canada, and the rest are found in 
arctic areas in Denmark, Norway, Russia, and the U.S. 
state of Alaska.

Throughout the winter, the bears hunt for seals on 
floating sea ice (Figure 9-20), which expands south-
ward each winter and contracts as the temperature rises 
each summer. Normally the bears swim from one patch 
of sea ice to another to hunt and eat seals during winter 
as their body fat accumulates. In the summer and fall as 
sea ice breaks up, the animals fast and live off their body 
fat for several months until hunting resumes when the 
ice again expands.

Evidence shows that the Arctic is warming twice as 
fast as the rest of the world and that the average an-
nual area of floating summer sea ice in the Arctic is de-
clining and is breaking up earlier each year. Scientists 
project that summer sea ice could be gone by 2030 and 
perhaps as soon as 2012. 

This means that polar bears have less time to feed 
and to store the fat they need in order to survive their 
summer and fall months of fasting. As a result, they 

must fast longer, which weakens them. As females be-
come weaker, their ability to reproduce and keep their 
young cubs alive declines. And as bears grow hungrier, 
they are more likely to go to human settlements look-
ing for food. The resulting increase in bear sightings 
gives people the false impression that their populations 
are increasing.

Polar bears are strong swimmers, but ice shrink-
age has forced them to swim longer distances to find 
enough food and to spend more time during winter 
hunting on land where prey is nearly impossible to 
find. Several studies link global warming and dimin-
ished sea ice to polar bears drowning or starving while 
in search of prey and, in some cases, to cannibalism 
among the bears.

According to a 2006 study by the IUCN–World Con-
servation Union, the world’s total polar bear population 
is likely to decline by 30–35% by 2050, and by the end 
of this century, the bears may be found only in zoos.

Another threat to the bears in some areas is the 
buildup of toxic PCBs, DDT (Figure 9-19), and other 
pesticides in their fatty tissue, which can adversely af-
fect their development, behavior, and reproduction. 
And in 2007, the U.S. Fish and Wildlife Service esti-
mated that Russian poachers are killing 100–250 polar 
bears a year.

In 2007, the IUCN listed polar bears as threatened 
in their annual red list of endangered species, and in 
2008, the U.S. government listed the polar bear as 
threatened under the Endangered Species Act.

Figure 9-20 Polar bear with seal prey on floating ice in Svalbard, Norway. Polar bears 
in the Arctic are likely to become extinct sometime during this century because global 
warming is melting the floating sea ice on which they hunt seals.
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THINKING ABOUT
Polar Bears

What difference would it make if all of the world’s polar bears 
disappeared? List two things you would do to help protect the 
world’s remaining polar bears from premature extinction.

Illegal Killing, Capturing, 
and Selling of Wild Species 
Threatens Biodiversity
Some protected species are illegally killed for their valu-
able parts or are sold live to collectors (Concept 9-3).
Such poaching endangers many larger animals and 
some rare plants. Globally, this illegal trade in wildlife 
earns smugglers at least $10 billion a year—an average 
of $19,000 a minute. Organized crime has moved into 
illegal wildlife smuggling because of the huge profits 
involved—surpassed only by the illegal international 
trade in drugs and weapons. Rapidly growing wildlife 
smuggling is a high-profit, low-risk business because 
few of the smugglers are caught or punished. At least 
two-thirds of all live animals smuggled around the 
world die in transit.

To poachers, a live mountain gorilla is worth 
$150,000, a giant panda pelt $100,000, a chimpanzee 
$50,000, an Imperial Amazon macaw $30,000, and a 
Komodo dragon reptile from Indonesia $30,000. A 
poached rhinoceros horn (Figure 9-21) can be worth as 
much as $55,500 per kilogram ($25,000 per pound). It 
is used to make dagger handles in the Middle East and 
as a fever reducer and alleged aphrodisiac in China and 
other parts of Asia.

According to a 2005 study by the International 
Fund for Animal Welfare, the Internet has become a 
key market for the illegal global trade in thousands of 
live threatened and endangered animals and products 
made from such animals. For example, U.S. websites 
offered live chimpanzees dressed as dolls for $60,000–
65,000 each and a 2-year-old highly endangered Sibe-
rian tiger for $70,000.

An important way to combat the illegal trade in 
these species is through research and education. Some 
people are dedicating their time and energy to this 
problem. For example, scientist Jane Goodall has de-
voted her life to understanding and protecting chim-
panzees (Individuals Matter, at right).

In 1900, an estimated 100,000 tigers roamed free in 
the world. Despite international protection, only about 
3,500 tigers remain in the wild, on an ever shrinking 
range (Figure 9-11, top left), according to a 2006 study 
by the World Conservation Union. Between 1900 and 
2007, the estimated number of tigers in India plunged 
from 40,000 to about 1,400. In 2007, Eric Dinerstein 
and his colleagues estimated that tigers have 41% less 
habitat than they had in 1997, mostly because of de-
forestation and forest fragmentation, and now live in 

just 7% of their historic range around the world. Today 
all five tiger subspecies are endangered in the wild, al-
though at least 11,000 captive tigers of mixed ancestry 
exist behind bars.

Tigers are also threatened because they are killed 
for their coats and body parts. The Bengal or Indian ti-
ger is at risk because a coat made from its fur can sell 
for as much as $100,000 in Tokyo. Wealthy collectors 
have paid $10,000 to $20,000 for a Bengal tiger rug. 
With the body parts of a single tiger worth as much as 
$25,000, and because few of the poachers are caught 
or punished, it is not surprising that illegal hunting 
has skyrocketed. According to a 2006 study by tiger 
experts, without emergency action to curtail poaching 
and preserve their habitat, few if any tigers may be left 
in the wild within 20 years.

THINKING ABOUT
Tigers

What difference would it make if all the world’s tigers dis-
appeared? What two things would you do to help protect the 
world’s remaining tigers from premature extinction?

The global legal and illegal trade in wild species for 
use as pets is also a huge and very profitable business. 
Many owners of wild pets do not know that, for every 
live animal captured and sold in the pet market, an es-

Figure 9-21 White rhinoceros killed by a poacher for its horn in 
South Africa. Question: What would you say if you could talk to 
the poacher of this animal?
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timated 50 others are killed or die in transit. Most are 
also unaware that some imported exotic animals can 
carry dangerous infectious diseases.

About 25 million U.S. households have exotic birds 
as pets, 85% of them imported. More than 60 bird spe-
cies, mostly parrots, (Figure 9-9), are endangered or 
threatened because of this wild bird trade. Ironically, 
keeping birds as pets can also be dangerous for people. 
A 1992 study suggested that keeping a pet bird indoors 
for more than 10 years doubles a person’s chances of 
getting lung cancer from inhaling tiny particles of bird 
dander.

Other wild species whose populations are depleted 
because of the pet trade include amphibians, reptiles, 
mammals, and tropical fishes (taken mostly from the 
coral reefs of Indonesia and the Philippines). Divers 
catch tropical fish by using plastic squeeze bottles of 
poisonous cyanide to stun them. For each fish caught 
alive, many more die. In addition, the cyanide solution 
kills the coral animals that create the reef.

Some exotic plants, especially orchids and cacti, are 
endangered because they are gathered (often illegally) 
and sold to collectors to decorate houses, offices, and 
landscapes. A collector may pay $5,000 for a single rare 
orchid. A mature crested saguaro cactus can earn cac-
tus rustlers as much as $15,000.

THINKING ABOUT
Collecting Wild Species

Some people believe it is unethical to collect wild animals 
and plants for display and personal pleasure. They believe 
we should leave most exotic wild species in the wild. Explain 
why you agree or disagree with this view.

As commercially valuable species become endan-
gered, their black market demand soars. This positive 
feedback loop increases their chances of premature ex-
tinction from poaching. Most poachers are not caught 
and the money they can make far outweighs the small 
risk of being caught, fined, or imprisoned.

On the other hand, species also hold great value by 
surviving in the wild. According to the U.S. Fish and 
Wildlife Service, collectors of exotic birds may pay 
$10,000 for a threatened hyacinth macaw smuggled 
out of Brazil. But during its lifetime, a single macaw left 
in the wild might yield as much as $165,000 in tourist 
revenues.

In Thailand, biologist Pilai Poonswad decided to 
do something about poachers taking Great Indian 
hornbills—large, beautiful, and rare birds—from a rain 
forest. She visited the poachers in their villages and 
showed them why the birds are worth more alive than 
dead. Today, some former poachers earn money by 
taking ecotourists into the forest to see these magnifi-
cent birds. Because of their vested financial interest in 
preserving the hornbills, they now help to protect the 
birds from poachers. Individuals matter.

Rising Demand for Bush 
Meat Threatens Some 
African Species
Indigenous people in much of West and Central Africa 
have sustainably hunted wildlife for bush meat, a source 
of food, for centuries. But in the last two decades bush 
meat hunting in some areas has skyrocketed as local 
people try to provide food for rapidly growing popula-
tions or seek to make a living by supplying restaurants 
with exotic meat (Figure 9-22, p. 206). Logging roads 
have enabled miners, ranchers, and settlers to move 
into once inaccessible forests, which has made it eas-
ier to hunt animals for bush meat. And a 2004 study 
showed that people living in coastal areas of West 
Africa have increased bush meat hunting because local 
fish harvests have declined due to overfishing by heav-
ily subsidized European Union fishing fleets.

So what is the big deal? After all, people have to 
eat. For most of our existence, humans have survived 
by hunting and gathering wild species.

INDIVIDUALS MATTER

Jane Goodall

rimatologist and anthro-
pologist Jane Goodall 

(Figure 9-A) spent 45 years study-
ing chimpanzee social and family 
life in Gombe National Park in the 
African country of Tanzania. One 
of her major scientific contribu-
tions was the discovery that chim-
panzees have tool-making skills. 
She observed that some chimpan-
zees modified twigs or blades of 
grass and then poked them into 
termite mounds. When the ter-
mites latched onto these primitive 
tools, the chimpanzees would pull 
them out and eat the termites.

In 1977, she established the 
Jane Goodall Institute, which 
supports the research at Gombe 
National Park and, with 19 offices 
around the world, works to pro-
tect chimpanzees and their habitats. Dr. Goodall spends nearly 300 days 
a year traveling and educating people throughout the world about chim-
panzees and the need to protect the environment.

Goodall is also president of Advocates for Animals, an animal rights 
organization based in Edinburgh, Scotland, that campaigns against the 
use of animals for medical research, zoos, farming, and sport hunting. 
She has received many awards and prizes for her scientific and conser-
vation contributions. She has also written 23 books for adults and 
children and has produced 14 films about the lives and importance of 
chimpanzees.

P

Figure 9-A Jane Goodall with a young 
chimpanzee living in Tanzania’s Gombe 
National Park.
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9-4 How Can We Protect Wild Species from 
Extinction Resulting from Our Activities?

CONCEPT 9-4A We can use existing environmental laws and treaties and work 
to enact new laws designed to prevent premature species extinction and protect 
overall biodiversity.
CONCEPT 9-4B We can help to prevent premature species extinction by creating 
and maintaining wildlife refuges, gene banks, botanical gardens, zoos, and 
aquariums.
CONCEPT 9-4C According to the precautionary principle, we should take measures 
to prevent or reduce harm to the environment and to human health, even if some 
of the cause-and-effect relationships have not been fully established, scientifically.

▲
▲

▲

International Treaties Help 
to Protect Species
Several international treaties and conventions help to 
protect endangered and threatened wild species (Con-
cept 9-4A). One of the most far reaching is the 1975 
Convention on International Trade in Endangered Species 
(CITES). This treaty, now signed by 172 countries, bans 
hunting, capturing, and selling of threatened or endan-

gered species. It lists some 900 species that cannot be 
commercially traded as live specimens or wildlife prod-
ucts because they are in danger of extinction. It also 
restricts international trade of roughly 5,000 species of 
animals and 28,000 plants species that are at risk of be-
coming threatened.

CITES has helped reduce international trade in 
many threatened animals, including elephants, croco-
diles, cheetahs, and chimpanzees. But the effects of 

One problem today is that bush meat hunting has 
led to the local extinction of many wild animals in 
parts of West Africa and has driven one species—Miss 
Waldron’s red colobus monkey—to complete extinc-
tion. It is also a factor in reducing gorilla, orangutan 
(Figure 9-7), chimpanzee, elephant, and hippopotamus 
populations. This practice also threatens forest carni-
vores, such as crowned eagles and leopards, by deplet-
ing their main prey species.

Some conservationists fear that within 1 or 2 de-
cades, the Congo basin’s rain forest—the world’s sec-
ond largest remaining tropical forest—will contain few 
large mammals, and most of Africa’s great apes will be 
extinct. Another problem is that butchering and eating 
some forms of bush meat has helped to spread fatal dis-
eases such as HIV/AIDS and the Ebola virus to humans.

The U.S. Agency for International Development is 
trying to reduce unsustainable hunting for bush meat 
in some areas by introducing alternative sources of 
food, such as fish farms. They are also showing villag-
ers how to breed large rodents such as cane rats as a 
source of food.

THINKING ABOUT
The Passenger Pigeon and Humans

Humans exterminated the passenger pigeon (Fig-
ure 9-1) within a single human lifetime because it 
was considered a pest and because of its economic value. Sup-
pose a species superior to us arrived and began taking over 
the earth with the goal of using the planet more sustainably. 
The first thing they might do is to exterminate us. Do you 
think such an action would be justified? Explain.

Figure 9-22 Bush meat, such as this severed head of a lowland go-
rilla in the Congo, is consumed as a source of protein by local peo-
ple in parts of West Africa and sold in the national and international 
marketplace. You can find bush meat on the menu in Cameroon 
and the Congo in West Africa as well as in Paris, London, Toronto, 
New York, and Washington, D.C. It is often supplied by poaching. 
Wealthy patrons of some restaurants regard gorilla meat as a source 
of status and power. Question: How, if at all, is this different from 
killing a cow for food?
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this treaty are limited because enforcement varies from 
country to country, and convicted violators often pay 
only small fines. Also, member countries can exempt 
themselves from protecting any listed species, and 
much of the highly profitable illegal trade in wildlife 
and wildlife products goes on in countries that have 
not signed the treaty.

The Convention on Biological Diversity (CBD), ratified 
by 190 countries (but not by the United States), legally 
commits participating governments to reversing the 
global decline of biodiversity and to equitably sharing 
the benefits from use of the world’s genetic resources. 
This includes efforts to prevent or control the spread of 
ecologically harmful invasive species.

This convention is a landmark in international law 
because it focuses on ecosystems rather than on indi-
vidual species and it links biodiversity protection to is-
sues such as the traditional rights of indigenous peo-
ples. However, because some key countries including 
the United States have not ratified it, implementation 
has been slow. Also, the law contains no severe penal-
ties or other enforcement mechanisms.

■ CASE STUDY

The U.S. Endangered Species Act
The Endangered Species Act of 1973 (ESA; amended in 
1982, 1985, and 1988) was designed to identify and 
protect endangered species in the United States and 
abroad (Concept 9-4A). This act is probably the most 
far-reaching environmental law ever adopted by any 
nation, which has made it controversial. Canada and a 
number of other countries have similar laws.

Under the ESA, the National Marine Fisheries 
Service (NMFS) is responsible for identifying and list-
ing endangered and threatened ocean species, while 
the U.S. Fish and Wildlife Services (USFWS) is to iden-
tify and list all other endangered and threatened spe-
cies. Any decision by either agency to add a species to, 
or remove one from, the list must be based on biological 
factors alone, without consideration of economic or po-
litical factors. However, economic factors can be used in 
deciding whether and how to protect endangered habi-
tat and in developing recovery plans for listed species.

The ESA also forbids federal agencies (except the 
Defense Department) to carry out, fund, or autho-
rize projects that would jeopardize an endangered or 
threatened species or destroy or modify its critical habi-
tat. For offenses committed on private lands, fines as 
high as $100,000 and 1 year in prison can be imposed 
to ensure protection of the habitats of endangered spe-
cies. This part of the act has been controversial because 
at least 90% of the listed species live totally or partially 
on private land. The ESA also makes it illegal for Amer-
icans to sell or buy any product made from an endan-
gered or threatened species or to hunt, kill, collect, or 
injure such species in the United States.

Between 1973 and 2007, the number of U.S. spe-
cies on the official endangered and threatened lists in-
creased from 92 to about 1,350 species—55% of them 
plants and 45% animals. According to a 2000 study by 
The Nature Conservancy, one-third of the country’s 
species are at risk of extinction, and 15% of all species 
are at high risk—far more than the roughly 1,350 spe-
cies on the country’s endangered species list. The study 
also found that many of the country’s rarest and most 
imperiled species are concentrated in a few areas, called 
hotspots. To conservation biologists, protecting such ar-
eas should be a top priority.

For each species listed, the USFWS or the NMFS is 
supposed to prepare a recovery plan that includes des-
ignation and protection of critical habitat. Examples of 
successful recovery plans include those for the Ameri-
can alligator (Chapter 4 Core Case Study, p. 77), the 
gray wolf, the peregrine falcon, and the bald eagle.

The ESA also requires that all commercial ship-
ments of wildlife and wildlife products enter or leave 
the country through one of nine designated ports. Only 
120 full-time USFWS inspectors examine shipments of 
wild animals that enter the United States through these 
ports, airports, and border crossings. They can inspect 
only a small fraction of the more than 200 million wild 
animals brought legally into the United States each 
year. Also, tens of millions of such animals are brought 
in illegally, but few illegal shipments of endangered 
or threatened animals or plants are confiscated (Fig-
ure 9-23, p. 208). Even when they are caught, many 
violators are not prosecuted, and convicted violators 
often pay only a small fine.

In addition, people who smuggle or buy imported 
exotic animals are rarely aware that many of them 
carry dangerous infectious diseases, such as hantavirus, 
Ebola virus, Asian bird flu, herpes B virus (carried by 
most adult macaques), and salmonella (from pets such 
as hamsters, turtles, and iguanas), which can spread 
from pets to humans. The country’s small number of 
wildlife inspectors does not have the capability or bud-
get to detect such diseases.

Since 1982, the ESA has been amended to give pri-
vate landowners economic incentives to help save en-
dangered species living on their lands. The goal is to 
strike a compromise between the interests of private 
landowners and those of endangered and threatened 
species.

With one of these approaches, called a habitat con-
servation plan (HCP), a landowner, developer, or logger 
is allowed to destroy some critical habitat in exchange 
for taking steps to protect members of the species. Such 
measures might include setting aside a part of the species’ 
habitat as a protected area, paying to relocate the spe-
cies to another suitable habitat, or contributing money 
to have the government buy suitable habitat elsewhere. 
Once the plan is approved, it cannot be changed, even if 
new data show that the plan is inadequate to protect a 
species and help it recover. The ESA has also been used 
to protect endangered and threatened marine reptiles, 
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such as turtles, and mammals, especially whales, seals, 
and sea lions, as discussed in Chapter 11.

Some believe that the Endangered Species Act 
should be weakened or repealed, and others believe it 
should be strengthened and modified to focus on pro-
tecting ecosystems. Opponents of the act contend that 
it puts the rights and welfare of endangered plants 
and animals above those of people. They argue that it 
has not been effective in protecting endangered spe-
cies and has caused severe economic losses by hinder-
ing development on private lands. Since 1995, efforts to 
weaken the ESA have included the following suggested 
changes:

• Make protection of endangered species on private 
land voluntary.

• Have the government compensate landowners if 
they are forced to stop using part of their land to 
protect endangered species.

• Make it harder and more expensive to list newly 
endangered species by requiring government wild-
life officials to navigate through a series of hearings 
and peer-review panels and requiring hard data 
instead of computer-based models.

• Eliminate the need to designate critical habitats.

• Allow the secretary of the interior to permit a listed 
species to become extinct without trying to save it.

• Allow the secretary of the interior to give any state, 
county, or landowner a permanent exemption 
from the law, with no requirement for public noti-
fication or comment.

Other critics would go further and do away with 
this act entirely. But because this step is politically un-
popular with the American public, most efforts are de-
signed to weaken the act and reduce its meager fund-
ing. In 2007, the USFWS issued a new interpretation 
of the ESA that would allow it to protect plants and 
animals only in areas where they are struggling to sur-
vive, rather than listing a species over its entire range. 
If this new policy survives court tests, it would remove 
about 80% of the roughly 1,350 U.S. species listed as 
endangered or threatened. Many wildlife biologists see 
this proposed policy as a deceptive way to gut the ESA 
by weakening existing protections and making it more 
difficult to list new species.

Most conservation biologists and wildlife scientists 
agree that the ESA needs to be simplified and stream-
lined. But they contend that it has not been a failure 
(Science Focus, at right).

We Can Establish Wildlife Refuges 
and Other Protected Areas
In 1903, President Theodore Roosevelt established the 
first U.S. federal wildlife refuge at Pelican Island, Flor-
ida, to help protect birds such as the brown pelican (see 
Photo 1 in the Detailed Contents) from extinction. Since 
then, the National Wildlife Refuge System has grown to 
include 547 refuges. Each year, more than 35 million 
Americans visit these refuges to hunt, fish, hike, and 
watch birds and other wildlife.

More than three-fourths of the refuges serve as 
wetland sanctuaries vital for protecting migratory wa-
terfowl. One-fifth of U.S. endangered and threatened 
species have habitats in the refuge system, and some 
refuges have been set aside for specific endangered spe-
cies (Concept 9-5B). These areas have helped Florida’s 
key deer, the brown pelican, and the trumpeter swan 
to recover. According to a General Accounting Office 
study, however, activities considered harmful to wildlife 
occur in nearly 60% of the nation’s wildlife refuges.

Conservation biologists call for setting aside more 
refuges for endangered plants. They also urge Congress 
and state legislatures to allow abandoned military lands 
that contain significant wildlife habitat to become na-
tional or state wildlife refuges.

Gene Banks, Botanical Gardens, 
and Wildlife Farms Can Help 
Protect Species
Gene or seed banks preserve genetic information and en-
dangered plant species by storing their seeds in refriger-
ated, low-humidity environments (Concept 9-4B). More 
than 100 seed banks around the world collectively hold 
about 3 million samples.

Figure 9-23 Confiscated products made from endangered species. Because of a 
scarcity of funds and inspectors, probably no more than one-tenth of the illegal wild-
life trade in the United States is discovered. The situation is even worse in most other 
countries.

St
ev

e 
Hi

lle
br

an
d/

U.
S.

 F
is

h 
an

d 
W

ild
lif

e 
Se

rv
ic

e.



CONCEPTS 9-4A, 9-4B, AND 9-4C 209

Scientists urge the establishment of many more 
such banks, especially in developing countries. But 
some species cannot be preserved in gene banks. The 
banks are also expensive to operate and can be de-
stroyed by fires and other mishaps.

The world’s 1,600 botanical gardens and arboreta
contain living plants representing almost one-third of 
the world’s known plant species. However, they con-
tain only about 3% of the world’s rare and threatened 
plant species and have too little space and funding to 
preserve most of those species.

We can take pressure off some endangered or 
threatened species by raising individuals on farms for 
commercial sale. Farms in Florida raise alligators for 
their meat and hides. Butterfly farms flourish in Papua 
New Guinea, where many butterfly species are threat-
ened by development activities.

Zoos and Aquariums Can Protect 
Some Species
Zoos, aquariums, game parks, and animal research cen-
ters are being used to preserve some individuals of crit-
ically endangered animal species, with the long-term 

goal of reintroducing the species into protected wild 
habitats (Concept 9-4B).

Two techniques for preserving endangered terres-
trial species are egg pulling and captive breeding. Egg
pulling involves collecting wild eggs laid by critically 
endangered birds and then hatching them in zoos or 
research centers. In captive breeding, some or all of the 
wild individuals of a critically endangered species are 
captured for breeding in captivity, with the aim of re-
introducing the offspring into the wild. Captive breed-
ing has been used to save the peregrine falcon and the 
California condor (Case Study, p. 210).

Other techniques for increasing the populations of 
captive species include artificial insemination, embryo 
transfer (surgical implantation of eggs of one species 
into a surrogate mother of another species), use of in-
cubators, and cross-fostering (in which the young of a 
rare species are raised by parents of a similar species). 
Scientists also use computer databases, which hold in-
formation on family lineages of species in zoos, and 
DNA analysis to match individuals for mating—a com-
puter dating service for zoo animals—and to prevent 
genetic erosion through inbreeding.

The ultimate goal of captive breeding programs is 
to build up populations to a level where they can be 
reintroduced into the wild. But after more than two 

SCIENCE FOCUS

Accomplishments of the Endangered Species Act

• Develop recovery plans more quickly. A 
2006 study by the Government Account-
ability Office, found that species with 
recovery plans have a better chance of 
getting off the endangered list, and it rec-
ommended that any efforts to reform the 
law should continue to require recovery 
plans.

• When a species is first listed, establish a 
core of its survival habitat as critical, as a 
temporary emergency measure that could 
support the species for 25–50 years.

Most biologists and wildlife conservation-
ists believe that the United States needs a 
new law that emphasizes protecting and 
sustaining biological diversity and ecosystem 
functioning (Concept 9-4A) rather than fo-
cusing mostly on saving individual species. 
We discuss this idea further in Chapter 10.

Critical Thinking
Should the U.S. Endangered Species Act be 
modified to more effectively protect and 
sustain the nation’s overall biodiversity? 
Explain.

ritics of the ESA call it an expen-
sive failure because only 37 spe-

cies have been removed from the endangered 
list. Most biologists insist that it has not been 
a failure, for four reasons.

First, species are listed only when they face 
serious danger of extinction. This is like set-
ting up a poorly funded hospital emergency 
room that takes only the most desperate 
cases, often with little hope for recovery, and 
saying it should be shut down because it has 
not saved enough patients.

Second, it takes decades for most species 
to become endangered or threatened. Not 
surprisingly, it also takes decades to bring a 
species in critical condition back to the point 
where it can be removed from the critical 
list. Expecting the ESA—which has been in 
existence only since 1973—to quickly repair 
the biological depletion of many decades is 
unrealistic.

Third, according to federal data, the 
conditions of more than half of the listed 
species are stable or improving, and 99% 
of the protected species are still surviving. 
A hospital emergency room taking only the 
most desperate cases and then stabilizing or 

C improving the conditions of more than half 
of its patients and keeping 99% of them 
alive would be considered an astounding 
success.

Fourth, the ESA budget included only 
$58 million in 2005—about what the Depart-
ment of Defense spends in a little more than 
an hour—or 20¢ per year per U.S. citizen. To 
its supporters, it is amazing that the ESA, on 
such a small budget, has managed to stabilize 
or improve the conditions of more than half 
of the listed species.

Its supporters would agree that the act 
can be improved and that federal regulators 
have sometimes been too heavy handed in 
enforcing it. But instead of gutting or do-
ing away with the ESA, biologists call for it 
to be strengthened and modified to help 
protect ecosystems and the nation’s overall 
biodiversity.

A study by the U.S. National Academy of 
Sciences recommended three major changes 
to make the ESA more scientifically sound 
and effective:

• Greatly increase the meager funding for 
implementing the act.
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decades of captive breeding efforts, only a handful of 
endangered species have been returned to the wild. 
Examples shown in Figure 9-3 include the black-footed 
ferret, the California condor (Case Study, right), and 
the golden lion tamarin. Most reintroductions fail be-
cause of lack of suitable habitat, inability of individu-
als bred in captivity to survive in the wild, renewed 
overhunting, or poaching of some of the returned 
individuals.

Lack of space and money limits efforts to maintain 
breeding populations of endangered animal species in 
zoos and research centers. The captive population of 
each species must number 100–500 individuals to avoid 
extinction through accident, disease, or loss of genetic 
diversity through inbreeding. Recent genetic research 
indicates that 10,000 or more individuals are needed 
for an endangered species to maintain its capacity for 
biological evolution.

Public aquariums that exhibit unusual and attrac-
tive fish and some marine animals such as seals and 
dolphins help to educate the public about the need 
to protect such species. But mostly because of limited 
funds, public aquariums have not served as effective 
gene banks for endangered marine species, especially 
marine mammals that need large volumes of water.

Instead of seeing zoos and aquariums as sanctuar-
ies, some critics claim that most of them imprison once-
wild animals. They also contend that zoos and aquari-
ums can foster the false notion that we do not need to 
preserve large numbers of wild species in their natural 
habitats. Proponents counter that these facilities play 
an important role in educating the public about wildlife 
and the need to protect biodiversity.

Regardless of their benefits and drawbacks, zoos, 
aquariums, and botanical gardens are not biologically 

or economically feasible solutions for the growing prob-
lem of premature extinction of species. Figure 9-24 lists 
some things you can do to deal with this problem.

■ CASE STUDY

Trying to Save the 
California Condor
At one time the California condor (Figure 9-4), North 
America’s largest bird, was nearly extinct with only 22 
birds remaining in the wild. To save the species, one 
approach was to capture the remaining birds and breed 
them in captivity at zoos.

The captured birds were isolated from human con-
tact as much as possible, and to reduce genetic defects, 
closely related individuals were prevented from breed-
ing. As of 2007, 135 condors had been released back 
into the wild throughout the southwestern United 
States.

A major threat to these birds is lead poisoning re-
sulting when they ingest lead pellets from ammunition 
in animal carcasses or gut piles left behind by hunters. 
A lead-poisoned condor quickly becomes weak and 
mentally impaired and dies of starvation, or is killed by 
predators.

A coalition of conservationist and health organi-
zations is lobbying state game commissions and legis-
latures to ban the use of lead in ammunition and to 
require use of less harmful substitutes. They also urge 
people who hunt in condor ranges to remove all killed 
animals or to hide carcasses and gut piles by burying 
them, covering them with brush or rocks, or putting 
them in inaccessible areas.

THINKING ABOUT
The California Condor’s Comeback

What are some differences between the stories of 
the condor and the passenger pigeon (Core Case 
Study) that might give the condor a better chance of avoiding 
premature extinction than the passenger pigeon had?

The Precautionary Principle
Some might argue that, because we have identified 
fewer than 2 million of the estimated 5–100 million 
species on the earth, it makes little sense to take drastic 
measures to preserve them.

Conservation biologists disagree. They remind us 
that the  earth’s species are the primary components of 
its biodiversity, which should not be degraded because 
of the economic and ecological services it provides. 
They call for us to use great caution in making poten-
tially harmful changes to communities and ecosystems 
and to take precautionary action to help prevent poten-

Figure 9-24 Individuals matter: ways to help prevent premature extinction of 
species. Question: Which two of these suggestions do you believe are the most impor-
tant? Why?

■ Do not buy furs, ivory products, or other items made from endangered or 
threatened animal species

■ Do not buy wood or paper products produced by cutting old-growth forests in 
the tropics

■ Do not buy birds, snakes, turtles, tropical fish, and other animals that are taken 
from the wild

■ Do not buy orchids, cacti, or other plants that are taken from the wild

■ Spread the word. Talk to your friends and relatives about this problem and what 
they can do about it

Protecting Species

WHAT CAN YOU DO?
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tially serious environmental problems, including pre-
mature extinctions.

This approach is based on the precautionary
principle: When substantial preliminary evidence in-
dicates that an activity can harm human health or the 
environment, we should take precautionary measures 
to prevent or reduce such harm, even if some of the 

cause-and-effect relationships have not been fully es-
tablished, scientifically (Concept 9-4C). It is based on the 
commonsense idea behind many adages such as “Bet-
ter safe than sorry” and “Look before you leap.” 

Scientists use the precautionary principle to argue 
for preservation of species, and also for preserving entire 
ecosystems, which is the focus of the next two chapters. 

Passenger Pigeons and Sustainability

The disappearance of the passenger pigeon (Core Case Study) in 
a short time was a blatant example of the effects of activities un-
dertaken by uninformed or uncaring people. Since the passenger 
pigeon became extinct, we have learned a lot about how to pro-
tect birds and other species from premature extinction resulting 
from our activities. We have also learned much about the impor-
tance of wild species as key components of the earth’s biodiver-
sity and of the natural capital that supports all life and economies.

Yet, despite these efforts, there is overwhelming evidence 
that we are in the midst of wiping out as many as half of the 
world’s wild species within your lifetime. Ecological ignorance ac-
counts for some of the failure to deal with this problem. But to 
many, the real cause of this failure is political. They would argue 
that we lack the will to act on our scientific knowledge and our 
ethical judgments.

In keeping with the four scientific principles of sustain-
ability (see back cover), acting to prevent the premature extinc-

tion of species helps to preserve the earth’s biodiversity and to 
maintain species interactions that help control population sizes, 
energy flow, and matter cycling in ecosystems. Thus it is not 
only for the species that we ought to act, but also for the overall 
long-term health of the biosphere on which we all depend, and 
for the health and well-being of our own species. Protecting wild 
species and their habitats is a way of protecting ourselves and our 
descendants.

The problem is complex, and so are the solutions. Protecting 
biodiversity is no longer simply a matter of passing and enforcing 
endangered species laws and setting aside parks and preserves. 
It will also require slowing climate change, which will affect 
many species and their habitats. And it will require reducing the 
size and impact of our ecological footprints (Figure 1-10, p. 15). 
Although the solutions to biodiversity loss and degradation are 
complex, they are well within our reach.

R E V I S I T I N G 

The great challenge of the twenty-first century 
is to raise people everywhere to a decent standard of living 

while preserving as much of the rest of life as possible.
EDWARD O. WILSON

REVIEW

1. Review the Key Questions and Concepts for this chapter 
on p. 184. What factors led to the premature extinction of 
the passenger pigeon in the United States?

2. Distinguish between background extinction and 
mass extinction. What is the extinction rate of a 
species? Describe how scientists estimate extinction 
rates. Give four reasons why many extinction experts 
believe that human activities are now causing a sixth 
mass extinction. Distinguish between endangered
species and threatened species. List some character-
istics that make some species especially vulnerable to 
extinction.

3. What are two reasons for trying to prevent the premature 
extinction of wild species? What is the instrumental

value of a species? List six types of instrumental values 
provided by wild species. How are scientists using DNA 
analysis to reduce the illegal killing of elephants? What is 
the intrinsic (existence) value of a species?

4. What is biophilia? Why should we care about bats? 

5. What is HIPPCO? In order, what are the six largest 
causes of premature extinction of species resulting from 
human activities? Why are island species especially vul-
nerable to extinction? What is habitat fragmentation, and 
how does it threaten many species?

6. Describe the threats to bird species in the world and in 
the United States. List three reasons why we should be 
alarmed by the decline of bird species.
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7. Give two examples of the harmful effects of nonnative 
species that have been introduced (a) deliberately and 
(b) accidentally. List ways to limit the harmful impacts 
of nonnative species. Describe the roles of population 
growth, overconsumption, pollution, and climate change 
in the premature extinction of wild species. Describe what 
is happening to many of the honeybees in the United 
States and what economic and ecological roles they play. 
Explain how pesticides such as DDT can be biomagnified 
in food chains and webs. Explain how global warming is 
threatening polar bears.

8. Describe the poaching of wild species and give three 
examples of species that are threatened by this illegal 
activity. Describe the work of Jane Goodall in protecting 
wild primates. Why are tigers likely to disappear from the 
wild by the end of this century? Describe the threat to 
some forms of wildlife from increased hunting for bush 
meat.

9. Describe two international treaties that are used to help 
protect species. Describe the U.S. Endangered Species 
Act, how successful it has been, and the controversy over 
this act. Describe the roles of wildlife refuges, gene banks, 
botanical gardens, wildlife farms, zoos, and aquariums in 
protecting some species.

10. Describe how protecting wild species from 
premature extinction (Core Case Study) is in 
keeping with the four scientific principles of 
sustainability.

Note: Key Terms are in bold type.

Note: See Supplement 13 (p. S78) for a list of Projects related to this chapter.

CRITICAL THINKING

1. List three ways in which you could apply Concept 9-3 to 
make your lifestyle more environmentally sustainable.

2. What are three aspects of your lifestyle that directly or 
indirectly contribute to the premature extinction of some 
bird species (Case Study, p. 195)? What are three things 
that you think should be done to reduce the premature 
extinction of birds?

3. Discuss your gut-level reaction to the following statement: 
“Eventually, all species become extinct. Thus, it does not 
really matter that the passenger pigeon (Core Case 
Study) is extinct, and that the whooping crane and 
the world’s remaining tiger species are endangered mostly 
because of human activities.” Be honest about your reac-
tion, and give arguments for your position.

4. Do you accept the ethical position that each species has 
the inherent right to survive without human interference, 
regardless of whether it serves any useful purpose for hu-
mans? Explain. Would you extend this right to the Anoph-
eles mosquito, which transmits malaria, and to infectious 
bacteria? Explain.

5. Wildlife ecologist and environmental philosopher Aldo 
Leopold wrote, “To keep every cog and wheel is the first 
precaution of intelligent tinkering.” Explain how this 
statement relates to the material in this chapter. Ex-
plain how protecting wild species and their habitats is an 
important way to protect the health and well-being of 
people.

6. What would you do if (a) your yard and house were in-
vaded by fire ants, (b) you found bats flying around your 
yard at night, and (c) deer invaded your yard and ate 
your shrubs, flowers, and vegetables?

7. Which of the following statements best describes your 
feelings toward wildlife?
a. As long as it stays in its space, wildlife is okay.
b. As long as I do not need its space, wildlife is okay.
c. I have the right to use wildlife habitat to meet my own 

needs.
d. When you have seen one redwood tree, elephant, or 

some other form of wildlife, you have seen them all, 
so lock up a few of each species in a zoo or wildlife 
park and do not worry about protecting the rest.

e. Wildlife should be protected.

8. Environmental groups in a heavily forested state want 
to restrict logging in some areas to save the habitat of an 
endangered squirrel. Timber company officials argue that 
the well-being of one type of squirrel is not as important 
as the well-being of the many families who will be af-
fected if the restriction causes the company to lay off hun-
dreds of workers. If you had the power to decide this is-
sue, what would you do and why? Can you come up with 
a compromise?

9. Congratulations! You are in charge of preventing the 
premature extinction, caused by human activities, of the 
world’s existing species. What are three things you would 
do to accomplish this goal?

10. List two questions that you would like to have answered 
as a result of reading this chapter.
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DATA ANALYSIS

Examine these data released by the World Resources Institute 
and answer the following questions.

LEARNING ONLINE

Log on to the Student Companion Site for this book at 
academic.cengage.com/biology/miller, and choose 
Chapter 9 for many study aids and ideas for further read-

ing and research. These include flash cards, practice quiz-
zing, Weblinks, information on Green Careers, and InfoTrac®

College Edition articles.

1. For each of the eight countries, complete the table by fill-
ing in the last column. 

2. Arrange the countries from largest to smallest according to 
Total Land Area. Does there appear to be any correlation 

between the size of country and the percentage of Threat-
ened Breeding Bird Species? Explain your reasoning.

       Threatened Breeding
  Total Protected Area Total  Bird Species
  Land Area as Percent Number of Number of as Percent
  in Square of Total Known Breeding Threatened Breeding of Total Number of
  Kilometers Land Area Bird Species Bird Species Known Breeding
 Country (square miles) (2003) (1992–2002) (2002) Bird Species

Afghanistan 647,668 0.3 181 11 
  (250,000)

Cambodia 181,088 23.7 183 19 
  (69,900)

China 9,599,445 7.8 218 74 
  (3,705,386)

Costa Rica 50,110 23.4 279 13 
  (19,730)

Haiti 27,756 0.3 62 14  
  (10,714)

India 3.287,570 5.2 458 72 
  (1,269,388)

Rwanda 26,344 7.7 200 9 
  (10,169)

United States 9,633,915 15.8 508 55 
  (3,781,691)

Source: Data from earthtrends.wri.org/country_profiles/index.php?theme=7.
 World Resources Institute, Earth Trends, Biodiversity and Protected Areas, Country Profiles



the gray wolf was listed as an endangered species in the lower 
48 states.

Ecologists recognize the important role this keystone preda-
tor species once played in parts of the West , especially in the 
northern Rocky Mountain states of Montana, Wyoming, and 
Idaho where Yellowstone National Park is located. The wolves 
culled herds of bison, elk, caribou, and mule deer, and kept 
down coyote populations. They also provided uneaten meat for 
scavengers such as ravens, bald eagles, ermines, grizzly bears, 
and foxes. When wolves declined, herds of plant-browsing elk, 
moose, and mule deer expanded and devastated vegetation such 
as willow and aspen trees often found growing near streams 
and rivers. This increased soil erosion and threatened habitats of 
other wildlife species such as beavers, which, as foundation spe-
cies (p. 96), helped to maintain wetlands.

In 1987, the U.S. Fish and Wildlife Service (USFWS) pro-
posed reintroducing gray wolves into the Yellowstone National 
Park ecosystem to help restore and sustain its biodiversity. The 
proposal brought angry protests, some from area ranchers who 
feared the wolves would leave the park and attack their cattle 
and sheep. Other objections came from hunters who feared the 
wolves would kill too many big-game animals, and from mining 
and logging companies fearing that the government would halt 
their operations on wolf-populated federal lands.

In 1995 and 1996, federal wildlife officials caught gray 
wolves in Canada and relocated 41 of them in Yellowstone 
National Park. Scientists estimate that the long-term carrying 
capacity of the park is 110 to 150 gray wolves. In 2007, the park 
had 171 gray wolves. Overall, this experiment in ecosystem res-
toration has helped to re-establish and sustain some of the bio-
diversity that the Yellowstone ecosystem once had, as discussed 
later in this chapter.

In 2008, the USFWS decided to remove the gray wolf from 
protection under the Endangered Species Act in the states of 
Montana, Wyoming, and Utah. Several conservation groups filed 
suits to have the courts overturn this decision. The wolves in the 
park will remain protected. But 6 of the park’s 11 wolf packs 
travel outside of the park boundaries during part of every year. 
If the courts allow removing the wolves from the endangered 
species list, it will be legal to kill any of these packs’ individuals 
found outside the park. 

Biologists warn that human population growth, economic 
development, and poverty are exerting increasing pressure on 
ecosystems and the services they provide to sustain biodiversity. 
This chapter is devoted to helping us understand and sustain the 
earth’s forests, grasslands, and other storehouses of terrestrial 
biodiversity.

Sustaining Terrestrial 
Biodiversity: The Ecosystem 
Approach

Around 1800 at least 350,000 gray wolves (Figure 10-1), 
roamed over the lower 48 states, especially in the West, and 
survived mostly by preying on bison, elk, caribou, and mule 
deer. But between 1850 and 1900, most of them were shot, 
trapped, and poisoned by ranchers, hunters, and government 
employees. When Congress passed the U.S. Endangered Species 
Act in 1973, only a few hundred gray wolves remained out-
side of Alaska, primarily in Minnesota and Michigan. In 1974, 

Reintroducing Gray Wolves 
to Yellowstone

Figure 10-1 Natural capital restoration: the gray wolf. After becom-
ing almost extinct in much of the western United States, in 1974 the 
gray wolf was listed and protected as an endangered species. Despite 
intense opposition by ranchers, hunters, miners, and loggers 41 members 
of this keystone species were reintroduced to their former habitat in the 
Yellowstone National Park and central Idaho in 1995 and 1996. By 2007, 
there were about 171 gray wolves in the park.
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half of the world’s forest area, and boreal (northern co-
niferous) forests (Figure 7-15, bottom) account for one 
quarter.

Forest managers and ecologists classify natural for-
ests into two major types based on their age and struc-
ture. The first type is an old-growth forest: an uncut or 
regenerated primary forest that has not been seriously 
disturbed by human activities or natural disasters for 

Forests Vary in Their Make-Up, 
Age, and Origins
Natural and planted forests occupy about 30% of the 
earth’s land surface (excluding Greenland and Antarc-
tica). Figure 7-8 (p. 146) shows the distribution of the 
world’s boreal, temperate, and tropical forests. Tropical 
forests (Figure 7-15, top, p. 154) account for more than 

Key Questions and Concepts

10-1 What are the major threats to forest 
ecosystems?
CONCEPT 10-1A  Forest ecosystems provide ecological services 
far greater in value than the value of raw materials obtained from 
forests.

CONCEPT 10-1B  Unsustainable cutting and burning of forests, 
along with diseases and insects, made worse by global warming, 
are the chief threats to forest ecosystems.

CONCEPT 10-1C  Tropical deforestation is a potentially 
catastrophic problem because of the vital ecological services at risk, 
the high rate of tropical deforestation, and its growing contribution 
to global warming.

10-2 How should we manage and sustain forests?
CONCEPT 10-2  We can sustain forests by emphasizing the 
economic value of their ecological services, protecting old-growth 
forests, harvesting trees no faster than they are replenished, and 
using sustainable substitute resources.

10-3 How should we manage and sustain grasslands?
CONCEPT 10-3  We can sustain the productivity of grasslands by 
controlling the number and distribution of grazing livestock and by 
restoring degraded grasslands.

10-4 How should we manage and sustain parks and 
nature reserves?
CONCEPT 10-4  Sustaining biodiversity will require protecting 
much more of the earth’s remaining undisturbed land area as parks 
and nature reserves.

10-5 What is the ecosystem approach to sustaining 
biodiversity?
CONCEPT 10-5A  We can help to sustain biodiversity by 
identifying severely threatened areas and protecting those with 
high plant diversity (biodiversity hotspots) and those where 
ecosystem services are being impaired.

CONCEPT 10-5B  Sustaining biodiversity will require a global 
effort to rehabilitate and restore damaged ecosystems.

CONCEPT 10-5C  Humans dominate most of the earth’s land, 
and preserving biodiversity will require sharing as much of it as 
possible with other species.

There is no solution, I assure you, 
to save Earth’s biodiversity other than preservation 
of natural environments in reserves large enough 

to maintain wild populations sustainably.
EDWARD O. WILSON

10-1 What Are the Major Threats to Forest Ecosystems
CONCEPT 10-1A Forest ecosystems provide ecological services far greater in value 
than the value of raw materials obtained from forests.
CONCEPT 10-1B Unsustainable cutting and burning of forests, along with 
diseases and insects, made worse by global warming, are the chief threats to forest 
ecosystems.
CONCEPT 10-1C Tropical deforestation is a potentially catastrophic problem 
because of the vital ecological services at risk, the high rate of tropical 
deforestation, and its growing contribution to global warming.

▲
▲

▲

Note: Supplements 2 (p. S4), 4 (p. S20), 5 (p. S31), 9 (p. S53), and 13 (p. S78) can be 
used with this chapter.
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200 years or more (Figure 10-2). Old-growth or pri-
mary forests are reservoirs of biodiversity because they 
provide ecological niches for a multitude of wildlife spe-
cies (Figure 7-16, p. 155, and Figure 7-17, p. 156).

The second type is a second-growth forest: a 
stand of trees resulting from secondary ecological suc-
cession (Figure 5-17, p. 117, and Figure 7-15, center 
photo, p. 154). These forests develop after the trees in 

an area have been removed by human activities, such 
as clear-cutting for timber or cropland, or by natural 
forces, such as fire, hurricanes, or volcanic eruption.

A tree plantation, also called a tree farm or com-
mercial forest (Figure 10-3), is a managed tract with 
uniformly aged trees of one or two genetically uniform 
species that usually are harvested by clear-cutting as 
soon as they become commercially valuable. The land 

Figure 10-2 Natural capital: an old-growth forest in the U.S. state of Washington’s Olympic National Forest (left) 
and an old-growth tropical rain forest in Queensland, Australia (right).
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Figure 10-3 Short (25- to 30-year) rotation cycle of cutting and re-
growth of a monoculture tree plantation used in modern industrial 
forestry. In tropical countries, where trees can grow more rapidly year-
round, the rotation cycle can be 6–10 years. Old-growth or second-
growth forests are clear-cut to provide land for growing most tree plan-
tations (see photo, right). Question: What are two ways in which this 
process can degrade an ecosystem?
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Most biologists believe that the clearing and de-
grading of the world’s remaining old-growth forests is 
a serious global environmental threat because of the 
important ecological and economic services they provide 
(Concept 10-1A). For example, traditional medicines, 
used by 80% of the world’s people, are derived mostly 
from natural plants in forests, and chemicals found in 
tropical forest plants are used as blueprints for mak-
ing most of the world’s prescription drugs (Figure 9-8, 
p. 190). Forests are also habitats for about two-thirds of 
the earth’s terrestrial species. In addition, they are home 
to more than 300 million people, and one of every four 
people depend on forests for their livelihoods.

Unsustainable Logging Is a Major 
Threat to Forest Ecosystems
Along with highly valuable ecological services, forests 
provide us with raw materials, especially wood.

The first step in harvesting trees is to build roads 
for access and timber removal. Even carefully designed 
logging roads have a number of harmful effects (Fig-
ure 10-5, p. 218)—namely, increased erosion and sedi-
ment runoff into waterways, habitat fragmentation 
(see Science Focus, p. 195, and The Habitable Planet, 

Fuelwood

Lumber

Pulp to make 
paper

Mining

Livestock 
grazing

Recreation

Jobs

Support energy flow and chemical cycling

Reduce soil erosion

 

Absorb and release water

Purify water and air

Influence local and regional climate

Store atmospheric carbon

Provide numerous wildlife habitats

Ecological
Services

Economic
Services

N A T U R A L
C A P I T A L

Forests

Figure 10-4 Major ecological and economic services provided by forests (Con-
cept 10-1A). Question: Which two ecological services and which two economic 
services do you think are the most important?

is then replanted and clear-cut again in a regular cycle. 
When managed carefully, such plantations can pro-
duce wood at a fast rate and thus increase their own-
ers’ profits. Most of this wood goes to paper mills and 
to mills that produce composites used as a substitute 
for natural wood.

But tree plantations with only one or two tree 
species are much less biologically diverse and probably 
less sustainable than old-growth and second-growth 
forests because they violate nature’s biodiver-
sity principle of sustainability (see back cover). 
And repeated cycles of cutting and replanting 
can eventually deplete the soil of nutrients and lead to 
an irreversible ecological tipping point that can hinder 
the growth of any type of forest on the land. There is 
also controversy over the increased use of genetically 
engineered tree species whose seeds could spread to 
other areas and threaten the diversity of second- and 
old-growth forests.

According to 2007 estimates by the FAO, about 
60% of the world’s forests are second-growth forests, 
36% are old-growth or primary forests, and 4% are 
tree plantations (6% in the United States). In order, 
five countries—Russia, Canada, Brazil, Indonesia, and 
Papua New Guinea—have more than three-fourths 
of the world’s remaining old-growth forests. In order, 
China (which has little original forest left), India, the 
United States, Russia, Canada, and Sweden account for 
about 60% of the world’s tree plantations. Some con-
servation biologists urge establishing tree plantations 
only on land that has already been cleared or degraded 
instead of putting them in place of existing old-growth 
or secondary forests. One day, tree plantations may sup-
ply most of the world’s demand for industrial wood, and 
this will help to protect the world’s remaining forests.

Forests Provide Important Economic 
and Ecological Services
Forests provide highly valuable ecological and eco-
nomic services (Figure 10-4 and Concept 10-1A). For 
example, through photosynthesis, forests remove CO2 

from the atmosphere and store it in organic compounds 
(biomass). By performing this ecological service, forests 
help to stabilize the earth’s temperature and to slow 
global warming as a part of the global carbon cycle (Fig-
ure 3-18, p. 68). Scientists have attempted to estimate 
the economic value of the ecological services provided 
by the world’s forests and other ecosystems (Science 
Focus, p. 218).

RESEARCH FRONTIER

Refining estimates of the economic values of ecological ser-
vices provided by forests and other major ecosystems. See 
academic.cengage.com/biology/miller.
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HighwayCleared plots
for grazing

Cleared plots
for agriculture

Old growth

New highway

Figure 10-5 Natural capital degradation: Building roads into previously inaccessible forests paves the way to 
fragmentation, destruction, and degradation.

SCIENCE FOCUS

Putting a Price Tag on Nature’s Ecological Services

regulations and taxes that discourage bio-
diversity degradation and through subsidies 
that protect biodiversity—the world’s forests 
and other ecosystems will continue to be 
degraded. For example, the governments of 
countries such as Brazil and Indonesia provide 
subsidies that encourage the clearing or burn-
ing of tropical forests to plant vast soybean 
and oil palm plantations. This sends the pow-
erful message that it makes more economic 
sense to destroy or degrade these centers of 
biodiversity than it does to leave them intact.

Critical Thinking
Some analysts believe that we should not 
try to put economic values on the world’s ir-
replaceable ecological services because their 
value is infinite. Do you agree with this view? 
Explain. What is the alternative?

he long-term health of an economy 
cannot be separated from the health 

of the natural systems that support it. Cur-
rently, forests and other ecosystems are 
valued mostly for their economic services 
(Figure 10-4, right). But suppose we took into 
account the monetary value of the ecological 
services provided by forests (Figure 10-4, left).

In 1997, a team of ecologists, economists, 
and geographers—led by ecological econo-
mist Robert Costanza of the University of 
Vermont—estimated the monetary worth of 
the earth’s ecological services and the bio-
logical income they provide. They estimated 
the latter to be at least $33.2 trillion per 
year—close to the economic value of all of 
the goods and services produced annually 
throughout the world. The amount of money 
required to provide such interest income, 
and thus the estimated value of the world’s 
natural capital, would have to be at least 
$500 trillion—an average of about $73,500 
for each person on earth!

According to this study, the world’s forests 
provide us with ecological services worth at 
least $4.7 trillion per year—hundreds of times 
more than their economic value. And these 
are very conservative estimates.

Costanza’s team examined many studies 
and a variety of methods used to estimate 
the values of ecosystems. For example, some 
researchers estimated people’s willingness 
to pay for ecosystem services that are not 
marketed, such as natural flood control and 
carbon storage. These estimates were added 
to the known values of marketed goods 
like timber to arrive at a total value for an 
ecosystem.

The researchers estimated total global 
areas of 16 major categories of ecosystems, 
including forests, grasslands, and other ter-

T

restrial and aquatic systems. They multiplied 
those areas by the values per hectare of vari-
ous ecosystem services to get the estimated 
economic values of these forms of natural 
capital. Some of the results for forests are 
shown in Figure 10-A. Note that the collec-
tive value of these ecosystem services is much 
greater than the value of timber and other 
raw materials extracted from forests (Con-
cept 10-1A).

These researchers hope their estimates 
will alert people to three important facts: the 
earth’s ecosystem services are essential for all 
humans and their economies; their economic 
value is huge; and they are an ongoing source 
of ecological income as long as they are used 
sustainably.

However, unless such estimates are in-
cluded in the market prices of goods and 
services—through market tools such as 
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Figure 10-A Estimated annual global economic values of some 
ecological services provided by forests compared to the raw materials 
they produce (in billions of dollars).



 CONCEPTS 10-1A, 10-1B, AND 10-1C 219

Video 9, at www.learner.org/resources/series209.
html), and loss of biodiversity. Logging roads also ex-
pose forests to invasion by nonnative pests, diseases, 
and wildlife species. And they open once-inaccessible 
forests to farmers, miners, ranchers, hunters, and off-
road vehicle users.

Once loggers reach a forest area, they use a variety 
of methods to harvest the trees (Figure 10-6). With se-
lective cutting, intermediate-aged or mature trees in an 
uneven-aged forest are cut singly or in small groups 

(a)  Selective cutting

(b)  Clear-cutting

(c)  Strip cutting

Uncut

Clear
stream

Cut 3–10
years ago

Dirt road

Clear
stream

Muddy
stream

Cut 1
year ago

Uncut

Figure 10-6 Major tree harvesting methods. Question: If you 
were cutting trees in a forest you owned, which method would you 
choose and why?

Figure 10-7 Clear-cut logging in the U.S. state of Washington.

(Figure 10-6a). But often, loggers remove all the trees 
from an area in what is called a clear-cut (Figures 10-6b 
and 10-7). Clear-cutting is the most efficient way for a 
logging operation to harvest trees, but it can do consid-
erable harm to an ecosystem.

For example, scientists found that removing all 
the tree cover from a watershed greatly increases wa-
ter runoff and loss of soil nutrients (Chapter 2 Core 
Case Study, p. 28). This increases soil erosion, which 
in turn causes more vegetation to die, leaving barren 
ground that can be eroded further, an example of a 
harmful positive feedback loop (Figure 2-11, p. 45, and 
Concept 2-5A, p. 44). More erosion also means 
more pollution of streams in the watershed. 
And loss of vegetation destroys habitat and degrades 
biodiversity. Figure 10-8 (p. 220) summarizes some ad-
vantages and disadvantages of clear-cutting.

  Learn more about how deforestation can 
affect the drainage of a watershed and disturb its ecosystem 
at CengageNOW™.

A variation of clear-cutting that allows a more sus-
tainable timber yield without widespread destruction 
is strip cutting (Figure 10-6c). It involves clear-cutting 
a strip of trees along the contour of the land within a 
corridor narrow enough to allow natural regeneration 
within a few years. After regeneration, loggers cut an-
other strip next to the first, and so on.
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Biodiversity experts are alarmed at the growing 
practice of illegal, uncontrolled, and unsustainable log-
ging taking place in 70 countries, especially in Africa 
and Southeast Asia (Concept 10-1B). Such logging has 
ravaged 37 of the 41 national parks in the African 
country of Kenya and now makes up 73–80% of all 
logging in Indonesia.

Complicating this issue is global trade in timber and 
wood products. For example, China, which has cut 
most of its own natural forests, imports more tropical 
rain forest timber than any other nation. Much of this 
timber is harvested illegally and unsustainably and is 
used to make furniture, plywood, flooring, and other 
products that are sold in the global marketplace.

Fire, Insects, and Climate Change 
Can Threaten Forest Ecosystems
Two types of fires can affect forest ecosystems. Surface 
fires (Figure 10-9, left) usually burn only undergrowth 
and leaf litter on the forest floor. They may kill seed-
lings and small trees but spare most mature trees and 
allow most wild animals to escape.

Occasional surface fires have a number of ecological 
benefits. They burn away flammable ground material 
and help to prevent more destructive fires. They also 
free valuable mineral nutrients tied up in slowly de-
composing litter and undergrowth, release seeds from 
the cones of lodgepole pines, stimulate the germina-
tion of certain tree seeds such as those of the giant se-
quoia and jack pine, and help control tree diseases and 
insects. Wildlife species such as deer, moose, muskrat, 
and quail depend on occasional surface fires to main-
tain their habitats and provide food in the form of veg-
etation that sprouts after fires.

Another type of fire, called a crown fire (Figure 10-9, 
right), is an extremely hot fire that leaps from treetop 

Reduces biodiversity

Destroys and 
fragments wildlife 
habitats

Increases water 
pollution, flooding, 
and erosion on 
steep slopes

Eliminates most 
recreational value 

Higher timber 
yields

Maximum profits 
in shortest time

Can reforest with 
fast-growing trees

Good for tree 
species needing 
full or moderate 
sunlight

Advantages Disadvantages

T R A D E - O F F S
Clear-Cutting Forests

Figure 10-8 Advantages and disadvantages of clear-cutting forests. 
Question: Which single advantage and which single disadvantage 
do you think are the most important? Why? 

Figure 10-9 Surface fires (left) usually burn undergrowth and leaf litter on a forest floor. They can help to prevent 
more destructive crown fires (right) by removing flammable ground material. In fact, carefully controlled surface 
fires are deliberately set sometimes to prevent buildup of flammable ground material in forests. They also recycle 
nutrients and thus help to maintain the productivity of a variety of forest ecosystems. Question: What is another 
way in which a surface fire might benefit a forest?
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to treetop, burning whole trees. Crown fires usually 
occur in forests that have not experienced surface fires 
for several decades, a situation that allows dead wood, 
leaves, and other flammable ground litter to accumu-
late. These rapidly burning fires can destroy most veg-
etation, kill wildlife, increase soil erosion, and burn or 
damage human structures in their paths.

As part of a natural cycle, forest fires are not a ma-
jor threat to forest ecosystems. But they are serious 
threats in parts of the world where people intention-
ally burn forests to clear the land, mostly to make way 
for crop plantations (Concept 10-1B). This can result in 
dramatic habitat losses, air pollution, and increases in 
atmospheric CO2.

Sudden oak death

White pine blister rust Pine shoot beetle Beech bark disease

Hemlock woolly adelgid

Figure 10-10 Natural capital degradation: some of the nonnative insect species and disease organisms that 
have invaded U.S. forests and are causing billions of dollars in damages and tree loss. The light green and orange 
colors in the map show areas where green or red overlap with yellow. (Data from U.S. Forest Service)

Accidental or deliberate introductions of foreign 
diseases and insects are a major threat to forests in the 
United States and elsewhere. Figure 10-10 shows some 
nonnative species of pests and disease organisms that 
are causing serious damage to certain tree species in 
parts of the United States.

There are several ways to reduce the harmful im-
pacts of tree diseases and insect pests on forests. One is 
to ban imported timber that might introduce harmful 
new diseases or insects; another is to remove or clear-
cut infected and infested trees. We can also develop tree 
species that are genetically resistant to common tree 
diseases. Another approach is to control insect pests 
by applying conventional pesticides. Scientists also use 



222 CHAPTER 10  Sustaining Terrestrial Biodiversity: The Ecosystem Approach

biological control (bugs that eat harmful bugs) combined 
with very small amounts of conventional pesticides.

On top of these threats, projected climate change 
from global warming could harm many forests. For ex-
ample, sugar maples are sensitive to heat, and in the U.S. 
region of New England, rising temperatures could kill 
these trees and, consequently, a productive maple syrup 
industry. Rising temperatures would also make many 
forest areas more suitable for insect pests and increase 
the size of pest populations. The resulting combination 
of drier forests and more dead trees could increase the 
incidence and intensity of forest fires (Concept 10-1B).
This would add more of the greenhouse gas CO2 to the 
atmosphere, which would further increase atmospheric 
temperatures and cause even more forest fires in a run-
away positive feedback loop (Figure 2-11, p. 45).

We Have Cut Down Almost Half 
of the World’s Forests
Deforestation is the temporary or permanent removal 
of large expanses of forest for agriculture, settlements, 
or other uses. Surveys by the World Resources Institute 
(WRI) indicate that over the past 8,000 years, human 
activities have reduced the earth’s original forest cover 
by about 46%, with most of this loss occurring in the 
last 60 years.

Deforestation continues at a rapid rate in many 
parts of the world. The U.N. Food and Agricultural 
Organization (FAO) and World Resources Institute 
(WRI) surveys indicate that the global rate of forest 
cover loss between 1990 and 2005 was between 0.2% 

and 0.5% per year, and that at least another 0.1–0.3% 
of the world’s forests were degraded every year, mostly 
to grow crops and graze cattle. If these estimates are 
correct, the world’s forests are being cleared or de-
graded exponentially at a rate of 0.3–0.8% per year, 
with much higher rates in some areas.

These losses are concentrated in developing coun-
tries, especially those in the tropical areas of Latin 
America, Indonesia, and Africa (Figure 3, pp. S24–S25, 
in Supplement 4). In its 2007 State of the World’s Forests re-
port, U.N. Food and Agricultural Organization estimated 
that about 130,000 square kilometers (50,000 square 
miles) of tropical forests are cleared each year (Fig-
ure 10-11)—equivalent to the total area of Greece or 
the U.S. state of Mississippi. We examine tropical forest 
losses further in the next subsection.

In addition to losses of tropical forests, scientists are 
concerned about the increased clearing of the north-
ern boreal forests of Alaska, Canada, Scandinavia, and 
Russia, which together make up about one-fourth of the 
world’s forested area. These vast coniferous forests (Fig-
ure 7-15, bottom photo, p. 154) are the world’s greatest 
terrestrial storehouse of organic carbon and play a major 
role in the carbon cycle (Figure 3-18, p. 68) and in cli-
mate regulation for the entire planet. They also contain 
more than 70,000 plant and animal species. Surveys in-
dicate that the total area of boreal forests lost every year 
is about twice the total area of Brazil’s vast rain forests. 
In 2007, a group of 1,500 scientists from around the 
world signed a letter calling for the Canadian govern-
ment to protect half of Canada’s threatened boreal for-
ests (of which only 10% are protected now) from log-
ging, mining, and oil and gas extraction.

Figure 10-11 Natural capital 
degradation: extreme tropical defor-
estation in Chiang Mai, Thailand. The 
clearing of trees that absorb carbon 
dioxide increases global warming. It 
also dehydrates the soil by exposing 
it to sunlight. The dry topsoil blows 
away, which prevents the reestablish-
ment of a forest in this area. S.
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According to the WRI, if current deforestation rates 
continue, about 40% of the world’s remaining intact 
forests will have been logged or converted to other uses 
within 2 decades, if not sooner. Clearing large areas 
of forests, especially old-growth forests, has important 
short-term economic benefits (Figure 10-4, right), but 
it also has a number of harmful environmental effects 
(Figure 10-12).

HOW WOULD YOU VOTE?

Should there be a global effort to sharply reduce the cutting 
of old-growth forests? Cast your vote online at academic
.cengage.com/biology/miller.

In some countries, there is encouraging news about 
forest use. In 2007, the FAO reported that the net total 
forest cover in several countries, including the United 
States (see Case Study below), changed very little or 
increased between 2000 and 2005. Some of the in-
creases resulted from natural reforestation by second-
ary ecological succession on cleared forest areas and 
abandoned croplands. But such increases were also due 
to the spread of commercial tree plantations.

 ■ CASE STUDY

Many Cleared Forests in the United 
States Have Grown Back
Forests that cover about 30% of the U.S. land area pro-
vide habitats for more than 80% of the country’s wild-
life species and supply about two-thirds of the nation’s 
surface water. Old-growth forests once covered more 
than half of the nation’s land area. But between 1620 
when Europeans first arrived and 1920, the old-growth 
forests of the eastern United States were decimated.

Today, forests (including tree plantations) cover 
more area in the United States than they did in 1920. 
Many of the old-growth forests that were cleared or 
partially cleared between 1620 and 1920 have grown 
back naturally through secondary ecological succession 
(Figure 5-17, p. 117). There are fairly diverse second-
growth (and in some cases third-growth) forests in 
every region of the United States, except much of the 
West. In 1995, environmental writer Bill McKibben 
cited forest regrowth in the United States—especially 
in the East—as “the great environmental story of the 
United States, and in some ways, the whole world.”

Every year, more wood is grown in the United 
States than is cut and the total area planted with trees 
increases. Protected forests make up about 40% of the 
country’s total forest area, mostly in the National Forest 
System, which consists of 155 national forests managed 
by the U.S. Forest Service (USFS).

On the other hand, since the mid-1960s, an in-
creasing area of the nation’s remaining old-growth and 
fairly diverse second-growth forests has been cut down 
and replaced with biologically simplified tree planta-

NATURAL CAPITAL
DEGRADATION

■ Decreased soil fertility from erosion

■ Runoff of eroded soil into aquatic systems

■ Premature extinction of species with specialized niches

■ Loss of habitat for native species and migratory species such as birds   
 and butterflies

■ Regional climate change from extensive clearing

■ Release of CO2 into atmosphere

■ Acceleration of flooding

Deforestation

Figure 10-12 Harmful environmental effects of deforestation, which can reduce 
biodiversity and the ecological services provided by forests (Figure 10-4, left). 
Question: What are three products you have used recently that might have come 
from old-growth forests?

tions. According to biodiversity researchers, this re-
duces overall forest biodiversity and disrupts ecosystem 
processes such as energy flow and chemical cycling. 
And if such plantations are harvested too frequently, 
it could also deplete forest soils of key nutrients. Many 
biodiversity researchers favor establishing tree planta-
tions only on land that has already been degraded in-
stead of cutting old-growth and second-growth forests 
in order to replace them with tree plantations.

Tropical Forests Are 
Disappearing Rapidly
Tropical forests (Figure 7-15, top photo, p. 154) cover 
about 6% of the earth’s land area—roughly the area of 
the lower 48 U.S. states. Climatic and biological data 
suggest that mature tropical forests once covered at 
least twice as much area as they do today; the majority 
of tropical forest loss has taken place since 1950 (Chap-
ter 3 Core Case Study, p. 50). 

Satellite scans and ground-level surveys indicate 
that large areas of tropical rain forests and tropical dry 
forests are being cut rapidly in parts of Africa, South-
east Asia (Figure 10-11), and South America (Fig-
ure 3-1, p. 50, and Figure 10-13, p. 224). A 2006 study 
by the U.S. National Academy of Sciences found that 
between 1990 and 2005, Brazil and Indonesia led the 
world in tropical forest loss. Illegal tree felling in 37 of 
41 of Indonesia’s supposedly protected parks account 
for three-quarters of the country’s logging. Accord-
ing to the United Nations, Indonesia, which currently 
has the world’s most diverse combination of plants, 
animals, and marine life, has already lost an estimated 
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72% of its original intact forest, and 98% of its remain-
ing forests will be gone by 2022.

Studies indicate that at least half of the world’s 
known species of terrestrial plants and animals live in 
tropical rain forests (Figure 10-14). Because of their spe-
cialized niches (Figure 7-17, p. 156, and Con-
cept 4-6A, p. 91) these species are highly vul-

nerable to extinction when their forest habitats are de-
stroyed or degraded. Tropical deforestation is the main 
reason that more than 8,000 tree species—10% of the 
world’s total—are threatened with extinction.

Brazil has more than 30% of the world’s remaining 
tropical rain forest and an estimated 30% of the world’s 
terrestrial plant and animal species (Figure 10-14, left) 

Figure 10-14 Species diversity: two species found in tropical forests are part of the earth’s biodiversity. On the 
left is an endangered white ukari in a Brazilian tropical forest. On the right is the world’s largest flower, the flesh
flower (Rafflesia) growing in a tropical rain forest of West Sumatra, Indonesia. The flower of this leafless plant can 
be as large 1 meter (3.3 feet) in diameter and weigh 7 kilograms (15 pounds). The plant gives off a smell like rot-
ting meat, presumably to attract flies and beetles that pollinate the flower. After blossoming once a year for a few 
weeks, the blood red flower dissolves into a slimy black mass.

Figure 10-13
Satellite images 
of Amazon 
deforestation
in the state 
of Rondônia, 
Brazil, between 
1975 and 2001. 
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in its vast Amazon basin, which covers an area larger 
than India.

According to Brazil’s government and forest ex-
perts, the percentage of its Amazon basin that had been 
deforested or degraded increased from 1% in 1970 to 
16–20% in 2005 (Figure 10-13). Between 2005 and 
2007, this rate increased sharply, with people cutting 
forests mostly to make way for cattle ranching and large 
plantations of crops such as soybeans used for cattle 
feed. In 2004, researchers at the Smithsonian Tropical 
Research Institute estimated that loggers, ranchers, and 
farmers in Brazil were clearing and burning an area 
equivalent to a loss of 11 football fields a minute! (Con-
cept 10-1C)

Because of difficulties in estimating tropical forest 
loss, yearly estimates of global tropical deforestation 
vary widely from 50,000 square kilometers (19,300 
square miles)—roughly the size of Costa Rica or the 
U.S. state of West Virginia—to 170,000 square kilo-
meters (65,600 square miles)—about the size of the 
South American country of Uruguay or the U.S. state 

of Florida. At such rates, half of the world’s remaining 
tropical forests will be gone in 35–117 years, resulting 
in a dramatic loss and degradation of biodiversity and 
the ecosystem services it provides.

RESEARCH FRONTIER

Improving estimates of rates of tropical deforestation. See 
academic.cengage.com/biology/miller.

Causes of Tropical Deforestation 
Are Varied and Complex
Tropical deforestation results from a number of inter-
connected basic and secondary causes (Figure 10-15). 
Population growth and poverty combine to drive sub-
sistence farmers and the landless poor to tropical for-
ests, where they try to grow enough food to survive. 
Government subsidies can accelerate deforestation by 
reducing the costs of timber harvesting, cattle grazing, 

NATURAL CAPITAL
DEGRADATION

Major Causes of the Destruction and Degradation of Tropical Forests

Tree
plantations

Cattle
ranching

Settler
farming

Cash crops

Logging

Fires
Roads

• Not valuing ecological services

• Crop and timber exports

• Government policies

• Poverty

• Population growth

Basic Causes

• Roads

• Fires

• Settler farming

• Cash crops

• Cattle ranching

• Logging

• Tree plantations

Secondary Causes

Figure 10-15 
Major inter-
connected 
causes of the 
destruction and 
degradation of 
tropical forests. 
The importance 
of specific sec-
ondary causes 
varies in dif-
ferent parts 
of the world. 
Question: If 
we could 
eliminate the 
basic causes, 
which if any of 
the secondary 
causes might 
automatically be 
eliminated?
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and establishing vast plantations of crops such as soy-
beans and oil palm.

The degradation of a tropical forest usually begins 
when a road is cut deep into the forest interior for log-
ging and settlement (Figure 10-5). Loggers then use 
selective cutting (Figure 10-6, top) to remove the best 
timber. When these big trees fall, many other trees fall 
with them because of their shallow roots and the net-
work of vines connecting the trees in the forest’s can-
opy. Thus, removing the largest and best trees by selec-
tive cutting can cause considerable ecological damage 
in tropical forests, although the damage is much less 
than that from burning or clear-cutting areas of such 
forests. Most of this timber is used locally and much of 
it is exported, but a great deal is also left to rot.

Foreign corporations operating under government 
concession contracts do much of the logging in tropi-
cal countries. Once a country’s forests are gone, the 
companies move on to another country, leaving eco-
logical devastation behind. For example, the Philippines 
and Nigeria have lost most of their once-abundant 
tropical hardwood forests and now are net importers 
of forest products. Several other tropical countries are 
following this ecologically and economically unsustain-
able path.

After the best timber has been removed, timber 
companies or the government often sell the land to 
ranchers. Within a few years, the cattle typically over-
graze the land and the ranchers move their operations 
to another forest area. Then they sell the degraded land 
to settlers who have migrated to tropical forests hoping 
to grow enough food to survive. After a few years of 

Figure 10-16 Natural capital 
degradation: large areas of tropical 
forest in Brazil’s Amazon basin are 
burned each year to make way for 
cattle ranches, small-scale farms, and 
plantation crops such as soybeans. 
Questions: What are three ways in 
which your lifestyle probably contrib-
utes to this process? How, in turn, 
might this process affect your life?

crop growing and erosion from rain, the nutrient-poor 
tropical soil is depleted of nutrients. Then the settlers 
move on to newly cleared land to repeat this environ-
mentally destructive process.

The secondary causes of deforestation vary in dif-
ferent tropical areas. Tropical forests in the Amazon 
and other South American countries are being cleared 
or burned (Figure 10-16) mostly for cattle grazing and 
large soybean plantations. In Indonesia, Malaysia, and 
other areas of Southeast Asia, tropical forests are be-
ing cut or burned and replaced with vast plantations of 
oil palm, whose oil is used in cooking, cosmetics, and 
biodiesel fuel for motor vehicles (especially in Europe). 
In Africa, tropical deforestation and degradation are 
caused primarily by individuals struggling to survive by 
clearing plots for small-scale farming and by harvesting 
wood for fuel.

Burning is widely used to clear forest areas for ag-
riculture, settlement, and other purposes. Healthy  rain 
forests do not burn naturally. But roads, settlements, 
and farming, grazing, and logging operations fragment 
them (Science Focus, p. 195). The resulting patches of 
forest dry out and readily ignite.

The burning of tropical forests is a major compo-
nent of human-enhanced global warming, which is 
projected to change the global climate at an increas-
ing rate. Scientists estimate that globally, these fires 
account for at least 20% of all human-created green-
house gas emissions. They also produce twice as much 
CO2, annually, as all of the world’s cars and trucks emit 
(Concept 10-1C). The large-scale burning of the Amazon 
(Figure 10-16) accounts for three-fourths of Brazil’s 
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10-2 How Should We Manage and Sustain Forests?
CONCEPT 10-2 We can sustain forests by emphasizing the economic value of their 
ecological services, protecting old-growth forests, harvesting trees no faster than 
they are replenished, and using sustainable substitute resources.

▲

Figure 10-17 Ways to grow and harvest trees more sustainably 
(Concept 10-2). Question: Which three of these solutions do you 
think are the most important? Why? 

■  Identify and protect forest areas high in biodiversity

■ Rely more on selective cutting and strip cutting

■ No clear-cutting on steep slopes

■ No logging of old-growth forests

■ Sharply reduce road building into uncut forest areas

■ Leave most standing dead trees and fallen timber for  
 wildlife habitat and nutrient recycling

■ Plant tree plantations primarily on deforested and  
 degraded land

■ Certify timber grown by sustainable methods

■ Include ecological services of forests in estimating their  
 economic value 

S O L U T I O N S
Sustainable Forestry

We Can Manage Forests 
More Sustainably
Biodiversity researchers and a growing number of for-
esters have called for more sustainable forest manage-
ment. Figure 10-17 lists ways to achieve this goal (Con-

greenhouse gas emissions, making Brazil the world’s 
fourth largest emitter of such gases.

A 2005 study by forest scientists found that wide-
spread fires in the Amazon are changing weather pat-
terns by raising temperatures and reducing rainfall. 
Resulting droughts dry out the forests and make them 
more likely to burn—another example of a runaway 
positive feedback loop Concept 2-5A, p. 44, and 
Figure 2-11, p. 45). This process is converting 
deforested areas of tropical forests to tropical grassland 
(savanna)—an example of reaching an irreversible eco-
logical tipping point. When the forests disappear, rainfall 
declines and yields of the crops planted on the land drop 

sharply. Models project that if current burning and de-
forestation rates continue, 20–30% of the Amazon will 
be turned into savanna in the next 50 years, and per-
haps all of it could be so converted by 2080.

THINKING ABOUT
Tropical Forests

Why should you care whether most of the world’s remaining 
tropical forests are burned or cleared and converted to sa-
vanna within your lifetime? What are three things you could 
do to help slow the rate of this depletion and degradation of 
the earth’s natural capital?

cept 10-2). Certification of sustainably grown timber and 
of sustainably produced forest products can help people 
consume forest products more sustainably (Science 
Focus, p. 228). GREEN CAREER: Sustainable forestry

We Can Improve the Management 
of Forest Fires
In the United States, the Smokey Bear educational 
campaign undertaken by the Forest Service and the 
National Advertising Council has prevented countless 
forest fires. It has also saved many lives and prevented 
billions of dollars in losses of trees, wildlife, and human 
structures.

At the same time, this educational program has 
convinced much of the public that all forest fires are 
bad and should be prevented or put out. Ecologists 
warn that trying to prevent all forest fires increases 
the likelihood of destructive crown fires (Figure 10-9, 
right) by allowing accumulation of highly flammable 
underbrush and smaller trees in some forests.

According to the U.S. Forest Service, severe fires 
could threaten 40% of all federal forest lands, mainly 
because of fuel buildup resulting from past rigorous fire 
protection programs (the Smokey Bear era), increased 
logging in the 1980s that left behind highly flammable 
logging debris (called slash ), and greater public use of 
federal forest lands.

Ecologists and forest fire experts have proposed 
several strategies for reducing fire-related harm to 
forests and people. One approach is to set small, con-
tained surface fires to remove flammable small trees 
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and underbrush in the highest-risk forest areas. Such 
prescribed fires require careful planning and monitoring 
to try to keep them from getting out of control. As an 
alternative to prescribed burns, local officials in popu-
lated parts of fire-prone California use herds of goats 
(kept in moveable pens) to eat away underbrush.

A second strategy is to allow many fires on public 
lands to burn, thereby removing flammable underbrush 
and smaller trees, as long as the fires do not threaten 
human structures and life. A third approach is to pro-
tect houses and other buildings in fire-prone areas by 
thinning a zone of about 60 meters (200 feet) around 
them and eliminating the use of flammable materials 
such as wooden roofs.

A fourth approach is to thin forest areas vulnerable 
to fire by clearing away small fire-prone trees and un-
derbrush under careful environmental controls. Many 
forest fire scientists warn that such thinning should 
not involve removing economically valuable medium-
size and large trees for two reasons. First, these are the 
most fire-resistant trees. Second, their removal encour-
ages dense growth of more flammable young trees and 
underbrush and leaves behind highly flammable slash. 
Many of the worst fires in U.S. history—including some 
of those during the 1990s—burned through cleared for-
est areas containing slash. A 2006 study by U.S. Forest 
Service researchers found that thinning forests with-
out using prescribed burning to remove accumulated 
brush and deadwood can greatly increase rather than 
decrease fire damage.

Despite such warnings from forest scientists, the 
U.S. Congress under lobbying pressure from timber 
companies passed the 2003 Healthy Forests Restoration 
Act. It allows timber companies to cut down economi-
cally valuable medium-size and large trees in 71% of 
the country’s national forests in return for clearing 
away smaller, more fire-prone trees and underbrush. 

However, the companies are not required to conduct 
prescribed burns after completing the thinning process. 

This law also exempts most thinning projects from 
environmental reviews, which are currently required 
by forest protection laws in the national forests. Ac-
cording to many biologists and forest fire scientists, this 
law is likely to increase the chances of severe forest fires 
because it ignores the four strategies scientists have 
suggested for better management of forest fires. Critics 
of the Healthy Forests Restoration Act of 2003 say that 
healthier forests could be maintained at a much lower 
cost to taxpayers by giving communities in fire prone 
areas grants to implement these recommendations.

HOW WOULD YOU VOTE?

Do you support repealing or modifying the Healthy Forests 
Restoration Act of 2003? Cast your vote online at academic
.cengage.com/biology/miller.

We Can Reduce the Demand 
for Harvested Trees
One way to reduce the pressure on forest ecosystems is 
to improve the efficiency of wood use. According to the 
Worldwatch Institute and forestry analysts, up to 60% 
of the wood consumed in the United States is wasted unneces-
sarily. This results from inefficient use of construction 
materials, excess packaging, overuse of junk mail, in-
adequate paper recycling, and failure to reuse wooden 
shipping containers.

One reason for cutting trees is to provide pulp for 
making paper, but paper can be made out of fiber that 
does not come from trees. China uses rice straw and 
other agricultural residues to make much of its paper. 

SCIENCE FOCUS

Certifying Sustainably Grown Timber

certification standards grew more than 16-
fold. The countries with the largest areas of 
FSC-certified forests are, in order, Canada, 
Russia, Sweden, the United States, Poland, 
and Brazil. Despite this progress, by 2007, less 
than 10% of the world’s forested area was 
certified. FSC also certifies 5,400 manufactur-
ers and distributors of wood products.

Critical Thinking
Should governments provide tax breaks for 
sustainably grown timber to encourage this 
practice? Explain.

ollins Pine owns and manages a 
large area of productive timberland 

in the northeastern part of the U.S. state 
of California. Since 1940, the company has 
used selective cutting to help maintain the 
ecological and economic sustainability of its 
timberland.

Since 1993, Scientific Certification Systems 
(SCS) has evaluated the company’s timber 
production. SCS, which is part of the non-
profit Forest Stewardship Council (FSC), was 
formed to develop a list of environmentally 
sound practices for use in certifying timber 
and products made from such timber.

C Each year, SCS evaluates Collins Pine’s 
landholdings and has consistently found that: 
their cutting of trees has not exceeded long-
term forest regeneration; roads and harvest-
ing systems have not caused unreasonable 
ecological damage; soils are not damaged; 
and downed wood (boles) and standing dead 
trees (snags) are left to provide wildlife habi-
tat. As a result, SCS judges the company to 
be a good employer and a good steward of 
its land and water resources.

According to the FSC, between 1995 
and 2007, the area of the world’s forests 
in 76 countries that meets its international 
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Most of the small amount of tree-free paper produced 
in the United States is made from the fibers of a rap-
idly growing woody annual plant called kenaf (pro-
nounced “kuh-NAHF”; Figure 10-18). Kenaf and other 
nontree fibers such as hemp yield more paper pulp per 
hectare than tree farms and require fewer pesticides 
and herbicides. It is estimated, that within 2 to 3 de-
cades we could essentially eliminate the need to use 
trees to make paper. However, while timber companies 
successfully lobby for government subsidies to grow 
and harvest trees to make paper, there are no major 
lobbying efforts or subsidies for producing paper from 
kenaf or kudzu (Figure 9-15, p. 200).

 ■ CASE STUDY

Deforestation and the 
Fuelwood Crisis
Another major strain on forests, especially in tropical 
areas, is the practice of cutting of trees for fuelwood. 
About half of the wood harvested each year and three-
fourths of that in developing countries is used for fuel. 

Fuelwood and charcoal made from wood are used for 
heating and cooking by more than 2 billion people in 
developing countries (Figure 6-13, p. 135). As the de-
mand for fuelwood in urban areas exceeds the sustain-
able yield of nearby forests, expanding rings of defor-
ested land encircle such cities. By 2050, the demand for 
fuelwood could easily be 50% greater than the amount 
that can be sustainably supplied.

Haiti, a country with 9 million people, was once a 
tropical paradise covered largely with forests. Now it 
is an ecological disaster. Largely because its trees were 
cut for fuelwood, only about 2% of its land is forested. 
With the trees gone, soils have eroded away, making 
it much more difficult to grow crops. This unsustain-
able use of natural capital has led to a downward spiral 
of environmental degradation, poverty, disease, social 
injustice, crime, and violence. As a result, Haiti is clas-
sified as one of the world’s leading failing states (Fig-
ure 17, p. S19, Supplement 3).

One way to reduce the severity of the fuelwood 
crisis in developing countries is to establish small plan-
tations of fast-growing fuelwood trees and shrubs 
around farms and in community woodlots. Another 
approach to this problem is to burn wood more effi-
ciently by providing villagers with cheap, more fuel-
efficient, and less-polluting wood stoves, household 
biogas units that run on methane produced from crop 
and animal wastes, solar ovens, and electric hotplates 
powered by solar- or wind-generated electricity. This 
will also greatly reduce premature deaths from indoor 
air pollution caused by open fires and poorly designed 
stoves.

In addition, villagers can switch to burning the re-
newable sun-dried roots of various gourds and squash 
plants. Scientists are also looking for ways to produce 
charcoal for heating and cooking without cutting down 
trees. For example, Professor Amy Smith, of MIT in 
Cambridge, Massachusetts (USA), is developing a way 
to make charcoal from the fibers in a waste prod-
uct called bagasse, which is left over from sugar cane 
processing in Haiti. Because sugarcane charcoal burns 
cleaner than wood charcoal, using it could help Hai-
tians reduce indoor air pollution.

Countries such as South Korea, China, Nepal, and 
Senegal, have used such methods to reduce fuelwood 
shortages, sustain biodiversity through reforestation, 
and reduce soil erosion. Indeed, the mountainous 
country of South Korea is a global model for its success-
ful reforestation following severe deforestation during 
the war between North and South Korea, which ended 
in 1953. Today, forests cover almost two-thirds of the 
country, and tree plantations near villages supply fuel-
wood on a sustainable basis. However, most countries 
suffering from fuelwood shortages are cutting trees for 
fuelwood and forest products 10–20 times faster than 
new trees are being planted. Shifting government sub-
sidies from the building of logging roads to the planting 
of trees would help to increase forest cover worldwide. 

Figure 10-18 Solutions: pressure to cut trees to make paper could 
be greatly reduced by planting and harvesting a fast-growing plant 
known as kenaf. According to the USDA, kenaf is “the best option 
for tree-free papermaking in the United States” and could replace 
wood-based paper within 20–30 years. Question: Would you in-
vest in a kenaf plantation? Explain.
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This in turn would help to slow global warming, as 
more trees would remove more of the carbon dioxide 
that we are adding to the atmosphere.

Governments and Individuals 
Can Act to Reduce Tropical 
Deforestation
In addition to reducing fuelwood demand, analysts 
have suggested other ways to protect tropical forests 
and use them more sustainably. One way is to help 
new settlers in tropical forests to learn how to practice 
small-scale sustainable agriculture and forestry. An-
other is to harvest some of the renewable resources 

such as fruits and nuts in rain forests on a sustainable 
basis. And strip cutting (Figure 10-6c) can be used to 
harvest tropical trees for lumber.

In Africa’s northern Congo Republic, some nomadic 
forest-dwelling pygmies go into the forests carrying 
hand-held satellite tracking devices in addition to their 
traditional spears and bows. They use these Global Po-
sitioning System (GPS) devices to identify their hunt-
ing grounds, burial grounds, water holes, sacred areas, 
and areas rich in medicinal plants. They then download 
such information on computers to provide a map of ar-
eas that need to be protected from logging, mining, and 
other destructive activities.

Debt-for-nature swaps can make it financially attrac-
tive for countries to protect their tropical forests. In 
such swaps, participating countries act as custodians 

INDIVIDUALS MATTER

Wangari Maathai and Kenya’s Green Belt Movement

In 2006, she launched a project to plant 
a billion trees worldwide in 2007 to help 
fight poverty and climate change. The project 
greatly exceeded expectations with the plant-
ing of 2 billlion trees in 55 countries. In 2008, 
the UNEP set a goal of planting an additional 
5 billion trees.

Wangari tells her story in her book The
Green Belt Movement: Sharing the Approach 
and the Experience, published by Lantern 
Books in 2003.

n the mid-1970s, Wangari Maathai 
(Figure 10-B) took stock of environmen-

tal conditions in her native Kenya. Tree-lined 
streams she had known as a child had dried 
up. Farms and plantations that were draining 
the watersheds and degrading the soil had re-
placed vast areas of forest. The Sahara Desert 
was encroaching from the north.

Something inside her told Maathai she 
had to do something about this degrada-
tion. Starting with a small tree nursery in her 
backyard, she founded the Green Belt Move-
ment in 1977. The main goal of this highly 
regarded women’s self-help group is to orga-
nize poor women in rural Kenya to plant and 
protect millions of trees in order to combat 
deforestation and provide fuelwood. By 
2004, the 50,000 members of this grassroots 
group had established 6,000 village nurseries 
and planted and protected more than 30 mil-
lion trees.

The women are paid a small amount for 
each seedling they plant that survives. This 
gives them an income to help break the cycle 
of poverty. It also improves the environment 
because trees reduce soil erosion and provide 
fruits, fuel, building materials, fodder for 
livestock, shade, and beauty. Having more 
trees also reduces the distances women and 
children have to walk to get fuelwood for 
cooking and heating. The success of this 
project has sparked the creation of similar 
programs in more than 30 other African 
countries.

I Figure 10-B Wangari Maathai was the 
first Kenyan woman to earn a Ph.D. and 
to head an academic department at the 
University of Nairobi. In 1977, she orga-
nized the internationally acclaimed Green 
Belt Movement. For her work in protecting 
the environment, she has received many 
honors, including the Goldman Prize, the 
Right Livelihood Award, the U.N. Africa 
Prize for Leadership, and the 2004 Nobel 
Peace Prize. After years of being harassed, 
beaten, and jailed for opposing govern-
ment policies, she was elected to Kenya’s 
parliament as a member of the Green 
Party in 2002. In 2003, she was appointed 
Assistant Minister for Environment, Natural 
Resources, and Wildlife.
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In 2004, Maathai became the first African 
woman and the first environmentalist to be 
awarded the Nobel Peace Prize for her life-
long efforts. Within an hour of learning that 
she had won the prize, Maathai planted a 
tree, telling onlookers it was “the best way 
to celebrate.” In her speech accepting the 
award, she said the purpose of the Green Belt 
program was to help people “make the con-
nections between their own personal actions 
and the problems they witness in their envi-
ronment and society.” She urged everyone in 
the world to plant a tree as a symbol of com-
mitment and hope.
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Protect the most diverse and 
endangered areas

Educate settlers about 
sustainable agriculture and 
forestry

Subsidize only sustainable 
forest use

Protect forests with 
debt-for-nature swaps and 
conservation concessions

Certify sustainably grown 
timber

Reduce poverty

Slow population growth

Encourage regrowth 
through secondary 
succession

Rehabilitate degraded 
areas

Concentrate farming 
and ranching in 
already-cleared areas

S O L U T I O N S
Sustaining Tropical Forests

Prevention Restoration

Figure 10-19 Ways to protect tropical forests and use them more sustainably 
(Concept 10-2). Question: Which three of these solutions do you think are the 
most important? Why?

of protected forest reserves in return for foreign aid or 
debt relief. In a similar strategy called conservation con-
cessions, governments or private conservation organiza-
tions pay nations for concessions to preserve their nat-
ural resources.

Loggers can also use tropical forests more sustain-
ably by using gentler methods for harvesting trees. For 
example, cutting canopy vines (lianas) before felling a 
tree and using the least obstructed paths to remove the 
logs can sharply reduce damage to neighboring trees. 
In addition, governments and individuals can mount 
efforts to reforest and rehabilitate degraded tropical 
forests and watersheds (see Individuals Matter, at left) 
and clamp down on illegal logging.

Finally, each of us as consumers can reduce the 
demand that fuels illegal and unsustainable logging in 
tropical forests. For building projects, we can use sub-
stitutes for wood such as bamboo and recycled plastic 
building materials (Concept 10-2). Recycled waste lum-
ber is another alternative, now marketed by companies 
such as TerraMai and EcoTimber.

We can also buy only lumber and wood products 
that are certified as sustainably produced (Science 
Focus, p. 228). Growing awareness of tropical defores-
tation and the resulting consumer pressure caused the 
giant retail company Home Depot to take action. It re-
ported in 2007 that 80% of the wood it carries meets 
such certification standards.

These and other ways to protect tropical forests are 
summarized in (Figure 10-19).

10-3 How Should We Manage and Sustain Grasslands?
CONCEPT 10-3 We can sustain the productivity of grasslands by controlling the 
number and distribution of grazing livestock and by restoring degraded grasslands.

▲

Some Rangelands Are Overgrazed
Grasslands provide many important ecological services, 
including soil formation, erosion control, nutrient cy-
cling, storage of atmospheric carbon dioxide in biomass, 
and maintenance of biodiversity.

After forests, the ecosystems most widely used and 
altered by human activities are grasslands. Range-
lands are unfenced grasslands in temperate and 
tropical climates that supply forage, or vegetation, for 
grazing (grass-eating) and browsing (shrub-eating) ani-
mals. Cattle, sheep, and goats graze on about 42% of 
the world’s grassland. The 2005 Millennium Ecosystem 
Assessment estimated that continuing on our present 
course will increase that percentage to 70% by 2050. 
Livestock also graze in pastures—managed grasslands 

or enclosed meadows usually planted with domesti-
cated grasses or other forage.

Blades of rangeland grass grow from the base, not 
at the tip. So as long as only the upper half of the blade 
is eaten and its lower half remains, rangeland grass is a 
renewable resource that can be grazed again and again.

Moderate levels of grazing are healthy for grass-
lands, because removal of mature vegetation stimulates 
rapid regrowth and encourages greater plant diversity. 
The key is to prevent both overgrazing and undergraz-
ing by domesticated livestock and wild herbivores. 
Overgrazing occurs when too many animals graze for 
too long and exceed the carrying capacity of a range-
land area (Figure 10-20, left, p. 232). It reduces grass 
cover, exposes the soil to erosion by water and wind, 
and compacts the soil (which diminishes its capacity 
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to hold water). Overgrazing also enhances invasion by 
species such as sagebrush, mesquite, cactus, and cheat-
grass, which cattle will not eat.

Scientists have also learned that, before settlers 
made them into rangeland, natural grassland ecosys-
tems were maintained partially by periodic wildfires 
sparked by lightning. Fires were important because they 
burned away mesquite and other invasive shrubs, keep-
ing the land open for grasses. Ecologists have studied 
grasslands of the Malpai Borderlands—an area on the 
border between the southwestern U.S. states of Arizona 
and New Mexico—where ranchers, with the help of 
the federal government, not only allowed overgrazing 
for more than a century, but also fought back fires and 
kept the grasslands from burning. Consequently, trees 
and shrubs replaced grasses, the soil was badly eroded, 
and the area lost most of its value for grazing.

Since 1993, ranchers, scientists, environmental-
ists, and government agencies have joined forces to 
restore the native grasses and animal species to the 
Malpai Borderlands. Land managers conduct periodic 
controlled burns on the grasslands, and the ecosystem 
has now been largely reestablished. What was once a 
classic example of unsustainable resource management 
became a valuable scientific learning experience and a 
management success story.

About 200 years ago, grass may have covered nearly 
half the land in the southwestern United States. Today, 
it covers only about 20%, mostly because of a combi-
nation of prolonged droughts and overgrazing, which 
created footholds for invader species that now cover 
many former grasslands.

Limited data from FAO surveys in various coun-
tries indicate that overgrazing by livestock has caused 

as much as a fifth of the world’s rangeland to lose pro-
ductivity. Some grasslands suffer from undergraz-
ing, where absence of grazing for long periods (at least 
5 years) can reduce the net primary productivity of 
grassland vegetation and grass cover.

We Can Manage Rangelands 
More Sustainably
The most widely used method for more sustainable 
management of rangeland is to control the number of 
grazing animals and the duration of their grazing in a 
given area so that the carrying capacity of the area is 
not exceeded (Concept 10-3). One way of doing this is 
rotational grazing in which cattle are confined by por-
table fencing to one area for a short time (often only 
1–2 days) and then moved to a new location.

Livestock tend to aggregate around natural water 
sources, especially thin strips of lush vegetation along 
streams or rivers known as riparian zones, and around 
ponds established to provide water for livestock. Over-
grazing by cattle can destroy the vegetation in such 
areas (Figure 10-21, left). Protecting overgrazed land 
from further grazing by moving livestock around and by 
fencing off these areas can eventually lead to its natural 
ecological restoration (Figure 10-21, right). Ranchers 
can also move cattle around by providing supplemental 
feed at selected sites and by strategically locating water 
holes and tanks and salt blocks.

A more expensive and less widely used method of 
rangeland management is to suppress the growth of un-
wanted invader plants by use of herbicides, mechanical 

Figure 10-20 Natural capital 
degradation: overgrazed (left) and 
lightly grazed (right) rangeland.
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removal, or controlled burning. A cheaper way to dis-
courage unwanted vegetation in some areas is through 
controlled, short-term trampling by large numbers of 
livestock.

Replanting barren areas with native grass seeds and 
applying fertilizer can increase growth of desirable veg-
etation and reduce soil erosion. But this is an expensive 
way to restore severely degraded rangeland. The better 
option is to prevent degradation by using the methods 
described above and in the following case study.

 ■ CASE STUDY

Grazing and Urban Development in
the American West—Cows or Condos?
The landscape is changing in ranch country. Since 1980, 
millions of people have moved to parts of the south-
western United States, and a growing number of ranch-
ers have sold their land to developers. Housing devel-
opments, condos, and small “ranchettes” are creeping 
out from the edges of many southwestern cities and 
towns. Most people moving to the southwestern states 
value the landscape for its scenery and recreational op-
portunities, but uncontrolled urban development can 
degrade these very qualities.

For decades some environmental scientists and en-
vironmentalists have sought to reduce overgrazing on 

these lands and, in particular, to reduce or eliminate 
livestock grazing permits on public lands. They have 
not had the support of ranchers or of the government. 
They have also pushed for decreased timber cutting 
and increased recreational opportunities in the na-
tional forests and grasslands. These efforts have made 
private tracts of land, especially near protected public 
lands, more desirable and valuable to people who enjoy 
outdoor activities and can afford to live in scenic areas.

Now, because of this population surge, ranchers, 
ecologists, and environmentalists are joining together 
to help preserve cattle ranches as the best hope for 
sustaining the key remaining grasslands and the habi-
tats they provide for native species. They are working 
together to identify areas that are best for sustainable 
grazing, areas best for sustainable urban development, 
and areas that should be neither grazed nor developed. 
One strategy involves land trust groups, which pay 
ranchers for conservation easements—deed restrictions 
that bar future owners from developing the land. These 
groups are also pressuring local governments to zone 
the land in order to prevent large-scale development in 
ecologically fragile rangeland areas.

Some ranchers are also reducing the harmful en-
vironmental impacts of their herds. They rotate their 
cattle away from riparian areas (Figure 10-21), use far 
less fertilizer and pesticides, and consult with range and 
wildlife scientists about ways to make their ranch oper-
ations more economically and ecologically sustainable.

Figure 10-21 Natural capital restoration: in the mid-1980s, cattle had degraded the vegetation and soil on this 
stream bank along the San Pedro River in the U.S. state of Arizona (left). Within 10 years, the area was restored 
through natural regeneration after the banning of grazing and off-road vehicles (right) (Concept 10-3).
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Figure 10-22 Natural capital degradation: damage from off-road vehicles in a pro-
posed wilderness area near the U.S. city of Moab, Utah. Such vehicles pollute the air, 
damage soils and vegetation, threaten wildlife, and degrade wetlands and streams.

10-4 How Should We Manage and Sustain Parks 
and Nature Reserves?

CONCEPT 10-4 Sustaining biodiversity will require protecting much more of the 
earth’s remaining undisturbed land area as parks and nature reserves.

National Parks Face Many 
Environmental Threats
Today, more than 1,100 major national parks are lo-
cated in more than 120 countries (see Figure 7-12, top, 
p. 151; Figure 7-18, p. 157; Figure 7-19, p. 157; and Fig-
ure 8-8, p. 168). However, most of these national parks 
are too small to sustain a lot of large animal species. 
And many parks suffer from invasions by nonnative 
species that compete with and reduce the populations 
of native species and worsen ecological disruption.

Parks in developing countries possess the greatest 
biodiversity of all parks, but only about 1% of these 
parklands are protected. Local people in many of these 
countries enter the parks illegally in search of wood, 
cropland, game animals, and other natural products 
for their daily survival. Loggers and miners operate il-
legally in many of these parks, as do wildlife poachers 
who kill animals to obtain and sell items such as rhino 
horns, elephant tusks, and furs. Park services in most 
developing countries have too little money and too few 

personnel to fight these invasions, either by force or 
through education.

 ■ CASE STUDY

Stresses on U.S. Public Parks
The U.S. national park system, established in 1912, in-
cludes 58 major national parks, sometimes called the 
country’s crown jewels. States, counties, and cities also 
operate public parks.

Popularity is one of the biggest problems for many 
parks. Between 1960 and 2007, the number of visi-
tors to U.S. national parks more than tripled, reach-
ing 273 million. The Great Smoky Mountains National 
Park in the states of Tennessee and North Carolina, the 
country’s most frequently visited national park, hosts 
about 9 million visitors each year. Many state parks 
are located near urban areas and receive about twice as 
many visitors per year as do the national parks. Visitors 
often expect parks to have grocery stores, laundries, 
bars, and other such conveniences.

During the summer, users entering the most popu-
lar parks face long backups and experience noise, con-
gestion, eroded trails, and stress instead of peaceful 
solitude. In some parks and other public lands, noisy 
and polluting dirt bikes, dune buggies, jet skis, snow-
mobiles, and other off-road vehicles degrade the aes-
thetic experience for many visitors, destroy or damage 
fragile vegetation (Figure 10-22), and disturb wildlife. 
There is controversy over whether these machines 
should be allowed in national parks.

THINKING ABOUT
National Parks and Off-Road Vehicles

Do you support allowing off-road vehicles in national parks? 
Explain. If you do, what restrictions, if any, would you put on 
their use?

Parks also suffer damage from the migration or de-
liberate introduction of nonnative species. European 
wild boars (imported to the state of North Carolina 
in 1912 for hunting) threaten vegetation in parts of 
the Great Smoky Mountains National Park. Nonna-
tive mountain goats in Washington State’s Olympic 
National Park trample native vegetation and accelerate 
soil erosion. Nonnative species of plants, insects, and 
worms entering the parks on vehicle tires and hikers’ 
gear also degrade the biodiversity of parklands.
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At the same time, native species—some of them 
threatened or endangered—are killed or removed ille-
gally in almost half of all U.S. national parks. This is 
what happened with the gray wolf until it was success-
fully reintroduced into Yellowstone National Park after 
a half century’s absence (Science Focus, above). Not all 
park visitors understand the rules that protect species, 
and rangers have to spend an increasing amount of 
their time on law enforcement and crowd control in-
stead of on conservation management and education. 

Many U.S. national parks have become threatened 
islands of biodiversity surrounded by a sea of com-
mercial development. Nearby human activities that 
threaten wildlife and recreational values in many na-
tional parks include mining, logging, livestock grazing, 
use of coal-burning power plants, oil drilling, water di-
version, and urban development.

Polluted air, drifting hundreds of kilometers from 
cities, kills ancient trees in California’s Sequoia National 
Park and often degrades the awesome views at Arizona’s 
Grand Canyon. The Great Smoky Mountains, named 
for the natural haze emitted by their lush vegetation, 
ironically have air quality similar to that of Los Angeles, 
California, and vegetation on their highest peaks has 
been damaged by acid rain. According to the National 
Park Service, air pollution, mostly from coal-fired power 
plants and dense vehicle traffic, degrades scenic views in 
U.S. national parks more than 90% of the time.

SCIENCE FOCUS

Effects of Reintroducing the Gray Wolf to Yellowstone 
National Park

ground squirrels, mice, and gophers hunted 
by coyotes, eagles, and hawks. 

Elk in the park are hunted in limited num-
bers, but wolves, as a protected species, are 
not hunted. However, wolves kill one another 
in clashes between packs, and a few have 
been killed by cars. The wolves also face 
threats from dogs that visitors bring to the 
park. The dogs carry parvovirus, which can kill 
wolf pups.

Wolves are an important factor in the 
Yellowstone ecosystem. But there are many 
other interacting factors involved in the struc-
ture and functioning of this complex ecosys-
tem. Decades of research will be needed to 
unravel and better understand these interac-
tions. For more information,  see The Habit-
able Planet, Video 4, at www.learner.org/
resources/series209.html.

Critical Thinking
Do you approve or disapprove of the reintro-
duction of the gray wolf into the Yellowstone 
National Park system? Explain. 

or over a decade, wildlife ecolo-
gist Robert Crabtree and a number 

of other scientists have been studying the 
effects of reintroducing the gray wolf into the 
Yellowstone National Park (Core
Case Study). They have put radio-
collars on most of the wolves to gather 
data and track their movements. They have 
also studied changes in vegetation and the 
populations of various plant and animal spe-
cies. Results of this research have suggested 
that the return of the gray wolf, a keystone 
predator species, has sent ecological ripples 
through the park’s ecosystem.

Elk, the main herbivores in the Yellow-
stone system, are the primary food source 
for the wolves, but wolves also kill some 
moose, mule deer, and bison. Not surpris-
ingly, elk populations have declined with the 
return of wolves. However, drought, grizzly 
bears (which kill elk calves), and a severe 
winter in 1997 have contributed to this de-
cline. Leftovers of elk killed by wolves provide 
an important food source for grizzly bears 

F and other scavengers such as bald eagles and 
ravens.

Before the wolves returned, elk had been 
browsing on willow shoots and other vegeta-
tion near the banks of streams and rivers. 
With the return of wolves, the elk retreated 
to higher ground. This has spurred the re-
growth of aspen, cottonwoods, and willow 
trees in these riparian areas and increased 
populations of riparian songbirds. 

This regrowth of trees has in turn helped 
to stabilize and shade stream banks, which 
lowered the water temperature and made it 
better habitat for trout. Beavers seeking wil-
low and aspen for food and dam construction 
have returned. The beaver dams established 
wetlands and created more favorable habitat 
for aspens.

The wolves have also cut in half the popu-
lation of coyotes—the top predators in the 
absence of wolves. This has resulted in fewer 
coyote attacks on cattle and sheep on sur-
rounding ranches and has increased popula-
tions of red fox and smaller animals such as 

Another problem, reported by the U.S. General Ac-
counting Office, is that the national parks need at least 
$6 billion for long overdue repairs of trails, buildings, 
and other infrastructure. Some analysts say more of 
these funds could come from private concessionaires 
who provide campgrounds, restaurants, hotels, and 
other services for park visitors. They pay franchise fees 
averaging only about 6–7% of their gross receipts, and 
many large concessionaires with long-term contracts 
pay as little as 0.75%. Analysts say these percentages 
could reasonably be increased to around 20%.

Figure 10-23 (p. 236) lists other suggestions made 
by various analysts for sustaining and expanding the 
national park system in the United States.

Nature Reserves Occupy Only 
a Small Part of the Earth’s Land
Most ecologists and conservation biologists believe the 
best way to preserve biodiversity is to create a world-
wide network of protected areas. (See the chapter open-
ing quote on p. 215.) Currently, only 12% of the earth’s 
land area is protected strictly or partially in nature re-
serves, parks, wildlife refuges, wilderness, and other ar-
eas. This 12% figure is misleading because no more than 
5% of the earth’s land is strictly protected from poten-
tially harmful human activities. In other words, we have 

www.learner.org/resources/series209.html
www.learner.org/resources/series209.html
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reserved 95% of the earth’s land for human use, and most of 
the remaining area consists of ice, tundra, or desert—
places where most people do not want to live.

Conservation biologists call for full protection of at 
least 20% of the earth’s land area in a global system of 
biodiversity reserves that would include multiple exam-
ples of all the earth’s biomes (Concept 10-4). But power-
ful economic and political interests oppose this idea.

Protecting more of the earth’s land from unsustain-
able use will require action and funding by national 
governments and private groups, bottom-up political 
pressure by concerned individuals, and cooperative 
ventures involving governments, businesses, and pri-
vate conservation organizations. Such groups play an 
important role in establishing wildlife refuges and other 
reserves to protect biological diversity.

For example, since its founding by a group of pro-
fessional ecologists in 1951, The Nature Conservancy—
with more than 1 million members worldwide—has 
created the world’s largest system of private natural 
areas and wildlife sanctuaries in 30 countries. In the 
United States, efforts by The Nature Conservancy and 
private landowners have protected land, waterways, 
and wetlands in local and state trusts totaling roughly 
the area of the U.S. state of Georgia.

Eco-philanthropists are using some of their wealth 
to buy up wilderness areas in South America, and they 
are donating the preserved land to the governments 
of various countries. For example, Douglas and Kris 
Tompkins have created 11 wilderness parks in Latin 
America. In 2005, they donated two new national 
parks to Chile and Argentina.

In the United States, private, nonprofit land trust 
groups have protected large areas of land. Members 
pool their financial resources and accept tax-deductible 
donations to buy and protect farmlands, grasslands, 
woodlands, and urban green spaces.

Some governments are also making progress. By 
2007, the Brazilian government had officially protected 
23% of the Amazon—an area the size of France—from 
development. However, many of these areas are pro-
tected only on paper and are not always secure from 
illegal resource removal and degradation.

Most developers and resource extractors oppose 
protecting even the current 12% of the earth’s remain-
ing undisturbed ecosystems. They contend that these 
areas might contain valuable resources that would add 
to economic growth. Ecologists and conservation biolo-
gists disagree. They view protected areas as islands of 
biodiversity and natural capital that help to sustain all 
life and economies and serve as centers of future evo-
lution. See Norman Myer’s Guest Essay on this topic at 
CengageNOW.

HOW WOULD YOU VOTE?

Should at least 20% of the earth’s land area be strictly pro-
tected from economic development? Cast your vote online at 
academic.cengage.com/biology/miller.

Designing and Connecting 
Nature Reserves
Large reserves sustain more species and provide greater 
habitat diversity than do small reserves. They also min-
imize exposure to natural disturbances (such as fires 
and hurricanes), invading species, and human distur-
bances from nearby developed areas.

In 2007, scientists reported on the world’s larg-
est and longest running study of forest fragmentation, 
which took place in the Amazon. They found that con-
servation of large reserves in the Amazon was even 
more important than was previously thought. Because 
the Amazon rain forest is so diverse, a large expanse 
of it may contain dozens of ecosystem types, each 
of which is different enough from the others to sup-
port unique species. Therefore, developing just a part 
of such a large area could result in the elimination of 
many types of habitats and species.

However, research indicates that in other locales, 
several well-placed, medium-sized reserves may better 
protect a wider variety of habitats and preserve more 
biodiversity than would a single large reserve of the 
same total area. When deciding on whether to recom-
mend large- or medium-sized reserves in a particular 
area, conservation biologists must carefully consider its 
various ecosystems.

Whenever possible, conservation biologists call for 
using the buffer zone concept to design and manage nature 

■ Integrate plans for managing parks and nearby federal lands

■ Add new parkland near threatened parks

■ Buy private land inside parks 

■ Locate visitor parking outside parks and provide shuttle buses for people  
 touring heavily used parks

■ Increase federal funds for park maintenance and repairs

■ Raise entry fees for visitors and use resulting funds for park management 
 and maintenance

■ Seek private donations for park maintenance and repairs

■ Limit the number of visitors in crowded park areas

■ Increase the number of park rangers and their pay

■ Encourage volunteers to give visitor lectures and tours

S O L U T I O N S
National Parks

Figure 10-23 Suggestions for sustaining and expanding the national park system in 
the United States. Question: Which two of these solutions do you think are the most 
important? Why? (Data from Wilderness Society and National Parks and Conservation 
Association). 
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reserves. This means protecting an inner core of a re-
serve by usually establishing two buffer zones in which 
local people can extract resources sustainably without 
harming the inner core. Instead of shutting people out 
of the protected areas and likely creating enemies, this 
approach enlists local people as partners in protecting a 
reserve from unsustainable uses such as illegal logging 
and poaching. 

The United Nations has used this principle in creat-
ing its global network of 529 biosphere reserves in 105 
countries (Figure 10-24). According to Craig Leisher, 
an economist for The Nature Conservancy, “Local peo-
ple are often the best people in developing countries to 
manage these conservation areas, because they want 
them to survive in the long term as well.”

So far, most biosphere reserves fall short of these 
ideals and receive too little funding for their protec-
tion and management. An international fund to help 
make up the shortfall would cost about $100 million 
per year—about the amount spent every 90 minutes 
on weapons by the world’s nations.

Establishing protected habitat corridors between 
isolated reserves helps to support more species and 
allows migration by vertebrates that need large 
ranges. Corridors also permit migration of individu-
als and populations when environmental conditions 
in a reserve deteriorate, forcing animals to move to 
a new location, and they support animals that must 
make seasonal migrations to obtain food. Corridors 
may also enable some species to shift their ranges 
if global climate change makes their current ranges 
uninhabitable.

Core area

Buffer zone 1

Buffer zone 2

Core area

Buffer zone 1

Visitor
education
center

Research
station

Human
settlements Buffer zone 2

Biosphere Reserve Figure 10-24 Solutions: 
a model biosphere reserve. 
Each reserve contains a 
protected inner core sur-
rounded by two buffer 
zones that local and indig-
enous people can use for 
sustainable logging, grow-
ing limited crops, grazing 
cattle, hunting, fishing, and 
ecotourism. Question: Do 
you think some of these 
reserves should be free of 
all human activity, including 
ecotourism? Why or why 
not? 

On the other hand, corridors can threaten isolated 
populations by allowing movement of pest species, dis-
ease, fire, and invasive species between reserves. They 
also increase exposure of migrating species to natural 
predators, human hunters, and pollution. In addition, 
corridors can be costly to acquire, protect, and manage. 
Nevertheless, an extensive study, reported in 2006, 
showed that areas connected by corridors host a greater 
variety of birds, insects, small mammals, and plant spe-
cies. And in that study, nonnative species did not in-
vade the connected areas.

The creation of large reserves connected by corridors 
on an eco-regional scale is the grand goal of many con-
servation biologists. This idea is being put into practice in 
places such as Costa Rica (see the following Case Study).

RESEARCH FRONTIER

Learning how to design, locate, connect, and manage net-
works of effective nature preserves. See academic.cengage
.com/biology/miller.

 ■ CASE STUDY

Costa Rica—A Global 
Conservation Leader
Tropical forests once completely covered Central Amer-
ica’s Costa Rica, which is smaller in area than the U.S. 
state of West Virginia and about one-tenth the size of 
France. Between 1963 and 1983, politically powerful 
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Nicaragua

Panama

Caribbean Sea

Pacific Ocean

National parkland

Buffer zone

Costa
Rica

Figure 10-25 Solutions: Costa Rica has consolidated its parks and 
reserves into eight zoned megareserves designed to sustain about 
80% of the country’s rich biodiversity. Green areas are protected re-
serves and yellow areas are nearby buffer zones, which can be used 
for sustainable forms of forestry, agriculture, hydropower, hunting, 
and other human activities.

ranching families cleared much of the country’s forests 
to graze cattle.

Despite such widespread forest loss, tiny Costa 
Rica is a superpower of biodiversity, with an estimated 
500,000 plant and animal species. A single park in 
Costa Rica is home to more bird species than are found 
in all of North America.

In the mid-1970s, Costa Rica established a system 
of nature reserves and national parks that, by 2006, in-
cluded about a quarter of its land—6% of it reserved 
for indigenous peoples. Costa Rica now devotes a larger 
proportion of its land to biodiversity conservation than 
does any other country.

The country’s parks and reserves are consolidated 
into eight zoned megareserves (Figure 10-25). Each re-
serve contains a protected inner core surrounded by 
two buffer zones that local and indigenous people can 
use for sustainable logging, crop farming, cattle grazing, 
hunting, fishing, and ecotourism.

Costa Rica’s biodiversity conservation strategy has 
paid off. Today, the country’s largest source of income 
is its $1-billion-a-year tourism business, almost two-
thirds of which involves ecotourism.

To reduce deforestation, the government has elimi-
nated subsidies for converting forest to rangeland. It also 
pays landowners to maintain or restore tree coverage. 
The goal is to make it profitable to sustain forests. Be-
tween 2007 and 2008, the government planted nearly 
14 million trees, which helps to preserve the country’s 
biodiversity. As they grow, the trees also remove carbon 
dioxide from the air and help the country to meet its 
goal of reducing net CO2 emissions to zero by 2021.

The strategy has worked: Costa Rica has gone from 
having one of the world’s highest deforestation rates to 

having one of the lowest. Between 1986 and 2006, the 
country’s forest cover grew from 26% to 51%.

Protecting Wilderness 
Is an Important Way 
to Preserve Biodiversity
One way to protect undeveloped lands from human ex-
ploitation is by legally setting them aside as large areas 
of undeveloped land called wilderness (Concept 10-4). 
Theodore Roosevelt (Figure 4, p. S34, in Supplement 
5), the first U.S. president to set aside protected ar-
eas, summarized what we should do with wilderness: 
“Leave it as it is. You cannot improve it.”

Wilderness protection is not without controversy 
(see the following Case Study). Some critics oppose pro-
tecting large areas for their scenic and recreational value 
for a relatively small number of people. They believe this 
is an outmoded ideal that keeps some areas of the planet 
from being economically useful to people here today. 
But to most biologists, the most important reasons for 
protecting wilderness and other areas from exploita-
tion and degradation involve long-term needs. One 
such need is to preserve biodiversity as a vital part of the 
earth’s natural capital. Another is to protect wilderness 
areas as centers for evolution in response to mostly unpre-
dictable changes in environmental conditions. In other 
words, wilderness serves as a biodiversity bank and an 
eco-insurance policy.

■ CASE STUDY

Controversy over Wilderness 
Protection in the United States
In the United States, conservationists have been trying 
to save wild areas from development since 1900. Over-
all, they have fought a losing battle. Not until 1964 did 
Congress pass the Wilderness Act (Figure 6, p. S35, in 
Supplement 5). It allowed the government to protect 
undeveloped tracts of public land from development as 
part of the National Wilderness Preservation System.

The area of protected wilderness in the United 
States increased tenfold between 1970 and 2007. Even 
so, only about 4.6% of U.S. land is protected as wilder-
ness—almost three-fourths of it in Alaska. Only 1.8% 
of the land area of the lower 48 states is protected, most 
of it in the West. In other words, Americans have re-
served at least 98% of the continental United States to 
be used as they see fit and have protected less than 2% 
as wilderness. According to a 1999 study by the World 
Conservation Union, the United States ranks 42nd 
among nations in terms of terrestrial area protected as 
wilderness, and Canada is in 36th place.

In addition, only 4 of the 413 wilderness areas in 
the lower 48 states are large enough to sustain the spe-
cies they contain. The system includes only 81 of the 
country’s 233 distinct ecosystems. Most wilderness ar-
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eas in the lower 48 states are threatened habitat islands 
in a sea of development.

Scattered blocks of public lands with a total area 
roughly equal to that of the U.S. state of Montana 
could qualify for designation as wilderness. About 60% 
of such land in the national forests. For more than 
20 years, these areas were temporarily protected un-
der the Roadless Rule—a federal regulation that put 
undeveloped areas of national forests off-limits to road 
building and logging while they were evaluated for wil-
derness protection.

For decades, politically powerful oil, gas, mining, 
and timber industries have sought entry to these areas—
which are owned jointly by all citizens of the United 
States—to develop resources there. Their efforts paid off 

in 2005 when the secretary of the interior ended protec-
tion of roadless areas within the national forest system 
that were being considered for classification as wilder-
ness. The secretary also began allowing states to classify 
old cow paths and off-road vehicle trails as roads (Fig-
ure 10-22), which would disqualify their surrounding 
areas from protection as wilderness.

THINKING ABOUT
Protecting Wolves and Wild Lands

How do you think protecting wolves, in part by 
reintroducing them to areas such as Yellowstone 
National Park (Core Case Study), helps to protect the forest 
areas where they live?

10-5 What Is the Ecosystem Approach to Sustaining 
Biodiversity?

CONCEPT 10-5A We can help to sustain biodiversity by identifying severely 
threatened areas and protecting those with high plant diversity (biodiversity 
hotspots) and those where ecosystem services are being impaired.
CONCEPT 10-5B Sustaining biodiversity will require a global effort to rehabilitate 
and restore damaged ecosystems.
CONCEPT 10-5C Humans dominate most of the earth’s land, and preserving 
biodiversity will require sharing as much of it as possible with other species.

▲
▲

▲

We Can Use a Four-Point Strategy 
to Protect Ecosystems
Most biologists and wildlife conservationists believe that 
we must focus more on protecting and sustaining eco-
systems, and the biodiversity contained within them, 
than on saving individual species. Their goals certainly 
include preventing premature extinction of species, but 
they argue the best way to do that is to protect threat-
ened habitats and ecosystem services. This ecosystems
approach generally would employ the following four-
point plan:

• Map global ecosystems and create an inventory of 
the species contained in each of them and the eco-
system services they provide.

• Locate and protect the most endangered ecosys-
tems and species, with emphasis on protecting 
plant biodiversity and ecosystem services.

• Seek to restore as many degraded ecosystems as 
possible.

• Make development biodiversity-friendly by provid-
ing significant financial incentives (such as tax 
breaks and write-offs) and technical help to private 
landowners who agree to help protect endangered 
ecosystems.

Some scientists have argued that we need new laws 
to embody this strategy. In the United States, for exam-
ple, there is support for amending the Endangered Spe-
cies Act, or possibly even replacing it with a new law 
focused on protection of ecosystems and biodiversity.

Protecting Global Biodiversity 
Hotspots Is an Urgent Priority
In reality, few countries are physically, politically, or fi-
nancially able to set aside and protect large biodiversity 
reserves. To protect as much of the earth’s remaining 
biodiversity as possible, some conservation biologists 
urge adoption of an emergency action strategy to iden-
tify and quickly protect biodiversity hotspots (Con-
cept 10-5A)—an idea first proposed in 1988 by environ-
mental scientist Norman Myers. (See his Guest Essay 
on this topic at CengageNOW.) These “ecological arks” 
are areas especially rich in plant species that are found 
nowhere else and are in great danger of extinction. 
These areas suffer serious ecological disruption, mostly 
because of rapid human population growth and the re-
sulting pressure on natural resources. (See Case Study 
p. 240.) Myers and his colleagues at Conservation 
International relied primarily on the diversity of plant 
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species to identify biodiversity hotspot areas because 
data on plant diversity was more readily available and 
was also thought to be an indicator of animal diversity.

Figure 10-26 shows 34 global terrestrial biodiver-
sity hotspots identified by conservation biologists and 
Figure 10-27 shows major biodiversity hotspots in the 
United States. In the 34 global areas, a total of 86% of 
the habitat has been destroyed. They cover only a little 
more than 2% of the earth’s land surface, but they con-
tain an estimated 50% of the world’s flowering plant 
species and 42% of all terrestrial vertebrates (mammals, 
birds, reptiles, and amphibians). They are also home for 
a large majority of the world’s endangered or critically 
endangered species. Says Norman Myers, “I can think 
of no other biodiversity initiative that could achieve 
so much at a comparatively small cost, as the hotspots 
strategy.”

One drawback of the biodiversity hotspots approach 
is that some areas rich in plant diversity are not neces-
sarily rich in animal diversity. And when hotspots are 
protected, local people can be displaced and lose access 
to important resources. However, the goal of this ap-
proach—to protect the unique biodiversity in areas un-
der great stress from human activities—remains urgent. 
Despite its importance, this approach has not succeeded 
in capturing sufficient public support and funding.

 ■ CASE STUDY

A Biodiversity Hotspot 
in East Africa
The forests covering the flanks of the Eastern Arc 
Mountains of the African nation of Tanzania contain 
the highest concentration of endangered animals on 
earth.

Plants and animals that exist nowhere else (species 
endemic to this area) live in these mountainside forests 
in considerable numbers. They include 96 species of 
vertebrates—10 mammal, 19 bird, 29 reptile, and 38 
amphibian—43 species of butterflies, and at least 800 
endemic species of plants, including most species of Af-
rican violets.

An international network of scientists, who had 
extensively surveyed these mountain forests, reported 
these findings in 2007. They also reported newly dis-
covered species in these forests, including a tree-dwell-
ing monkey called the Kipunji and some surprisingly 
large reptiles and amphibians.

This area is a major biodiversity hotspot because 
humans now threaten to do what the ice ages could 
not do—kill off its forests. Farmers and loggers have 
cleared 70% of the ancient forests. This loss of habitat, 
along with hunting, has killed off many species, includ-
ing elephants and buffalo, and now 71 of the 96 en-
demic species are threatened, 8 of them critically, with 
biological extinction.

These species are now forced to survive within 13 
patches of forest that total an area about the size of the 

U.S. state of Rhode Island. Most of these forests are 
contained within 150 government reserves. New settle-
ments are not allowed, but people still forage in these 
reserves for fuelwood and building materials, severely 
degrading some of the forests. Fire is also a threat, be-
cause the shrinking, degraded patches of forest are dry-
ing out, and this is likely to get worse as global warm-
ing takes hold.

Learn more about biodiversity hotspots around 
the world, what is at stake there, and how they are threatened 
at CengageNOW.

RESEARCH FRONTIER

Identifying and preserving all of the world’s terrestrial and 
aquatic biodiversity hotspots. See academic.cengage.com/
biology/miller.

Protecting Ecosystem Services 
Is Also an Urgent Priority
Another way to help sustain the earth’s biodiversity 
and its people is to identify and protect areas where 
vital ecosystem services (orange items in Figure 1-3, p. 8) 
are being impaired enough to reduce biodiversity or 
harm local residents. This approach has gotten more at-
tention since the release in 2005 of the U.N. Millennium
Ecosystem Assessment—a 4-year study by 1,360 experts 
from 95 countries. It identified key ecosystem services 
that provide numerous ecological and economic ben-
efits. (Those provided by forests are summarized in Fig-
ure 10-4.) The study pointed out that human activities 
are degrading or overusing about 62% of the earth’s 
natural services in various ecosystems around the 
world, and it outlined ways to help sustain these vital 
ecosystem services for human and nonhuman life.

This approach recognizes that most of the world’s 
ecosystems are already dominated or influenced by hu-
man activities and that such pressures are increasing as 
population, urbanization, and resource use increase and 
the human ecological footprint increases (Figure 1-10, 
p. 15, and Figure 3, p. S24–S25, in Supplement 4). Pro-
ponents of this approach recognize that it is vital to set 
aside and protect reserves and wilderness areas and to 
protect highly endangered biodiversity hotspots (Figure 
10-26). But they contend that such efforts by them-
selves will not significantly slow the steady erosion of 
the earth’s biodiversity and ecosystem services.

These analysts argue that we must also identify 
highly stressed life raft ecosystems. In such areas, people 
live in severe poverty, and a large part of the economy 
depends on various ecosystem services that are being 
degraded severely enough to threaten the well-being of 
people and other forms of life. In these areas, residents, 
public officials, and conservation scientists are urged to 
work together to develop strategies to protect both biodi-
versity and human communities. Instead of emphasizing 
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Top Six Hotspots
1 Hawaii
2 San Francisco Bay area
3 Southern Appalachians
4 Death Valley
5 Southern California
6 Florida Panhandle

1

2

34

5

6

Low Moderate

Concentration of rare species 

High

 Active Figure 10-26 Endangered natural capital: 34 biodiversity hotspots identified by ecolo-
gists as important and endangered centers of terrestrial biodiversity that contain a large number of species found 
nowhere else. Identifying and saving these critical habitats requires a vital emergency response (Concept 10-5A). 
Compare these areas with those on the map of the human ecological footprint in the world as shown in Figure 3, 
pp. S24–S25, in Supplement 4. According to the IUCN, the average proportion of biodiversity hotspot areas truly 
protected with funding and enforcement is only 5%. See an animation based on this figure at CengageNOW. 
Questions: Are any of these hotspots near where you live? Is there a smaller, localized hotspot in the area where 
you live? (Data from Center for Applied Biodiversity Science at Conservation International). 

Figure 10-27 Endangered natural capital: biodiversity hotspots in the United States that need emergency 
protection. The shaded areas contain the largest concentrations of rare and potentially endangered species. Com-
pare these areas with those on the map of the human ecological footprint in North America shown in Figure 7, 
pp. S28–S29, in Supplement 4. Question: Do you think that hotspots near urban areas would be harder to pro-
tect than those in rural areas? Explain. (Data from State Natural Heritage Programs, The Nature Conservancy, and 
Association for Biodiversity Information) 
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nature-versus-people, this approach focuses on finding 
win–win ways to protect both people and the ecosystem 
services that support all life and economies.

We Can Rehabilitate and 
Restore Ecosystems That We 
Have Damaged
Almost every natural place on the earth has been 
affected or degraded to some degree by human activi-
ties. Much of the harm we have inflicted on nature is 
at least partially reversible through ecological restora-
tion: the process of repairing damage caused by humans 
to the biodiversity and dynamics of natural ecosystems. 
Examples include replanting forests, restoring grass-
lands, restoring wetlands and stream banks, reclaiming 
urban industrial areas (brownfields), reintroducing na-
tive species (Core Case Study), removing inva-
sive species, and freeing river flows by remov-
ing dams.

Evidence indicates that in order to sustain biodiver-
sity, we must make a global effort to rehabilitate and 
restore ecosystems we have damaged (Concept 10-5B).
An important strategy is to mimic nature and natural 
processes and let nature do most of the work, usually 
through secondary ecological succession (Figure 5-17, 
p. 117).

By studying how natural ecosystems recover, scien-
tists are learning how to speed up repair operations us-
ing a variety of approaches. They include the following 
measures:

• Restoration: returning a particular degraded habitat 
or ecosystem to a condition as similar as possible to 
its natural state.

• Rehabilitation: turning a degraded ecosystem into 
a functional or useful ecosystem without trying to 
restore it to its original condition. Examples include 
removing pollutants and replanting to reduce soil 
erosion in abandoned mining sites and landfills and 
in clear-cut forests.

• Replacement: replacing a degraded ecosystem with 
another type of ecosystem. For example, a produc-
tive pasture or tree plantation may replace a de-
graded forest.

• Creating artificial ecosystems: for example, creating ar-
tificial wetlands to help reduce flooding or to treat 
sewage.

Researchers have suggested a science-based four-
point strategy for carrying out most forms of ecological 
restoration and rehabilitation.

• Identify what caused the degradation (such as pol-
lution, farming, overgrazing, mining, or invasive 
species).

SCIENCE FOCUS

Ecological Restoration of a Tropical Dry Forest in Costa Rica

park’s ecology during field trips. The park’s 
location near the Pan American Highway 
makes it an ideal area for ecotourism, which 
stimulates the local economy.

The project also serves as a training 
ground in tropical forest restoration for 
scientists from all over the world. Research 
scientists working on the project give guest 
classroom lectures and lead field trips.

In a few decades, today’s children will be 
running the park and the local political sys-
tem. If they understand the ecological impor-
tance of their local environment, they will be 
more likely to protect and sustain its biologi-
cal resources. Janzen believes that education, 
awareness, and involvement—not guards 
and fences—are the best ways to restore 
degraded ecosystems and to protect largely 
intact ecosystems from unsustainable use.

Critical Thinking
Would such an ecological restoration proj-
ect be possible in the area where you live? 
Explain.

osta Rica is the site of one of 
the world’s largest ecological

restoration projects. In the lowlands of its 
Guanacaste National Park (Figure 10-25), 
a small tropical dry forest was burned, de-
graded, and fragmented by large-scale con-
version to cattle ranches and farms. Now it is 
being restored and relinked to the rain forest 
on adjacent mountain slopes. The goal is to 
eliminate damaging nonnative grasses and re-
establish a tropical dry forest ecosystem over 
the next 100–300 years.

Daniel Janzen, professor of biology at the 
University of Pennsylvania and a leader in the 
field of restoration ecology, helped galvanize 
international support for this restoration proj-
ect. He used his own MacArthur grant money 
to purchase this Costa Rican land to be set 
aside as a national park. He also raised more 
than $10 million for restoring the park.

Janzen realized that the original forests 
had been maintained partly by large native 
animals that ate the fruit of the Guanacaste 
tree and spread its seeds in their droppings. 

C But these animals disappeared about 10,000 
years ago. About 500 years ago, horses and 
cattle introduced by Europeans also spread 
the seeds, but farming and ranching took 
their toll on the forest’s trees. Janzen decided 
to speed up restoration of this tropical dry 
forest by incorporating limited numbers of 
horses and cattle as seed dispersers in his re-
covery plan.

Janzen recognizes that ecological restora-
tion and protection of the park will fail unless 
the people in the surrounding area believe 
they will benefit from such efforts. His vision 
is to see the nearly 40,000 people who live 
near the park play an essential role in the res-
toration of the degraded forest, a concept he 
calls biocultural restoration.

By actively participating in the project, lo-
cal residents reap educational, economic, and 
environmental benefits. Local farmers make 
money by sowing large areas with tree seeds 
and planting seedlings started in Janzen’s lab. 
Local grade school, high school, and univer-
sity students and citizens’ groups study the 
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• Stop the abuse by eliminating or sharply reducing 
these factors. This would include removing toxic 
soil pollutants, adding nutrients to depleted soil, 
adding new topsoil, preventing fires, and control-
ling or eliminating disruptive nonnative species 
(Science Focus, left).

• If necessary, reintroduce species—especially pio-
neer, keystone, and foundation species—to help re-
store natural ecological processes, as was done with 
wolves in the Yellowstone ecosystem (Core
Case Study).

• Protect the area from further degradation (Fig-
ure 10-21, right).

Most of the tall-grass prairies in the United States 
have been plowed up and converted to crop fields. 
However, these prairies are ideal subjects for ecologi-
cal restoration for three reasons. First, many residual 
or transplanted native plant species can be established 
within a few years. Second, the technology involved is 
similar to that of gardening and agriculture. Third, the 
process is well suited for volunteer labor needed to 
plant native species and weed out invading species un-
til the natural species can take over. There are a num-
ber of prairie restoration projects in the United States, 
a prime example of which is Curtis Prairie in the U. S. 
state of Wisconsin (Figure 10-28).

RESEARCH FRONTIER

Exploring ways to improve ecological restoration efforts. See 
academic.cengage.com/biology/miller.

Will Restoration Encourage 
Further Destruction?
Some analysts worry that ecological restoration could 
encourage continuing environmental destruction and 
degradation by suggesting that any ecological harm we 
do can be undone. Restoration ecologists disagree with 
that suggestion. They point out that preventing eco-
system damage in the first place is cheaper and more 
effective than any form of ecological restoration. But 
they agree that restoration should not be used as an 
excuse for environmental destruction.

Restoration ecologists note that so far, we have been 
able to protect or preserve only about 5% of the earth’s 
land from the effects of human activities, so ecologi-
cal restoration is badly needed for many of the world’s 
ecosystems. Even if a restored ecosystem differs from 
the original system, they argue, the result is better than 
no restoration at all. In time, further experience with 
ecological restoration will improve its effectiveness. 
Chapter 12 describes examples of the ecological resto-
ration of aquatic systems such as wetlands and rivers.

Figure 10-28 Solutions: Curtis Prairie, in the University of Wisconsin’s arboretum, Madison, 
Wisconsin (USA), was restored from abandoned farm fields. It serves as a highly instructive 
example of successful prairie restoration and is studied by restoration ecology students from 
around the world. The inset photo, taken in about 1934, shows part of the process of res-
toration: a controlled burn to prepare the land for establishment of prairie plants. These re-
searchers have just burned a part of the vegetation to simulate a prairie fire, which is an im-
portant natural event in the prairie ecosystem. The second person from the left in this photo 
is the pioneering conservation biologist Aldo Leopold (Individuals Matter, p. 22).
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■✓HOW WOULD YOU VOTE?

Should we mount a massive effort to restore the ecosystems 
we have degraded, even though this will be quite costly? 
Cast your vote online at academic.cengage.com
/biology/miller.

We Can Share Areas We Dominate 
with Other Species
In 2003, ecologist Michael L. Rosenzweig wrote a book 
entitled Win–Win Ecology: How Earth’s Species Can Survive 
in the Midst of Human Enterprise. Rosenzweig strongly 
supports proposals to help sustain the earth’s biodiver-
sity through species protection strategies such as the 
U.S. Endangered Species Act (Case Study, p. 207).

But Rosenzweig contends that, in the long run, 
these approaches will fail for two reasons. First, fully 
protected reserves currently are devoted to saving only 
about 5% of the world’s terrestrial area, excluding po-
lar and other uninhabitable areas. To Rosenzweig, the 
real challenge is to sustain wild species in more of the 
human-dominated portion of nature that makes up 
95% of the planet’s terrestrial area (Concept 10-5C).

Second, Rosenzweig says, setting aside funds and 
refuges and passing laws to protect endangered and 
threatened species are essentially desperate attempts to 
save species that are in deep trouble. These emergency 
efforts can help a few species, but it is equally impor-
tant to learn how to keep more species away from the 
brink of extinction. This is a prevention approach.

Rosenzweig suggests that we develop a new form of 
conservation biology, called reconciliation or applied
ecology. This science focuses on inventing, establish-
ing, and maintaining new habitats to conserve species 
diversity in places where people live, work, or play. In 
other words, we need to learn how to share with other 
species some of the spaces we dominate.

Implementing reconciliation ecology will involve 
the growing practice of community-based conservation, in 
which conservation biologists work with people to help 
them protect biodiversity in their local communities. 
With this approach, scientists, citizens, and sometimes 
national and international conservation organizations 
seek ways to preserve local biodiversity while allow-
ing people who live in or near protected areas to make 
sustainable use of some of the resources there (Case 
Study, right).

For example, people learn how protecting local wild-
life and ecosystems can provide economic resources for 
their communities by encouraging sustainable forms of 
ecotourism. In the Central American country of Belize, 
conservation biologist Robert Horwich has helped to es-
tablish a local sanctuary for the black howler monkey. 
He convinced local farmers to set aside strips of forest 
to serve as habitats and corridors through which these 
monkeys can travel. The reserve, run by a local wom-
en’s cooperative, has attracted ecotourists and biolo-
gists. The community has built a black howler museum, 

and local residents receive income by housing and guid-
ing visiting ecotourists and biological researchers.

In other parts of the world, people are learning how 
to protect vital insect pollinators, such as native but-
terflies and bees, which are vulnerable to insecticides 
and habitat loss. Neighborhoods and municipal govern-
ments are doing this by agreeing to reduce or eliminate 
the use of pesticides on their lawns, fields, golf courses, 
and parks. Neighbors also work together in planting 
gardens of flowering plants as a source of food for pol-
linating insect species. And neighborhoods and farmers 
build devices using wood and plastic straws, which serve 
as hives for increasingly threatened pollinating bees.

People have also worked together to help protect 
bluebirds within human-dominated habitats where 
most of the bluebirds’ nesting trees have been cut and 
the bluebird populations have declined. Special boxes 
were designed to accommodate nesting bluebirds, and 
the North American Bluebird Society has encouraged 
Canadians and Americans to use these boxes on their 
properties and to keep house cats away from nesting 
bluebirds. Now bluebird numbers are growing again.

In Berlin, Germany, people have planted gardens 
on many large rooftops. These gardens support a va-
riety of wild species by containing varying depths and 
types of soil and exposures to sunlight. Such roofs also 
save energy by providing insulation and absorbing less 
heat than conventional rooftops do, thereby helping 
to keep cities cooler. They also conserve water by re-
ducing evapotranspiration. Some reconciliation ecol-
ogy proponents call for a global campaign to use the 
roofs of the world to help sustain biodiversity. GREEN
CAREER: Rooftop garden designer

In the U.S. state of California, San Francisco’s 
Golden Gate Park is a large oasis of gardens and trees in 
the midst of a major city. It is a good example of recon-
ciliation ecology, because it was designed and planted 
by people who transformed it from a system of sand 
dunes. There are many other examples of individu-
als and groups working together on projects to restore 
grasslands, wetlands, streams, and other degraded ar-
eas rain forest Case Study below). GREEN CAREER: Rec-
onciliation ecology specialist

■ CASE STUDY

The Blackfoot Challenge—
Reconciliation Ecology in Action
The Blackfoot River flows among beautiful mountain 
ranges in the west central part of the U.S. state of Mon-
tana. This large watershed is home to more than 600 
species of plants, 21 species of waterfowl, bald eagles, 
peregrine falcons, grizzly bears, and rare species of 
trout. Some species, such as the Howell’s gumweed and 
the bull trout, are threatened with extinction.

The Blackfoot River Valley is also home to people 
who live in seven communities and 2,500 rural house-
holds. A book and movie, both entitled A River Runs 



ACADEMIC.CENGAGE.COM/BIOLOGY/MILLER 245

Through It, tell of how residents of the valley cherish 
their lifestyles.

In the 1970s, many of these people recognized that 
their beloved valley was threatened by poor mining, 
logging, and grazing practices, water and air pollution, 
and unsustainable commercial and residential develop-
ment. They also understood that their way of life de-
pended on wildlife and wild ecosystems located on pri-
vate and public lands. They began meeting informally 
over kitchen tables to discuss how to maintain their 
way of life while sustaining the other species living in 
the valley. These small gatherings spawned community 
meetings attended by individual and corporate land-
owners, state and federal land managers, scientists, and 
local government officials.

Out of these meetings came action. Teams of resi-
dents organized weed-pulling parties, built nesting 
structures for waterfowl, and developed sustainable 
grazing systems. Landowners agreed to create perpet-
ual conservation easements, setting land aside for only 
conservation and sustainable uses such as hunting and 
fishing. They also created corridors between large tracts 
of undeveloped land. In 1993, these efforts were orga-
nized under a charter called the Blackfoot Challenge.

The results were dramatic. Blackfoot Challenge 
members have restored and enhanced large areas of 
wetlands, streams, and native grasslands. They have re-
served large tracts of private land under perpetual con-
servation easements.

These pioneers might not have known it, but they 
were initiating what has become a classic example of 
reconciliation ecology. They worked together, respected 
each other’s views, accepted compromises, and found 
ways to share their land with the area’s plants and ani-
mals. They understood that all sustainability is local.

Yellowstone Wolves and Sustainability

In this chapter, we looked at how terrestrial biodiversity is be-
ing destroyed or degraded. We also saw how we can reduce 
this destruction and degradation by using forests and grasslands 
more sustainably, protecting species and ecosystems in parks, 
wilderness, and other nature reserves, and protecting ecosys-
tem services that support all life and economies. We learned the 
importance of preserving what remains of richly biodiverse and 
highly endangered ecosystems (biodiversity hotspots) and identify-
ing and protecting areas where deteriorating ecosystem services 
threaten people and other forms of life. 

We also learned about the value of restoring or rehabilitat-
ing some of the ecosystems we have degraded. Reintroduc-
ing keystone species such as the gray wolf into ecosystems 
they once inhabited (Core Case Study) is a form of ecological 

restoration that can result in the reestablishment of certain 
ecological functions and species interactions in such systems, 
thereby helping to preserve biodiversity. Finally, we explored ways 
in which people can share with other species some of the land 
they occupy (95% of all the earth’s land) in order to help sustain 
biodiversity.

Preserving terrestrial biodiversity involves applying the four 
scientific principles of sustainability (see back cover). First, 
it means respecting biodiversity by trying to sustain it. If we are 
successful, we will also be restoring and preserving the flows of 
energy from the sun through food webs, the cycling of nutrients 
in ecosystems, and the species interactions in food webs that 
help prevent excessive population growth of any species, includ-
ing our own.

R E V I S I T I N G 

We abuse land because we regard it as a commodity belonging to us. 
When we see land as a community to which we belong, 

we may begin to use it with love and respect.
ALDO LEOPOLD

THINKING ABOUT
Wolves and Reconciliation Ecology

What are some ways in which the wolf restoration 
project in Yellowstone National Park (Core Case Study) is sim-
ilar to some reconciliation ecology examples described above?

RESEARCH FRONTIER

Determining where and how reconciliation ecology can work 
best. See academic.cengage.com/biology/miller.

Figure 10-29 lists some ways in which you can help 
sustain the earth’s terrestrial biodiversity.

Figure 10-29 Individuals Matter: ways to help sustain terrestrial biodiversity. 
Questions: Which two of these actions do you think are the most important? Why? 
Which of these things do you already do? 

■ Adopt a forest

■ Plant trees and take care of them

■ Recycle paper and buy recycled paper products

■ Buy sustainably produced wood and wood products

■ Choose wood substitutes such as bamboo furniture and recycled plastic 
outdoor furniture, decking, and fencing

■ Help to restore a nearby degraded forest or grassland

■ Landscape your yard with a diversity of plants natural to the area

Sustaining Terrestrial Biodiversity

WHAT CAN YOU DO?
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REVIEW

1. Review the Key Questions and Concepts for this chap-
ter on p. 215. Describe the beneficial effects of rein-
troducing the keystone gray wolf species (Figure 10-1) 
into Yellowstone National Park in the United States 
(Core Case Study).

2. Distinguish among an old-growth forest, a 
second-growth forest, and a tree plantation (tree 
farm or commercial forest). What major ecological and 
economic benefits do forests provide? Describe the ef-
forts of scientists and economists to put a price tag on the 
major ecological services provided by forests and other 
ecosystems.

3. What harm is caused by building roads into previously in-
accessible forests? Distinguish among selective cutting, clear-
cutting, and strip cutting in the harvesting of trees. What are 
the major advantages and disadvantages of clear-cutting 
forests?

4. What are two types of forest fires? What are some eco-
logical benefits of occasional surface fires? What are 
four ways to reduce the harmful impacts of diseases and 
insects on forests? What effects might projected global 
warming have on forests?

5. What parts of the world are experiencing the greatest 
forest losses? Define deforestation and list some of its 
major harmful environmental effects. Describe the en-
couraging news about deforestation in the United States. 
What are the major basic and secondary causes of tropical 
deforestation?

6. Describe four ways to manage forests more sustainably. 
What is certified timber? What are four ways to reduce 
the harms to forests and to people from forest fires? What 
are three ways to reduce the need to harvest trees? What 
is the fuelwood crisis and what are three ways to reduce 
its severity? Describe the Green Belt Movement. What are 
five ways to protect tropical forests and use them more 
sustainably?

7. Distinguish between rangelands and pastures. Distin-
guish between the overgrazing and undergrazing of 
rangelands. What are three ways to reduce overgrazing 

and use rangelands more sustainably? Describe the con-
flict between ranching and urban development in the 
American West.

8. What major environmental threats affect national parks? 
How could national parks in the United States be used 
more sustainably? Describe some of the ecological effects 
of reintroducing the gray wolf to Yellowstone National 
Park in the United States (Core Case Study). What 
percentage of the world’s land has been set aside 
and protected as nature reserves, and what percentage do 
conservation biologists believe should be protected?

9. How should nature reserves be designed and connected? 
Describe what Costa Rica has done to establish nature 
reserves. What is wilderness and why is it important? 
Describe the controversy over protecting wilderness in the 
United States. What is a biological hotspot and why is it 
important to protect such areas? Why is it also important 
to protect areas where deteriorating ecosystem services 
threaten people and other forms of life?

10. What is ecological restoration? What are the four 
parts of a prominent strategy for carrying out ecological 
restoration and rehabilitation? Describe the ecological 
restoration of a tropical dry forest in Costa Rica. Define 
and give three examples of reconciliation (applied) 
ecology. Describe the relationship between reestab-
lishing wolves in Yellowstone National park 
(Core Case Study) and the four scientific
principles of sustainability.

CRITICAL THINKING

1. List three ways in which you could apply Concept 10-5C to 
help sustain terrestrial ecosystems and biodiversity.

2. Do you support the reintroduction of the gray wolf 
into the Yellowstone ecosystem in the United 
States (Core Case Study)? Explain. Do you think 

the reintroduction of wolves should be expanded to areas 
outside of the park? Explain.

3. Some argue that growing oil palm trees in plantations 
in order to produce biodiesel fuel will help us to lessen 
our dependence on oil and will cut vehicle CO2 emis-

Note: Key Terms are in bold type.
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ECOLOGICAL FOOTPRINT ANALYSIS

Study the data below on deforestation in five countries, and 
answer the questions that follow.

sions. Do you think these benefits are important enough 
to justify burning and clearing some tropical rain forests? 
Why or why not? Can you think of ways to produce 
biofuels, other than cutting trees? What are they?

4. In the early 1990s, Miguel Sanchez, a subsistence 
farmer in Costa Rica, was offered $600,000 by a ho-
tel developer for a piece of land that he and his family 
had been using sustainably for many years. The land 
contained an old-growth rain forest and a black sand 
beach in an area under rapid development. Sanchez 
refused the offer. What would you have done if you 
were in Miguel Sanchez’s position? Explain your 
decision.

5. There is controversy over whether Yellowstone 
National Park in the United States should be accessible 
by snowmobile during winter. Conservationists and 
backpackers, who use cross-country skis or snowshoes 
for excursions in the park during winter, say no. They 
contend that snowmobiles are noisy, pollute the air, and 
can destroy vegetation and disrupt some of the park’s 
wildlife. Proponents say that snowmobiles should be al-
lowed so that snowmobilers can enjoy the park during 
winter when cars are mostly banned. They point out that 
new snowmobiles are made to cut pollution and noise. 
A proposed compromise plan would allow no more than 
950 of these new machines into the park per day, only on 
roads, and primarily on guided tours. What is your view 
on this issue? Explain.

6. In 2007, Lester R. Brown estimated that reforesting the 
earth and restoring the earth’s degraded rangelands 
would cost about $15 billion a year. Suppose the United 
States, the world’s most affluent country, agreed to put 
up half this money, at an average annual cost of $25 per 
American. Would you support doing this? Explain. What 
other part or parts of the federal budget would you de-
crease to come up with these funds?

7. Should developed countries provide most of the money 
needed to help preserve remaining tropical forests in de-
veloping countries? Explain.

8. Are you in favor of establishing more wilderness areas 
in the United States, especially in the lower 48 states (or 
in the country where you live)? Explain. What might be 
some drawbacks of doing this?

9. Congratulations! You are in charge of the world. List the 
three most important features of your policies for us-
ing and managing (a) forests, (b) grasslands, (c) nature 
reserves such as parks and wildlife refuges, (d) biologi-
cal hotspots, and (e) areas with deteriorating ecosystem 
services.

10. List two questions that you would like to have answered 
as a result of reading this chapter.

Note: See Supplement 13 (p. S78) for a list of Projects related to this chapter.

   Area 
  Area of of Deforestation Annual Rate
  Tropical Rain Forest per Year of Tropical Forest
 Country (square kilometers) (square kilometers) Loss

 A 1,800,000 50,000 

 B 55,000 3,000 

C 22,000 6,000 

D 530,000 12,000 

E 80,000 700 

1. What is the annual rate of tropical rain forest loss, as a 
percentage of total forest area, in each of the five coun-
tries? Answer by filling in the blank column in the table.

2. What is the annual rate of tropical deforestation 
collectively in all of the countries represented in the 
table?

3. According to the table, and assuming the rates of defores-
tation remain constant, which country’s tropical rain for-
est will be completely destroyed first? 

4. Assuming the rate of deforestation in Country C remains 
constant, how many years will it take for all of its tropical 
rain forests to be destroyed?
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LEARNING ONLINE

Log on to the Student Companion Site for this book at 
academic.cengage.com/biology/miller, and choose 
Chapter 10 for many study aids and ideas for further read-

ing and research. These include flash cards, practice quiz-
zing, Weblinks, information on Green Careers, and InfoTrac®

College Edition articles.

5. Assuming that a hectare (1.0 hectare " 0.01 square 
kilometer) of tropical rain forest absorbs 0.85 metric tons 
of carbon dioxide per year, what would be the total an-
nual growth in the carbon footprint (carbon emitted but 

not absorbed by vegetation because of deforestation) in 
metric tons of carbon dioxide per year from deforestation 
for each of the five countries in the table?



C O R E  C A S E  S T U D Y  A Biological Roller Coaster Ride 
in Lake Victoria

Sustaining Aquatic 
Biodiversity 11

Lake Victoria, a large, shallow lake in East Africa (Figure 11-1), 
has been in ecological trouble for more than 2 decades.

Until the early 1980s, the lake had 500 species of fish found 
nowhere else. About 80% of them were small fish known as 
cichlids (pronounced “SIK-lids”), which feed mostly on detritus, 
algae, and zooplankton. Since 
1980, some 200 of the cichlid spe-
cies have become extinct, and some 
of those that remain are in trouble.

Several factors caused this dra-
matic loss of aquatic biodiversity. 
First, there was a large increase in 
the population of the Nile perch 
(Figure 11-2). This large predatory 
fish was deliberately introduced 
into the lake during the 1950s and 
1960s to stimulate exports of the 
fish to several European countries, 
despite warnings by biologists that 
this huge fish with a big appetite 
would reduce or eliminate many de-
fenseless native fish species. The population of this large and pro-
lific fish exploded, devoured the cichlids and by 1986 had wiped 
out over 200 cichlid species.

Introducing the perch had other social and ecological effects. 
The new mechanized fishing industry increased poverty and 
malnutrition by putting most small-scale fishers and fish vendors 
out of business. And because the oily flesh of the perch are pre-
served by use of a wood smoker, local forests were depleted for 
firewood.

Another factor in loss of biodiversity in Lake Victoria was 
frequent algal blooms. These blooms became more common in 
the 1980s, due to nutrient runoff from surrounding farms and 
deforested land, spills of untreated sewage, and declines in the 
populations of algae-eating cichlids.

Also, the Nile perch population is decreasing because it 
severely reduced its own food supply of smaller fish-
es—an example of one of the four scientific principles 
of sustainability (see back cover) in action—and it also 
shows signs of being overfished. This may allow a gradual in-
crease in the populations of some of the remaining cichlids.

This ecological story about the dynamics of large aquatic 
systems illustrates that there are unintended consequences when 
we intrude into a poorly understood ecosystem.

This chapter is devoted to helping us to understand the 
threats to aquatic biodiversity and what we can do to help sus-
tain this vital part of the earth’s natural capital.
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Figure 11-2 Natural capital degradation: the Nile perch 
is a fine food fish that can weigh more than 91 kilograms 
(200 pounds). However, this deliberately introduced fish 
has played a key role in a major loss of biodiversity in East 
Africa’s Lake Victoria (left).

Figure 11-1 Lake Victoria is 
a large lake in East Africa.
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We Have Much to Learn about 
Aquatic Biodiversity
Although we live on a watery planet, we have explored 
only about 5% of the earth’s global ocean (Figure 8-2, 
p. 163) and know relatively little about its biodiversity 
and how it works. We also have limited knowledge 
about freshwater biodiversity.

However, scientists have observed three general 
patterns of marine biodiversity. First, the greatest ma-
rine biodiversity occurs in coral reefs (Chapter 8 Core 

Case Study, p. 162), estuaries, and the deep-ocean 
floor. Second, biodiversity is higher near coasts than in 
the open sea because of the greater variety of producers 
and habitats in coastal areas (Figure 8-5, p. 166). Third,
biodiversity is higher in the bottom region of the ocean 
than in the surface region because of the greater vari-
ety of habitats and food sources on the ocean bottom.

The world’s marine systems provide important eco-
logical and economic services (Figure 8-4, p. 165). Thus, 
scientific investigation of poorly understood marine 
aquatic systems is a research frontier that could lead to 

Key Questions and Concepts

11-1 What are the major threats to aquatic 
biodiversity?
CONCEPT 11 - 1  Aquatic species are threatened by habitat 
loss, invasive species, pollution, climate change, and over-
exploitation, all made worse by the growth of the human 
population.

11-2 How can we protect and sustain marine 
biodiversity?
CONCEPT 11 -2  We can help to sustain marine biodiversity 
by using laws and economic incentives to protect species, setting 
aside marine reserves to protect ecosystems, and using community-
based integrated coastal management.

11-3 How should we manage and sustain marine 
fisheries?
CONCEPT 11 -3  Sustaining marine fisheries will require 
improved monitoring of fish populations, cooperative fisheries 
management among communities and nations, reduction of 
fishing subsidies, and careful consumer choices in seafood 
markets.

11-4 How can we protect and sustain wetlands?
CONCEPT 11 -4  To maintain the ecological and economic 
services of wetlands, we must maximize preservation of remaining 
wetlands and restoration of degraded and destroyed wetlands.

11-5 How can we protect and sustain freshwater 
lakes, rivers, and fisheries?
CONCEPT 11 -5  Freshwater ecosystems are strongly affected 
by human activities on adjacent lands, and protecting these 
ecosystems must include protection of their watersheds.

11-6 What should be our priorities for sustaining 
biodiversity and ecosystem services?
CONCEPT 11 -6  Sustaining the world’s biodiversity and 
ecosystem services will require mapping terrestrial and aquatic 
biodiversity, maximizing protection of undeveloped terrestrial and 
aquatic areas, and carrying out ecological restoration projects 
worldwide.

Note: Supplements 2 (p. S4), 8 (p. S47), and 13 (p. S78) can be used with this chapter.

The coastal zone may be the single most important portion of our planet. 
The loss of its biodiversity may have repercussions 

far beyond our worst fears.
G. CARLETON RAY

11-1 What Are the Major Threats 
to Aquatic Biodiversity?

CONCEPT 11-1 Aquatic species are threatened by habitat loss, invasive species, 
pollution, climate change, and overexploitation, all made worse by the growth of 
the human population.

▲

250 Links: refers to the Core Case Study. refers to the book’s sustainability theme. indicates links to key concepts in earlier chapters.
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immense ecological and economic benefits. Fresh water
systems, which occupy only 1% of the earth’s surface, 
also provide important ecological and economic services 
(Figure 8-14, p. 174).

RESEARCH FRONTIERS

Exploring marine and freshwater ecosystems, their species, 
and species interactions. See academic.cengage.com/
biology/miller.

Human Activities Are 
Destroying and Degrading 
Aquatic Habitats
As with terrestrial biodiversity, the greatest threats to 
the biodiversity of the world’s marine and freshwater 
ecosystems (Concept 11-1) can be remembered with 
the aid of the acronym HIPPCO, with H standing for 
habitat loss and degradation. Some 90% of fish living in 
the ocean spawn in coral reefs (Figure 4-10, left, p. 89, 
and Figure 8-1, p. 162), mangrove forests (Figure 8-8, 
p. 168), coastal wetlands (Figure 8-7, p. 167), or riv-
ers (Figure 8-17, p. 176). And these areas are under 
intense pressure from human activities (Figure 8-12, 
p. 172). Scientists reported in 2006 that these coastal 
habitats are disappearing at rates 2–10 times higher 
than the rate of tropical forest loss.

A major threat is loss and degradation of many sea-
bottom habitats by dredging operations and trawler 
fishing boats. Trawlers drag huge nets weighted down 
with heavy chains and steel plates like giant submerged 
bulldozers over ocean bottoms to harvest a few spe-
cies of bottom fish and shellfish (Figure 11-3). Trawling 
nets reduce coral reef habitats to rubble and kill a vari-
ety of creatures on the bottom by crushing them, bury-
ing them in sediment, and exposing them to predators. 
Each year, thousands of trawlers scrape and disturb an 
area of ocean floor about 150 times larger than the area 
of forests that are clear-cut annually.

In 2004, some 1,134 scientists signed a statement 
urging the United Nations to declare a moratorium on 
bottom trawling on the high seas by 2006 and to elimi-
nate it globally by 2010. Fishing nations led by Iceland, 
Russia, China, and South Korea blocked such a ban. 
But in 2007, those countries (except for Iceland) and 18 
others agreed to voluntary restrictions on bottom trawl-
ing in the South Pacific. The agreement will partially 
protect about one-quarter of the world’s ocean bottom 
but monitoring and enforcement will be difficult.

Habitat disruption is also a problem in freshwater 
aquatic zones. Dams and excessive water withdrawal 
from rivers and lakes (mostly for agriculture) destroy 
aquatic habitats and water flows and disrupt freshwater 
biodiversity. As a result of these and other human ac-
tivities, 51% of freshwater fish species—more than any 
other major type of species—are threatened with pre-
mature extinction (Figure 9-6, p. 189).

Figure 11-3 Natural capital degradation: area of ocean bottom 
before (left) and after (right) a trawler net scraped it like a gigantic 
plow. These ocean floor communities could take decades or centu-
ries to recover. According to marine scientist Elliot Norse, “Bottom 
trawling is probably the largest human-caused disturbance to the 
biosphere.” Trawler fishers claim that ocean bottom life recovers 
after trawling and that they are helping to satisfy the increasing 
consumer demand for fish. Question: What land activities are 
comparable to this?Pe
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Invasive Species Are Degrading 
Aquatic Biodiversity
Another problem is the deliberate or accidental intro-
duction of hundreds of harmful invasive species—the 
I in HIPPCO—(Figure 9-14, p. 199) into coastal wa-
ters, wetlands, and lakes throughout the world (Con-
cept 11-1). These bioinvaders can displace or cause the 
extinction of native species and disrupt ecosystem ser-
vices. For example, since the late 1980s, Lake Victoria 
(Core Case Study) has been invaded by the wa-
ter hyacinth (Figure 11-4). This rapidly grow-
ing plant has carpeted large areas of the lake, blocked 
sunlight, deprived fish and plankton of oxygen, and re-
duced aquatic plant diversity.

THINKING ABOUT
The Nile Perch and Lake Victoria

Would most of the now extinct cichlid fish species 
in Lake Victoria (Core Case Study) still exist today if 
the Nile perch had not been introduced? Or might other 
factors come into play? Explain.

According to a 2008 study by The Nature Conser-
vancy, 84% of the world’s coastal waters are being 
colonized by invasive species. Bioinvaders are blamed 
for about two-thirds of fish extinctions in the United 
States between 1900 and 2000. They cost the country 
an average of about $14 million per hour. Many of these 
invaders arrive in the ballast water stored in tanks in 
large cargo ships to keep them stable. These ships take 
in ballast water—along with whatever microorganisms 

and tiny species it contains—in one harbor and dump it 
in another.

Consumers also introduce invasive species. For 
example, the Asian swamp eel has invaded the water-
ways of south Florida (USA), probably from the dump-
ing of a home aquarium. This rapidly reproducing eel 
eats almost anything—including many prized fish spe-
cies—by sucking them in like a vacuum cleaner. It can 
elude cold weather, drought, and predators by burrow-
ing into mud banks. It is also resistant to waterborne 
poisons because it can breathe air, and it can wriggle 
across dry land to invade new waterways, ditches, ca-
nals, and marshes. Eventually, this eel could take over 
much of the waterways of the southeastern United 
States.

Another example is the purple loose strife, a perennial 
plant that grows in wetlands in parts of Europe. Since 
the 1880s, it has been imported and used in gardens 
as an ornamental plant in many parts of the world. A 
single plant can produce more than 2.5 million seeds a 
year, which are spread by flowing water and by becom-
ing attached to wildlife, livestock, hikers, and vehicle 
tire treads. It reduces wetland biodiversity by displacing 
native vegetation and reducing habitat for some forms 
of wetland wildlife.

Some U.S. states have recently introduced two 
natural predators of loosestrife from Europe: a weevil 
species and a leaf-eating beetle. It will take some time 
to determine the effectiveness of this biological con-
trol approach and to be sure the introduced predators 
themselves do not become pests.

While threatening native species, invasive species 
can also disrupt and degrade whole ecosystems. This is 
the focus of study for a growing number of researchers 
(Science Focus, at right).

Population Growth and Pollution 
Can Reduce Aquatic Biodiversity
The U.N. Environment Programme (UNEP) projects 
that, by 2020, 80% of the world’s people will be liv-
ing along or near the coasts, mostly in gigantic coastal 
cities. This coastal population growth—the first P in 
HIPPCO—will add to the already intense pressure on 
the world’s coastal zones, primarily by destroying more 
aquatic habitat and increasing pollution (Concept 11-1).

A 2008 study by Benjamin S. Halpern and other 
scientists found that only 4% of the world’s oceans are 
not affected by pollution—the second P in HIPPCO—
and 40% are strongly affected. In 2004, the UNEP es-
timated that 80% of all ocean pollution comes from 
land-based coastal activities. Humans have doubled the 
flow of nitrogen, mostly from nitrate fertilizers, into the 
oceans since 1860, and the 2005 Millennium Ecosystem 
Assessment estimated that this flow will increase by an-
other two-thirds by 2050. These inputs of nitrogen (and 
similar inputs of phosphorus) result in eutrophication 

Figure 11-4 Invasive water hyacinths, supported by nutrient runoff, clogged a ferry 
terminal on the Kenyan part of Lake Victoria in 1997. By blocking sunlight and consum-
ing oxygen, this invasion has reduced biodiversity in the lake. Scientists reduced the 
problem at strategic locations by mechanical removal and by introducing two weevils 
for biological control of the hyacinth.
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of marine and freshwater systems, which can lead to 
algal blooms (Figure 8-16, right, p. 175), fish die-offs, 
and degradation of ecosystem services.

In Lake Victoria, such eutrophication was a key 
development in the takeover by invasive Nile perch 
and the loss of cichlid populations, as described in the 
Core Case Study. With increased runoff gen-
erated by the growing human population in 
nearby towns and farms came algal blooms. Because 
cichlids feed on algae, their populations rose dramati-
cally. Before Nile perch were introduced, such popu-
lation explosions would have ended in die-offs of the 
cichlids. But the Nile perch suddenly had a bigger food 
supply, and thus their population grew and led to 
changes in the lake’s ecosystem and all the resulting 
problems.

Similar pressures are growing in freshwater systems, 
as more people seek homes and places for recreation 
near lakes and streams. The result is massive inputs of 
sediment and other wastes from land into these aquatic 
systems.

Toxic pollutants from industrial and urban areas 
can kill some forms of aquatic life by poisoning them. 
And each year, plastic items dumped from ships and 
left as litter on beaches kill up to 1 million seabirds 
and 100,000 mammals and sea turtles. Such pollut-
ants and debris threaten the lives of millions of marine 
mammals (Figure 11-5, p. 254) and countless fish that 
ingest, become entangled in, or are poisoned by them. 
These forms of pollution lead to an overall reduction 
in aquatic bio diversity and degradation of ecosystem 
services.

SCIENCE FOCUS

How Carp Have Muddied Some Waters

that keeping carp out of Lake Wingra will be 
a daunting task, but his controlled scientific 
experiment clearly shows the effects that 
an invasive species can have on an aquatic 
ecosystem. And it reminds us that preventing 
the introduction of invasive species in the first 
place is the best way to avoid such effects.

Critical Thinking
What are two other results of this controlled 
experiment that you might expect? (Hint:
think food webs.)

ake Wingra lies within the city of 
Madison, Wisconsin (USA), sur-

rounded mostly by a forest preserve. While 
almost all of its shoreline is undeveloped, the 
lake receives excessive nutrient inputs from 
runoff, containing fertilizers from area farms 
and lawns, and storm water flowing in from 
city streets and parking lots. Its waters are 
green and murky throughout the warmer 
months of the year.

Lake Wingra also contains a number of in-
vasive plant and fish species, including purple 
loosestrife and common carp. The carp, 
which were introduced in the late 1800s, 
now make up about half of the fish biomass 
in the lake. They devour algae called chara, 
which would normally cover the lake bottom 
and stabilize sediments. Consequently, fish 
movements and currents stir these sediments, 
which accounts for much of the water’s ex-
cessive turbidity, or cloudiness.

Knowing this, Dr. Richard Lathrup, a 
limnologist (lake scientist) who works with 
Wisconsin’s Department of Natural Resources, 
hypothesized that removing the carp would 
help to restore the natural ecosystem of 
Lake Wingra. Lathrop speculated that with 
the carp gone, the bottom sediments would 
settle and become stabilized, allowing the 
water to clear. Clearer water would in turn al-
low native plants to receive more sunlight and 
become reestablished on the lake bottom, 
replacing purple loosestrife and other invasive 
plants that now dominate the shallow shore-
line waters.

Lathrop and his colleagues built a fish
exclosure by installing a thick, heavy vinyl 
curtain around a 1-hectare (2.5-acre), square-

L

shaped perimeter extending out from the 
shore (Figure 11-A). This barrier hangs from 
buoys on the surface to the bottom of the 
lake, isolating the volume of water within it. 
The researchers then removed all of the carp 
from this study area and began observing 
results. Within one month, the waters within 
the exclosure were noticeably clearer, and 
within a year, the difference in clarity was 
dramatic, as Figure 11-A shows.

In 2008, the scientists began removing 
carp from the rest of the lake. Lathrop notes 

Figure 11-A Lake Wingra in Madison, Wisconsin (USA) has become eutrophic largely 
because of the introductions of invasive species, including the common carp, which now 
represents half of the fish biomass in the lake. Removal of carp in the experimental area 
shown here resulted in a dramatic improvement in the clarity of the water and subse-
quent regrowth of native plant species in shallow water.
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Climate Change Is a Growing Threat
Climate change—the C in HIPPCO—threatens aquatic 
biodiversity (Concept 11-1) and ecosystem services 
partly by causing sea levels to rise. During the past 
100 years, average sea levels have risen by 10–20 cen-
timeters (4–8 inches), and scientists estimate they will 
rise another 18–59 centimeters (0.6–1.9 feet) and per-
haps as high as 1–1.6 meters (3.2–5.2 feet) between 
2050 and 2100 mostly, because of projected global 
warming. This would destroy more coral reefs, swamp 
some low-lying islands, drown many highly produc-
tive coastal wetlands, and put much of the U.S. state of 
Louisiana’s coast, including New Orleans, under water 
(Figure 8-18, p. 177). And some Pacific island nations 
could lose more than half of their protective coastal 
mangrove forests by 2100, according to a 2006 study by 
UNEP (Science Focus, at right). See The Habitable Planet, 
Video 5, at www.learner.org/resources/series209.
html for projected sea level changes in densely popu-
lated coastal areas such as Vietnam and New York City.

Overfishing and Extinction: 
Gone Fishing, Fish Gone
Overfishing—the O in HIPPCO—is not new. Archaeo-
logical evidence indicates that for thousands of years, 
humans living in some coastal areas have overhar-
vested fishes, shellfish, seals, turtles, whales, and other 
marine mammals (Concept 11-1). But today’s indus-
trialized fishing fleets can overfish much more of the 
oceans and deplete marine life at a much faster rate. 
Today, fish are hunted throughout the world’s oceans 
by a global fleet of millions of fishing boats—some of 
them longer than a football field. Modern industrial 

fishing can cause 80% depletion of a target fish species 
in only 10–15 years (Case Study, p. 256).

The human demand for seafood is outgrowing 
the sustainable yield of most ocean fisheries. To keep 
consuming seafood at the current rate, we will need 
2.5 times the area of the earth’s oceans, according to 
the Fishprint of Nations 2006, a study based on the con-
cept of the human ecological footprint (Con-
cept 1-3, p. 12, and Figure 1-10, p. 15). The 
fishprint is defined as the area of ocean needed to sus-
tain the consumption of an average person, a nation, or 
the world. The study found that all nations together are 
overfishing the world’s global oceans by an unsustain-
able 157%.

In most cases, overfishing leads to commercial ex-
tinction, which occurs when it is no longer profitable 
to continue fishing the affected species. Overfishing 
usually results in only a temporary depletion of fish 
stocks, as long as depleted areas and fisheries are al-
lowed to recover. But as industrialized fishing fleets 
vacuum up more and more of the world’s available 
fish and shellfish, recovery times for severely depleted 
populations are increasing and can take 2 decades or 
more. In 1992, for example, Canada’s 500-year-old 
Atlantic cod fishery off the coast of Newfoundland col-
lapsed and was closed. This put at least 20,000 fishers 
and fish processors out of work and severely dam-
aged Newfoundland’s economy. As Figure 11-6 shows, 

Figure 11-5 This Hawaiian monk seal was slowly starving to death 
before this discarded piece of plastic was removed from its snout. 
Each year, plastic items dumped from ships and left as litter on 
beaches threaten the lives of millions of marine mammals, turtles, 
and seabirds that ingest, become entangled in, or are poisoned by 
such debris.
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Figure 11-6 Natural capital degradation: this graph illustrates 
the collapse of the cod fishery in the northwest Atlantic off the 
Canadian coast. Beginning in the late 1950s, fishers used bottom 
trawlers to capture more of the stock, reflected in the sharp rise in 
this graph. This resulted in extreme overexploitation of the fishery, 
which began a steady fall throughout the 1970s, followed by a 
slight recovery in the 1980s and total collapse by 1992 when the 
site was closed to fishing. Canadian attempts to regulate fishing 
through a quota system had failed to stop the sharp decline. The 
fishery was reopened on a limited basis in 1998 but then closed in-
definitely in 2003. (Data from Millennium Ecosystem Assessment) 
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this cod population has not recovered, despite the fish-
ing ban.

Such a collapse can create a domino effect, leading 
to collapses of other species. After the cod were fished 
out in the North Atlantic, fishers turned to sharks, 
which provide important ecosystem services and help 
to control the populations of other species (Case Study, 
p. 96). Since then, overfishing of big sharks has cut 
Atlantic stocks by 99%, according to a 2007 Canadian 
fisheries study. Scientists reported that with the large 
sharks essentially gone, the northwest Atlantic popu-
lations of rays and skates, which the sharks once fed 
on, have exploded and have wiped out most of the bay 
scallops.

One result of the increasingly efficient global 
hunt for fish is that big individuals in many popula-
tions of commercially valuable predatory species—in-
cluding cod, salmon, mackerel, herring, and dogfish—
are becoming scarce. And according to a 2003 study 
by conservation biologist Boris Worm and his col-
leagues, 90% or more of the large, predatory, open-
ocean fishes such as tuna, swordfish, and marlin 
have dis appeared since 1950 (see The Habitable Planet,
Video 9, at www.learner.org/resources/series209.
html). The large bluefin tuna, with a typical weight of 
340 kilograms (750 pounds) and a length of 2 meters 
(6.5 feet), is the premier choice for sushi and sashimi, 
and, as the world’s most desirable fish, can sell for as 
much as $880 per kilogram ($400 per pound). As a re-
sult, it is probably the most endangered of all large fish 
species.

SCIENCE FOCUS

Sustaining Ecosystem Services by Protecting 
and Restoring Mangroves

government officials, and business leaders 
about the huge economic value of the natu-
ral eco system services they provide. These 
economic benefits should be considered 
during any decision-making process concern-
ing development of these fragile coastal 
areas.

Critical Thinking
Do you agree that the estimated eco-
nomic value of ecosystem services provided 
by mangroves should be considered in 
making coastal development decisions? If 
you agree, how would you accomplish this 
politically?

angroves are not among 
the world’s biodiversity 

hotspots and do not contain a large num-
ber of species, as do endangered tropical 
rain forests. However, they too require 
protection because of the important eco-
system services they provide for coastal 
dwellers.

For example, protecting mangroves and 
restoring them in areas where they have 
been destroyed are important ways to 
reduce the impacts of rising sea levels and 
more intense storm surges. These ecosystem 
services will become more important in the 
face of tropical storms, possibly becoming 
more intense as a result of global warming, 
and of tsunamis, caused mostly by earth-
quakes on ocean seafloors. Protecting and 
restoring these natural coastal barriers is also 

M much cheaper than building concrete sea 
walls or moving threatened coastal towns 
and cities inland.

Indonesia, a sprawling nation of about 
17,000 islands, is especially vulnerable to 
rising sea levels and storm surges. But de-
cades of rampant development along its 
island coastlines have destroyed or degraded 
about 70% of its mangrove forests. Even 
so, Indonesia still has the world’s largest 
area of mangroves, amounting to about 
one-fourth of the world’s remaining man-
grove forests. In the 1990s, it started a pro-
gram to protect more of these areas and to 
restore large areas of degraded mangrove 
forests.

Expanding mangrove protection and 
restoration in Indonesia and in other 
nations will require educating citizens, 

The fishing industry has begun working its way 
down marine food webs by shifting from large spe-
cies to smaller ones. This practice reduces the breeding 
stock needed for recovery of depleted species, which 
unravels marine food webs and disrupts marine ecosys-
tems and their ecosystem services.

Most fishing boats hunt and capture one or a small 
number of commercially valuable species. However, 
their gigantic nets and incredibly long lines of hooks 
also catch nontarget species, called bycatch. Almost 
one-third of the world’s annual fish catch, by weight, 
consists of these nontarget species, which are thrown 
overboard dead or dying. This can deplete the popu-
lations of bycatch species that play important roles in 
marine food webs. Marine mammals such as seals and 
dolphins can also become part of bycatch.

Fish species are also threatened with biological extinc-
tion, mostly from overfishing, water pollution, wetlands 
destruction, and excessive removal of water from rivers 
and lakes. According to the IUCN, 34% of the world’s 
known marine fish species and 71% of the world’s 
freshwater fish species face extinction within your life-
time. Indeed, marine and freshwater fishes are threatened 
with extinction by human activities more than any other 
group of species.

RESEARCH FRONTIER

Learning more about how aquatic systems work and how 
human activities affect aquatic biodiversity and aquatic eco-
system services. See academic.cengage.com/biology/
miller.
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Figure 11-7 Major commercial fishing methods used to harvest various marine species. These methods have 
become so effective that many fish species have become commercially extinct.

 ■ CASE STUDY

Industrial Fish Harvesting Methods
Industrial fishing fleets dominate the world’s marine 
fishing industry. They use global satellite positioning 
equipment, sonar, huge nets and long fishing lines, 
spotter planes, and gigantic refrigerated factory ships 
that can process and freeze their catches. These fleets 
help meet the growing demand for seafood. But crit-
ics say that these highly efficient fleets are vacuuming 
the seas, decreasing marine biodiversity, and degrading 
important marine ecosystem services. Today 75% of 
the world’s commercial fisheries are being fished at or 
beyond their estimated sustainable yields, according to 
the U.N. Food and Agricultural Organization.

Figure 11-7 shows the major methods used for the 
commercial harvesting of various marine fishes and 
shellfish. Until the mid-1980s, fishing fleets from de-

veloped countries dominated the ocean catch. Today, 
most of these fleets come from developing countries, 
especially in Asia.

Let us look at a few of these methods. Trawler fishing 
is used to catch fishes and shellfish—especially shrimp, 
cod, flounder, and scallops—that live on or near the 
ocean floor. It involves dragging a funnel-shaped net 
held open at the neck along the ocean bottom. It is 
weighted down with chains or metal plates and scrapes 
up almost everything that lies on the ocean floor and 
often destroys bottom habitats—somewhat like clear-
cutting the ocean floor (Figure 11-3). Newer trawling 
nets are large enough to swallow 12 jumbo jet planes 
and even larger ones are on the way. 

Another method, purse-seine fishing, is used to catch 
surface-dwelling species such as tuna, mackerel, ancho-
vies, and herring, which tend to feed in schools near 
the surface or in shallow areas. After a spotter plane lo-
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cates a school, the fishing vessel encloses it with a large 
net called a purse seine. Nets used to capture yellow fin 
tuna in the eastern tropical Pacific Ocean have killed 
large numbers of dolphins that swim on the surface 
above schools of tuna.

Fishing vessels also use longlining, which involves 
putting out lines up to 130 kilometers (80 miles) long, 
hung with thousands of baited hooks. The depth of the 
lines can be adjusted to catch open-ocean fish species 
such as swordfish, tuna, and sharks or bottom fishes 
such as halibut and cod. Longlines also hook and kill 
large numbers endangered sea turtles, dolphins, and 
seabirds each year. Making simple modifications to fish-
ing gear and practices can decrease seabird deaths.

With drift-net fishing, fish are caught by huge drifting 
nets that can hang as deep as 15 meters (50 feet) below 
the surface and extend to 64 kilometers (40 miles) long. 
This method can lead to overfishing of the desired spe-
cies and may trap and kill large quantities of unwanted 
fish, marine mammals, sea turtles, and seabirds.

Since 1992, a U.N. ban on the use of drift nets lon-
ger than 2.5 kilometers (1.6 miles) in international 
waters has sharply reduced use of this technique. But 
longer nets continue to be used because compliance 
is voluntary and it is difficult to monitor fishing fleets 
over vast ocean areas. Also, the decrease in drift net 
use has led to increased use of longlines, which often 
have similar harmful effects on marine wildlife.

The U.S. Endangered Species Act (Case Study, 
p. 207) and international agreements have been used 
to identify and protect endangered and threatened 
marine species such as whales (see the following Case 
Study), seals, sea lions, and sea turtles.

 ■ CASE STUDY

Protecting Whales: A Success 
Story . . . So Far
Cetaceans are an order of mostly marine mammals rang-
ing in size from the 0.9-meter (3-foot) porpoise to the 
giant 15- to 30-meter (50- to 100-foot) blue whale. 
They are divided into two major groups: toothed whales
and baleen whales (Figure 11-8, p. 258).

Toothed whales, such as the porpoise, sperm whale, 
and killer whale (orca), bite and chew their food and 
feed mostly on squid, octopus, and other marine 
animals. Baleen whales, such as the blue, gray, hump-
back, minke, and fin, are filter feeders. Attached to their 
upper jaws are plates made of baleen, or whalebone, 
which they use to filter plankton, especially tiny shrimp-
like krill (Figure 3-14, p. 63), from the seawater.

Whales are fairly easy to kill because of their large 
size and their need to come to the surface to breathe. 
Whale hunters became efficient at hunting and killing 
whales using radar, spotters in airplanes, fast ships, 

11-2 How Can We Protect and Sustain Marine 
Biodiversity?

CONCEPT 11-2 We can help to sustain marine biodiversity by using laws and 
economic incentives to protect species, setting aside marine reserves to protect 
ecosystems, and using community-based integrated coastal management.

▲

Laws and Treaties Have Protected 
Some Endangered and Threatened 
Marine Species
Protecting marine biodiversity is difficult for several 
reasons. First, the human ecological footprint (Fig-
ure 1-10, p. 15) and fishprint are expanding so rapidly 
into aquatic areas that it is difficult to monitor the im-
pacts (Concept 1-3, p. 12). Second, much of 
the damage to the oceans and other bodies of 
water is not visible to most people. Third, many people 
incorrectly view the seas as an inexhaustible resource 
that can absorb an almost infinite amount of waste and 
pollution and still produce all the seafood we want. Fi-
nally, most of the world’s ocean area lies outside the 
legal jurisdiction of any country. Thus, it is an open-
access resource, subject to overexploitation.

Nevertheless, there are ways to protect and sustain 
marine biodiversity, one of which is the regulatory ap-
proach (Concept 11-2). National and international laws 
and treaties to help protect marine species include the 
1975 Convention on International Trade in Endan-
gered Species (CITES), the 1979 Global Treaty on Mi-
gratory Species, the U.S. Marine Mammal Protection 
Act of 1972, the U.S. Endangered Species Act of 1973, 
the U.S. Whale Conservation and Protection Act of 
1976, and the 1995 International Convention on Bio-
logical Diversity.
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and harpoon guns. Whale harvesting, mostly in inter-
national waters, has followed the classic pattern of a 
tragedy of the commons, with whalers killing an esti-
mated 1.5 million whales between 1925 and 1975. This 
overharvesting drove 8 of the 11 major species to com-
mercial extinction.

Overharvesting also drove some commercially 
prized species such as the giant blue whale (Figure 11-8) 
to the brink of biological extinction. The endangered 

blue whale is the world’s largest animal. Fully grown, 
it is longer than three train boxcars and weighs more 
than 25 adult elephants. The adult has a heart the size 
of a Volkswagen Beetle, and some of its arteries are big 
enough for a child to swim through.

Blue whales spend about 8 months a year in 
Antarctic waters. During the winter, they migrate to 
warmer waters where their young are born. Before 
commercial whaling began, an estimated 250,000 blue 
whales roamed the Antarctic Ocean. Today, the species 
has been hunted to near biological extinction for its oil, 
meat, and bone. There are probably fewer than 5,000 
blue whales left. They take 25 years to mature sexually 
and have only one offspring every 2–5 years. This low 
reproductive rate will make it difficult for the species to 
recover.

Blue whales have not been hunted commercially 
since 1964 and have been classified as an endangered 
species since 1975. Despite this protection, some ma-
rine biologists fear that too few blue whales remain for 
the species to recover and avoid premature extinction. 
Others believe that with continued protection they will 
make a slow comeback.

In 1946, the International Convention for the Reg-
ulation of Whaling established the International Whal-
ing Commission (IWC). Its mission was to regulate the 
whaling industry by setting annual quotas to prevent 
overharvesting and commercial extinction. But IWC 
quotas often were based on inadequate data or were 
ignored by whaling countries. Without powers of en-
forcement, the IWC was not able to stop the decline of 
most commercially hunted whale species.

In 1970, the United States stopped all commercial 
whaling and banned all imports of whale products. 
Under pressure from conservationists, the U.S. govern-
ment, and governments of many nonwhaling countries, 
the IWC imposed a moratorium on commercial whal-
ing starting in 1986. It worked. The estimated number 
of whales killed commercially worldwide dropped from 
42,480 in 1970 to about 1,300 in 2007. However, de-
spite the ban, more than 26,000 whales were hunted 
and killed between 1986 and 2007.

Japan hunts and kills at least 1,000 minke and fin 
whales each year for what it calls “scientific purposes.” 
Critics see this annual whale hunt as poorly disguised 
commercial whaling because the whale meat is sold to 
restaurants. Each whale is worth up to $30,000 whole-
sale. Norway openly defies the international ban on 
commercial whaling and hunts and kills up to 1,000 
minke whales a year (Figure 11-9).

Japan, Norway, Iceland, Russia, and a growing 
number of small tropical island countries—which Japan 
brought into the IWC to support its position—hope to 
overthrow the IWC ban on commercial whaling and 
reverse the international ban on buying and selling 
whale products. They argue that commercial whaling 
should be allowed because it has been a traditional part 
of their economies and cultures.
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Figure 11-8 Examples of cetaceans, which can be classified as 
either toothed whales or baleen whales.
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Proponents of whaling also contend that the ban is 
emotionally motivated and not supported by current 
scientific estimates of whale populations. The mora-
torium on commercial whaling has led to a sharp re-
bound in these estimates for sperm, pilot, and minke 
whales.

Most conservationists disagree. Some argue that 
whales are peaceful, intelligent, sensitive, and highly 
social mammals that should be protected for ethical 
reasons. Others question IWC estimates of the allegedly 
recovered whale populations, noting the inaccuracy of 
such estimates in the past. And many conservationists 
fear that opening the door to any commercial whaling 
may eventually weaken current international disap-
proval and legal sanctions against commercial whaling 
and lead to widespread harvests of most whale species.

HOW WOULD YOU VOTE?

Should controlled commercial whaling be resumed for species 
with populations judged to be stable? Cast your vote online at 
academic.cengage.com/biology/miller.

Some coastal communities have an interest in main-
taining the ban on whaling because they can provide 
jobs and income through increasingly popular whale 
watching. For example, The Nature Conservancy pro-
moted whale watching in the town of Samaná in the 
Dominican Republic and has trained fishermen to work 
as whale-watching guides. The once run-down town 
has become a tourist hotspot, with spruced up houses, 

hotels, and inns, largely because of the popularity of 
whale watching. Local residents now have an economic 
interest in protecting the whales.

Economic Incentives Can Be Used 
to Sustain Aquatic Biodiversity
Other ways to protect endangered and threatened 
aquatic species involve using economic incentives (Con-
cept 11-2). For example, according to a 2004 World 
Wildlife Fund study, sea turtles are worth more to lo-
cal communities alive than dead. The report estimates 
that sea turtle tourism brings in almost three times 
more money than does the sale of turtle products such 
as meat, leather, and eggs.

The problem is that individuals seeking to make 
a quick gain take the turtles before their surrounding 
communities can realize the longer-term economic 
benefits by protecting them. Educating citizens about 
this issue could inspire communities to protect the tur-
tles (Case Study, below).

Some individuals find economic rewards in restor-
ing and sustaining aquatic systems. One example is an 
application of reconciliation ecology by a restaurant owner 
(Individuals Matter, p. 261).

 ■ CASE STUDY

Holding Out Hope for Marine Turtles
Of the seven species of marine turtles, six are either 
critically endangered or endangered. Among the lat-
ter is the leatherback sea turtle (Figure 11-10, p. 260), 
a species that has survived 100 million years, but now 
faces possible extinction. While their population is sta-
ble in the Atlantic Ocean, their numbers have declined 
by 95% in the Pacific.

Naturalist Carl Safina wrote about his studies of the 
leatherback in his book Voyage of the Turtle. He describes 
the leatherback as “the last living dinosaur.” The larg-
est of all sea turtles, and the only warm-blooded one, 
an adult turtle can weigh as much as 91 kilograms 
(200 pounds). It swims great distances, migrating across 
the Atlantic and Pacific Oceans, and it can dive as deep 
as 1,200 meters (3,900 feet). It is named for its leathery 
shell.

The leatherback female lays her eggs on sandy 
ocean beaches in the dark of night and then returns 
to the sea. The babies hatch simultaneously in large 
numbers and immediately scamper across the sand to 
try to survive to adulthood in ocean waters. As Safina 
describes it, “They start the size of a cookie, and come 
back the size of a dinosaur.”

While leatherbacks survived the impact of the giant 
asteroid that probably wiped out the dinosaurs, they 
may not survive the growing human impact on their 
environment. Bottom trawlers are destroying the coral 

Figure 11-9 Norwegian whalers harpooning a sperm whale. 
Norway and Japan kill up to 2,000 whales a year. They also believe 
that increased but sustainable commercial whaling should be al-
lowed for sperm, minke, and pilot whales whose stocks have built 
back to large numbers.
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gardens that serve as their feeding grounds. The tur-
tles are hunted for meat and leather, and their eggs are 
taken for food. They often drown after becoming en-
tangled in fishing nets and lines (Figure 11-10) and lob-
ster and crab traps. A 2004 study by R. I. Lewison and 
his colleagues estimated that in 2000 alone, longline 
fishing operations killed an estimated 50,000 leather-
back and 200,000 loggerhead sea turtles. Shrimp trawl-
ing fisheries also kill large numbers of leatherback and 
other sea turtle species.

Pollution is another threat. Sea turtles can mistake 
discarded plastic bags for jellyfish and choke to death 
on them. Beachgoers sometimes trample their nests. 
And artificial lights can disorient hatchlings as they try 
to find their way to the ocean; going in the wrong di-
rection increases their chances of ending up as food for 
predators.

Add to this the threat of climate change. Global 
warming will raise sea levels, which will flood nesting 
and feeding habitats, and change ocean currents, which 
could disrupt the turtles’ migration routes.

Many people are working to protect the leather-
backs. On some Florida beaches, lights are turned off or 
blacked out during hatching season. Nesting areas are 
roped off, and people respect the turtles, according to 
Safina. Since 1991, the U.S. government has required 
offshore shrimp trawlers to use turtle excluder devices 
(TEDs), which help to keep sea turtles out of their 
nets and to allow caught turtles to escape. TEDs have 
been adopted in 15 countries that export shrimp to the 
United States. And, in 2004, the United States banned 

long-line swordfish fishing off the Pacific coast to help 
save dwindling sea turtle populations.

On Costa Rica’s northwest coast in the community 
of Playa Junquillal, an important leatherback nesting 
area, residents learned that tourism can bring in almost 
three times as much money as selling turtle products 
can earn. Biologists working with the World Wild-
life Fund there directed a community-based program 
to educate people about the importance of protecting 
leatherbacks and to create revenue sources for local 
residents based on tourism instead of on harvesting 
turtle eggs. Volunteers were enlisted to find and rescue 
nests before they could be poached and to build hatch-
eries to protect the eggs.

For the leatherback turtles, this program was a suc-
cess. In 2004, on the local beaches, all known nests had 
been poached. The following year, all known nests were 
protected and none were poached. The leatherback had 
become an important economic resource for all, not for 
just a few, of the residents of Playa Junquillal.

THINKING ABOUT
The Leatherback Sea Turtle

Why should we care if the leatherback sea turtle becomes ex-
tinct? What are three things you would do to help protect this 
species from premature extinction?

Marine Sanctuaries Protect 
Ecosystems and Species
By international law, a country’s offshore fishing zone 
extends to 370 kilometers (200 statute miles) from its 
shores. Foreign fishing vessels can take certain quotas 
of fish within such zones, called exclusive economic zones,
but only with a government’s permission. Ocean areas 
beyond the legal jurisdiction of any country are known 
as the high seas, and laws and treaties pertaining to 
them are difficult to monitor and enforce.

Through the Law of the Sea Treaty, the world’s 
coastal nations have jurisdiction over 36% of the ocean 
surface and 90% of the world’s fish stocks. Instead of 
using this law to protect their fishing grounds, many 
governments have promoted overfishing, subsidized 
new fishing fleets, and failed to establish and en-
force stricter regulation of fish catches in their coastal 
waters.

Some countries are attempting to protect marine 
biodiversity and sustain fisheries by establishing marine 
sanctuaries. Since 1986, the IUCN has helped to estab-
lish a global system of marine protected areas (MPAs)—
areas of ocean partially protected from human activi-
ties. There are more than 4,000 MPAs worldwide, 200 
of them in U.S. waters. Despite their name, most MPAs 
are only partially protected. Nearly all allow dredg-
ing, trawler fishing, and other ecologically harmful 
resource extraction activities. However, the U.S. state 
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Figure 11-10 An endangered leatherback sea turtle is entangled in a fishing net and 
lines and could have starved to death had it not been rescued. 
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of California in 2007 began establishing the nation’s 
most extensive network of MPAs where fishing will be 
banned or strictly limited. Conservation biologists say 
this could be a model for other MPAs.

Establishing a Global Network 
of Marine Reserves: An Ecosystem 
Approach to Marine Sustainability
Many scientists and policymakers call for adopting an 
entirely new approach to managing and sustaining 
marine biodiversity and the important ecological and 
economic services provided by the seas. The primary 
objective of this ecosystem approach is to protect and sus-
tain whole marine ecosystems for current and future 
generations instead of focusing primarily on protecting 
individual species.

The cornerstone of this ecological approach is to 
establish a global network of fully protected marines
reserves, some of which already exist. These areas are 
put off-limits to destructive human activities in order 
to enable their ecosystems to recover and flourish. 
This global network would include large reserves on 
the high seas, especially near highly productive nutri-
ent upwelling areas (Figure 7-2, p. 142), and a mixture 
of smaller reserves in coastal zones that are adjacent to 
well-managed, sustainable commercial fishing areas. 
This would encourage local fishers and coastal commu-
nities to support them and participate in determining 
their locations. Some reserves could be made tempo-
rary or moveable to protect migrating species such as 
turtles. Governments could use satellite technologies to 
update fishing fleets about the locations of designated 
reserves.

Such reserves would be closed to extractive activi-
ties such as commercial fishing, dredging, and mining, 
as well as to waste disposal. Most reserves in the pro-
posed global network would permit less harmful activi-
ties such as recreational boating, shipping, and in some 
cases, certain levels of small-scale, nondestructive fish-
ing. However, most reserves would contain core zones 
where no human activity is allowed. Outside the re-
serves, commercial fisheries would be managed more 
sustainably by use of an ecosystem approach instead of 
the current approach, which focuses on individual spe-
cies without considering their roles in the marine eco-
systems where they live.

Marine reserves work and they work fast (see 
The Habitable Planet, Video 9, at www.learner.org/
resources/series209.html). Scientific studies show 
that within fully protected marine reserves, fish pop-
ulations double, fish size grows by almost a third, 
reproduction triples, and species diversity increases by 
almost one-fourth. Furthermore, this improvement 
occurs within 2–4 years after strict protection begins, 
and it lasts for decades (Concept 11-2). Research also 
shows that reserves benefit nearby fisheries, because 
fish move into and out of the reserves, and currents 
carry fish larvae produced inside reserves to adjacent 
fishing grounds, thereby bolstering the populations 
there.

In 2008, the Pacific island nation of Kiribati created 
the world’s largest protected marine reserve. This Cal-
ifornia-sized area is found about halfway between the 
Pacific islands of Fiji and Hawaii. In 2006, the United 
States created the world’s second largest protected re-
serve northwest of the U.S. state of Hawaii. The area 
is about the size of the U.S. state of Montana and sup-
ports more than 7,000 marine species, including the 
endangered Hawaiian monk seal (Figure 11-5) and the 

INDIVIDUALS MATTER

Creating an Artificial Coral Reef in Israel

into a restaurant surrounded with windows 
looking out on a beautiful coral reef.

This reef was created from pieces of 
broken coral. Typically, when coral breaks, 
the pieces become infected and die. But 
researchers have learned how to treat the 
coral fragments with antibiotics and to store 
them while they are healing in large tanks 
of fresh seawater. Yosef has such a facil-
ity, and when divers find broken pieces of 
coral in the reserve near Yosef’s restaurant, 
they bring them to his coral hospital. After 
several months of healing, the fragments 
are taken to the underwater area outside 
the Red Sea Star Restaurant’s windows 

ear the city of Eliat, Israel, at the 
northern tip of the Red Sea, is 

a magnificent coral reef, which is a major 
tourist attraction. To help protect the reef 
from excessive development and destructive 
tourism, Israel set aside part of the reef as a 
nature reserve. But tourism, industrial pollu-
tion, and inadequate sewage treatment have 
destroyed most of the unprotected part of 
the reef. 

Enter Reuven Yosef, a pioneer in coral 
reef restoration and reconciliation ecology, 
who has developed an underwater restaurant 
called the Red Sea Star Restaurant. Patrons 
take an elevator down two floors and walk 

where they are wired to panels of iron 
mesh cloth. The corals grow and cover the 
iron matrix. Then fish and other creatures 
show up.

Similarly, other damaged coral reefs are 
being restored. In 20 different countries, sci-
entists have increased the revival and growth 
rate of coral on submerged metal structures 
by exposing them to low-voltage electricity.

Using his creativity and working with 
nature, Yosef has helped to create a marine 
ecosystem that people can view and enjoy 
while they dine at his restaurant. At the same 
time, he has helped to restore and preserve 
aquatic biodiversity.

N

www.learner.org/resources/series209.html
www.learner.org/resources/series209.html
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endangered green sea turtle (see photo on the title page 
of this book).

Still, less than 1% of the world’s oceans are closed 
to fishing and other harmful human activities in marine 
reserves and only 0.1% is fully protected—compared 
to 5% of the world’s land. Thus, we have reserved es-
sentially 99.9% of the world’s oceans to use as we see 
fit. Furthermore, many current marine reserves are too 
small to protect most of the species within them and 
do not provide adequate protection from illegal fishing 
or from pollution that flows from the land into coastal 
waters.

In 2006, a statement signed by 161 leading marine 
scientists called for urgent action to create a global net-
work of fully protected marine reserves. Many marine 
scientists call for fully protecting at least 30% of the 
world’s oceans as marine reserves, and some call for 
protecting up to 50%. They also urge connecting the 
global network of marine reserves, especially those in 
coastal waters, with protected corridors. This would 
also help species to move to different habitats in the 
process of adapting to the effects of ocean warming, 
acidification, and many forms of ocean pollution.

Establishing and managing a global network of ma-
rine reserves would cost an estimated $12–14 billion a 
year and create more than 1 million jobs, according to 
a 2004 study by the World Wildlife Fund International 
and Great Britain’s Royal Society for Protection of 
Birds. This investment in protecting aquatic biodiver-
sity and regenerating fisheries is roughly equal to the 

amount currently spent by governments on subsidies 
for the fishing industry, which conservationists say en-
courage overfishing.

RESEARCH FRONTIER

Determining characteristics and locations of fully protected 
marine reserves that will maximize their effectiveness. See 
academic.cengage.com/biology/miller.

THINKING ABOUT
Marine Reserves

Do you support setting aside at least 30% of the world’s 
oceans as fully protected marine reserves? Explain. How 
would this affect your life?

Protecting Marine Biodiversity 
Requires Commitments from 
Individuals and Communities
There is hope for significant progress in sustaining ma-
rine biodiversity, but it will require that we change our 
ways—and soon. For example, IUCN and The Nature 
Conservancy scientists reported in 2006 that the 
world’s coral reefs and mangrove forests could survive 
currently projected global warming if we relieve other 
stressors such as overfishing and pollution. And while 
some coral species may be able to adapt to warmer 
temperatures, they may not have enough time to do 
this unless we act now to slow down the projected rate 
of global warming.

Increasing ocean acidity could have a major impact 
on corals and other marine organisms that build shells 
and skeletal structures out of calcium carbonate, which 
can dissolve at certain acidity levels. Increasing ocean 
acidity is likely to have serious impacts on the biodi-
versity and functioning of coral reefs. A 2005 report 
by the United Kingdom’s Royal Society concluded that 
there was no way to reverse the widespread chemical 
and biological affects of increasing ocean acidification 
except by sharply reducing human inputs of CO2 into 
the atmosphere, without delay.

 To deal with these problems, communities must 
closely monitor and regulate fishing and coastal land 
development and prevent pollution from land-based 
activities. More important, each of us can make careful 
choices in purchasing only sustainably harvested sea-
food. Coastal residents must also think carefully about 
the chemicals they put on their lawns, and the kinds of 
waste they generate and where it ends up. And indi-
viduals can reduce their carbon footprints to slow cli-
mate change and its numerous harmful effects on ma-
rine and other ecosystems, as discussed in more detail 
in Chapter 19.

One strategy emerging in some coastal communities 
is integrated coastal management—a community-based ef-Figure 11-11 An atoll of Australia’s Great Barrier Reef.
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fort to develop and use coastal resources more sustain-
ably (Concept 11-2). Australia manages its huge Great 
Barrier Reef Marine Park this way, and more than 100 
integrated coastal management programs are being de-
veloped throughout the world. Figure 11-11 shows an 
atoll of Australia’s Great Barrier Reef, which employs 
integrated coastal management programs.

The overall aim of such programs is for fishers, busi-
ness owners, developers, scientists, citizens, and politi-
cians to identify shared problems and goals in their use 
of marine resources. The idea is to develop workable, 

cost-effective, and adaptable solutions that help to pre-
serve biodiversity and environmental quality while also 
meeting various economic and social goals.

This requires all participants to seek reasonable 
short-term trade-offs that can lead to long-term ecolog-
ical and economic benefits. For example, fishers might 
have to give up fishing in certain areas until stocks 
recover enough to restore biodiversity in those areas, 
which might then provide fishers with a more sustain-
able future for their businesses.

11-3 How Should We Manage and Sustain Marine 
Fisheries?

CONCEPT 11-3 Sustaining marine fisheries will require improved monitoring of fish 
populations, cooperative fisheries management among communities and nations, 
reduction of fishing subsidies, and careful consumer choices in seafood markets.

▲

Estimating and Monitoring 
Fishery Populations Is the
First Step
The first step in protecting and sustaining the world’s 
marine fisheries is to make the best possible estimates 
of their fish populations (Concept 11-3). The traditional 
approach has used a maximum sustained yield (MSY) 
model to project the maximum number of fish that can 
be harvested annually from a fish stock without caus-
ing a population drop. However, the MSY concept has 
not worked very well because of the difficulty in esti-
mating the populations and growth rates of fish stocks. 
Also, harvesting a particular species at its estimated 
maximum sustainable level can affect the populations 
of other target and nontarget fish species and other 
marine organisms.

In recent years, some fishery biologists and manag-
ers have begun using the optimum sustained yield (OSY) 
concept. It attempts to take into account interactions 
among species and to provide more room for error. 
Similarly, another approach is multispecies management
of a number of interacting species, which takes into 
account their competitive and predator–prey interac-
tions. An even more ambitious approach is to develop 
complex computer models for managing multispecies 
fisheries in large marine systems. However, it is a political 
challenge to get groups of nations to cooperate in plan-
ning and managing such large systems.

There are uncertainties built into any of these ap-
proaches because there is much to learn about the biol-
ogy of fishes and because of changing ocean conditions. 

As a result, many fishery and environmental scientists 
are increasingly interested in using the precautionary
principle (Concept 9-4C, p. 210) for manag-
ing fisheries and large marine systems. This 
means sharply reducing fish harvests and closing some 
overfished areas until they recover and until we have 
more information about what levels of fishing can be 
sustained.

RESEARCH FRONTIER

Studying fish and their habitats to make better estimates 
of optimum sustained yields for fisheries. See academic
.cengage.com/biology/miller.

Some Communities Cooperate 
to Regulate Fish Harvests
An obvious step to take in protecting marine biodi-
versity—and therefore fisheries—is to regulate fish-
ing. Traditionally, many coastal fishing communities 
have developed allotment and enforcement systems 
that have sustained their fisheries, jobs, and com-
munities for hundreds and sometimes thousands of 
years. An example is Norway’s Lofoten fishery, one 
of the world’s largest cod fisheries. For 100 years, 
it has been self-regulated, with no participation by 
the Norwegian government. Cooperation can work 
(Concept 11-3).

However, the influx of large modern fishing boats 
and international fishing fleets has weakened the abil-
ity of many coastal communities to regulate and sustain 
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local fisheries. Community management systems have 
often been replaced by comanagement, in which coastal 
communities and the government work together to 
manage fisheries. 

In comanagement, a central government typically 
sets quotas for various species and divides the quotas 
among communities. The government may also limit 
fishing seasons and regulate the types of fishing gear 
that can be used to harvest a particular species. Each 
community then allocates and enforces its quota among 
its members based on its own rules. Often communi-
ties focus on managing inshore fisheries, and the cen-
tral government manages the offshore fisheries. When 
it works, community-based comanagement proves that 
overfishing is not inevitable.

Government Subsidies 
Can Encourage Overfishing
A 2006 study by fishery experts U. R. Sumaila and 
Daniel Pauly estimated that governments around the 
world give a total of about $30–34 billion per year to 
fishers to help them keep their businesses running. That 
represents about a third of all revenues earned through 
commercial fishing. Of that amount, about $20 billion 
helps fishers to buy ships, fuel, and fishing equipment; 
the remaining money pays for research and manage-
ment of fisheries.

Some marine scientists argue that, each year, 
$10–14 billion of these subsidies are spent to encourage 
overfishing and expansion of the fishing industry. At 
a 2007 meeting of the World Trade Organization, the 
United States proposed a ban on such subsidies. Actions 
to slash fishing subsidies were supported by a group of 
125 marine scientists from 27 countries.

Many marine scientists also call for stronger global 
efforts to reduce illegal fishing on the high seas and in 
coastal waters. Actions could include closing ports and 
markets to such fishers, checking on the authenticity 
of ship flags, and prosecuting companies that carry out 
illegal fishing.

THINKING ABOUT
Fishing Subsidies

What are three possible harmful effects of eliminating gov-
ernment fishing subsidies? Do you think they outweigh the 
benefits of such an action? Explain.

Some Countries Use the Marketplace 
to Control Overfishing
Some countries use a market-based system called indi-
vidual transfer rights (ITRs) to control access to fisheries. 
In such a system, the government gives each fishing 

vessel owner a specified percentage of the total allow-
able catch (TAC) for a fishery in a given year. Owners 
are permitted to buy, sell, or lease their fishing rights as 
private property.

The ITR market-based system was introduced in 
New Zealand in 1986 and in Iceland in 1990. In these 
countries, there has been some reduction in overfish-
ing and in the sizes of their fishing fleets, and the gov-
ernments have ended fishing subsidies that encourage 
overfishing. But enforcement has been difficult, some 
fishers illegally exceed their quotas, and the wasteful 
bycatch has not been reduced.

In 1995, the United States introduced tradable quo-
tas to regulate Alaska’s halibut fishery, which had de-
clined so much that the fishing season had been cut 
to only 2 days per year. Some fishers sold their quotas 
and retired, and the number of fishers declined. Hali-
but prices and fisher income rose, and with less pres-
sure from the fishing industry, the halibut population 
recovered. By 2005, the season was 258 days long.

Critics have identified three problems with the ITR 
approach and have made suggestions for its improve-
ment. First, in effect, it transfers ownership of fisheries 
in publicly owned waters to private commercial fishers 
but still makes the public responsible for the costs of 
enforcing and managing the system. Critics suggest col-
lecting fees of up to 5% of the value of any catch from 
quota holders to pay for these costs.

Second, an ITR system can squeeze out small fish-
ing companies that do not have the capital to buy ITRs 
from others, and it can promote illegal fishing by com-
panies squeezed out of the market. For example, 20 
years after the ITR system was implemented in New 
Zealand, five companies controlled 85% of the ITRs. 
Critics suggest limiting the number of rights that any 
one company can obtain.

Third, TACs are often set too high to prevent over-
fishing. Scientists argue the limit should be set at 
50–90% of the estimated optimal sustainable yield. 
Most fishing industry interests oppose setting stricter 
rules for ITR systems.

THINKING ABOUT
Individual Transfer Rights

Do you support or oppose widespread use of ITR systems to 
help control access to fisheries? Explain.

Consumer Choices Can Help 
to Sustain Fisheries and 
Aquatic Biodiversity
An important component of sustaining aquatic biodi-
versity and ecosystem services is bottom-up pressure 
from consumers demanding sustainable seafood, which 
will encourage more responsible fishing practices. In 
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choosing seafood in markets and restaurants, consum-
ers can make choices that will further help to sustain 
fisheries (Concept 11-3).

One way to enable this is through labeling of fresh 
and frozen seafood to inform consumers about how 
and where the fish and shellfish were caught. In the 
United Kingdom, the Waitrose supermarket food chain 
provides such information for all of the seafood sold at 
its fresh fish counters. See information on more sus-
tainable seafood choices and download a convenient 
pocket guide at www.seafoodwatch.org.

Another important component is certification of 
sustainably caught seafood. The London-based Ma-
rine Stewardship Council (MSC) was created in 1997 
to support sustainable fishing and to certify sustainably 
produced seafood. It operates in more than 20 nations. 
Only certified fisheries are allowed to use the MSC’s 
“Fish Forever” eco-label. This certification shows that 
the fish were caught using environmentally sound and 
socially responsible practices. By 2007, some 21 wild 
capture fisheries worldwide were MSC-certified, 18 
more were being assessed, and more than 600 seafood 
products were available with the MSC eco-label. Even 
so, by 2007 only about 6% of the world’s wild capture 
fisheries were certified.

In 2006, Wal-Mart, the world’s largest food retailer, 
pledged to sell only “MSC-certified” wild-caught fresh 
and frozen fish in North America within 3–5 years. If 
implemented, this will have a significant impact on the 
sustainability of the fresh and frozen seafood market.

Figure 11-12 summarizes actions that individuals, 
organizations, and governments can take to manage 
global fisheries more sustainably and to protect marine 
biodiversity and ecosystem services.

92% of its original coastal wetlands, and Italy has lost 
95%.

People have drained, filled in, or covered over 
swamps, marshes, and other wetlands for centuries to 
create rice fields and to make land available for grow-
ing crops, expanding cities, and building roads. Wet-
lands have also been destroyed in the process of ex-
tracting minerals, oil, and natural gas, and in order to 
reduce diseases such as malaria by eliminating breeding 
grounds for disease-causing insects.

S O L U T I O N S
Managing Fisheries

Fishery Regulations

Set catch limits well below the 
maximum sustainable yield

Improve monitoring and 
enforcement of regulations

Economic Approaches

Sharply reduce or eliminate 
fishing subsidies

Charge fees for harvesting fish 
and shellfish from publicly 
owned offshore waters

Certify sustainable fisheries

Protect Areas

Establish no-fishing areas

Establish more marine 
protected areas

Rely more on integrated 
coastal management

Consumer Information

Label sustainably harvested fish

Publicize overfished and 
threatened species

Bycatch

Use wide-meshed nets to 
allow escape of smaller fish

Use net escape devices for 
seabirds and sea turtles

Ban throwing edible and 
marketable fish back into 
the sea

Aquaculture

Restrict coastal locations for 
fish farms

Control pollution more 
strictly

Depend more on 
herbivorous fish species

Nonnative Invasions

Kill organisms in ship ballast 
water

Filter organisms from ship 
ballast water

Dump ballast water far at 
sea and replace with deep-
sea water

Figure 11-12 Ways to manage fisheries more sustainably and pro-
tect marine biodiversity and ecosystem services. Question: Which 
four of these solutions do you think are the most important? Why?

Coastal and Inland Wetlands 
Are Disappearing around 
the World
Coastal and inland wetlands are important reservoirs 
of aquatic biodiversity that provide vital ecological and 
economic services. Despite their ecological value, the 
United States has lost more than half of its coastal and 
inland wetlands since 1900, and other countries have 
lost even more. New Zealand, for example, has lost 

11-4 How Should We Protect and Sustain Wetlands?

CONCEPT 11-4 To maintain the ecological and economic services of wetlands, we 
must maximize preservation of remaining wetlands and restoration of degraded 
and destroyed wetlands.

▲

www.seafoodwatch.org
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Wetlands serve as natural filters. Those around Lake 
Victoria (Core Case Study) have historically cap-
tured human and animal wastes and kept the 
lake water clean enough to be used as drinking water 
for millions of Africans. In 2006, the director of Ugan-
da’s wetlands program reported that extensive drain-
ing and building on Lake Victoria’s coastal wetlands 
had led to serious water pollution that was killing fish 
and contaminating drinking water supplies for several 
countries. He noted that as the waste flow increases, 
still more wetlands are being destroyed. The Ugandan 
government is now working to protect its remaining 
wetlands.

To make matters worse, coastal wetlands in many 
parts of the world will probably be under water dur-
ing your lifetime because of rising sea levels caused by 
global warming. This could seriously degrade aquatic 
biodiversity supported by coastal wetlands, including 
commercially important fishes and shellfish and mil-
lions of migratory ducks and other birds. It will also 
diminish the many other ecological and economic ser-
vices provided by these wetlands.

We Can Preserve and Restore 
Wetlands
Scientists, land managers, landowners, and envi-
ronmental groups are involved in intensive efforts to 
preserve existing wetlands and restore degraded ones 
(Concept 11-4). Laws have been passed to protect exist-
ing wetlands. Zoning laws, for example, can be used to 
steer development away from wetlands.

A U.S. law requires a federal permit to fill in or to 
deposit dredged material into wetlands occupying more 
than 1.2 hectares (3 acres). According to the U.S. Fish 
and Wildlife Service, this law helped cut the average 

annual wetland loss by 80% since 1969. However, 
there are continuing attempts by land developers to 
weaken such wetlands protection. Only about 6% of 
remaining U.S. inland wetlands are under federal pro-
tection, and state and local wetland protection is incon-
sistent and generally weak.

The stated goal of current U.S. federal policy is zero 
net loss in the function and value of coastal and inland 
wetlands. A policy known as mitigation banking allows 
destruction of existing wetlands as long as an equal area 
of the same type of wetland is created or restored. How-
ever, a 2001 study by the National Academy of Sciences 
found that at least half of the attempts to create new 
wetlands failed to replace lost ones, and most of the cre-
ated wetlands did not provide the ecological functions 
of natural wetlands. The study also found that wetland 
creation projects often fail to meet the standards set for 
them and are not adequately monitored.

Creating and restoring wetlands can be profitable. 
Private investment bankers make money by buying 
wetland areas and restoring or upgrading them, work-
ing with the U.S. Army Corps of Engineers and the 
EPA. They thus create wetland banks or credits that 
they can sell to developers. Currently, there are more 
than 400 wetland banks in the United States with a to-
tal of more than $3 billion a year in sales. 

It is difficult to restore or create wetlands. Thus, 
most U.S. wetland banking systems require replacing 
each hectare of destroyed wetland with 2–3 or more 
hectares of restored or created wetlands as a built-in 
ecological insurance policy. GREEN CAREER: Wetlands 
restoration expert

Ecologists argue that mitigation banking should be 
used only as a last resort. They also call for making sure 
that new replacement wetlands are created and evalu-
ated before existing wetlands are to be destroyed. This 
example of applying the precautionary principle is of-
ten the reverse of what is actually done.

INDIVIDUALS MATTER

Restoring a Wetland

had destroyed the marsh by bulldozing, 
draining, and leveling it, uprooting the native 
plants, and spraying with chemicals to kill 
snails.

Callender and his friends set out to re-
store the marsh. They hollowed out low 
areas, built up islands, replanted bulrushes 
and other plants that once were there, 
reintroduced smartweed and other plants 
used by migrating and marsh-dwelling 
birds, and planted fast-growing Peking 
willows. After years of care, hand plant-

s we learn more about the eco-
logical and economic importance 

of coastal and inland wetlands, some peo-
ple have begun to question common prac-
tices that damage or destroy these ecosys-
tems. Can we turn back the clock to restore 
or rehabilitate lost wetlands?

California rancher Jim Callender de-
cided to try. In 1982, he bought 20 hect-
ares (50 acres) of a Sacramento Valley rice 
field that had been a marsh until the early 
1970s. To grow rice, the previous owner 

ing, and annual seeding with a mixture of 
watergrass, smartweed, and rice, the land 
is once again a marsh used by migratory 
waterfowl.

Jim Callender and others have shown 
that at least some of the continent’s de-
graded or destroyed wetlands can be re-
claimed with scientific knowledge and hard 
work. Such restoration is useful, but to 
most ecologists, the real challenge is to pro-
tect remaining wetlands from harm in the 
first place.

A
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THINKING ABOUT
Wetlands Mitigation

Should a new wetland be created and evaluated before any-
one is allowed to destroy the wetland it is supposed to re-
place? Explain.

Wetlands restoration is becoming a big business. 
While some wetlands restoration projects have failed, 
others have been very successful (Figure 11-13 and In-
dividuals Matter, at left).

RESEARCH FRONTIER

Evaluating ecological services provided by wetlands, human 
impacts on wetlands, and how to preserve and restore wet-
lands. See academic.cengage.com/biology/miller.

A good example of an attempt to restore a once vast 
wetland is that of the Everglades in the U.S. state of 
Florida, as described in the following case study.

 ■ CASE STUDY

Can We Restore the Florida 
Everglades?
South Florida’s Everglades (USA) was once a 100-kilo-
meter-wide (60-mile-wide), knee-deep sheet of water 
flowing slowly south from Lake Okeechobee to Florida 
Bay (Figure 11-14, p. 268). As this shallow body of 
water—known as the “River of Grass”—trickled south 
it created a vast network of wetlands with a variety of 
wildlife habitats.

Since 1948, a massive water control project has pro-
vided south Florida’s rapidly growing population with 
a reliable water supply and flood protection. But is has 
also contributed to widespread degradation of the origi-
nal Everglades ecosystem.

Much of the original Everglades has been drained, 
diverted, paved over, ravaged by nutrient pollution 
from agriculture, and invaded by a number of plant 
species. As a result, the Everglades is now less than half 
its original size. Much of it has also dried out, leaving 
large areas vulnerable to summer wildfires. And much 
of its biodiversity has been lost because of reduced wa-
ter flows, invasive species, and habitat loss and frag-
mentation from urbanization.

Between 1962 and 1971, the U.S. Army Corps of 
Engineers transformed the wandering 166-kilometer-
long (103-mile-long) Kissimmee River (Figure 11-14, 
p. 268) into a straight 84-kilometer (56-mile) canal 
flowing into Lake Okeechobee. The canal provided 
flood control by speeding the flow of water but it 
drained large wetlands north of Lake Okeechobee, 
which farmers then turned into cow pastures.

To help preserve the wilderness in the lower end of 
the Everglades system, in 1947, the U.S. government 
established Everglades National Park, which contains 
about a fifth of the remaining Everglades. But this pro-
tection effort did not work—as conservationists had 
predicted—because the massive water distribution and 
land development project to the north cut off much of 
the water flow needed to sustain the park’s wildlife.

As a result, 90% of the park’s wading birds have 
vanished, and populations of other vertebrates, from 
deer to turtles, are down 75–95%. Florida Bay, south 
of the Everglades is a shallow estuary with many tiny 
islands, or keys. Large volumes of freshwater that once 

Figure 11-13 Natural capital 
restoration: wetland restoration 
at Fort Erie, Ontario, Canada before 
(right) and after (left).
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Figure 11-14 The world’s largest ecological restoration project is an attempt to undo 
and redo an engineering project that has been destroying Florida’s Everglades (USA) 
and threatening water supplies for south Florida’s rapidly growing population.

flowed through the park into Florida Bay have been di-
verted for crops and cities, causing the bay to become 
saltier and warmer. This, along with increased nutri-
ent input from crop fields and cities, has stimulated the 
growth of large algal blooms that sometimes cover 40% 
of the bay. This has threatened the coral reefs and the 
diving, fishing, and tourism industries of the bay and 
the Florida Keys—another example of harmful unin-
tended consequences.

By the 1970s, state and federal officials recognized 
that this huge plumbing project was reducing wildlife 
populations—a major source of tourism income for 
Florida—and cutting the water supply for the 6 million 
residents of south Florida. After more than 20 years of 
political haggling, in 1990, Florida’s state government 
and the federal government agreed on the world’s larg-
est ecological restoration project, known as the Com-
prehensive Everglades Restoration Plan (CERP). The 
U.S. Army Corps of Engineers is supposed to carry out 
this joint federal and state plan to partially restore the 
Everglades.

The project has several ambitious goals. First, restore 
the curving flow of more than half of the Kissimmee 

River. Second, remove 400 kilometers (250 miles) of 
canals and levees blocking water flow south of Lake 
Okeechobee. Third, buy 240 square kilometers (93 
square miles) of farmland and allow it to be flooded to 
create artificial marshes that will filter agricultural run-
off before it reaches Everglades National Park. Fourth, 
create 18 large reservoirs and underground water stor-
age areas to ensure an adequate water supply for south 
Florida’s current and projected population and for the 
lower Everglades. Fifth, build new canals, reservoirs, 
and huge pumping systems to capture 80% of the wa-
ter currently flowing out to sea and return it to the 
Everglades.

Will this huge ecological restoration project work? 
It depends not only on the abilities of scientists and en-
gineers but also on prolonged political and economic 
support from citizens, the state’s powerful sugarcane 
and agricultural industries, and elected state and fed-
eral officials.

The carefully negotiated plan has begun to unravel. 
In 2003, sugarcane growers persuaded the Florida legis-
lature to increase the amount of phosphorus they could 
discharge and to extend the deadline for reducing such 
discharges from 2006 to 2016. The project had originally 
been estimated to cost $7.8 billion and to take 30 years. 
By 2007, the price tag had risen to $10.5 billion and 
was expected to go much higher, mostly because of an 
almost tenfold increase in land prices in South Florida 
between 2000 and 2007. Overall, funding for the proj-
ect, especially federal funding, has fallen short of the 
projected needs, and federal and state agencies are far 
behind on almost every component of the project. Now 
the project could take 50 years to complete, or it could 
be abandoned because of a lack of funding.

According to critics, the main goal of the Everglades 
restoration plan is to provide water for urban and ag-
ricultural development with ecological restoration as 
a secondary goal. Also, the plan does not specify how 
much of the water rerouted toward south and cen-
tral Florida will go to the parched park instead of to 
increased industrial, agricultural, and urban develop-
ment. And a National Academy of Sciences panel has 
found that the plan would probably not clear up Flor-
ida Bay’s nutrient enrichment problems.

The need to make expensive and politically contro-
versial efforts to undo some of the ecological damage 
done to the Everglades, caused by 120 years of agricul-
tural and urban development, is another example of 
failure to heed two fundamental lessons from nature: 
prevention is the cheapest and best way to go; and 
when we intervene in nature, unintended and often 
harmful consequences always occur.

THINKING ABOUT
Everglades Restoration

Do you support carrying out the proposed plan for partially 
restoring the Florida Everglades, including having the federal 
government provide half of the funding? Explain.
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Freshwater Ecosystems Are 
under Major Threats
The ecological and economic services provided by 
freshwater lakes, rivers, and fisheries (Figure 8-14, 
p. 174) are severely threatened by human activities 
(Concept 8-5).

Again, we can use the acronym HIPPCO 
to summarize these threats. As 40% of the world’s riv-
ers have been dammed or otherwise engineered, and as 
vast portions of the world’s freshwater wetlands have 
been destroyed, aquatic species have been crowded out 
of at least half of their habitat areas, worldwide. Inva-
sive species, pollution, and climate change threaten the 
ecosystems of lakes (Case Study, below), rivers, and 
wetlands. Freshwater fish stocks are overharvested. 
And increasing human population pressures and global 
warming make these threats worse.

Sustaining and restoring the biodiversity and eco-
logical services provided by freshwater lakes and riv-
ers is a complex and challenging task, as shown by the 
story of Lake Victoria (Core Case Study) as well 
as by the following Case Study.

 ■ CASE STUDY

Can the Great Lakes Survive 
Repeated Invasions by 
Alien Species?
Invasions by nonnative species is a major threat to the 
biodiversity and ecological functioning of lakes, as illus-
trated by what has happened to the five Great Lakes, 
located between the United States and Canada.

Collectively, the Great Lakes are the world’s larg-
est body of fresh water. Since the 1920s, they have 
been invaded by at least 162 nonnative species, and the 
number keeps rising. Many of the alien invaders arrive 
on the hulls or in bilge water discharges of oceangoing 
ships that have been entering the Great Lakes through 
the St. Lawrence Seaway for almost 50 years.

One of the biggest threats, the sea lamprey, reached 
the western lakes through the Welland Canal in Canada 
as early as 1920. This parasite attaches itself to almost 
any kind of fish and kills the victim by sucking out its 
blood (Figure 5-4b, p. 105). Over the years it has de-
pleted populations of many important sport fish species 

such as lake trout. The United States and Canada keep 
the lamprey population down by applying a chemical 
that kills lamprey larvae in their spawning streams—at 
a cost of about $15 million a year.

In 1986, larvae of the zebra mussel (Figure 9-14, 
p. 199) arrived in ballast water discharged from a 
European ship near Detroit, Michigan (USA). This 
thumbnail-sized mollusk reproduces rapidly and has 
no known natural enemies in the Great Lakes. As a re-
sult, it has displaced other mussel species and depleted 
the food supply for some other Great Lakes species. 
The mussels have also clogged irrigation pipes, shut 
down water intake pipes for power plants and city wa-
ter supplies, and fouled beaches. They have jammed 
ship rudders and grown in huge masses on boat hulls, 
piers, pipes, rocks, and almost any exposed aquatic 
surface (Figure 11-15). This mussel has also spread to 
freshwater communities in parts of southern Canada 
and 18 U.S. states. Currently, the mussels cost the two 

11-5 How Can We Protect and Sustain Freshwater Lakes, 
Rivers, and Fisheries?

CONCEPT 11-5 Freshwater ecosystems are strongly affected by human activities 
on adjacent lands, and protecting these ecosystems must include protection of their 
watersheds.

Figure 11-15 Zebra mussels attached to a water current meter in 
Lake Michigan. This invader entered the Great Lakes through bal-
last water dumped from a European ship. It has become a major 
nuisance and a threat to commerce as well as to biodiversity in the 
Great Lakes. 
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countries about $140 million a year—an average of 
$16,000 per hour.

Sometimes, nature aids us in controlling an invasive 
alien species. For example, populations of zebra mussels 
are declining in some parts of the Great Lakes because 
a native sponge growing on their shells is preventing 
them from opening up their shells to breathe. However, 
it is not clear whether the sponges will be effective in 
controlling the invasive mussels in the long run.

Zebra mussels may not be good for some fish spe-
cies or for us, but they can benefit a number of aquatic 
plants. By consuming algae and other microorganisms, 
the mussels increase water clarity, which permits deeper 
penetration of sunlight and more photosynthesis. This 
allows some native plants to thrive and could return the 
plant composition of Lake Erie (and presumably other 
lakes) closer to what it was 100 years ago. Because the 
plants provide food and increase dissolved oxygen, their 
comeback may benefit certain aquatic animals.

In 1989, a larger and potentially more destructive 
species, the quagga mussel, invaded the Great Lakes, 
probably discharged in the ballast water of a Russian 
freighter. It can survive at greater depths and tolerate 
more extreme temperatures than the zebra mussel can. 
There is concern that it may spread by river transport 
and eventually colonize eastern U.S. ecosystems such 
as Chesapeake Bay and waterways in parts of Flor-
ida. In 2007, it was found to have crossed the United 
States, probably hitching a ride on a boat or trailer be-
ing hauled cross-country. It now resides in the Colo-
rado River and reservoir system.

The Asian carp may be the next invader. These 
highly prolific fish, which can quickly grow as long as 
1.2 meters (4 feet) and weigh up to 50 kilograms (110 
pounds), have no natural predators in the Great Lakes. 
In less than a decade, this hearty fish with a voracious 
appetite has dominated sections of the Mississippi River 
and its tributaries and is spreading toward the Great 
Lakes. The only barriers are a few kilometers of water-
way and a little-tested underwater electric barrier span-
ning a canal near Chicago, Illinois.

THINKING ABOUT
Invasive Species in Lakes

What role did invasive species play in the degrada-
tion of Lake Victoria (Core Case Study)? What are 
three ways in which people could avoid introducing more 
harmful invasive species into lakes?

Managing River Basins Is Complex 
and Controversial
Rivers and streams provide important ecological and 
economic services (Figure 11-16). But overfishing, pol-
lution, dams, and water withdrawal for irrigation dis-
rupt these services.

An example of such disruption—one that especially 
illustrates biodiversity loss—is what happened in the 

Columbia River, which runs through parts of south-
western Canada and the northwestern United States. 
It has 119 dams, 19 of which are major generators of 
inexpensive hydroelectric power. It also supplies water 
for several major urban areas and for irrigating large 
areas of agricultural land.

The Columbia River dam system has benefited many 
people, but it has sharply reduced populations of wild 
salmon. These migratory fish hatch in the upper reaches 
of streams and rivers, migrate to the ocean where they 
spend most of their adult lives, and then swim up-
stream to return to the places where they were hatched 
to spawn and die. Dams interrupt their life cycle.

Since the dams were built, the Columbia River’s 
wild Pacific salmon population has dropped by 94% 
and nine Pacific Northwest salmon species are listed as 
endangered or threatened. Since 1980, the U.S. federal 
government has spent more than $3 billion in efforts to 
save the salmon, but none have been effective.

In another such case—on the lower Snake River 
in the U.S. state of Washington—conservationists, Na-
tive American tribes, and commercial salmon fishers 
want the government to remove four small hydroelec-
tric dams to restore salmon spawning habitat. Farm-
ers, barge operators, and aluminum workers argue that 
removing the dams would hurt local economies by 
reducing irrigation water, eliminating shipping in the 
affected areas, and reducing the supply of cheap elec-
tricity for industries and consumers.

HOW WOULD YOU VOTE?

Should U.S. government efforts to rebuild wild salmon 
populations in the Columbia River Basin be abandoned? 
Cast your vote online at academic.cengage.com/biology/
miller.

■ Deliver nutrients to sea to help sustain coastal fisheries

■ Deposit silt that maintains deltas

■ Purify water

■ Renew and renourish wetlands

■ Provide habitats for wildlife

N A T U R A L
C A P I T A L

Ecological Services of Rivers

Figure 11-16 Important ecological services provided by rivers. 
Currently, these services are given little or no monetary value when 
the costs and benefits of dam and reservoir projects are assessed. 
According to environmental economists, attaching even crudely 
estimated monetary values to these ecosystem services would help 
to sustain them. Questions: Which two of these services do you 
believe are the most important? Why? Which two of these services 
do you think we are most likely to decline? Why? 
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We Can Protect Freshwater 
Ecosystems by Protecting 
Watersheds
Sustaining freshwater aquatic systems begins with 
our realizing that whatever each of us does on land 
and in the water has some effect on those systems 
(Concept 11-5).

In other words, land and water are always con-
nected in some way. For example, lakes and streams 
receive many of their nutrients from the ecosystems of 
bordering land. Such nutrient inputs come from fall-
ing leaves, animal feces, and pollutants generated by 
people, all of which are washed into bodies of water 
by rainstorms and melting snow. Therefore, to protect 
a stream or lake from excessive inputs of nutrients and 
pollutants, we must protect its watershed.

As with marine systems, freshwater ecosystems can 
be protected through laws, economic incentives, and 
restoration efforts. For example, restoring and sustain-
ing the ecological and economic services of rivers will 
probably require taking down some dams and restoring 
river flows, as may be the case with the Snake River, as 
mentioned above. And some scientists and politicians 
have argued for protecting all remaining free-flowing 
rivers.

With that in mind, in 1968, the U.S. Congress 
passed the National Wild and Scenic Rivers Act to es-
tablish protection of rivers with outstanding scenic, 
recreational, geological, wildlife, historical, or cultural 
values. The law classified wild rivers as those that are 
relatively inaccessible (except by trail), and scenic riv-
ers as rivers of great scenic value that are free of dams, 
mostly undeveloped, and accessible in only a few places 
by roads. These rivers are now protected from widen-

ing, straightening, dredging, filling, and damming. But 
the Wild and Scenic Rivers System keeps only 2% of 
U.S. rivers free-flowing and protects only 0.2% of the 
country’s total river length.

Sustainable management of freshwater fishes in-
volves supporting populations of commercial and sport 
fish species, preventing such species from being over-
fished, and reducing or eliminating populations of 
harmful invasive species. The traditional way of man-
aging freshwater fish species is to regulate the time and 
length of fishing seasons and the number and size of 
fish that can be taken.

Other techniques include building reservoirs and 
farm ponds and stocking them with fish, fertilizing 
nutrient-poor lakes and ponds, and protecting and cre-
ating fish spawning sites. In addition, fishery manag-
ers can protect fish habitats from sediment buildup and 
other forms of pollution and from excessive growth of 
aquatic plants due to large inputs of plant nutrients.

Some fishery managers seek to control predators, 
parasites, and diseases by improving habitats, breeding 
genetically resistant fish varieties, and using antibiot-
ics and disinfectants. Hatcheries can be used to restock 
ponds, lakes, and streams with prized species such as 
trout, and entire river basins can be managed to protect 
valued species such as salmon. However, all of these 
practices should be based on on-going studies of their 
effects on aquatic ecosystems and biodiversity. GREEN
CAREERS: limnology, fishery management, and wildlife 
biology

RESEARCH FRONTIER

Studying the effects of resource management techniques on 
aquatic ecosystems. See academic.cengage.com/biology/
miller.

11-6 What Should Be Our Priorities for Sustaining 
Biodiversity and Ecosystem Services?

CONCEPT 11-6 Sustaining the world’s biodiversity and ecosystem services will 
require mapping terrestrial and aquatic biodiversity, maximizing protection of 
undeveloped terrestrial and aquatic areas, and carrying out ecological restoration 
projects worldwide.

We Need to Establish Priorities 
for Protecting Biodiversity and 
Ecosystem Services
In 2002, Edward O. Wilson, considered to be one of the 
world’s foremost experts on biodiversity, proposed the 
following priorities for protecting most of the world’s 
remaining ecosystems and species (Concept 11-6):

• Complete the mapping of the world’s terrestrial 
and aquatic biodiversity so we know what we have 
and therefore can make conservation efforts more 
precise and cost-effective.

• Keep intact the world’s remaining old-growth for-
ests and cease all logging of such forests.

• Identify and preserve the world’s terrestrial and 
aquatic biodiversity hotspots and areas where 

▲
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deteriorating ecosystem services threaten people 
and many other forms of life.

• Protect and restore the world’s lakes and river sys-
tems, which are the most threatened ecosystems of 
all.

• Carry out ecological restoration projects worldwide 
to heal some of the damage we have done and to 
increase the share of the earth’s land and water al-
lotted to the rest of nature.

• Find ways to make conservation financially re-
warding for people who live in or near terrestrial 
and aquatic reserves so they can become partners 
in the protection and sustainable use of the re-
serves.

There is growing evidence that the current harmful 
effects of human activities on the earth’s terrestrial and 

aquatic biodiversity and ecosystem services could be re-
versed over the next 2 decades. Doing this will require 
implementing an ecosystem approach to protecting and 
sustaining terrestrial and aquatic ecosystems. Accord-
ing to biologist Edward O. Wilson, such a conserva-
tion strategy would cost about $30 billion per year—an 
amount that could be provided by a tax of one penny 
per cup of coffee consumed in the world each year.

This strategy for protecting the earth’s precious bio-
diversity will not be implemented without bottom-up 
political pressure on elected officials from individual 
citizens and groups. People will also have to vote with 
their wallets by not buying products and services that 
destroy or degrade biodiversity. Finally, implementing 
this strategy will require concerted efforts and coop-
eration among scientists, engineers, and key people in 
government and the private sector.

Lake Victoria and Sustainability

This chapter began with a look at how human activities have up-
set the ecological processes of Africa’s Lake Victoria (Core Case 
Study).

Lake Victoria and other cases examined in this chapter illus-
trate the significant human impacts that have contributed to habi-
tat loss, the spread of invasive species, pollution, climate change, 
and depletion of commercially valuable fish populations, as well 
as degradation of aquatic biodiversity in general. We have seen 
that these threats are growing and are even greater than threats 
to terrestrial biodiversity.

We also explored ways to manage the world’s oceans, fisher-
ies, wetlands, lakes, and rivers more sustainably by applying the 
four scientific principles of sustainability. This means reduc-
ing inputs of sediments and excess nutrients, which cloud water, 
lessen the input of solar energy, and upset the natural cycling of 
nutrients in aquatic systems. It means placing a high priority on 
preserving the biodiversity and ecological functioning of aquatic 
systems and on maintaining natural species interactions that help 
to prevent excessive population growth of any one species, as 
happened in Lake Victoria.

R E V I S I T I N G 

By treating the oceans with more respect 
and by using them more wisely, 

we can obtain more from these life-supporting waters 
while also maintaining healthy 
and diverse marine ecosystems.

BRIAN HALWEIL

REVIEW

1. Review the Key Questions and Concepts for this chap-
ter on p. 250. Describe how human activities have 
upset ecological processes in East Africa’s Lake Victoria 
(Core Case Study).

2. What are three general patterns of marine biodi-
versity? Why is marine biodiversity higher (a) near coasts 
than in the open sea and (b) on the ocean’s bottom than 
at its surface? Describe the threat to marine biodiversity 
from bottom trawling. Give two examples of threats to 
aquatic systems from invasive species. Describe the eco-

logical experiment involving carp removal in Wisconsin’s 
Lake Wingra. How does climate change threaten aquatic 
biodiversity?

3. What is a fishprint? Describe the collapse of the cod fish-
ery in the northwest Atlantic and some of its side effects. 
Describe the effects of trawler fishing, purse-seine fishing, 
longlining, and drift-net fishing.

4. How have laws and treaties been used to help sustain 
aquatic species? Describe international efforts to protect 
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whales from overfishing and premature extinction. De-
scribe threats to sea turtles and efforts to protect them.

5. Describe the use of marine protected areas and marine 
reserves to help sustain aquatic biodiversity and ecosys-
tem services. What percentage of the world’s oceans is 
fully protected from harmful human activities in ma-
rine reserves? Describe the roles of fishing communities 
and individual consumers in regulating fishing and coastal 
development. What is integrated coastal management?

6. Describe and discuss the limitations of three ways to es-
timate the sizes of fish populations. How can the precau-
tionary principle help in managing fisheries and large ma-
rine systems? Describe the efforts of local fishing commu-
nities in helping to sustain fisheries. How can government 
subsidies encourage overfishing? Describe the advantages 
and disadvantages of using individual transfer rights to 
help manage fisheries.

7. Describe how consumers can help to sustain fisheries, 
aquatic biodiversity, and ecosystem services by making 
careful choices in purchasing seafood.

8. What percentage of the U.S. coastal and inland wetlands 
has been destroyed since 1900? What are three major 
ecological services provided by wetlands? How does the 
United States attempt to reduce wetland losses? Describe 
efforts to restore the Florida Everglades.

9. Describe the major threats to the world’s rivers and other 
freshwater systems. What major ecological services do riv-
ers provide? Describe invasions of the U.S. Great Lakes by 
nonnative species. Describe ways to help sustain rivers.

10. What are six priorities for protecting terrestrial and 
aquatic biodiversity? Relate the ecological prob-
lems of Lake Victoria (Core Case Study) to 
the four scientific principles of sustainability.

Note: Key Terms are in bold type.

CRITICAL THINKING

1. Explain how introducing the Nile perch into 
Lake Victoria (Core Case Study) violated 
all four scientific principles of sustainability
(see back cover).

2. What difference does it make that the introduction of the 
Nile perch into Lake Victoria (Core Case Study)
caused the extinction of more than 200 cichlid 
fish species? Explain.

3. What do you think are the three greatest threats to 
aquatic biodiversity and ecosystem services? Why? Why 
are aquatic species overall more vulnerable to premature 
extinction resulting from human activities than terrestrial 
species are? Why is it more difficult to identify and protect 
endangered marine species than to protect endangered 
species on land?

4. Why do you think no-fishing marine reserves recover 
their biodiversity faster and more surely than do areas 
where fishing is allowed but restricted?

5. Should fishers who harvest fish from a country’s publicly 
owned waters be required to pay the government (tax-
payers) fees for the fish they catch? Explain. If your liveli-
hood depended on commercial fishing, would you be for 
or against such fees?

6. Why do you think that about half of all attempts to cre-
ate new wetlands fail to replace lost wetlands? Give three 
reasons why a constructed wetland might not provide the 
same level of ecological services as a natural wetland. Do 
you agree with some ecologists’ argument that mitiga-

tion wetland banking should be used only as a last resort? 
Explain.

7. Do you think the plan for restoring Florida’s Everglades 
will succeed? Give three reasons why or why not?

8. Dams on some rivers provide inexpensive hydroelec-
tric power, but they also disrupt aquatic ecosystems. 
For example, production of hydroelectric power on the 
Columbia River has resulted in the degradation of the 
river’s Pacific salmon population. Do you think the ben-
efits of these dams justify the ecological damage they 
cause? Explain. If you see this as a problem, describe a 
possible solution.

9. Congratulations! You are in charge of protecting the 
world’s aquatic biodiversity and ecosystem services. List 
the three most important points of your policy to accom-
plish this goal.

10. List two questions that you would like to have answered 
as a result of reading this chapter.

Note: See Supplement 13 (p. S78) for a list of Projects related to this chapter.
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ECOLOGICAL FOOTPRINT ANALYSIS

A fishprint provides a measure of a country’s fish harvest in 
terms of area. The unit of area used in fishprint analysis is the 
global hectare (gha), a unit weighted to reflect the relative 
ecological productivity of the area fished. When compared 
with the fishing area’s sustainable biocapacity, its ability to pro-
vide a stable supply of fish year after year in terms of area, its 
fishprint indicates whether the country’s fishing intensity is 
sustainable. The fishprint and biocapacity are calculated using 
the following formulae:

 Fishprint (in gha) " 
 metric tons of fish harvested per year

 productivity in metric tons per hectare $ weighting factor

Biocapacity (in gha) " 
 sustained yield of fish in metric tons per year

 productivity in metric tons per hectare $ weighting factor

The following graph shows the earth’s total fishprint and bio-
capacity. Study it and answer the following questions.

 1. Based on the graph,
 a. What is the current status of the global fisheries with 

respect to sustainability? 
 b. In what year did the global fishprint begin exceeding 

the biological capacity of the world’s oceans?
 c. By how much did the global fishprint exceed the bio-

logical capacity of the world’s oceans in 2000?

 2. Assume a country harvests 18 million metric tons of fish 
annually from an ocean area with an average productiv-
ity of 1.3 metric tons per hectare and a weighting factor of 
2.68. What is the annual fishprint of that country?

 3. If biologists determine that this country’s sustained yield 
of fish is 17 million metric tons per year,

 a. What is the country’s sustainable biological capacity? 
 b. Is the county’s fishing intensity sustainable? 
 c. To what extent, as a percentage, is the country under- 

or overshooting its biological capacity?

LEARNING ONLINE

Log on to the Student Companion Site for this book at 
academic.cengage.com/biology/miller, and choose 
Chapter 11 for many study aids and ideas for further read-

ing and research. These include flash cards, practice quiz-
zing, Weblinks, information on Green Careers, and InfoTrac® 
College Edition articles.
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snippets of DNA from genes of the common daffodil (Fig-
ure 12-1, right) and from a soil bacterium into conventional rice 
strains to produce a strain of rice containing beta-carotene. It 
also contains more iron than do conventional rice strains.

Potrykus and Beyer estimate that eating 200–300 grams 
(about 1 to 1.5 cups) of their latest golden rice strain per day 
should provide enough vitamin A to prevent blindness and sus-
ceptibility to common childhood infections. They have worked 
out agreements for poor subsistence farmers in several develop-
ing countries to get the new strain free of charge. The Interna-
tional Rice Research Institute is conducting field trials of golden 
rice and commercial stains of this rice may be released by 2011. 
However, there is controversy over the new rice strain, as we 
discuss later in this chapter.

We face important challenges to increase food production 
without causing serious environmental harm. Each day, there 

are about 225,000 more 
mouths to feed. Between 
2008 and 2050, the world’s 
population is projected 
to increase by 2.6 billion 
people. To provide enough 
food for these individuals, 
we will have to sharply 
reduce poverty, grow 
and distribute more food 
than has been produced 
since agriculture began 

about 10,000 years ago, and re-
duce the harmful environmental 
impacts of food production. In 
this chapter, we consider these 
challenges.

Many of the world’s poor do not have enough land or money to 
obtain foods that give them enough protein and essential vita-
mins and minerals to prevent malnutrition. For example, accord-
ing to the World Health Organization (WHO), 120–140 million 
children in developing countries, mostly in Africa and Southeast 
Asia, do not get enough vitamin A. This makes them more 
susceptible to common childhood infectious diseases. Some 
250,000 to 500,000 children younger than age 6 go blind each 
year from a lack of vitamin A, and within a year, more than half 
of them die.

Preschool children can get their daily requirement of vitamin 
A by eating a small mango or small amounts of vegetables, yel-
low sweet potatoes, or coriander. But these foods are too ex-
pensive for most poor people to grow or buy. Children can also 
be given two vitamin A capsules a year, but so far, there has 
been no large-scale effort to provide such supplements to the 
world’s poor.

In 1999, scientists Ingo Potrykus and Peter Beyer de-
cided to tackle this problem by genetically engineering a 
form of rice that contained beta-carotene, a substance 
that the body can convert to vitamin A. They transferred 

Golden Rice: Grains of Hope 
or an Illusion?

Food, Soil, and 
Pest Management 12

Figure 12-1 Golden rice is a new 
genetically engineered strain of rice 
containing beta-carotene (giving it 
its yellow color), which the body can 
convert to vitamin A. By 2011, some 
farmers in countries such as India, 
Bangladesh, and China may begin 
replacing some conventional strains 
of rice (left) with this new golden rice 
strain.
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Many of the Poor Have Health 
Problems Because They Do Not 
Get Enough to Eat
Having food security means that every person in a 
given area has daily access to enough nutritious food 

to have an active and healthy life. Today we produce 
more than enough food to meet the basic nutritional 
needs of every person on the earth. But even with this 
surplus of food, one of every six people in developing 
countries is not getting enough to eat. These people 
face food insecurity, living with chronic hunger and 

Key Questions and Concepts

12-1 What is food security and why is it difficult to 
attain?
CONCEPT 12 - 1A  Many of the poor suffer health problems 
from chronic lack of food and poor nutrition, while many people in 
developed countries have health problems from eating too much 
food.

CONCEPT 12 - 1B  The greatest obstacles to providing enough 
food for everyone are poverty, political upheaval, corruption, war, 
and the harmful environmental effects of food production.

12-2 How is food produced?
CONCEPT 12 -2A  We have sharply increased crop production 
using a mix of industrialized and traditional agriculture.

CONCEPT 12 -2B  We have used industrialized and tradi tional
methods to greatly increase supplies of meat, fish, and shellfish.

12-3 What environmental problems arise from 
food production?
CONCEPT 12 -3  Food production in the future may be limited 
by its serious environmental impacts, including soil erosion and 
degradation, desertification, water and air pollution, greenhouse 
gas emissions, and degradation and destruction of biodiversity.

12-4 How can we protect crops from pests more 
sustainably?
CONCEPT 12 -4  We can sharply cut pesticide use without 
decreasing crop yields by using a mix of cultivation techniques, 

biological pest controls, and small amounts of selected chemical 
pesticides as a last resort (integrated pest management).

12-5 How can we improve food security?
CONCEPT 12 -5  We can improve food security by creating 
programs to reduce poverty and chronic malnutrition, relying more 
on locally grown food, and cutting food waste.

12-6 How can we produce food more sustainably?
CONCEPT 12 -6A  Sustainable food production will require 
reducing topsoil erosion, sharply reducing overgrazing and 
overfishing, irrigating more efficiently, using integrated pest 
management, promoting agrobiodiversity, and providing 
government subsidies for more sustainable farming, fishing, and 
aquaculture.

CONCEPT 12 -6B  Producing enough food to feed the rapidly 
growing human population will require growing crops in a mix 
of monocultures and polycultures and decreasing the enormous 
environmental impacts of industrialized food production.

There are two spiritual dangers in not owning a farm. 
One is the danger of supposing that breakfast comes from the grocery, 

and the other that heat comes from the furnace.
ALDO LEOPOLD

12-1 What Is Food Security and Why Is It Difficult 
to Attain?

CONCEPT 12-1A Many of the poor suffer health problems from chronic lack of 
food and poor nutrition, while many people in developed countries have health 
problems from eating too much food.
CONCEPT 12-1B The greatest obstacles to providing enough food for everyone are 
poverty, political upheaval, corruption, war, and the harmful environmental effects 
of food production.

▲
▲

Note: Supplements 2 (p. S4), 3 (p. S10), 4 (p. S20), 5 (p. S31), and 13 (p. 78) can be 
used with this chapter.

276 Links: refers to the Core Case Study. refers to the book’s sustainability theme. indicates links to key concepts in earlier chapters.
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poor nutrition, which threatens their ability to lead 
healthy and productive lives (Concept 12-1A).

Most agricultural experts agree that the root cause 
of food insecurity is poverty, which prevents poor people 
from growing or buying enough food (Concept 12-1B).
For example, since 1990, India has produced enough 
grain to feed its entire population. But more than 
200 million Indians—about one-fifth of the country’s 
population—are hungry because they cannot afford to 
buy or grow enough food.

Other obstacles to food security are political up-
heaval, corruption, and war (Concept 12-1B). These 
problems interfere with food distribution and transpor-
tation systems and can result in people going hungry 
while stored foods spoil or are distributed unevenly in a 
country or region. Achieving food security on regional 
and global levels for both poor and affluent people also 
depends on greatly reducing the harmful environmen-
tal effects of agriculture, which we explore further in 
this chapter.

Many People Suffer from
Chronic Hunger and Malnutrition
To maintain good health and resist disease, individu-
als need fairly large amounts of macronutrients (such as 
carbohydrates, proteins, and fats, see Table 12-1 and 
Figures 8, 9, and 12, pp. S42–S43, in Supplement 6), 
and smaller amounts of micronutrients—vitamins, such 
as A, C, and E, and minerals, such as iron, iodine, and 
calcium.

People who cannot grow or buy enough food to 
meet their basic energy needs suffer from chronic
undernutrition, or hunger (Concept 12-1A). Most of 
the world’s chronically undernourished children live 
in developing countries. They face the possibilities of 
suffering from mental retardation and stunted growth 
and dying from infectious diseases such as measles 
and diarrhea, which rarely kill children in developed 
countries.

Many of the world’s poor can afford only to live on 
a low-protein, high-carbohydrate, vegetarian diet con-
sisting mainly of grains such as wheat, rice, or corn. 
They often suffer from chronic malnutrition—de-
ficiencies of protein and other key nutrients—which 
weakens them, makes them more susceptible to dis-
ease, and hinders the normal physical and mental de-
velopment of children.

According to the U.N. Food and Agriculture 
Organization (FAO), the estimated number of chroni-
cally undernourished or malnourished people fell 
from 918 million in 1970 to 862 million in 2006. (See 
Figure 13, p. S17, in Supplement 3 for a map of the 
countries with the most undernourished people.) This 
is a good start, but it is still high—nearly three times 
the population of the United States. A 2007 study by 
University of Minnesota economists Ford Runge and 
Benjamin Senauer estimated that increased food prices 

from the massive diversion of corn to produce ethanol 
for fueling cars could increase the number of hungry 
and malnourished people to 1.2 billion by 2025 instead 
of decreasing it to 625 million as projected by the FAO.

Despite some progress, one of every six people in 
developing countries (including about one of every 
three children younger than age 5) is chronically un-
dernourished or malnourished (Figure 1-14, p. 19). 
About 75% of these people live in rural areas of devel-
oping countries. In 2005, the FAO estimated that each 
year, nearly 6 million children die prematurely from 
chronic undernutrition and malnutrition and increased 
susceptibility to normally nonfatal infectious diseases 
(such as measles and diarrhea) because of their weak-
ened condition (Concept 12-1A). This means that each 
day, an average of 16,400 children die prematurely 
from these mostly poverty-related causes. How many 
people died from such causes during your lunch hour?

Many People Do Not Get 
Enough Vitamins and Minerals
According to the World Health Organization (WHO), 
one of every three people suffers from a deficiency of 
one or more vitamins and minerals, most often in devel-
oping countries and involving iron, vitamin A, and iodine.

Having too little iron—a component of the hemoglo-
bin that transports oxygen in the blood—causes ane mia,
which results in a general lack of vitality. According to 
the WHO, one of every five people in the world—mostly 
women and children in tropical developing countries—
suffers from iron deficiency. It causes fatigue, makes in-
fection more likely, and increases a woman’s chances 
of dying from hemorrhage in childbirth.

New strains of golden rice (Core Case Study)
contain more iron than conventional strains 
and could help to reduce the severity of iron and vi-
tamin A deficiencies. However, some critics view these 
claims as mostly a public relations ploy financed by the 
seed industry to soften up widespread consumer op-
position to genetically engineered crops. They contend 
that golden rice is drawing funding and attention away 
from a possibly quicker and cheaper option of giving 

Table 12-1 

Key Nutrients for a Healthy Human Life 

Nutrient Food source Function

Proteins Animals and some plants Help to build and repair 
  body tissues

Carbohydrates Wheat, corn and rice Provide short-term energy

Lipids (oils and fats) Animal fats, nuts, oils Help to build membrane 
  tissues and create 
  hormones
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two vitamin A capsules per year to each of the millions 
of children suffering from vitamin A deficiency.

In addition, scientists want more evidence on how 
much of the beta-carotene in the golden rice will actu-
ally be converted to vitamin A in the body. And they 
want evidence that golden rice strains that perform 

well in the laboratory will perform as well in nature 
where many more factors come into play. Current field 
trials of golden rice in the Philippines may provide such 
information.

Elemental iodine is essential for proper functioning 
of the thyroid gland, which produces hormones that 
control the body’s rate of metabolism. Iodine is found 
in seafood and in crops grown in iodine-rich soils. 
Chronic lack of iodine can cause stunted growth, men-
tal retardation, and goiter—a swollen thyroid gland 
that can lead to deafness (Figure 12-2). According to 
the United Nations, some 600 million people—mostly 
in rural areas of south and southeast Asia—suffer from 
goiter, and 26 million children suffer brain damage 
each year from lack of iodine.

Acute Food Shortages Can Lead 
to Famines
A famine occurs when there is a severe shortage of 
food in an area accompanied by mass starvation, many 
deaths, economic chaos, and social disruption. Faced 
with starvation, desperate people eat the seed grain 
they have stored to grow crops in future years and 
slaughter their breeding livestock. Famines often result 
in mass migrations of starving people to other areas or 
to refugee camps in a search for food, water, and medi-
cal help. Many die during these journeys or in these 
camps. Famines are usually caused by crop failures 
from drought, flooding, war (Figure 12-3), and other 
catastrophic events (Concept 12-1B).

RESEARCH FRONTIER

Learning more about connections between food supplies, pov-
erty, and environmental problems. See academic.cengage
.com/biology/miller.

Many People Have Health Problems 
from Eating Too Much
Overnutrition occurs when food energy intake ex-
ceeds energy use and causes excess body fat. Too many 
calories, too little exercise, or both can cause overnu-
trition. People who are underfed and underweight and 
those who are overfed and overweight face similar 
health problems: lower life expectancy, greater susceptibility 
to disease and illness, and lower productivity and life quality
(Concept 12-1A).

We live in a world where 1 billion people have 
health problems because they do not get enough to eat 
and another 1.6 billion face health problems from eat-
ing too much. According to 2004 study by the Inter-
national Obesity Task Force, one of every four people 
in the world is overweight (with a body mass index of 
25 or more) and one of every 20 is obese (with a body 
mass index of 30 or more).

Figure 12-2 Woman with goiter in Bangladesh. A diet with insufficient iodine can 
cause this enlargement of the thyroid gland. Adding traces of iodine to salt has largely 
eliminated this problem in developed countries.

Figure 12-3 War and the environment: starving children collecting ants to eat 
in famine-stricken Sudan, Africa, where a civil war has been going on since 1983.
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In the United States, a 2005 study at Boston Uni-
versity found that about 66% of American adults 
are overweight and 33% are obese (up from 15% in 
1980), the highest overnutrition rate in any developed 
country. The more than $50 billion that Americans 

spend each year trying to lose weight (according to the 
MarketData research firm) is more than two times the 
$24 billion per year that the United Nations estimates 
is needed to eliminate undernutrition and malnutrition 
in the world.

12-2 How Is Food Produced?
CONCEPT 12-2A We have sharply increased crop production using a mix of 
industrialized and traditional agriculture.
CONCEPT 12-2B We have used industrialized and traditional methods to greatly 
increase supplies of meat, fish, and shellfish.

▲
▲

Food Production Has 
Increased Dramatically
Currently, three systems supply most of our food. Crop-
lands produce mostly grains and provide about 77% of 
the world’s food using 11% of its land area. Rangelands,
pastures, and feedlots produce meat and supply about 
16% of the world’s food using about 29% the world’s 
land area. Oceanic fisheries, and more recently aquacul-
ture, supply about 7% of the world’s food.

These three systems depend on a small number of 
plant and animal species. Of the estimated 50,000 plant 
species that people can eat, only 14 of them supply an 
estimated 90% of the world’s food calories. Just three 
types of grain crops—wheat, rice, and corn—provide
about 47% of the calories and 42% of the protein peo-
ple consume. Two-thirds of the world’s people survive 
primarily on these three grains. A small number of spe-
cies also provide most of the world’s meat and seafood.

Such food specialization puts us in a vulnerable 
position should the small number of crop strains, live-
stock breeds, and fish and shellfish species we depend 
on fail as a result of factors such as disease, environ-
mental degradation, and climate change. This 
violates the biodiversity principle of sustainabil-
ity (see back cover), which calls for depending 
on a variety of food sources as an ecological insurance 
policy for dealing with environmental change.

Despite such vulnerability, since 1960, there has 
been a staggering increase in global food production 
from all three of the major food production systems 
(Concepts 12-2A and 12-2B). This occurred because of 
technological advances such as increased use of tractors 
and farm machinery and high-tech fishing equipment 
(Figure 11-7, p. 256). Other technological develop-
ments include inorganic chemical fertilizers, irrigation, 
pesticides, high-yield grain varieties, and raising large 
numbers of livestock, poultry, and fish in factory-like 
conditions. These developments have led to increasing 
reliance on industrialized production of a fairly small 
number of crops.

Industrialized Crop Production 
Relies on High-Input Monocultures
Agriculture used to grow crops can be divided roughly 
into two types: industrialized agriculture and subsis-
tence agriculture. Industrialized agriculture, or 
high-input agriculture, uses heavy equipment and 
large amounts of financial capital, fossil fuel, water, 
commercial fertilizers, and pesticides to produce single 
crops, or monocultures, (Figure 7-13, p. 152). The ma-
jor goal of industrialized agriculture for any crop has 
been to steadily increase its yield—the amount of food 
produced per unit of land. Industrialized agriculture is 
practiced on one-fourth of all cropland, mostly in de-
veloped countries, but has spread since the mid-1960s 
to some developing countries and now produces about 
80% of the world’s food (Concept 12-2A).

Plantation agriculture is a form of industrialized 
agriculture used primarily in tropical developing coun-
tries. It involves growing cash crops, such as bananas, 
soybeans (mostly to feed livestock), sugarcane (to pro-
duce sugar and ethanol fuel), coffee, palm oil (used as 
a cooking oil and to produce biodiesel fuel), and vege-
tables on large monoculture plantations, mostly for ex-
port to developed countries. Producing such monocul-
ture crops in the tropics increases yields but decreases 
biodiversity when tropical forests are cleared or burned 
(Figure 10-16, p. 226) for crop plantations.

A new form of industrialized agriculture involves 
widespread use of greenhouses to raise crops. Fig-
ure 12-4 (p. 280) shows the spread of this type of ag-
riculture along Spain’s south coast. It is intended as a 
way to make arid lands, such as those pictured (Fig-
ure 12-4, left) productive. But it requires large inputs 
of water and energy to move water from one part of 
the country to another.

On a small scale, however, greenhouse production 
of crops can be water-efficient. Hydroponics is a method 
whereby plants are grown with their roots in troughs 
of water inside a greenhouse. Water is pumped from 
the troughs and sprayed on the plants as artificial rain. 
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Because the water is recycled, such an operation uses 
one-fifth to one-tenth less water per crop than con-
ventional farming uses. In water-poor parts of Africa, 
farmers are growing tomatoes and other vegetables hy-
droponically in small greenhouses made of inexpensive 
materials.

Traditional Agriculture Often Relies 
on Low-Input Polycultures
Traditional agriculture consists of two main types, which 
together are practiced by 2.7 billion people (42% of 
the world’s people) in developing countries, provid-
ing about one-fifth of the world’s food crops on about 
three-fourths of its cultivated land.

Traditional subsistence agriculture uses mostly 
human labor and draft animals to produce only enough 
crops for a farm family’s survival, with little left over to 
sell or store as a reserve in hard times. In traditional
intensive agriculture, farmers increase their inputs 
of human and draft-animal labor, fertilizer, and water 
to obtain higher crop yields. If the weather cooperates, 
they produce enough food to feed their families while 
selling some for income.

Some traditional farmers focus on cultivating a sin-
gle crop, but many grow several crops on the same plot 
simultaneously, a practice known as polyculture. Such 
crop diversity—an example of implementing 
the biodiversity principle of sustainability (see 
back cover)—reduces the chance of losing most 

or all of the year’s food supply to pests, bad weather, 
and other misfortunes.

One type of polyculture is known as slash-and-
burn agriculture. This type of subsistence agriculture 
involves burning and clearing small plots in tropical 
forests, growing a variety of crops for a few years un-
til the soil is depleted of nutrients, and then shifting 
to other plots. Early users of this method learned that 
each abandoned patch normally had to be left fallow 
(unplanted) for 10–30 years before the soil became fer-
tile enough to grow crops again. While patches were 
regenerating, growers used them for tree crops, medi-
cines, fuelwood, and other purposes. In this manner, 
most early growers practiced sustainable cultivation.
However, when too many people use this approach or 
don’t understand its limitations, it can become unsus-
tainable and lead to depletion and degradation of tropi-
cal forests, as is now taking place in parts of Africa.

In parts of South America and Africa, some tradi-
tional slash-and-burn farmers grow as many as 20 dif-
ferent crops together on small cleared plots in tropical 
forests. The crops mature at different times, provide 
food throughout the year, and keep the soil covered 
to reduce erosion from wind and water. This lessens 
the need for fertilizer and water, because root systems 
at different depths in the soil capture nutrients and 
moisture efficiently, and ashes from the burning pro-
vide some fertilization. Insecticides and herbicides are 
rarely needed because multiple habitats are created 
for natural predators of crop-eating insects, and weeds 
have trouble competing with the multitude of crop 
plants.

Figure 12-4 Satellite images of extensive and rapid development of greenhouse production of food crops in the 
Almeria province along Spain’s southern coast between 1974 and 2000. Greenhouse-dominated land appears as 
whitish gray patches in the photo on the right. To provide the water needed to grow these crops, Spain built 118 
dams and 22 water transfer projects to move water to this arid region from water-rich parts of the country.
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Recent research shows that, on average, low-
input polyculture produces higher yields than does 
high-input monoculture. For example, a 2001 study 
by ecologists Peter Reich and David Tilman found that 
carefully controlled polyculture plots with 16 different 
species of plants consistently outproduced plots with 9, 

4, or only 1 type of plant species. Therefore, some ana-
lysts argue for increasing use of polyculture, along with 
monocultures, to produce food more sustainably in the 
future. Both industrialized and conventional produc-
tion of crops depend on having fertile soil (Science Fo-
cus, above).

Text not available due to copyright restrictions
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Investigating the design and benefits of polyculture. See 
academic.cengage.com/biology/miller.

  Compare soil profiles from grassland, desert, 
and three types of forests at CengageNOW.

A Closer Look at Industrialized 
Crop Production
Farmers can produce more food by farming more land 
or by getting higher yields from existing cropland. 
Since 1950, about 88% of the increase in global food 
production has come from using high-input industrial-
ized agriculture to increase yields in a process called the 
green revolution.

The green revolution involves three steps. First, 
develop and plant monocultures of selectively bred or 
genetically engineered high-yield varieties of key crops 
such as rice, wheat, and corn. Second, produce high 
yields by using large inputs of fertilizers, pesticides, 
and water. Third, increase the number of crops grown 
per year on a plot of land through multiple cropping, or 
multicropping. Between 1950 and 1970, this high-input 
approach dramatically increased crop yields in most de-
veloped countries, especially the United States (Case 
Study, right) in what was called the first green revolution.

A second green revolution has been taking place since 
1967. Fast-growing dwarf varieties of rice and wheat, 
specially bred for tropical and subtropical climates, 
have been introduced into India and China and several 
developing countries in Central and South America. 
Producing more food on less land has the benefit of 
protecting biodiversity by saving large areas of forests, 
grasslands, wetlands, and easily eroded mountain ter-
rain from being used to grow food crops.

Between 1950 and 1996, mostly because of the two 
green revolutions, world grain production tripled (Fig-

ure 12-5, left). Per capita food production increased 
by 31% between 1961 and 1985, but since then it has 
generally declined (Figure 12-5, right).

 ■ CASE STUDY

Industrialized Food Production 
in the United States
In the United States, industrialized farming has evolved 
into agribusiness, as a small number of giant multina-
tional corporations increasingly control the growing, 
processing, distribution, and sale of food in the United 
States and in the global marketplace.

In total annual sales, agriculture is bigger than the 
country’s automotive, steel, and housing industries 
combined. It generates almost one-fifth of the nation’s 
gross domestic product. Although agriculture employs 
more people than any other industry, U.S. farms use 
industrialized agriculture to produce about 17% of the 
world’s grain with only 0.3% of the world’s farm labor 
force.

Since 1950, U.S. industrialized agriculture has more 
than doubled the yields of key crops such as wheat, corn, 
and soybeans without cultivating more land. Such yield 
increases have kept large areas of forests, grasslands, 
and wetlands from being converted to farmland.

U.S. food production is very efficient. While the 
U.S. output of crops, meat, and dairy products has been 
increasing steadily since 1975, the major inputs of la-
bor and resources—with the exception of pesticides—to 
produce each unit of that output have fallen steadily 
since 1950.

U.S. consumers now spend about 2% of their dis-
posable income on food, compared to about 11% in 
1948. People in developing countries typically spend 
up to 40% of their income on food. And the 1.2 billion 
poorest people, struggling to live on less than $1 a day, 
typically spend about 70% of this meager income on 
food. Thus, to the poor any rise in the prices of wheat, 
rice, or corn can be disastrous.
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Figure 12-5 Global outlook: total worldwide grain production of wheat, corn, and rice (left), and per capita grain 
production (right), 1961–2006. In order, the world’s three largest grain-producing countries are China, the United 
States, and India. (Data from U.S. Department of Agriculture, Worldwatch Institute, U.N. Food and Agriculture 
Organization, and Earth Policy Institute) Question: Why do you think grain production per capita has grown less 
consistently than total grain production?
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However, the actual food costs paid by consum-
ers in the United States and other developed coun-
tries are much higher than the prices paid in grocery 
stores. In addition to the direct market prices, consum-
ers pay taxes to give subsidies to food producers and 
distributors and to help deal with the massive pollution 
and environmental degradation caused by agriculture 
(discussed later in this chapter). They also face higher 
health and insurance bills related to the harmful envi-
ronmental and health effects of agriculture. Including 
these harmful costs in the market prices for food would 
bring about a shift to more sustainable and less envi-
ronmentally harmful agriculture.

Crossbreeding and Genetic 
Engineering Can Produce New 
Crop Varieties
For centuries, farmers and scientists have used cross-
breeding through artificial selection to develop genetically 
improved varieties of crops and livestock animals. Such 
selective breeding in this first gene revolution has yielded 
amazing results. Ancient ears of corn were about the 
size of your little finger and wild tomatoes were once 
the size of grapes.

Traditional crossbreeding is a slow process, typi-
cally taking 15 years or more to produce a commer-
cially valuable new crop variety, and it can combine 
traits only from species that are genetically similar. 
Resulting varieties remain useful for only 5–10 years 
before pests and diseases reduce their effectiveness. 
But important advances are still being made with this 
method.

Today, scientists are creating a second gene revolu-
tion by using genetic engineering to develop genetically 
improved strains of crops and livestock animals. It in-
volves altering an organism’s genetic material through 
adding, deleting, or changing segments of its DNA (Fig-
ure 10, p. S43, in Supplement 6), to produce desirable 
traits or to eliminate undesirable ones. It enables sci-
entists to transfer genes between different species that 
would not interbreed in nature. The resulting organ-
isms are called genetically modified organisms (GMOs) or 
transgenic organisms. 

Figure 12-6 outlines the steps involved in develop-
ing a genetically modified plant. For example, genetic 
engineers used genes from ordinary daffodils (Fig-
ure 12-1, right) and a soil bacterium to produce golden 
rice (Core Case Study). Compared to traditional 
crossbreeding, gene splicing takes about half as 
long to develop a new crop variety, usually costs less, 
and allows for the insertion of genes from almost any 
other organism into crop cells.

Ready or not, much of the world is entering the age 
of genetic engineering. Bioengineers are developing, or 
planning to develop, new varieties of crops that are re-
sistant to heat, cold, herbicides, insect pests, parasites, 
viral diseases, drought, and salty or acidic soil. They 
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into host cell DNA.
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Figure 12-6 
Genetic engi-
neering: steps 
in genetically 
modifying a plant. 
Question: How 
does this process 
change the nature 
of evolution by 
natural selection?

also hope to develop crop plants that can grow faster 
and survive with little or no irrigation and with less 
fertilizer and pesticides.
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Bioengineers have altered citrus trees, which nor-
mally take 6 years to produce fruit, to yield fruit in 
only 1 year. They also hope to use advanced tissue cul-
ture techniques to mass-produce only orange juice sacs, 
which would eliminate the need for citrus orchards.

RESEARCH FRONTIER

Genetic engineering and using cell cultures for food 
factory systems. See academic.cengage.com/biology/
miller.

Many scientists believe that such innovations hold 
great promise for helping to improve global food secu-
rity. Others warn that genetic engineering is not free of 
drawbacks, which we examine later in this chapter.

Meat Production and Consumption 
Have Grown Steadily
About half of the world’s meat comes from livestock 
grazing on grass in unfenced rangelands and enclosed 
pastures. The other half is produced through an indus-
trialized system in which animals are raised in densely 
packed feedlots and confined animal feeding operations
where they are fed grain or meal produced from fish. 
For example, large numbers of cattle are brought to 
feedlots where they are fattened up for about 4 months 
before slaughter (Figure 12-7). Most pigs and chickens 
in developed countries spend their lives crowded in 
pens and cages, often in huge buildings where they eat 
mostly grain grown on cropland.

Between 1961 and 2007 world meat production—
mostly pork, poultry, and beef—increased fourfold, and 
is likely to more than double again by 2050 as afflu-
ence rises and middle-income people begin consuming 
more meat and meat products in developing countries. 
During this same period, average meat consumption 
per person more than doubled.

Industrialized meat production may face certain 
limits in the future. For example, if we include land 
used to grow grain fed to livestock, the FAO estimates 
that 30% of the earth’s ice-free land is already directly 
or indirectly involved in livestock production. And this 
percentage is likely to increase. 

Furthermore, as incomes grow in a country, more 
of its people tend to eat more meat, with much of it 
produced by feeding grain to livestock. This increases 
the demand for grain and can lead to increased reliance 
on grain imports. As industrialization increases, there 
is also a loss of cropland to urban development. Within 
a few decades, a rapidly industrializing country can go 
from producing all the grain it needs to importing most 
of its grain. As a result of this process, Japan, Taiwan, 
and South Korea now import 70% of the grain they 
consume. China and India, which currently are the 
world’s leading producers of wheat, are likely to follow 
this trend as they become more industrialized.

If China were to import just one-fifth of the grain it 
needs, this would equal the amount of grain the United 
States typically exports each year—roughly half the 
world’s grain exports. The Earth Policy Institute and 
the U.S. Central Intelligence Agency warn that if such 
a scenario comes to pass, no country or combination of 
countries will have the ability to supply even a small 
fraction of China’s potential food supply deficit.

Figure 12-7 Industrialized meat production.
A cattle feedlot in Imperial Valley, California 
(USA), where 40,000 cattle are being fattened 
up on grain before being slaughtered. With 
only about 4.5% of the world’s population, 
the United States grows and kills nearly 10 bil-
lion animals a year as a source of beef, pork, 
chicken, and other forms of meat. M
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This does not take into account huge grain deficits 
that are projected in other parts of the world by 2025, 
especially in Africa and India. It also does not include 
the possibility that climate change from global warming 
could decrease food production in China and in coun-
tries the world relies on for grain exports.

Fish and Shellfish Production 
Have Increased Dramatically
The world’s third major food-producing system consists 
of fisheries and aquaculture. A fishery is a concentra-
tion of particular aquatic species suitable for commer-
cial harvesting in a given ocean area or inland body of 
water. Industrial fishing fleets catch most of the world’s 
marine fish (Case Study and Figure 11-7, p. 256). In 
2006, 43% of the fish and shellfish consumed were 
produced through aquaculture—raising marine and 
freshwater fish in ponds and underwater cages—and 
this percentage has been growing steadily.

Figure 12-8 shows the effects of the global efforts to 
boost the seafood harvest through fishing and aquacul-
ture (Concept 12-2B). Since 1950, the world fish catch 
(marine and freshwater harvests, excluding aquacul-
ture) has increased almost sevenfold. Aquacultural pro-
duction in the same period increased over 40-fold.

In Chapter 11, we examined the global fishing in-
dustry and its effects on aquatic biodiversity (pp. 254–
257 and Case Study, p. 256). A 2007 report by the FAO 
found that 25% of the world’s ocean fisheries are vir-
tually depleted and 52% have been fully exploited. In 
other words, 77% of the world’s commercially valuable 
fish stocks are overexploited. According to a 2006 FAO 
study and research by a number of fishery scientists, 
unless we reduce overfishing and ocean pollution and 
slow climate change, ocean fisheries worldwide could 
essentially collapse by 2050, thereby sharply decreasing 
food security for up to 2.6 billion people who depend 
on fish for protein.

Using large ships to find, catch, and freeze ocean fish 
consumes huge amounts of energy. According to a 2005 
study by ecological economist Peter Tyedmeers and his 
colleagues, the energy used by the world’s fishing fleets 
to catch and deliver the fish is 12.5 times the food en-
ergy gained by the people who eat the fish. In the pro-
cess, the fishing fleets also add large amounts of green-
house gases to the atmosphere. According to ecological 
economists, without government-provided fuel and 
other subsidies, these fleets could not afford to exist.

The other major mode of fish production is aqua-
culture, which involves raising fish and shellfish for 
food instead of hunting and gathering them. This in-
dustrialized production of fish and shellfish is the 
world’s fastest-growing type of food production. Some 
call aquaculture the blue revolution.

Aquaculture involves cultivating fish in freshwater 
ponds, lakes, reservoirs, and rice paddies, or in under-
water cages in coastal saltwater lagoons, estuaries, and 
the deep ocean (Figure 11-7, p. 256). The fish are har-
vested when they reach the desired size. China raises 
70% of the world’s farmed fish, mostly in inland ponds 
and rice fields.

World aquaculture is dominated by operations 
that raise herbivorous species—mainly carp in China 
and India, catfish in the United States, tilapia in sev-
eral countries, and shellfish in several coastal countries. 
Most Chinese farmers integrate crop growing and aqua-
culture by using rice straw, pig and duck manure, and 
other agricultural wastes to fertilize farm ponds and 
rice paddies in order to produce phytoplankton eaten 
by various herbivorous species of carp—an example of 
polyaquaculture.

The continuing expansion of aquaculture faces eco-
nomic and environmental challenges. For example, 
much of it depends on using grain and fishmeal as 
feed, and growing competition for these resources be-
tween food and biofuel producers could put limits on 
aquacultural production. The environmental impacts 
of aquaculture, which we examine in the next section, 
could also put limits on its growth.
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Figure 12-8 World fish catch, including both wild catch and aquaculture, 1950–2004 (Concept 12-2B). 
Question: What are two trends that you can see in these data? (Data from U.N. Food and Agriculture 
Organization, U.S. Census Bureau, and Worldwatch Institute)
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Producing Food Has Major 
Environmental Impacts
According to many analysts, agriculture has a greater 
harmful environmental impact than any human activ-
ity and these environmental effects may limit future 
food production. Crop yields in some areas may decline 
because of environmental factors such as erosion and 
degradation of soil, depletion and pollution of under-
ground and surface water supplies used for irrigation, 
emission of greenhouse gases that contribute to climate 

change, and loss of croplands (Concept 12-3). According 
to the U.S. Environmental Protection Agency (EPA), 
agriculture is responsible for three quarters of the wa-
ter quality problems in U.S. rivers and streams.

Figure 12-9 summarizes harmful effects of agricul-
ture on air, soil, water, and biodiversity. We do not 
know how close we are to environmental limits on 
food production, but some scientists say alarm bells are 
going off now. Here, we explore such effects in greater 
depth, starting with the problems of erosion and degra-
dation of soils.

12-3 What Environmental Problems Arise 
from Food Production?

CONCEPT 12-3 Food production in the future may be limited by its serious 
environmental impacts, including soil erosion and degradation, desertification, 
water and air pollution, greenhouse gas emissions, and degradation and 
destruction of biodiversity.

▲

NATURAL CAPITAL
DEGRADATION

Loss and degradation 
of grasslands, forests, 
and wetlands

Fish kills from 
pesticide runoff

Killing wild predators 
to protect livestock

Loss of genetic 
diversity of wild crop 
strains replaced by 
monoculture strains

Erosion

Loss of fertility

Salinization

Waterlogging

Desertification

Water waste

Aquifer depletion

Increased runoff, 
sediment pollution, 
and flooding from 
cleared land

Pollution from 
pesticides and 
fertilizers

Algal blooms and fish 
kills in lakes and rivers 
caused by runoff of 
fertilizers and 
agricultural wastes

Greenhouse gas 
emissions (CO2) from 
fossil fuel use

Greenhouse gas 
emissions (N2O) from 
use of inorganic 
fertilizers

Greenhouse gas 
emissions of methane 
(CH4) by cattle 
(mostly belching)

Other air pollutants 
from fossil fuel use 
and pesticide sprays

Nitrates in drinking 
water (blue baby)

Pesticide residues in 
drinking water, food, 
and air

Contamination of 
drinking and 
swimming water 
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Bacterial 
contamination of 
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Food Production

Biodiversity Loss Water Human HealthSoil Air Pollution

Figure 12-9 Major harmful environmental effects of food production (Concept 12-3). According to a 2002 study by the 
United Nations, nearly 30% of the world’s cropland has been degraded to some degree by soil erosion, salt buildup, and 
chemical pollution, and 17% has been seriously degraded. Question: Which item in each of these categories do you be-
lieve is the most harmful? 
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Topsoil Erosion Is a 
Serious Problem in Parts 
of the World
Soil erosion is the movement of soil components, es-
pecially surface litter and topsoil (Figure 12-A), from 
one place to another by the actions of wind and water. 
Some soil erosion is natural, and some is caused by hu-
man activities. In undisturbed, vegetated ecosystems, 
the roots of plants help to anchor the soil, the soil stores 
water and releases it in a nourishing trickle, and soil 
usually is not lost faster than it forms. Since the begin-
ning of agriculture, human activities have accelerated 
natural soil erosion. Entire civilizations have collapsed 
because they mismanaged the topsoil that supported 
their populations (see p. S31 in Supplement 5).

Flowing water, the largest cause of erosion, carries 
away particles of topsoil that have been loosened by 
rainfall; severe erosion leads to the formation of gullies 
(Figure 12-10). Wind loosens and blows topsoil par-
ticles away, especially in areas with a dry climate and 
relatively flat and exposed land (Chapter 7 Core Case 
Study, Figure 7-1, p. 140). We lose natural capital in 
the form of fertile topsoil when we destroy soil-holding 
grasses through activities such as farming (Figure 7-13, 
p. 152), clear-cut logging (Figure 10-7, p. 219), over-
grazing (Figure 10-21, left, p. 233), and off-road vehi-
cle use (Figure 10-22, p. 234). 

Accurate numbers are hard to come by, but some 
analysts estimate that perhaps a third or more of the 
world’s cropland is losing soil faster than new soil is 
forming. In the Saharan region of Africa, dust storms 
that were once rare are now commonplace and have in-
creased 10-fold since 1950. Countries in this region that 
face serious topsoil loss from wind erosion are Chad, 
Burkina Faso, Mauritania, and northern Nigeria. Many 

of the world’s 862 million malnourished people try to 
survive on land suffering from severe soil erosion.

Soil erosion has two major harmful effects. One is 
loss of soil fertility through depletion of plant nutrients 
in topsoil. The other is water pollution in nearby surface 
waters, where eroded soil ends up as sediment. This 
can kill fish and shellfish and clog irrigation ditches, 
boat channels, reservoirs, and lakes. Additional water 
pollution occurs when the eroded sediment contains 
residues of fertilizers and pesticides (Concept 12-3). 
A joint survey by the U.N. Environment Programme 
(UNEP) and the World Resources Institute estimated 
that topsoil is eroding faster than it forms on about 
38% of the world’s cropland (Figure 12-11). 

Figure 12-10 Natural capital degradation: Severe gully erosion on cropland in 
Bolivia.

Serious concern

Some concern

Stable or nonvegetative

Figure 12-11 Natural capital 
degradation: global soil ero-
sion. Question: Can you see any 
geographical pattern associated 
with this problem? (Data from U.N. 
Environment Programme and the 
World Resources Institute). 
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Some analysts contend that erosion estimates are 
overstated because they do not account for the abili-
ties of some local farmers to restore degraded land. The 
FAO also points out that eroded topsoil does not al-
ways move very far and is sometimes deposited on the 
same slope, valley, or plain from which it came. Con-
sequently, in some places, the loss in crop yields in one 
area can be offset by increased yields elsewhere.

Drought and Human Activities 
Are Degrading Drylands
In arid and semiarid parts of the world, the contribu-
tion to the world’s food supply from livestock and crops 
is being threatened by desertification. It occurs when 
the productive potential of soil, especially on arid or 
semiarid land, falls by 10% or more because of a com-
bination of prolonged drought and human activities 
that reduce or degrade topsoil. The process can be mod-
erate (a 10–25% drop in productivity), severe (a 25–50% 
drop), or very severe (a drop of more than 50%, usually 
creating huge gullies and sand dunes). Only in extreme 
cases does desertification lead to what we call desert. 
But when severe desertification occurs, it can expand 
existing desert area (Figure 12-12) or create new desert 
in areas that once were fertile land.

Over thousands of years, the earth’s deserts have 
expanded and contracted, mostly because of natural 
climate change. However, human activities have accel-
erated desertification in some parts of the world (Con-
cept 12-3) (Figure 12-13).

In its 2007 report on the Status of the World’s Forests,
the FAO estimated that some 70% of world’s drylands 
used for agriculture are degraded and threatened by 

desertification. Most of these lands are in Africa and 
Asia, with countries including Nigeria, Iran, Afghani-
stan, and China suffering from serious desertification. 
Increasing desertification is also a threat in dryland ar-
eas of Brazil and Mexico. 

According to a 2007 study by the Intergovernmental 
Panel on Climate Change (IPCC), projected climate 
change from global warming during this century 
(mostly the result of human activities) is expected to 
greatly increase severe and prolonged drought and, 
consequently, desertification in many arid and semiarid 
parts of the world. This could result in sharp drops in 
food production, water shortages for 1 billion–3 billion 
people, and huge numbers of environmental refugees.

Excessive Irrigation Has 
Serious Consequences
Between 1950 and 2007, the world’s area of irrigated 
cropland tripled, with most of the growth occurring 
from 1950 to 1978, and little growth occurring since 
1990. The 20% of the world’s cropland that is irrigated 
produces almost 40% of the world’s food.

But irrigation has a downside. Most irrigation wa-
ter is a dilute solution of various salts, picked up as the 
water flows over or through soil and rocks. Irrigation 
water that has not been absorbed into the soil evapo-
rates, leaving behind a thin crust of dissolved salts in 
the topsoil.

Repeated annual applications of irrigation water in 
dry climates lead to the gradual accumulation of salts in 
the upper soil layers—a soil degradation process called 
salinization. It stunts crop growth, lowers crop yields, 
and can eventually kill plants and ruin the land (Con-

Figure 12-12 Severe
desertification. Sand 
dunes threaten to engulf 
an oasis in the Sahel 
region of West Africa. 
Such severe desertifi-
cation is the result of 
prolonged drought from 
natural climate change 
and destruction of 
natural vegetation from 
human activities such as 
farming and overgrazing.
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cept 12-3). The United Nations estimates that severe 
salinization has reduced yields on at least one-tenth 
of the world’s irrigated cropland, and the problem is 
getting worse. The most severe salinization occurs in 
Asia, especially in China, India, Egypt, Pakistan, and 
Iraq. Salinization affects almost one-fourth of irrigated 
cropland in the United States, especially in the western 
states (Figure 12-14).

Another problem with irrigation is waterlogging, 
in which water accumulates underground and gradu-
ally raises the water table. Farmers often apply large 
amounts of irrigation water to leach salts deeper into 
the soil. Without adequate drainage, waterlogging oc-
curs and saline water then envelops the deep roots of 
plants, lowering their productivity and killing them 

after prolonged exposure. At least one-tenth of the 
world’s irrigated land suffers from waterlogging, and 
the problem is getting worse (Concept 12-3).

There May Be Limits to Expanding 
the Green Revolutions
Analysts point to several factors that have limited the 
success of the green revolutions to date and that may 
limit them in the future. Without huge inputs of fertil-
izer, pesticides, and water, most green revolution crop 
varieties produce yields that are no higher (and are 
sometimes lower) than those from traditional strains. 
These high inputs cost too much for most subsistence 

Moderate Severe Very severe

Figure 12-13 Natural capital 
degradation: desertification 
of arid and semiarid lands. It 
is caused by a combination of 
prolonged drought and human 
activities that expose soil to ero-
sion. Question: Can you see any 
geographical pattern associated 
with this problem? (Data from 
U.N. Environment Programme and 
Harold E. Drengue)

Figure 12-14 Natural 
capital degradation: 
Because of high evapo-
ration, poor drainage, 
and severe salinization, 
white alkaline salts have 
displaced crops that 
once grew on this heav-
ily irrigated land in the 
U.S. state of Colorado.U.
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farmers in developing countries. Scientists point out 
that continuing to increase these inputs eventually pro-
duces no additional increase in crop yields. This helps 
to explain the slowdown in the rate of global grain 
yields per hectare from an average increase of 2.1% a 
year between 1950 and 1990 to an average increase of 
only 1.2% annually between 1990 and 2007.

Since 1970, the sharpest drop in per capita food 
production has occurred in Africa, the continent that 
for decades has had the world’s highest rate of popu-
lation growth (Figure 5, p. S13, Supplement 3). Such 
growth, plus poor soils, water shortages, soil erosion, 
desertification, limited economic development, and 
warfare in many parts of Africa, have hindered devel-
opment of the two green revolutions there.

Can we expand the green revolutions by irrigating 
more cropland? In 2006, the International Water Man-
agement Institute projected that between 2005 and 
2050, water use for agriculture will have to increase by 
80% in order for farmers to provide food for 2.6 billion 
more people.

However since 1978, the amount of irrigated land 
per person has been declining, and it is projected to 
fall much more between 2008 and 2050. One reason 
for this is that since 1978, the world’s population has 
grown faster than has use of irrigation. Other factors 
are depletion of underground water supplies (aquifers), 
wasteful use of irrigation water, soil salinization, and 
climate change, which is melting mountain glaciers that 
provide countries such as China and India, the world’s 
two largest producers of wheat and rice, with irrigation 
water. As the glaciers melt, water flowing in major riv-
ers during the dry season, when irrigation water needs 
are greatest, will decrease sharply. In addition, most of 
the world’s farmers do not have enough money to ir-
rigate their crops. 

However, we can get more crop per drop by using 
known methods and technologies to greatly improve 
the efficiency of irrigation, which accounts for 70% 
of the world’s water use. We discuss this more fully in 
Chapter 13.

Is cultivating more land the answer? Theoretically, 
clearing tropical forests and irrigating arid land could 

more than double the area of the world’s cropland. But 
much of this is marginal land with poor soil fertility, 
steep slopes, or both. Cultivation of such land is expen-
sive, is unlikely to be sustainable, and would seriously 
reduce wildlife habitats and biodiversity.

In addition, during this century, fertile croplands in 
coastal areas are likely to be flooded by rising sea levels 
resulting from climate change caused by global warm-
ing. For the same reason, food production could drop 
sharply in some countries because of increased drought 
and heat waves.

However, crop yields per hectare could be increased 
by using conventional or genetically engineered crops 
that are more tolerant of drought and cold and by en-
couraging farmers to grow more than one crop per year 
on their plots (multicropping). And, there are parts of 
the world, especially in Africa, where additional fertil-
izer could boost crop yields.

Industrialized Food Production 
Requires Huge Inputs of Energy
The industrialization of agriculture has been made pos-
sible by the availability of cheap energy (mostly from 
oil) used to run farm machinery, irrigate crops, pro-
cess food, and produce commercial inorganic fertilizers 
(mostly by burning natural gas) and pesticides. Putting 
food on the table consumes about 17% of all commer-
cial energy used in the United States each year (Fig-
ure 12-15).

The input of energy needed to produce a unit of food 
has fallen considerably, so that most crops in the United 
States provide an amount of energy in the form of food 
that is greater than the amount of energy used to grow 
them. However, when we consider the energy used to 
grow, store, process, package, transport, refrigerate, and 
cook all plant and animal food, about 10 units of nonrenew-
able fossil fuel energy are needed to put 1 unit of food energy on 
the table. In other words, industrialized food production 
and consumption has a large net energy loss. By compari-
son, every unit of energy from human labor in tradi-
tional farming provides 1 to 10 units of food energy.

2% 6% 5%

Crops Livestock Food processing Food distribution and preparation

Food production

4%

Figure 12-15 Industrialized agriculture uses about 17% of all commercial energy used in the United States, and 
food travels an average 2,400 kilometers (1,300 miles) from farm to plate. The resulting pollution degrades the air 
and water and contributes to global warming. (Data from David Pimentel and Worldwatch Institute)
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THINKING ABOUT
Food and Oil

What might happen to food production and to your lifestyle 
if oil prices keep rising sharply in the next 2 decades, as many 
analysts predict? How would you reduce this risk?

There Is Controversy over 
Genetically Engineered Foods
Despite its promise, controversy has arisen over the use 
of genetically modified (GM ) food (Figure 12-6) and other 
forms of genetic engineering. Its producers and inves-
tors see this kind of food as a potentially sustainable 
way to solve world hunger problems and improve hu-
man health. Some critics consider it potentially danger-
ous “Frankenfood.” Figure 12-16 summarizes projected 
advantages and disadvantages of this new technology.

Critics recognize the potential benefits of GM crops. 
But they warn that we know too little about the long-
term potential harm to human health and ecosystems 
from the widespread use of such crops. They point out 
that genetic engineering mixes genes from widely dif-
fering species, which has never occurred in nature or 
even in selective breeding. They warn that if GM or-
ganisms released into the environment cause some 
unintended harmful genetic and ecological effects, as 
some scientists expect, they cannot be recalled.

For example, there is the potential for GM plant pol-
len to spread among nonengineered species, threatening 
crop biodiversity. In a 2006 study by the Union of Con-
cerned Scientists, half of the nonengineered corn and 
soybean varieties tested by one laboratory contained 
DNA from GM varieties. Once experimental GM pollens 
are in the environment, they are impossible to retrieve.

Most scientists and economists who have studied 
the genetic engineering of crops believe that its po-
tential benefits outweigh its risks. They also contend 
that some of the potential problems associated with 
GM crops can be eliminated by genetically engineering 
plants without inserting a gene from another species. 
This new technique, called chimeraplasty, involves in-
serting instead a chemical instruction that attaches to a 
gene, altering it to give desired genetic traits.

Critics call for more controlled field experiments, 
long-term testing to better understand the risks, and 
stricter regulation of this rapidly growing technology. 
A 2004 study by the Ecological Society of America rec-
ommended more caution in releasing genetically en-
gineered organisms into the environment without ad-
equate testing.

THINKING ABOUT
Golden Rice

Do you think that the advantages of genetically en-
gineered golden rice (Core Case Study) outweigh its 
disadvantages? Explain.

Food and Biofuel Production 
Systems Have Caused Major Losses 
of Biodiversity
Biodiversity and some ecological services (Figure 10-4, 
left, p. 217) are threatened when forests are cleared 
and grasslands are plowed up and replaced with crop-
lands (Concept 12-3). For example, one of the fastest-
growing threats to the world’s biodiversity is the clear-
ing or burning of large areas of tropical forest in Brazil’s 
Amazon basin (Figure 10-13, p. 224) and in its cerrado, 
a huge savanna-like region south of the Amazon ba-
sin. This land is being burned or cleared for large plan-
tations of soybeans, grown for use as cattle feed, and 
sugarcane used for making ethanol fuel for cars. Other 
tropical forests are burned to make way for plantations 
of oil palm trees increasingly used to produce biodiesel 
fuel. These activities threaten biodiversity and contrib-
ute to climate change by releasing carbon dioxide into 
the atmosphere.

A closely related problem is the increasing loss of 
agrobiodiversity—the world’s genetic variety of animals 

Irreversible and 
unpredictable genetic and 
ecological effects

Harmful toxins in food from 
possible plant cell mutations

New allergens in food

Lower nutrition

Increase in pesticide-
resistant insects, herbicide-
resistant weeds, and plant 
diseases

Can harm beneficial insects

Lower genetic diversity

Need less fertilizer

Need less water

More resistant to insects, 
disease, frost, and drought

Grow faster

Can grow in slightly salty soils

May need less pesticides

Tolerate higher levels of 
herbicides

Higher yields

Less spoilage

Projected
Advantages

Projected
Disadvantages

T R A D E - O F F S
Genetically Modified
Crops and Foods

Figure 12-16 Projected advantages and disadvantages of genetically modified crops 
and foods. Question: Which two advantages and which two disadvantages do you 
think are the most important? Why?
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and plants used to provide food. But we are replac-
ing nature’s resilient genetic diversity developed 
through millions of years of natural selection with 
human-engineered monocultures. Scientists estimate 
that since 1900, we have lost three-fourths of the ge-
netic diversity of agricultural crops. For example, India 
once planted 30,000 varieties of rice. Now more than 
75% of its rice production comes from only 10 vari-
eties and soon, almost all of its production may come 
from just one variety. Rice varieties around the world 
may drop even more if there is a shift toward geneti-
cally engineered golden rice (Core Case Study) 
and other genetically engineered crops. In the 
United States, about 97% of the food plant varieties 
available to farmers in the 1940s no longer exist, ex-
cept perhaps in small amounts in seed banks and in the 
backyards of a few gardeners.

In other words, we are rapidly shrinking the world’s 
genetic “library,” which is critical for increasing food 
yields. In fact, we might need it more than ever to de-
velop new plant and livestock varieties that can adapt to 
climate change. This failure to preserve agrobio-
diversity is a violation of the biodiversity prin-
ciple of sustainability.

Wild and endangered varieties of crops important 
to the world’s food supply are stored in about 1,400 re-
frigerated gene or seed banks, agricultural research cen-
ters, and botanical gardens scattered around the world. 
But increasingly, power failures, fires, storms, and war 
are causing irreversible losses of these stored plants and 
seeds. However, a new ice vault built underground in 
the Norwegian Arctic will eventually contain duplicates 
of much of the world’s stock of seeds and will not be 
vulnerable to such hazards.

Shortages of storage space and money severely 
limit the number of species that can be preserved, and 
the seeds of many plants (such as potatoes) cannot be 
stored successfully in gene banks. Because stored seeds 
do not remain alive indefinitely, periodically they must 
be planted (germinated) and new seeds collected for 
storage. Unless this is done, seed banks become seed 
morgues.

Because of such limitations on seed banks, ecolo-
gists and plant scientists warn that the only effective 
way to preserve the genetic diversity of most plant and 
animal species is to protect representative ecosystems 
throughout the world from agriculture and other forms 
of development.

Industrialized Meat Production 
Has Harmful Environmental 
Consequences
Industrialized meat production has advantages and dis-
advantages (Figure 12-17). Environmental scientists 
point out that industrialized systems, such as feedlots 
and other confined animal production facilities, use 
large amounts of energy and water and produce huge 

amounts of animal waste that sometimes pollute sur-
face water and groundwater and saturate the air with 
their odors. 

For example, much of the fertilizer used in the mid-
western United States to produce corn for animal feed 
and conversion to ethanol fuel runs off into the Missis-
sippi and Ohio Rivers and ends up overfertilizing coastal 
waters in the Gulf of Mexico. Each year this creates  
a “dead zone” about the size of the U.S. state of New 
Jersey and threatens one-fifth of the nation’s seafood 
yield. In other words, growing corn in the Midwest to 
produce ethanol and protein-rich meat can decrease the 
production of protein-rich seafood in the Gulf of Mexi-
co—another example of unintended consequences.

Energy (mostly from oil) is an essential ingredient in 
industrialized meat production. Using this energy pol-
lutes the air and water and contributes to global warm-
ing, with livestock production generating about 20% of 
the world’s greenhouse gases—more than transporta-
tion generates—according to the FAO. Cattle and dairy 
cows release methane, the second most powerful green-
house gas after carbon dioxide, mostly through belching. 
This accounts for 16% of the global annual emissions of 
methane. In 2007, scientists at the University of Wales 
in the United Kingdom found that adding garlic to the 
diet of cows can cut their daily methane emissions by 
up to 50%. They are now investigating whether adding 
this to cow chow will taint the taste of meat and milk. 
And a 2003 Swedish study found that raising beef cattle 
on grass emits 40% less greenhouse gases and used 85% 
less energy than raising the cattle on grain.

Large inputs of grain, 
fish meal, water, and 
fossil fuels

Greenhouse gas  
(CO2 and CH4) 
emissions

Concentration of 
animal wastes that 
can pollute water

Use of antibiotics can 
increase genetic 
resistance to 
microbes in humans

Increased meat 
production

Higher profits

Less land use

Reduced 
overgrazing

Reduced soil 
erosion

Protection of 
biodiversity

Advantages Disadvantages

T R A D E - O F F S
Animal Feedlots

Figure 12-17 Advantages and disadvantages of animal feedlots. 
Question: Which single advantage and which single disadvantage 
do you think are the most important? Why?
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Livestock in the United States produce 20 times 
more waste than is produced by the country’s human 
population. Globally, only about half of all manure is 
returned to the land as nutrient-rich fertiliz-
er—a violation of the recycling principle of sus-
tainability. Much of the other half of this waste 
ends up polluting the air, water, and soil and producing 
foul odors.

Experts expect industrialized meat production to ex-
pand rapidly, especially as countries such as China and 
India become more affluent. This will increase pressure 
on the world’s grain supply. Producing more meat will 
also increase pressure on the world’s fish supply, be-
cause about 37% of the marine fish catch is converted 
to fish meal and fish oil, which are used to feed live-
stock and carnivorous fish raised by aquaculture.

Producing Fish through 
Aquaculture Can Harm 
Aquatic Ecosystems
Figure 12-18 lists the major advantages and disad-
vantages of aquaculture. Some analysts project that 
freshwater and saltwater aquaculture production 
could provide at least half of the world’s seafood by 
2025. Others warn that the harmful environmental 
effects of aquaculture could limit future production 
(Concept 12-3).

One problem is that fish raised on fish meal or fish 
oil can be contaminated with toxins such as PCBs found 
on ocean bottoms. In 2003, samples from various U.S. 
grocery stores revealed that farmed salmon had 7 times 
more PCBs than wild salmon and 4 times more than 
feedlot beef. A 2004 study found that farmed salmon 
also had levels of toxic dioxin 11 times higher than 
wild-caught salmon. Another problem is that wastes, 
pesticides, and antibiotics from aquaculture operations 
can pollute aquatic ecosystems.

HOW WOULD YOU VOTE?

Do the advantages of aquaculture outweigh its disadvan-
tages? Cast your vote online at academic.cengage.com/
biology/miller.

Later in this chapter (Section 12-5), we consider 
some possible solutions to the environmental prob-
lems resulting from food production and ways to pro-
duce food more sustainably. But first, let us consider 
a special set of environmental problems and solutions 
related to protecting food supply systems from pests.

Needs large inputs of land, 
feed, and water

Large waste output

Can destroy mangrove 
forests and estuaries

Uses grain to feed some 
species

Dense populations 
vulnerable to disease

High efficiency

High yield in small volume 
of water

Can reduce overharvesting 
of fisheries

Low fuel use

High profits

Advantages Disadvantages

T R A D E - O F F S
Aquaculture

Figure 12-18 Advantages and disadvantages of aquaculture. Question: Which 
single advantage and which single disadvantage do you think are the most important? 
Why?

12-4 How Can We Protect Crops from Pests 
More Sustainably?

CONCEPT 12-4 We can sharply cut pesticide use without decreasing crop yields by 
using a mix of cultivation techniques, biological pest controls, and small amounts of 
selected chemical pesticides as a last resort (integrated pest management).

▲

Nature Controls the Populations of 
Most Pests
A pest is any species that interferes with human wel-
fare by competing with us for food, invading lawns and 
gardens, destroying building materials, spreading dis-

ease, invading ecosystems, or simply being a nuisance. 
Worldwide, only about 100 species of plants (“weeds”), 
animals (mostly insects), fungi, and microbes cause 
most of the damage to the crops we grow.

In natural ecosystems and many polyculture agro-
ecosystems, natural enemies (predators, parasites, and 
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disease organisms) control the populations of 
most potential pest species in keeping with one 
of the earth’s scientific principles of sustainabil-
ity (see back cover). For example, the world’s 30,000 
known species of spiders, including the wolf spider 
(Figure 12-19), kill far more insects every year than 
humans do by using chemicals.

When we clear forests and grasslands, plant mono-
culture crops, and douse fields with chemicals that 
kill pests, we upset many of these natural population 
checks and balances, which implement the population 
control principle of sustainability. Then we must devise 
ways to protect our monoculture crops, tree planta-
tions, lawns, and golf courses from insects and other 
pests that nature once controlled at no charge.

We Use Pesticides to Try to Control 
Pest Populations
To try to control pest organisms, we have developed a 
variety of pesticides—chemicals used to kill or control 
populations of organisms that humans consider unde-
sirable. Common types of pesticides include insecticides
(insect killers), herbicides (weed killers), fungicides (fun-
gus killers), and rodenticides (rat and mouse killers).

We did not invent the use of chemicals to repel or 
kill other species. For nearly 225 million years, plants 
have been producing chemicals to ward off, deceive, or 
poison herbivores that feed on them. This battle pro-
duces a never-ending, ever-changing coevolutionary 
process: herbivores overcome various plant defenses 
through natural selection (Concept 4-2B,
p. 80); then new plant defenses are favored 
by natural selection in this ongoing cycle of evolution-
ary punch and counterpunch.

In the 1600s, farmers used nicotine sulfate, extracted 
from tobacco leaves, as an insecticide. Eventually, other 

first-generation pesticides—mainly natural chemicals bor-
rowed from plants—were developed. Farmers were 
copying nature.

A major pest control revolution began in 1939, 
when entomologist Paul Müller discovered that DDT 
(dichlorodiphenyltrichloroethane), a chemical known 
since 1874, was a potent insecticide. DDT was the first 
of the so-called second-generation pesticides produced in 
the laboratory. It soon became the world’s most used 
pesticide, and Müller received the Nobel Prize in 1948 
for his discovery. Since then, chemists have made hun-
dreds of other pesticides by making slight modifications 
in the molecules in various classes of chemicals.

Second-generation pesticides, however, turned out 
to be hazardous as well as helpful. In 1962, biologist 
Rachel Carson (Individuals Matter, at right) sounded 
a warning that eventually led to strict controls on use 
of DDT and several other widely used pesticides. Since 
1970, chemists have returned to natural repellents and 
poisons produced by plants, again copying nature, to 
improve first-generation botanical pesticides.

Since 1950, pesticide use has increased more than 
50-fold, and most of today’s pesticides are 10–100 times 
more toxic than those used in the 1950s. About three-
fourths of these chemicals are used in developed coun-
tries, but their use in developing countries is soaring.

Some pesticides, called broad-spectrum agents, are 
toxic to many pest and nonpest species. Examples are 
chlorinated hydrocarbon compounds such as DDT and 
organophosphate compounds such as malathion and 
parathion. Others, called selective, or narrow-spectrum,
agents, are effective against a narrowly defined group of 
organisms.

Pesticides vary in their persistence, the length of time 
they remain deadly in the environment. Some, such 
as DDT and related compounds, remain in the envi-
ronment for years and can be biologically magnified 
in food chains and webs (Figure 9-19, p. 202). Others, 
such as organophosphates, are active for days or weeks 
and are not biologically magnified but can be highly 
toxic to humans. About one-fourth of pesticide use in 
the United States is devoted to trying to rid houses, gar-
dens, lawns, parks, playing fields, swimming pools, and 
golf courses of pests. According to the EPA, the aver-
age lawn in the United States is doused with ten times 
more synthetic pesticides per unit of land area than are 
put on U.S. cropland.

Modern Synthetic Pesticides Have 
Several Advantages
Conventional chemical pesticides have advantages and 
disadvantages. Proponents contend that their ben-
efits (Figure 12-20, left) outweigh their harmful ef-
fects (Figure 12-20, right). They point to the following 
benefits:

• They save human lives. Since 1945, DDT and other 
insecticides probably have prevented the prema-

Figure 12-19 Natural capital: Spiders are important insect predators. Most spiders, 
including this ferocious-looking wolf spider, do not harm humans.
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ture deaths of at least 7 million people (some say 
as many as 500 million) from insect-transmitted 
diseases such as malaria (carried by the Anopheles 
mosquito), bubonic plague (carried by rat fleas), 
and typhus (carried by body lice and fleas).

• They increase food supplies. According to the FAO, 
55% of the world’s potential human food supply is 
lost to pests. Without pesticides, these losses would 
be worse and food prices would rise.

• They increase profits for farmers. Officials of pesticide 
companies estimate that every $1 spent on pesti-
cides leads to an increase in U.S. crop yields worth 
approximately $4. (However, studies have shown 
that this benefit drops to about $2 if the harmful ef-
fects of pesticides are included.)

• They work fast. Pesticides control most pests 
quickly, have a long shelf life, and are easily 
shipped and applied. When genetic resistance oc-
curs, farmers can use stronger doses or switch to 
other pesticides.

INDIVIDUALS MATTER

Rachel Carson

be attributed to the primitive state of research 
on the topics she covered in her day. And 
her critics cannot dispute the fact that her 
wake-up call got the public and the scientific 
community focused on the potential threats 
from uncontrolled use of pesticides, which led 
to many of them being banned for use in the 
United States and many other countries.

policy makers read Silent Spring, and the pub-
lic embraced it.

Chemical manufacturers viewed the book 
as a serious threat to their booming pesticide 
business and mounted a campaign to dis-
credit Carson. A parade of critical reviewers 
and industry scientists claimed her book was 
full of inaccuracies, made selective use of re-
search findings, and failed to give a balanced 
account of the benefits of pesticides.

Some critics even claimed that, as a 
woman, Carson was incapable of understand-
ing such a highly scientific and technical sub-
ject. Others charged that she was an hysteri-
cal woman and a radical nature lover trying to 
scare the public in an effort to sell books.

During these intense attacks, Carson was 
a single mother, the sole caretaker of an 
aged parent, and was suffering from terminal 
breast cancer. Yet she strongly defended her 
research and countered her critics. She died in 
1964—about 18 months after the publication 
of Silent Spring—without knowing that many 
historians consider her work an important 
contribution to the modern environmental 
movement then emerging in the United 
States.

It has been correctly noted that Carson 
made some errors in writing Silent Spring. 
But critics concede that the threat to birds 
and ecosystems—one of Carson’s main 
messages—was real and that her errors can 

achel Carson (Figure 12-B) began 
her professional career as a biolo-

gist for the Bureau of U.S. Fisheries (now 
called the U.S. Fish and Wildlife Service). In 
that capacity, she carried out research in 
oceanography and marine biology and wrote 
articles and books about the oceans and top-
ics related to the environment.

Throughout the 1950s, DDT use was 
increasing, and in 1958, DDT was sprayed 
to control mosquitoes near the home and 
private bird sanctuary of one of Carson’s 
friends. After the spraying, her friend wit-
nessed the agonizing deaths of several birds. 
She begged Carson to find someone to 
investigate the effects of pesticides on birds 
and other wildlife.

Carson decided to look into the issue 
herself and found that independent research 
on the environmental effects of pesticides 
was almost nonexistent. As a well-trained 
scientist, she surveyed the scientific litera-
ture, became convinced that pesticides could 
harm wildlife and humans, and methodically 
gathered information about the harmful ef-
fects of widespread use of pesticides.

In 1962, she published her findings in 
popular form in Silent Spring, a book whose 
title alluded to the silencing of “robins, cat-
birds, doves, jays, wrens, and scores of other 
bird voices” because of their exposure to 
pesticides. Many scientists, politicians, and 

R

Figure 12-B Biologist Rachel Carson (1907–1964) 
greatly increased our understanding of the impor-
tance of nature and the harmful effects of wide-
spread use of pesticides.
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supplies
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T R A D E - O F F S
Conventional Chemical Pesticides

Figure 12-20 Advantages and disadvantages of conventional chemical pesticides. 
Question: Which single advantage and which single disadvantage do you think are the 
most important? Why?
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• When used properly, their health risks are very low rela-
tive to their benefits. Pesticide industry scientists ar-
gue that when pesticides are used in the approved 
regulatory manner, they pose no major risk to farm 
workers and consumers.

• Newer pest control methods are safer and more effective 
than many older ones. Greater use is being made of 
chemicals derived originally from plants. They are 
safer to use and less damaging to the environment 
than are many older pesticides. Genetic engineer-
ing is also being used to develop pest-resistant crop 
strains and genetically altered crops that produce 
natural pesticides.

Modern Synthetic Pesticides 
Have Several Disadvantages
Opponents of widespread pesticide use believe that the 
harmful effects of these chemicals (Figure 12-20, right) 
outweigh their benefits (Figure 12-20, left). They cite 
several serious problems with the use of conventional 
pesticides.

• They accelerate the development of genetic resistance to 
pesticides by pest organisms. Insects breed rapidly, 
and within 5 to 10 years (much sooner in tropi-

cal areas) they can develop immunity to widely 
used pesticides through natural selection and 
then come back stronger than before. Since 1945, 
about 1,000 species of insects and rodents (mostly 
rats) and 550 types of weeds and plant diseases 
have developed genetic resistance to one or more 
pesticides (Science Focus, above).

• They can put farmers on a financial treadmill. Because 
of genetic resistance, farmers can pay more and 
more for a pest control program that often becomes 
less and less effective.

• Some insecticides kill natural predators and parasites that 
help control the pest populations. Wiping out natural 
predators, such as spiders, can unleash new pests 
whose populations their predators had previously 
held in check and can cause other unexpected ef-
fects (Case Study, at right). Of the 300 most de-
structive insect pests in the United States, 100 were 
once minor pests that became major pests after 
widespread use of insecticides.

• Pesticides do not stay put and can pollute the environ-
ment. According to the U.S. Department of Agricul-
ture (USDA), only 0.1–2% of the insecticides ap-
plied to crops by aerial spraying or ground spraying 
reaches the target pests, and less than 5% of her-
bicides applied to crops reaches the target weeds. 

SCIENCE FOCUS

The Glyphosate-Resistant Crop Weed Management System: 
A Dilemma for Farmers and Scientists

could cost farmers and seed companies bil-
lions of dollars in lost productivity. More 
topsoil could be lost as farmers return to 
plowing, and farmers could be forced to 
use more harmful herbicides. Fossil fuel 
use would increase with more plowing, as 
would air pollution and greenhouse gas 
emissions.

The question is, are the benefits worth 
the costs of continuing the effort to engineer 
species interactions with use of herbicides 
and GM crops, or will that effort only result 
in an ever-escalating, ever more costly evolu-
tionary battle between genetic engineers and 
weeds?

Critical Thinking
Do you think the benefits of using gly-
phosate, and new generations of similar 
herbicides to follow, outweigh their harmful 
effects on economies and the environment? 
Explain.

lyphosate is the world’s best-
selling herbicide, considered by 

farmers to be safe to use and highly effec-
tive in killing hundreds of species of weeds. 
It does not appear to harm animals or in-
sects. And it does not leach into aquatic 
systems, but instead binds to soil particles 
and degrades into harmless substances within 
weeks.

Monsanto started selling glyphosate in 
1974 under the trade name Roundup. Within 
20 years, seed companies had engineered a 
variety of crops that are not affected by the 
herbicide. The idea was to create a system 
though which farmers could manage weeds 
easily and increase their yields, while herbi-
cide and seed companies could substantially 
increase their sales.

The idea worked. The combination of gly-
phosate and glyphosate-resistant (GR) crops 
is a system now widely used in 22 coun-
tries. Of all the world’s genetically modified 
crops planted in 2006, about 80% were 
glyphosate-resistant crops.

G Another benefit was discovered. Farm-
ers do not have to plow before planting 
GR crops. Instead they plant crop seeds with 
little or no tilling and spray emerging crops 
with glyphosate. This has led to a dramatic 
reduction in topsoil erosion.

Researchers once doubted that plants 
could ever evolve to be glyphosate-resistant, 
because they thought that the complex muta-
tions required for such resistance were un-
likely. But those researchers now have learned 
a lesson in unintended consequences, be-
cause GR weeds either evolved quickly or 
had existed already. By 2007, there were 12 
known varieties of GR weeds, found in vari-
ous parts of the world.

The problem is that glyphosate now 
dominates the herbicide market, and much 
of today’s agriculture relies on this one 
chemical—a clear violation of the 
biodiversity principle of sustain-
ability (see back cover). 

If we end up with an epidemic of 
GR weeds, as some researchers fear, it 
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In other words, 98–99.9% of the insecticides and 
more than 95% of the herbicides we apply end up 
in the air, surface water, groundwater, bottom sedi-
ments, food, and nontarget organisms, including 
humans and wildlife.

• Some pesticides harm wildlife. According to the USDA 
and the U.S. Fish and Wildlife Service, each year, 
pesticides applied to cropland in the United States 
wipe out about 20% of U.S. honeybee colonies and 
damage another 15%. Pesticides also kill more than 
67 million birds and 6–14 million fish. According to 
a 2004 study by the Center for Biological Diversity, 
pesticides also menace one of every three endan-
gered and threatened species in the United States.

• Some pesticides threaten human health. The WHO and 
UNEP estimate that, each year, pesticides seriously 
poison at least 3 million agricultural workers in 
developing countries and at least 300,000 people in 
the United States. They also cause 20,000–40,000 
deaths per year, worldwide. Each year, more than 
250,000 people in the United States become ill be-
cause of household pesticide use. Such pesticides 
are a major source of accidental poisonings and 
deaths of young children.

According to studies by the National Academy of Sci-
ences, exposure to legally allowed pesticide residues in 
food causes 4,000–20,000 cases of cancer per year in the 
United States. Some scientists are concerned about pos-
sible genetic mutations, birth defects, nervous system 
and behavioral disorders, and effects on the immune 
and endocrine systems from long-term exposure to low 
levels of various pesticides. (See more on this topic in 
Chapter 17 and The Habitable Planet, Video 7, at www
.learner.org/resources/series209.html.) The pesti-
cide industry disputes these claims, arguing that the ex-
posures are not high enough to cause serious harm.

Children are much more susceptible to low levels 
of pesticides and other toxic chemicals, because on an 
amount-per-weight basis, they eat more food, drink 
more water, and breathe more air. They also put their 
fingers in their mouths more often and spend more 
time playing on grass, carpeting, and soil where pesti-
cides can accumulate.

Figure 12-21 lists some ways in which you can re-
duce your exposure to pesticides.

Pesticide use has not reduced U.S. crop losses to pests,
mostly because of genetic resistance and reduction of 
natural predators. When David Pimentel, an expert on 
insect ecology, evaluated data from more than 300 ag-
ricultural scientists and economists, he reached three 
major conclusions.

• First, although the use of synthetic pesticides has 
increased 33-fold since 1942, 37% of the U.S. food 
supply is lost to pests today compared to 31% in 
the 1940s. Since 1942, losses attributed to insects 
almost doubled from 7% to 13%, despite a tenfold 
increase in the use of synthetic insecticides.

• Second, estimated environmental, health, and social 
costs of pesticide use in the United States, according 
to the International Food Policy Research Institute, 
are $5–10 in damages for every dollar spent on 
pesticides.

• Third, alternative pest management practices could 
halve the use of chemical pesticides on 40 major 
U.S. crops without reducing crop yields (Con-
cept 12-4).

The pesticide industry disputes these findings. Try-
ing to balance the economic and environmental advan-
tages and disadvantages of pesticides is not easy and 
presents farmers and scientists with serious dilemmas 
(Science Focus, at left). However, numerous studies 
and experience show that pesticide use can be reduced 
sharply without reducing yields. Sweden has cut pesti-
cide use in half with almost no decrease in crop yields. 
Campbell Soup uses no pesticides on tomatoes it grows 
in Mexico, and yields have not dropped. After a two-
thirds cut in pesticide use on rice in Indonesia, yields 
increased by 15%.

 ■ CASE STUDY

Ecological Surprises
Malaria once infected nine of every ten people in North 
Borneo, now known as the eastern Malaysian state of 
Sabah. In 1955, the WHO began spraying the island 
with dieldrin (a relative of DDT) to kill malaria-carrying 
mosquitoes. The program was so successful that the 
dreaded disease was nearly eliminated.

Then unexpected things began to happen. The diel-
drin also killed other insects, including flies and cock-
roaches living in houses. The islanders applauded. Next, 
small insect-eating lizards that also lived in the houses 
died after gorging themselves on dieldrin-contaminated 
insects.

Figure 12-21 Individuals matter: ways to reduce your exposure to pesticides. 
Question: Which three of these measures do you think are the most important? 
Why?

■ Grow some of your food using organic methods

 ■ Buy organic food

 ■ Wash and scrub all fresh fruits, vegetables, and wild foods you pick

 ■ Eat less meat or no meat

 ■ Trim the fat from meat

Reducing Exposure to Pesticides

WHAT CAN YOU DO?

www.learner.org/resources/series209.html
www.learner.org/resources/series209.html
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Cats began dying after feeding on the lizards. In the 
absence of cats, rats flourished and overran the villages. 
When the people became threatened by sylvatic plague 
carried by rat fleas, the WHO parachuted healthy cats 
onto the island to help control the rats. Operation Cat 
Drop worked.

But then the villagers’ roofs began to fall in. The 
dieldrin had killed wasps and other insects that fed 
on a type of caterpillar that either avoided or was not 
affected by the insecticide. With most of its preda-
tors eliminated, the caterpillar population exploded, 
munching its way through its favorite food: the leaves 
used to thatch roofs.

Ultimately, this episode ended well: both malaria 
and the unexpected effects of the spraying program 
were brought under control. Nevertheless, this chain 
of unintended and unforeseen events emphasizes the 
unpredictability of using insecticides. It reminds us that 
when we intervene in nature, we need to ask, “Now 
what will happen?”

HOW WOULD YOU VOTE?

Do the advantages of using synthetic chemical pesticides 
outweigh their disadvantages? Cast your vote online at 
academic.cengage.com/biology/miller.

Laws and Treaties Can Help
to Protect Us from the Harmful 
Effects of Pesticides
Each year in the United States, about 2.4 million metric 
tons (2.6 million tons) of pesticides are used—an aver-
age of 4.6 metric tons (4.9 tons) per minute. They con-
sist of 600 active (pest-killing) chemicals mixed with 
1,200 solvents, preservatives, and other supposedly 
inactive ingredients in about 25,000 commercial pesti-
cide products. Three U.S. federal agencies, the EPA, the 
USDA, and the Food and Drug Administration (FDA), 
regulate the sale and use of pesticides under the Federal 
Insecticide, Fungicide, and Rodenticide Act (FIFRA), 
first passed in 1947 and amended in 1972.

Under FIFRA, the EPA was supposed to assess the 
health risks of the active ingredients in pesticide prod-
ucts already in use. But after more than 30 years, less 
than 10% of the active ingredients in pesticide prod-
ucts have been evaluated using tests for chronic health 
effects. Serious evaluation of the health effects of the 
1,200 inactive ingredients used in pesticide products 
began only recently. The EPA says that it has not had 
the funds to carry out this complex and lengthy evalu-
ation process.

In 1996, Congress passed the Food Quality Pro-
tection Act, mostly because of growing scientific evi-
dence and citizen pressure concerning the effects of 
small amounts of pesticides on children. This act re-

quires the EPA to reduce the allowed levels of pesticide 
residues in food by a factor of 10 when there is inad-
equate information on the potentially harmful effects 
on children.

There is controversy over how well U.S. citizens are 
protected from the harmful effects of pesticides. Between 
1972 and 2007, the EPA used FIFRA to ban or severely 
restrict the use of 64 active pesticide ingredients, includ-
ing DDT and most other chlorinated hydrocarbon insec-
ticides. However, according to studies by the National 
Academy of Sciences, federal laws regulating pesticide 
use in the United States are inadequate and poorly en-
forced by the three agencies. One study by the National 
Academy of Sciences found that as much as 98% of 
the potential risk of developing cancer from pesticide 
residues on food grown in the United States would be 
eliminated if EPA standards were as strict for pre-1972 
pesticides as they are for newer ones.

Although laws within countries protect citizens to 
some extent, banned or unregistered pesticides may 
be manufactured in one country and exported to other 
countries. For example, U.S. pesticide companies make 
and export to other countries pesticides that have been 
banned or severely restricted—or never even evaluat-
ed—in the United States. Other industrial countries also 
export banned or unapproved pesticides.

But what goes around can come around. In what 
environmental scientists call a circle of poison or the boo-
merang effect, residues of some banned or unapproved 
chemicals exported to other countries can return to the 
exporting countries on imported food. The wind can also 
carry persistent pesticides such as DDT from one coun-
try to another (Chapter 7 Core Case Study, p. 140).

Environmental scientists and environmentalists 
have urged the U.S. Congress—without success—to 
ban such exports. Supporters of the exports argue that 
such sales increase economic growth and provide jobs, 
and that banned pesticides are exported only with the 
consent of the importing countries. They also contend 
that if the United States did not export pesticides, other 
countries would.

In 1998, more than 50 countries developed an in-
ternational treaty that requires exporting countries 
to have informed consent from importing countries 
for exports of 22 pesticides and 5 industrial chemicals. 
In 2000, more than 100 countries developed an in-
ternational agreement to ban or phase out the use of 
12 especially hazardous persistent organic pollutants 
(POPs)—9 of them persistent hydrocarbon pesticides 
such as DDT and other chemically similar pesticides. 
The United States has not signed this agreement.

THINKING ABOUT
Exporting Pesticides

Should companies be allowed to export pesticides that have 
been banned, severely restricted, or not approved for use in 
their home countries? Explain.
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There Are Alternatives to 
Using Pesticides
Many scientists believe we should greatly increase 
the use of biological, ecological, and other alternative 
methods for controlling pests and diseases that affect 
crops and human health (Concept 12-4). Here are some 
of these alternatives:

• Fool the pest. A variety of cultivation practices can be 
used to fake out pest species. For example, rotating 
the types of crops planted in a field each year will 
keep specialists that eat one type of crop searching 
from year to year for their food. Other methods in-
clude adjusting planting times, so major insect pests 
either starve or get eaten by their natural predators, 
and growing crops in areas where their major pests 
do not exist.

• Provide homes for pest enemies. Farmers can increase 
the use of polyculture, which uses plant diversity 
to reduce losses to pests. Homeowners can reduce 
weed invasions by cutting grass no lower than 8 
centimeters (3 inches) high. This height provides 
a dense enough cover to keep out crabgrass and 
many other undesirable weeds.

• Implant genetic resistance. Use genetic engineer-
ing to speed up the development of pest- and 
disease-resistant crop strains (Figure 12-22). But 
controversy persists over whether the projected 
advantages of using genetically modified plants and 
foods such as golden rice (Core Case Study)
outweigh their projected disadvantages 
(Figure 12-16, right).

• Bring in natural enemies. Use biological control by 
importing natural predators (Figures 12-19 and 
12-23), parasites, and disease-causing bacteria and 
viruses to help regulate pest populations. This ap-
proach is nontoxic to other species, minimizes 
genetic resistance, and can save large amounts of 
money—about $25 for every $1 invested in con-
trolling 70 pest species in the United States. How-
ever, biological control agents cannot always be 
mass-produced, are often slower acting and more 
difficult to apply than conventional pesticides, can 
sometimes multiply and become pests themselves, 
and must be protected from pesticides sprayed in 
nearby fields.

• Use insect perfumes. Sex attractants (called pheromones)
can lure pests into traps or attract their natural 
predators into crop fields (usually the more effec-
tive approach). These chemicals attract only one 
species, work in trace amounts, have little chance 
of causing genetic resistance, and are not harmful 
to nontarget species. However, it is costly and time-
consuming to identify, isolate, and produce the 
specific sex attractant for each pest or predator.

• Bring in the hormones. Hormones are chemicals pro-
duced by animals to control developmental pro-
cesses at different stages of life. Scientists have 
learned how to identify and use hormones that 
disrupt an insect’s normal life cycle, thereby pre-
venting it from reaching maturity and reproducing. 
Insect hormones have the same advantages as sex 

Figure 12-22 Solutions: the results of one example of using genetic engineering to 
reduce pest damage. Both tomato plants were exposed to destructive caterpillars. The 
normal plant’s leaves are almost gone (left), whereas the genetically altered plant shows 
little damage (right). Question: Would you have any concerns about eating the geneti-
cally engineered tomato? Why or why not?

Figure 12-23 Natural capital: biological pest control. Wasp 
parasitizing a gypsy moth caterpillar.
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attractants. But they take weeks to kill an insect, 
often are ineffective with large infestations of in-
sects, and sometimes break down before they can 
act. In addition, they must be applied at exactly 
the right time in the target insect’s life cycle, can 
sometimes affect the target’s predators and other 
beneficial species, and are difficult and costly to 
produce.

• Scald them. Some farmers have controlled cer-
tain insect pests by spraying them with hot water.
This approach has worked well on cotton, alfalfa, 
and potato fields and in citrus groves in the U.S. 
state of Florida, and its cost is roughly equal to 
that of using chemical pesticides. However, it 
requires large amounts of water and energy to 
heat it.

Integrated Pest Management 
Is a Component of Sustainable 
Agriculture
Many pest control experts and farmers believe the best 
way to control crop pests is a carefully designed inte-
grated pest management (IPM) program. In this 
more sustainable approach, each crop and its pests are 
evaluated as parts of an ecological system. Then farm-
ers develop a control program that uses a combination 
of cultivation, biological controls, and chemical tools 
and techniques, applied in a carefully coordinated way 
(Concept 12-4).

The overall aim of IPM is to reduce crop damage to 
an economically tolerable level. Each year, crops are 
moved from field to field to disrupt pest infestations, 
and fields are monitored carefully. When an economi-
cally damaging level of pests is reached, farmers first 
use biological methods (natural predators, parasites, 
and disease organisms) and cultivation controls. They 
also use large machines to vacuum up harmful bugs. 
They apply small amounts of insecticides—mostly those 
naturally produced by plants—only as a last resort and 
in the smallest amounts possible. Broad-spectrum, 
long-lived pesticides are not used, and different chem-
icals are used alternately to slow the development of 
genetic resistance and to reduce the killing predators of 
pest species.

In 1986, the Indonesian government banned 57 
of the 66 pesticides used on rice and phased out pes-
ticide subsidies over a 2-year period. It also launched a 
nationwide education program to help farmers switch 
to IPM. The results were dramatic: between 1987 and 
1992, pesticide use dropped by 65%, rice production 
rose by 15%, and more than 250,000 farmers were 
trained in IPM techniques. For more information and 
animations, see The Habitable Planet, Video 7, at www
.learner.org/resources/series209.html. Sweden and 
Denmark have used IPM to cut their pesticide use by 

more than half. Cuba, which uses organic farming to 
grow its crops, makes extensive use of IPM. In Brazil, 
IPM has reduced pesticide use on soybeans by as much 
as 90%.

According to a 2003 study by the U.S. National 
Academy of Sciences, these and other experiences 
show that a well-designed IPM program can reduce 
pesticide use and pest control costs by 50–65% without 
reducing crop yields and food quality. IPM can also re-
duce inputs of fertilizer and irrigation water, and slow 
the development of genetic resistance, because pests 
are assaulted less often and with lower doses of pesti-
cides. IPM is an important form of pollution prevention
that reduces risks to wildlife and human health 
and applies the population control principle of 
sustainability (see back cover).

Despite its promise, IPM—like any other form of 
pest control—has some disadvantages. It requires ex-
pert knowledge about each pest situation and takes 
more time than does using conventional pesticides. 
Methods developed for a crop in one area might not 
apply to areas with even slightly different growing con-
ditions. Initial costs may be higher, although long-term 
costs typically are lower than those of using conven-
tional pesticides. Widespread use of IPM is hindered by 
government subsidies for using conventional chemical 
pesticides, opposition by pesticide manufacturers, and a 
shortage of IPM experts. GREEN CAREER: Integrated pest 
management

A 1996 study by the National Academy of Sciences 
recommended that the United States shift from chem-
ical-based approaches to ecological-based approaches 
for managing pests. According to this study, within 
5–10 years, such a shift could cut U.S. pesticide use in 
half, as it has in several other countries.

A growing number of scientists urge the USDA to use 
three strategies to promote IPM in the United States:

• Add a 2% sales tax on pesticides and use the rev-
enue to fund IPM research and education.

• Set up a federally supported IPM demonstration 
project on at least one farm in every U. S. county.

• Train USDA field personnel and county farm agents 
in IPM so they can help farmers use IPM.

The pesticide industry has successfully opposed 
such measures.

HOW WOULD YOU VOTE?

Should governments heavily subsidize a switch to integrated 
pest management? Cast your vote online at academic
.cengage.com/biology/miller.

Several U.N. agencies and the World Bank have 
joined together to establish an IPM facility. Its goal is to 
promote the use of IPM by disseminating information 
and establishing networks among researchers, farmers, 
and agricultural extension agents involved in IPM.

www.learner.org/resources/series209.html
www.learner.org/resources/series209.html
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Use Government Policies to Improve 
Food Production and Security
Agriculture is a financially risky business. Whether 
farmers have a good or bad year depends on factors 
over which they have little control: weather, crop 
prices, crop pests and diseases, interest rates, and global 
markets. Because of the need for reliable food supplies 
despite fluctuations in these factors, most governments 
provide various forms of assistance to farmers, fishers, 
and consumers.

Governments use three main approaches to influ-
ence food production:

• Control prices. Use price controls to keep food prices 
artificially low. Consumers are happy, but farmers 
may not be able to make a living.

• Provide subsidies. Give farmers price supports, tax 
breaks, and other subsidies to keep them in busi-
ness and to encourage them to increase food 
production. According to the United Nations, 
government subsidies account for about 31% of 
global farm income. Globally, farm subsidies in the 
developed countries average about $280 billion a 
year—an average of $530,000 a minute! If govern-
ment subsidies are too generous and the weather is 
good, farmers and livestock producers may produce 
more food than can be sold. The resulting surplus 
depresses food prices, which reduces the financial 
incentive for farmers in developing countries to in-
crease domestic food production. 

Some analysts call for phasing out such subsi-
dies. For example, in 1984, New Zealand ended 
farm subsidies. After the shock wore off, innova-
tion took over, and production of some foods such 
as milk quadrupled. Other analysts call for replac-
ing traditional farming subsidies with subsidies that 
promote more sustainable farming practices. 

Similarly, government subsidies to fishing fleets 
(p. 264) can promote overfishing and reduction 
of aquatic biodiversity. For example, governments 
give the highly destructive bottom trawling in-
dustry (Figure 11-3, p. 251) about $152 million 
in subsidies a year, which is the main reason they 
can stay in business. Many analysts call for replac-
ing those subsidies with payments that promote 
more sustainable fishing and aquaculture.

• Let the marketplace decide. Another approach is to 
eliminate most or all price controls and subsidies 
and let farmers and fishers respond to market de-

mand without government interference. Some ana-
lysts urge that any phase-out of farm and fishery 
subsidies should be coupled with increased aid for 
the poor and the lower middle class, who would 
suffer the most from any increase in food prices.

HOW WOULD YOU VOTE?

Should governments phase out all or most subsidies for 
conventional agriculture and phase in subsidies for more sus-
tainable agriculture? Cast your vote online at academic
.cengage.com/biology/miller.

Government programs that reduce poverty by help-
ing the poor to help themselves can improve food secu-
rity (Concept 12-1B). An essential part of this would be 
to reduce the population growth rate. Such programs 
should thus promote family planning, education and 
jobs (especially for women), and small loans to poor 
people to help them start businesses or buy land for 
growing their own food.

Some analysts urge special programs focused on 
saving children from poverty. Studies by the United 
Nations Children’s Fund (UNICEF) indicate that one-
half to two-thirds of nutrition-related childhood deaths 
could be prevented at an average annual cost of $5–$10 
per child with the following measures:

• Immunizing children against childhood diseases 
such as measles

• Encouraging breast-feeding (except for mothers 
with AIDS)

• Preventing dehydration from diarrhea by giving in-
fants a mixture of sugar and salt in a glass of water

• Preventing blindness by giving children a vitamin 
A capsule twice a year at a cost of about 75¢ per 
child. Other options are fortifying common foods 
with vitamin A and other micronutrients at a cost 
of about 10¢ per child annually and widespread 
planting of golden rice in developing countries 
(Core Case Study).

• Providing family planning services to help 
mothers space births at least 2 years apart

• Increasing education for women, with emphasis on 
nutrition, drinking water sterilization, family plan-
ning, and childcare

Analysts note that preventing health problems 
in children is an important step toward global food 
security.

12-5 How Can We Improve Food Security?
CONCEPT 12-5 We can improve food security by creating programs to reduce 
poverty and chronic malnutrition, relying more on locally grown food, and cutting 
food waste.

▲
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Reduce Soil Erosion
Soil conservation involves using a variety of ways to 
reduce soil erosion and restore soil fertility, mostly by 
keeping the soil covered with vegetation.

Figure 12-24 shows some of the methods farm-
ers have used to reduce soil erosion (Concept 12-6A). 
For example, terracing is a way to grow food on steep 
slopes without depleting topsoil. It is done by convert-
ing steeply sloped land into a series of broad, nearly 
level terraces that run across the land’s contours (Fig-
ure 12-24a and Figure 12-1). This retains water for 

crops at each level and reduces soil erosion by control-
ling runoff.

When the ground has a significant slope, a technique 
known a contour planting (Figures 12-24b and 12-25) 
can be used to reduce soil erosion. It involves plowing 
and planting crops in rows across the slope of the land 
rather than up and down. Each row acts as a small dam 
to help hold topsoil and to slow water runoff.

Strip cropping (Figure 12-24b) involves planting al-
ternating strips of a row crop (such as corn or cotton) 
and another crop that completely covers the soil, called 
a cover crop (such as alfalfa, clover, rye, or a grass–

12-6 How Can We Produce Food More Sustainably?
CONCEPT 12-6A Sustainable food production will require reducing topsoil 
erosion, sharply reducing overgrazing and overfishing, irrigating more efficiently, 
using integrated pest management, promoting agrobiodiversity, and providing 
government subsidies for more sustainable farming, fishing, and aquaculture.
CONCEPT 12-6B Producing enough food to feed the rapidly growing human 
population will require growing crops in a mix of monocultures and polycultures 
and decreasing the enormous environmental impacts of industrialized food 
production.

▲
▲

(a) Terracing (b) Contour planting and strip cropping

(c) Alley cropping (d) Windbreaks

Figure 12-24 Soil conservation methods include (a) terracing, (b) contour planting and strip cropping, (c) alley 
cropping, and (d) windbreaks (Concept 12-6A).
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legume mixture). The cover crop traps topsoil that 
erodes from the row crop and catches and reduces wa-
ter runoff (Figure 12-25). When one crop is harvested 
the other strip is left to catch and reduce water runoff. 
Other ways to reduce erosion are to leave crop residues 
on the land after the crops are harvested or to plant 
cover crops immediately after harvest to help protect 
and hold the topsoil.

Alley cropping, or agroforestry (Figure 12-24c), is yet 
another way to slow erosion. One or more crops are 
planted together in strips or alleys between trees and 
shrubs, which provide shade. This reduces water loss 
by evaporation and helps retain and slowly release 
soil moisture—an insurance policy during prolonged 
drought. The trees also can provide fruit, fuelwood, 
and trimmings that can be used as mulch for the crops 
(green manure) and as feed for livestock.

Some farmers establish windbreaks, or shelterbelts, of 
trees around crop fields to reduce wind erosion (Fig-
ure 12-24d). These trees also retain soil moisture, sup-
ply wood for fuel, increase crop productivity by 5–10%, 
and provide habitats for birds, pest-eating and pollinat-
ing insects, and other animals.

However, many farmers do not practice these 
known ways to reduce soil erosion, because they are in 
a desperate struggle to survive, or they are more inter-
ested in increasing short-term income, even if it leads 
to long-term environmental degradation.

Eliminating the plowing and tilling of soil greatly 
reduces soil erosion. Many farmers in the United States 
and several other countries practice conservation-tillage
farming by using special tillers and planting machines 
that drill seeds directly through crop residues into the 
undisturbed soil. The only soil disturbance is a narrow 
slit, and weeds are controlled with herbicides. Such 

no-till and minimum-tillage farming also increases crop 
yields, reduces the threat of global warming by storing 
more carbon in the soil, and lowers use of water and 
tractor fuel.

In 2007, farmers used conservation tillage on about 
41% of U.S. cropland, helped by the use of herbicides 
such as glyphosate (Science Focus, p. 296). The USDA 
estimates that using conservation tillage on 80% of 
U.S. cropland would reduce soil erosion by at least half. 
No-till cultivation is now spreading rapidly into coun-
tries such as Brazil, Argentina, Canada, and Australia. 
It also has great potential to reduce soil erosion and 
raise crop yields in dry regions in Africa and the Middle 
East. Conservation tillage, however, is not a cure-all. It 
requires costly machinery and increases use of herbi-
cides, works better in some areas than in others, and is 
more useful for some crops than for others.

An additional way to conserve the earth’s topsoil is 
to retire the estimated one-tenth of the world’s crop-
land that is highly erodible and accounts for the ma-
jority of the world’s soil erosion. The goal would be to 
identify these erosion hotspots, withdraw them from cul-
tivation, and plant them with grasses or trees.

 ■ CASE STUDY

Soil Erosion in the United States—
Learning from the Past
In the United States, a third of the country’s original 
topsoil is gone and much of the rest is degraded. In the 
state of Iowa, which has the world’s highest concentra-
tion of prime farmland, half of the topsoil is gone after a 
century of farming. According to the Natural Resources 

Figure 12-25 Solutions: mixture of 
monoculture crops planted in strips on 
a farm in central Wisconsin (USA). This 
farm practices sound soil conservation 
by planting crops with the contours 
of the land (contour planting) and al-
ternating crops in strips (strip cropping)
to help reduce soil erosion and deple-
tion of soil nutrients.
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Conservation Service, 90% of American farmland is, 
on average, losing topsoil 17 times faster than new top-
soil is being formed.

In the 1930s, Americans learned a harsh environ-
mental lesson when much of the topsoil in several 
dry and windy midwestern states was lost because of 
a combination of poor cultivation practices and pro-
longed drought. This threatened to turn much of the 
U.S. Great Plains into a vast desert. Before settlers be-
gan grazing livestock and planting crops there in the 
1870s, the deep and tangled root systems of native 
prairie grasses anchored the fertile topsoil firmly in 
place. But plowing the prairie tore up these roots, and 
the crops that settlers planted annually in their place 
had less extensive root systems. After each harvest, 
the land was plowed and left bare for several months, 
exposing it to high winds. Overgrazing by livestock in 
some areas also destroyed large expanses of grass, de-
nuding the ground.

The stage was set for severe wind erosion and crop 
failures; all that was needed was a long drought. It 
came between 1926 and 1937 when the annual pre-
cipitation dropped by almost two-thirds. In the 1930s, 
dust clouds created by hot, dry windstorms blowing 
across the barren exposed soil darkened the sky at mid-
day in some areas (Figure 12-26). Rabbits and birds 
choked to death on the dust.

During May 1934, a cloud of topsoil blown off the 
Great Plains traveled some 2,400 kilometers (1,500 
miles) and blanketed most of the eastern United States 
with dust. Laundry hung out to dry by women in the 
state of Georgia quickly became covered with dust 
blown in from the Midwest. Journalists gave the most 

eroded part of the Great Plains a new name: the Dust 
Bowl (Figure 12-27).

This calamity triggered one of the largest internal mi-
grations in U.S. history. Thousands of farm families from 
the states of Oklahoma, Texas, Kansas, and Colorado 
abandoned their dust-choked farms and dead livestock 
and migrated to California or to the industrial cities of 
the Midwest and East. Most found no jobs because the 
country was in the midst of the Great Depression.

In May 1934, Hugh Bennett of the USDA went be-
fore a congressional hearing in Washington, D.C., to 
plead for new programs to protect the country’s topsoil. 
Lawmakers took action when Great Plains dust began 
seeping into the hearing room. As Bennett put it, “This 
nation and civilization is founded upon nine inches of 
topsoil. And when that is gone there will no longer be 
any nation or any civilization.”

In 1935, the United States passed the Soil Erosion 
Act, which established the Soil Conservation Service 
(SCS) as part of the USDA. Soil conservation districts 
were formed throughout the country, and farmers and 
ranchers were given technical assistance to set up soil 
conservation programs. (The SCS is now called the 
Natural Resources Conservation Service.)

Of the world’s major food-producing nations, only 
the United States is sharply reducing some of its soil 
losses through a combination of conservation-tillage 
farming and government-sponsored soil conserva-
tion programs (Concept 12-6A). Under the 1985 Food 
Security Act (Farm Act), farmers participating in the 
Conservation Reserve Program receive a subsidy for 
taking highly erodible land out of production and re-
planting it with topsoil-saving grass or trees for 10–15 
years. Since 1985, these efforts have cut soil losses on 
U.S. cropland by 40%.

However, effective soil conservation is practiced to-
day on only half of all U.S. agricultural land. Also, in 
recent years, some farmers have been taking erodible 

Colorado

New Mexico

Kansas

Oklahoma

Texas

MEXICO

Dust
Bowl

Figure 12-26 Natural capital degradation: dust storm, driven by wind blowing 
across eroded soil, approaching Stratford, Texas (USA), in 1935.

Figure 12-27 Natural capital degradation: the Dust Bowl of the 
Great Plains, where a combination of extreme drought and poor soil 
conservation practices led to severe wind erosion of topsoil in the 
1930s. 
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land out of the conservation reserve in order to receive 
government subsidies for planting corn to make etha-
nol for use as a motor vehicle fuel.

Restore Soil Fertility
The best way to maintain soil fertility is through soil 
conservation. The next best option is to restore some of 
the plant nutrients that have been washed, blown, or 
leached out of the soil, or that have been removed by 
repeated crop harvesting. To do this, farmers can use 
organic fertilizer made from plant and animal wastes 
or commercial inorganic fertilizer produced from 
various minerals.

There are several types of organic fertilizers. One is 
animal manure: the dung and urine of cattle, horses, 
poultry, and other farm animals. It improves soil struc-
ture, adds organic nitrogen, and stimulates beneficial 
soil bacteria and fungi. Another type, called green ma-
nure consists of freshly cut or growing green vegeta-
tion that is plowed into the topsoil to increase the or-
ganic matter and humus available to the next crop. A 
third type is compost, produced when microorganisms 
in soil break down organic matter such as leaves, crop 
residues, food wastes, paper, and wood in the presence 
of oxygen. (See the website for this chapter for more 
details on composting.)

Crops such as corn and cotton can deplete nutrients 
in the topsoil (especially nitrogen) if they are planted 
on the same land several years in a row. Crop rotation 
provides one way to reduce these losses. Farmers plant 
areas or strips with nutrient-depleting crops one year. 
The next year, they plant the same areas with legumes 
whose root nodules add nitrogen to the soil. This not 
only helps to restore soil nutrients but also reduces ero-
sion by keeping the topsoil covered with vegetation.

Many farmers (especially in developed countries) 
rely on commercial inorganic fertilizers. The active ingredi-
ents typically are inorganic compounds that contain ni-
trogen, phosphorus, and potassium. Other plant nutrients 
may be present in low or trace amounts. Inorganic fer-
tilizer use has grown more than elevenfold since 1950 
and now accounts for about one-fourth of the world’s 
crop yield. Without careful control, these fertilizers can 
run off the land and pollute nearby bodies of water and 
coastal estuaries where rivers empty into the sea.

These fertilizers can replace depleted inorganic nu-
trients, but they do not replace organic matter. To com-
pletely restore nutrients to soil, both inorganic and or-
ganic fertilizers should be used.

Reduce Soil Salinization 
and Desertification
We know how to prevent and deal with soil saliniza-
tion, as summarized in Figure 12-28.

Desertification is not an easy problem to deal with. 
We cannot control the timing and location of pro-
longed droughts caused by natural factors. But we can 
reduce population growth, overgrazing, deforestation, 
and destructive forms of planting, irrigation, and min-
ing, which have left much land vulnerable to soil ero-
sion and thus desertification. 

We can also work to decrease the human contribu-
tion to global warming, which is expected to increase 
severe and prolonged droughts in larger areas of the 
world during this century. It is possible to restore land 
suffering from desertification by planting trees and 
grasses that anchor topsoil and hold water, by estab-
lishing windbreaks (Figure 12-24d), and by growing 
trees and crops together (Figure 12-24c).

Practice More Sustainable 
Aquaculture
Figure 12-29 (p. 306) lists some ways to make aquacul-
ture more sustainable and to reduce its harmful envi-
ronmental effects. Open-ocean aquaculture, which the 
United States is planning to develop, is one such alter-
native. It involves raising large carnivorous fish in un-
derwater pens located up to 300 kilometers (190 miles) 
offshore (Figure 11-7, p. 256). The fish are fattened 
with fish meal supplied by automated buoys. Using 
another approach, scientists are eliminating damage 
to coastal areas in Florida by raising shrimp far inland 
in zero-discharge freshwater ponds. GREEN CAREER: 
Aquaculture

S O L U T I O N S
Soil Salinization

Reduce irrigation

Switch to salt-tolerant crops 
(such as barley, cotton, and 
sugar beet)

Flush soil (expensive and 
wastes water)

Stop growing crops for 
2–5 years

Install underground 
drainage systems 
(expensive)

Prevention Cleanup

Figure 12-28 Methods for preventing and cleaning up soil salinization (Con-
cept 12-6A). Question: Which two of these solutions do you think are the most 
important? Why?
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However, making aquaculture more sustainable 
will require some fundamental changes, one of which 
is for consumers to choose more often from species 
that are lower on the food chain—those that feed on 
plants rather than on other fish. For example, raising 
carnivorous fishes such as salmon, trout, tuna, grouper, 
and cod contributes to overfishing of species used to 
feed these carnivores. Raising plant-eating fishes such 
as carp and tilapia (called the chicken of fish farming) 
does not add to this problem.

On the production end, fish farmers could employ 
polyaquaculture, which in fact has been part of aqua-
culture for centuries, especially in Southeast Asia. 
Polyaquaculture operations raise fish or shrimp along 
with algae, seaweeds, and shellfish in coastal lagoons, 
ponds, and tanks. The wastes of the fish or shrimp 
feed the other species, and in the best of these op-
erations, there are just enough wastes from the first 
group to feed the second group. This applies the 
nutrient recycling and biodiversity principles of 
sustainability.

Produce Meat More Efficiently 
and Humanely
Ultimately, consumers need to evaluate their use of 
meat in their diets relative to the harmful environmental 
impacts caused by its increasingly industrialized produc-
tion. Currently, about 38% of the world’s grain harvest 
and 37% of the world’s fish catch are used to produce 
animal protein. If everyone in the world today had the 
average U.S. meat-based diet, the world’s current an-
nual grain harvest could feed only about 2.5 billion peo-
ple. People in many European countries consume about 
half as much grain per person as people in the United 

States consume. If everyone followed this diet, the cur-
rent grain harvest would support about 5 billion people. 

A more sustainable form of meat production 
and consumption would involve shifting from less 
grain-efficient forms of animal protein, such as beef 
and pork, to more grain-efficient forms, such as poul-
try and herbivorous farmed fish (Figure 12-30). Such 
a shift is under way. Since 1996, poultry has taken the 
lead over beef in the marketplace, and within a decade 
or so, production of farmed herbivorous fish may ex-
ceed beef production. 

We can find alternatives to growing grain to feed 
livestock. In 1997, India became the world’s largest pro-
ducer of milk and other dairy products. The entire in-
dustry is based mostly on feeding dairy cows roughage 
such as rice straw, wheat straw, corn stalks, and grass 
gathered from roadsides. Another approach is to de-
velop meat substitutes. Researchers at Vrjie University 
in the Netherlands are using peas and other protein-
rich legumes to develop alternatives to meats that are 
affordable, highly nutritious, easy to prepare, and tasty. 

Some individuals and groups consider it unethical 
and inhumane to raise livestock in crowded feedlots 
and pens under factory-like conditions. In 2004, Whole 
Foods Market, a natural and organic foods supermarket 
chain in the United States, committed $500,000 to es-
tablish a foundation to look for more humane ways to 
raise livestock in feedlots. And McDonald’s, Wendy’s, 
and Burger King have hired specialists to develop new 
standards for improving animal welfare. In 2005, the 
165 member countries of the World Organization for 
Animal Health adopted voluntary standards for the 
more humane transportation and slaughter of livestock 
animals.

Move Down the Food Chain 
and Slow Population Growth
Food production, especially producing meat, has a huge 
environmental impact (Figure 12-9). Indeed, eating 
meat, driving fuel-inefficient motor vehicles, and liv-

Beef cattle

Pigs

Chicken

Fish (catfish
or carp)

7

4

2.2

2

Figure 12-30 Efficiency of converting grain into animal protein. 
Data in kilograms of grain per kilogram of body weight added. 
Question: If you eat meat, what changes could you make in your 
meat-eating habits to reduce your environmental impact? (Data 
from U.S. Department of Agriculture) 

■  Restrict locations of fish farms to reduce losses of mangrove  
 forests and estuaries

■  Improve management of aquaculture wastes

■  Reduce escape of aquaculture species into the wild

■  Raise some aquaculture species in deeply submerged cages  
 to protect them from wave action and predators and to  
 allow dilution of wastes into the ocean

■  Certify sustainable forms of aquaculture and label
 products accordingly

S O L U T I O N S
More Sustainable Aquaculture

Figure 12-29 Ways to make aquaculture more sustainable and to 
reduce its harmful effects. Question: Which two of these solutions 
do you think are the most important? Why? 
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ing and working in energy-inefficient buildings make 
the three largest contributions to the ecological and 
carbon footprints of most individuals in affluent na-
tions. According to a 2006 study by the U.N. Food and 
Agriculture Organization, Livestock’s Long Shadow, meat 
production and delivery cause 40% more greenhouse 
gas emissions than all of the world’s planes, cars, trucks, 
and other forms of transport combined. 

As a result, some people are eating less meat and 
switching from energy-inefficient beef, pork, and car-
nivorous fish produced by aquaculture to more energy-
efficient chicken and herbivorous fish produced by 
aquaculture (Figure 12-29). In addition to reduc-
ing their ecological and carbon footprints, this switch 
can improve their health and increase their life ex-
pectancy. Research indicates that people who live on 
a Mediterranean-type diet, which includes moderate 
amounts of meat, cheese, and seafood, are healthier 
and live longer than those who live on a diet that in-
cludes high levels of meat consumption.

Some people in affluent societies are going further 
and eliminating most or all meat from their diet. They 
are replacing a meat diet with a vegetarian diet that 
includes a healthy combination of fruits, vegetables, 
protein-rich foods such as legumes, and in some cases, 
moderate amounts of fish. 

THINKING ABOUT 
Meat Consumption 

Would you be willing to live lower on the food 
chain (Concept 3-4B, p. 61) by eating less meat or no meat? 
Explain.

Slowing population growth (pp. 133–137) reduces 
the harmful environmental impacts of agriculture by 
reducing the number of people consuming meat 
and other types of food. It also applies the pop-
ulation control principle of sustainability.

Shift to More 
Sustainable Agriculture
Sustainability experts agree that sustainable world 
food production will require us to develop and phase 
in more sustainable, low-input agricultural systems 
over the next few decades. One component of this is 
increased use of organic agriculture in which crops 
are grown with little or no use of synthetic pesticides, 
synthetic fertilizers, or genetically engineered seeds. 
Livestock are raised without use of genetic engineer-
ing, synthetic growth regulators, or feed additives. 
Fields must be free of chemicals for 3 years before crops 
grown there can be certified as organic. Since 1990, or-
ganic farming has been the fastest growing sector of the 
agricultural economy.

Figure 12-31 lists the major components of more 
sustainable agriculture. Compared to high-input farm-
ing, low-input agriculture produces similar yields with 
lower carbon dioxide emissions, uses less energy per 
unit of yield, improves soil fertility, reduces soil ero-
sion, and can often be more profitable for farmers (Con-
cept 12-6B).

Since 1969, Cubans have grown most of their food 
using low-input sustainable organic agriculture. The 
government has established centers where organisms 
used for biological pest control are produced. The gov-
ernment also encourages people to grow organic food 
in urban gardens.

In 2002, agricultural scientists Paul Mader and 
David Dubois reported the results of a 22-year study 
comparing organic and conventional farming at the 
Rodale Institute in Kutztown, Pennsylvania (USA). 
Figure 12-32 (p. 308) summarizes their conclusions, 
along with those from a 2005 evaluation of the study 
by David Pimentel and other researchers. They con-
cluded that yields of organic crops can be as much as 
20% lower than yields of conventionally raised crops. 
But organic farmers can often make up for this differ-
ence by not having to use or pay for expensive pesti-
cides, herbicides, and synthetic fertilizers, and usually, 

S O L U T I O N S
Sustainable Organic Agriculture

Soil erosion

Aquifer depletion

Overgrazing

Overfishing

Loss of biodiversity

Food waste

Subsidies for
unsustainable 
farming and 
fishing

Soil salinization

Population growth

Poverty

High-yield 
polyculture 

Organic fertilizers

Biological pest
control

Integrated pest
management

Efficient irrigation 

Perennial crops

Crop rotation

Water-efficient 
crops

Soil conservation

Subsidies for 
sustainable farming 
and fishing

More Less

Figure 12-31 Major components of more sustainable, low-through-
put agriculture based mostly on mimicking and working with nature 
(Concept 12-6B). Question: Which two solutions do you think are 
the most important? Why?
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by getting higher prices for their crops. As a result, the 
net economic return per unit of land from organic crop 
production is often equal to or higher than that from 
conventional crop production. However, there is a 
need for more research to evaluate the benefits of or-
ganic farming (Science Focus, below).

Currently, certified organic farming is used on less 
than 1% of the world’s cropland—on only 0.3% in the 
United States, but on 6–10% of the cropland in many 
European countries. Tiny Liechtenstein devotes 18% of 
its land to certified organic agriculture.

RESEARCH FRONTIER:

Organic agriculture. See academic.cengage.com/biology/
miller.

Some farmers have shown that they can use energy 
from the sun, wind, and flowing water, and natural 
gas produced from farm wastes in biogas digesters, to 
produce most or all of the energy they need for 
food production—an application of the solar 
energy principle of sustainability. What is more, 
they can make money by selling their excess electricity 
to power companies.

Most proponents of more sustainable agriculture 
are not opposed to high-yield agriculture. Instead, they 
see it as vital for protecting the earth’s biodiversity by 
reducing the need to cultivate new and often marginal 
land. They call for using more environmentally sus-
tainable forms of both high-yield polyculture and high-
yield monoculture, with increasing emphasis on using 
organic methods for growing crops (Figure 12-31, left) 

Figure 12-32 Environmental benefits of organic farming over con-
ventional farming, based on 22 years of research comparing these 
two systems at the Rodale Institute in Kutztown, Pennsylvania USA. 
(Data from Paul Mader, David Dubois, and David Pimentel).

SCIENCE FOCUS

Scientists Are Studying the Benefits and Costs 
of Organic Farming

The researchers placed a plastic resin bag 
about 1 meter (40 inches) below each tree 
to collect water for measuring nitrate leach-
ing. They found that water from under the 
conventionally grown trees contained nitrate 
concentrations 4.4 to 5.6 times higher than 
those in water from under the organically 
treated trees. Water from the third group 
contained concentrations of nitrates at levels 
between those of the other two groups. This 
led Reganold to conclude that the study sup-
ports organic farming techniques but also 
gives credibility to the integrated approach.

Critical Thinking
Can you think of any factors, other than the 
fertilizers applied, that might have affected 
the results of this experiment? Explain.

re organically produced foods 
really safer to consume and better 

for the environment? Not all scientists agree 
on the answer, and much research remains to 
be done.

In one study reported in 2006, research-
ers John B. Reganold and Sasha B. Kramer 
used controlled experiments (Chapter 2 Core 
Case Study, p. 28) to compare some benefits 
of growing apples organically and grow-
ing them conventionally. In particular, they 
wanted to compare the amount of nitrogen 
leaching into soils from orchards treated in 
different ways. Nitrogen in the form of ni-
trates can contaminate underground drinking 
water supplies, which can cause illnesses in 
people who drink that water, especially small 
children.

A The researchers worked in an apple or-
chard in the Yakima Valley in the central part 
of the U.S. state of Washington. They stud-
ied three groups of apple trees—one group 
treated with conventional synthetic fertil-
izers, including calcium nitrate; one treated 
organically and fertilized with composted 
chicken manure and alfalfa residues; and a 
third group treated through an integrated 
approach, (combining organic and conven-
tional techniques) using equal amounts of 
chicken manure and calcium nitrate. Each of 
the fertilizers used—organic and synthetic—
contained nitrogen. All three study plots 
were fertilized once in May and once in 
October, and each tree received the same 
amount of nitrogen each time, regardless of 
the source.

■ Improves soil fertility

■ Reduces soil erosion

■ Retains more water in soil during  
 drought years

■ Uses about 30% less energy per  
 unit of yield

■ Lowers CO2 emissions

■ Reduces water pollution by  
 recycling livestock wastes

■ Eliminates pollution from   
 pesticides

■ Increases biodiversity above and  
 below ground

■ Benefits wildlife such as birds 
 and bats

S O L U T I O N S
Organic Farming
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(Concept 12-6B). Some scientists also call for greater re-
liance on perennial crops as a component of more sus-
tainable agriculture (Science Focus, above).

Analysts suggest four major strategies to help farm-
ers make the transition to more sustainable agricul-
ture (Concept 12-6B). First, greatly increase research 
on sustainable organic agriculture (Science Focus, at 
left) and on improving human nutrition. Second, set 
up demonstration projects so that farmers can see how 
organic agricultural systems work. Third, provide sub-
sidies and foreign aid to encourage its use. Fourth, es-
tablish training programs in sustainable agriculture for 
farmers and government agricultural officials, and en-
courage the creation of college curricula in sustainable 
agriculture.

Buy Locally Grown Food
Consumers can help farmers to make a transition to 
more sustainable farming by buying food from local 
producers in farmers’ markets or other outlets. This 

supports local economies and reduces the environ-
mental impact of food production. Locally grown food 
does not have to be transported very far from pro-
ducer to consumer. A typical meal using food imported 
from other parts of a country or from other countries 
can easily account for 5 to 17 times more transporta-
tion-related greenhouse gas emissions than the same 
meal using locally produced food would represent. So 
the option with the least environmental impact is to 
grow your own organic food or buy organic food that 
is produced locally. More food can also be grown lo-
cally in the world’s urban areas in vacant lots, in 
yards, and on rooftops, as discussed in more detail in 
Chapter 23.

There are more than 4,300 farmers’ markets in the 
United States, and people are flocking to them. An-
other growing trend is community-supported agri-
culture (CSA). Supporters of CSA buy shares in a farm’s 
produce before it is harvested, and these shares are 
delivered to central points in nearby cities, where share-
holders collect them at appointed times each week. 

SCIENCE FOCUS

Sustainable Polycultures of Perennial Crops

ome plant scientists believe we 
should rely more on polycultures of 

perennial crops, which can live for many years 
without having to be replanted and are bet-
ter adapted to some regional soil and climate 
conditions than most annual crops.

When you think about farms in the 
U.S. state of Kansas, you probably picture 
seemingly endless fields of wheat or corn 
plowed up and planted each year. By 2040, 
the picture might change, thanks to over 
3 decades of pioneering research at the 
nonprofit Land Institute near Salina, 
Kansas.

The institute, founded by plant geneti-
cist Wes Jackson, is experimenting with an 
ecological approach to agriculture on the 
midwestern prairie.The goal is to grow a 
diverse mixture (polyculture) of edible pe-
rennial plants to supplement traditional an-
nual monoculture crops and to help reduce 
the latter’s harmful environmental effects. 
Examples in this polyculture mix include 
perennial grasses, legumes (a source of ni-
trogen fertilizer), sunflowers, grain crops, 
and plants that provide natural insecticides. 
Some of these plants could also be used 
as a source of renewable biofuel for motor 
vehicles.

This approach, called natural systems 
agriculture, copies nature by growing a di-

S

versity of perennial crops. It has a number 
of environmental benefits. Because these 
plants are perennials, there is no need to 
till the soil and replant seeds each year. 
This reduces soil erosion and water pollu-
tion from eroded sediment, because the 
unplowed soil is not exposed to wind and 
rain. And it reduces the need for irrigation 
because the deep roots of such perennials 
retain more water than do the shorter roots 
of annuals (Figure 12-C). Also, there is little or 
no need for chemical fertilizers and pesticides, 
and thus little or no pollution from these 
sources.

Critical Thinking
Why do you think large seed companies gen-
erally oppose this form of more sustainable 
agriculture?

Figure 12-C Comparison of the roots of an annual 
wheat crop plant (left) with the roots of a tallgrass 
prairie perennial plant, big bluestem (right). The pe-
rennial plant is in the ground year-round and is much 
better at using water and nutrients and making and 
maintaining healthy soil. It also needs less fertilizer.
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Golden Rice and Sustainability

This chapter began with a look at how we might use geneti-
cally engineered golden rice (Core Case Study) to help prevent 
blindness in children and increase their resistance to infectious 
diseases. Carefully evaluated and monitored genetic engineering 
is only one of many tools discussed in this chapter for developing 
more sustainable agriculture.

Making this transition involves applying the four scientific
principles of sustainability (see back cover). All of these prin-
ciples are violated by modern industrial agriculture because it 
depends heavily on nonrenewable fossil fuels, includes too little 
recycling of crop and animal wastes, accelerates soil erosion, does 
too little to preserve agrobiodiversity, and can destroy or degrade 
wildlife habitats and disrupt natural species interactions that help 
to control pest population sizes.

Making the transition to more sustainable agriculture means 
relying more on solar energy and less on oil, and sustaining nutri-
ent cycling by soil conservation and by returning crop residues 
and animal wastes to the soil. It also means helping to sustain 
natural and agricultural biodiversity by relying on a greater variety 
of crop and animal strains and by controlling pest populations 
through broader use of polyculture and integrated pest manage-
ment. All such efforts will be enhanced if we can control the 
growth of the human population and our use of resources.

The goal is to feed the world’s people while sustaining and 
restoring the earth’s natural capital and living off the natural in-
come it provides. This will not be easy, but it can be done if we 
heed these ecological lessons from nature.

R E V I S I T I N G

The sector of the economy that seems likely to unravel first is food. 
Eroding soils, deteriorating rangelands, collapsing fisheries, falling water tables, 

and rising temperatures are converging to make it difficult 
to expand food production fast enough to keep up with the demand.

LESTER R. BROWN

REVIEW

1. Review the Key Questions and Concepts for this chap-
ter on p. 276. Describe the use of genetically engineered 
golden rice (Core Case Study) as a way to decrease 
vitamin A deficiency in children.

2. Define food security and food insecurity. What is 
the root cause of food insecurity? Distinguish between 
chronic undernutrition (hunger) and chronic mal-

nutrition and describe their harmful effects. Describe the 
effects of diet deficiencies in vitamin A, iron, and iodine. 
What is a famine? What is overnutrition, and what are 
its harmful effects?

3. What three systems supply most of the world’s food? Dis-
tinguish among industrialized agriculture (high-input 
agriculture), plantation agriculture, traditional 

Figure 12-33 Individuals matter: ways to 
promote more sustainable agriculture (Con-
cepts 12-6A and 12-6B). According to Rajendra 
Pachauri, head of the Intergovernmental Panel on 
Climate Change, we need to start eating as if the 
earth’s climate mattered. Question: Which three 
of these measures do you think are the most im-
portant? Why?

■ Waste less food

■ Eat less meat or no meat

■ Use organic farming to grow some of your food

■ Buy organic food

■ Eat locally grown food

■ Compost food wastes

Sustainable Organic Agriculture

WHAT CAN YOU DO?

(Local Harvest has a searchable online di-
rectory to CSA farms in the United States 
at localharvest.org/csa.)

Figure 12-33 lists these and other 
ways in which you can promote more 
sustainable agriculture.
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subsistence agriculture, traditional intensive agri-
culture, polyculture, and slash-and-burn agriculture.
Define soil and describe its formation and the major lay-
ers in mature soils. What is a green revolution? Describe 
industrialized food production in the United States.

4. Distinguish between crossbreeding and genetic engineering.
Describe industrialized meat production. What is a fish-
ery? What is aquaculture?

5. What are the major harmful environmental impacts of 
agriculture? What is soil erosion and what are its two 
major harmful environmental effects? What is desertifi-
cation and what are its harmful environmental effects? 
Distinguish between salinization and waterlogging of 
soil and describe their harmful environmental effects.

6. What factors can limit green revolutions? Describe the 
use of energy in industrialized agriculture. Describe the 
advantages and disadvantages of genetically engineered 
foods. Explain how most food production systems reduce 
biodiversity. Describe the advantages and disadvantages of 
industrialized meat production. Describe the advantages 
and disadvantages of aquaculture.

7. What is a pest? Define and give two examples of a pes-
ticide. Describe Rachel Carson’s contribution to environ-
mental science. Describe the advantages and disadvan-
tages of modern pesticides. Describe the dilemma over 
widespread use of glyphosate as an herbicide. Describe 

the use of laws and treaties to help protect us from the 
harmful effects of pesticides. Describe seven alternatives 
to conventional pesticides. Define integrated pest man-
agement (IPM) and discuss its advantages.

8. Describe three ways in which governments influence food 
production. What is soil conservation? Describe seven 
ways to reduce soil erosion. Describe soil erosion and soil 
conservation in the United States. Distinguish among the 
use of organic fertilizer, commercial inorganic fertil-
izer, animal manure, green manure, and compost as 
ways to help restore soil fertility. Describe ways to prevent 
and clean up soil salinization.

9. Describe ways to produce meat more efficiently, hu-
manely, and sustainably. How can we make aquacul-
ture more sustainable? Define organic agriculture and 
describe its advantages over conventional agriculture. 
Describe the advantages of relying more on polycultures 
of perennial crops. What can individuals do to promote 
more sustainable agriculture?

10. Describe the relationships among golden rice 
(Core Case Study), sustainable agricul-
ture, and the four scientific principles of 
sustainability.

Note: Key Terms are in bold type.

CRITICAL THINKING

1. List three ways in which you could apply material from 
this chapter to make your lifestyle more environmentally 
sustainable.

2. What are two safeguards that you would want in place 
before large areas of the world were planted with golden 
rice (Core Case Study)?

3. What are the three most important actions you 
would take to reduce chronic hunger and malnutrition 
(a) in the country where you live and (b) in the world?

4. Explain why you support or oppose greatly increased use 
of (a) genetically modified food and (b) polyculture.

5. Suppose you live near a coastal area and a company 
wants to use a fairly large area of coastal marshland for 
an aquaculture operation. If you were an elected local 
official, would you support or oppose such a project? Ex-
plain. What safeguards or regulations would you impose 
on the operation?

6. Explain how widespread use of a pesticide can (a) in-
crease the damage done by a particular pest and (b) cre-
ate new pest organisms. If increased mosquito popula-
tions threatened you with malaria or West Nile virus, 

would you want to spray DDT in your yard and inside 
your home to reduce the risk? Explain. What are the 
alternatives?

7. According to physicist and philosopher Albert Einstein, 
“Nothing will benefit human health and increase chances 
of survival of life on Earth as much as the evolution to a 
vegetarian diet.” Are you willing to eat less meat or no 
meat? Explain.

8. Imagine that everyone in the world began eating only lo-
cally produced foods tomorrow. Describe a benefit and a 
harm that would arise from such a change to (a) yourself, 
(b) your community, and (c) the world.

9. Congratulations! You are in charge of the world. List the 
three most important features of your (a) agricultural pol-
icy, (b) policy to reduce soil erosion, (c) policy for more 
sustainable harvesting and farming of fish and shellfish, 
and (d) global pest management strategy.

10. List two questions that you would like to have answered 
as a result of reading this chapter.

Note: See Supplement 13 (p. S78) for a list of Projects related to this chapter.
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DATA ANALYSIS

The following table gives the world’s fish harvest and popula-
tion data.

1. Use the world fish harvest and population data in the 
table to calculate the per capita fish consumption from 
1990–2003 in kilograms/person. (Hints: 1 million metric 
tons equals 1 billion kilograms; the human population 
data is measured in billions; and per capita consumption 
can be calculated directly by dividing.)

2. Has per capita fish consumption generally increased or 
generally decreased between 1990 and 2003? 

3. In what years has per capita fish consumption decreased?

LEARNING ONLINE

Log on to the Student Companion Site for this book at 
academic.cengage.com/biology/miller, and choose 
Chapter 12 for many study aids and ideas for further read-

ing and research. These include flash cards, practice quiz-
zing, Weblinks, information on Green Careers, and InfoTrac®

College Edition articles.

 World Fish Harvest

  Fish Catch Aquaculture Total World Population Per Capita Fish Catch
 Years (million tons) (million tons) (million tons) (billions) (kilograms)

 1990 84.8 13.1 97.9 5.270 

 1991 83.7 13.7 97.4 5.36

1992 85.2 15.4 100.6 5.44

1993 86.6 17.8 104.4 5.52

1994 92.1 20.8 112.9 5.60

1995 92.4 24.4 116.8 5.68

1996 93.8 26.6 120.4 5.76

1997 94.3 28.6 122.9 5.84

1998 87.6 30.5 118.1 5.92

1999 93.7 33.4 127.1 5.995

2000 95.5 35.5 131.0 6.07

2001 92.8 37.8 130.6 6.15

2002 93.0 40.0 133.0 6.22

2003 90.2 42.3 132.5 6.20
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tion growth, cutting water waste, raising water prices to help im-
prove irrigation efficiency, and increasing grain imports to reduce 
irrigation water needs.

Two or more countries share some 263 of the world’s wa-
ter basins, but countries in only 158 of the basins have water-
sharing agreements. This explains why conflicts among nations 
over shared water resources are likely to increase as populations 
grow, demand for water increases, and supplies decrease in 
many parts of the world.

To many analysts, emerging water shortages in many parts of 
the world—along with the related problems of biodiversity loss 
and climate change—are the three most serious environmental 
problems the world faces during this century.

This chapter discusses the world’s water problems and ways 
to use this irreplaceable resource more sustainably. About two-
thirds of the water used by the world’s people is wasted. A key 
solution to the world’s water supply problems is to sharply re-
duce such waste.

Many countries in the Middle East face water shortages and 
rising tensions over water sources they must share. Most water 
in this dry region comes from three river basins: the Nile, the 
Jordan, and the Tigris–Euphrates (Figure 13-1).

Africa’s Nile River flows through seven countries, each 
of which draws on it for irrigation and drinking water and 
flushes mostly untreated sewage and other effluents into it. 
Three countries—Ethiopia, Sudan, and Egypt—use most of 
the water that flows in the Nile. Egypt, where it rarely rains, 
gets more than 97% of its freshwater from the river and is 
last in line to tap this precious source. To meet the water and 
food needs of their rapidly growing populations, Ethiopia and 
Sudan plan to divert more water from the river. Such upstream 
diversions would reduce the amount of water available to 
Egypt, which cannot exist without irrigation water from 
the Nile.

Egypt has several choices. It could go to war with Sudan 
and Ethiopia for more water, cut its rapid population growth, 
or reduce irrigation water waste. Other options are to import 
more grain to reduce the need for irrigation water, work out 
water-sharing agreements with other countries, or suffer the 
harsh human and economic consequences of hydrological 
poverty.

The Jordan basin is by far the most water-short region, 
with fierce competition for its water among Jordan, Syria, 
Palestine (Gaza and the West Bank), and Israel. Syria, which 
is projected to increase its population by 70% between 2008 
and 2050, plans to build dams and withdraw more water from 
the Jordan River, decreasing the downstream water supply for 
Jordan and Israel. If Syria goes through with its plans, Israel 
warns that it may destroy the largest dam. In contrast, Israel has 
cooperated with Jordan and Palestine over their shared water 
resources.

Turkey, located at the headwaters of the Tigris and 
Euphrates Rivers (Figure 13-1), controls water flowing down-
stream through Syria and Iraq and into the Persian Gulf. Turkey 
is building 24 dams along the upper Tigris and Euphrates to 
generate electricity and irrigate a large area of land.

If completed, these dams will reduce the flow of water 
downstream to Syria and Iraq by as much as 35% in normal 
years and by much more in dry years. Syria also plans to build a 
large dam on the Euphrates to divert water arriving from Turkey. 
This will leave little water for Iraq and could lead to a water war 
between Iraq and Syria.

Resolving these water distribution problems will require 
negotiating agreements to share water supplies, slowing popula-

Water Conflicts in the Middle East: 
A Preview of the Future?

Water Resources 13
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Figure 13-1 Many countries in the Middle East, which has one of the 
world’s highest population growth rates, face water shortages and con-
flicts over access to water because they share water from three major 
river basins.



Freshwater Is an Irreplaceable 
Resource That We Are Managing 
Poorly
We live on a water planet, with a precious layer of wa-
ter—most of it saltwater—covering about 71% of the 
earth’s surface (Figure 8-2, p. 163). Look in the mir-

ror. What you see is about 60% water, most of it inside 
your cells.

Water is an amazing substance with unique prop-
erties that affect life on earth (Science Focus, p. 67). 
You could survive for several weeks without food but 
for only a few days without water. And it takes huge 
amounts of water to supply you with food, provide 

Key Questions and Concepts

13-1 Will we have enough usable water?
CONCEPT 13 - 1A  We are using available freshwater 
unsustainably by wasting it, polluting it, and charging too little for 
this irreplaceable natural resource.

CONCEPT 13 - 1B  One of every six people does not have 
sufficient ac cess to clean water, and this situation will almost 
certainly get worse.

13-2 Is extracting groundwater the answer?
CONCEPT 13 -2  Groundwater that is used to supply cities and 
grow food is being pumped from aquifers in some areas faster than 
it is renewed by precipitation.

13-3 Is building more dams the answer?
CONCEPT 13 -3  Building dam and reservoir systems has greatly 
increased water supplies in some areas, but it has disrupted 
ecosystems and displaced people.

13-4 Is transferring water from one place to another 
the answer?
CONCEPT 13 -4  Transferring water from one place to another 
has greatly increased water supplies in some areas, but it has also 
disrupted ecosystems.

13-5 Is converting salty seawater to freshwater the 
answer?
CONCEPT 13 -5  We can convert salty ocean water to freshwater, 
but the cost is high, and the resulting salty brine must be disposed 
of without harming aquatic or terrestrial ecosystems.

13-6 How can we use water more sustainably?
CONCEPT 13 -6  We can use water more sustainably by cutting 
water waste, raising water prices, slowing population growth, and 
protecting aquifers, forests, and other ecosystems that store and 
release water.

13-7 How can we reduce the threat of flooding?
CONCEPT 13 -7  We can lessen the threat of flooding by 
protecting more wetlands and natural vegetation in watersheds and 
by not building in areas subject to frequent flooding.

Our liquid planet glows like a soft blue sapphire 
in the hard-edged darkness of space. 

There is nothing else like it in the solar system. 
It is because of water.

JOHN TODD

Note: Supplements 2 (p. S4), 3 (p. S10), 4 (p. S20), 5 (p. S31) and 13 (p. S78) can be 
used with this chapter.

13-1 Will We Have Enough Usable Water?

CONCEPT 13-1A We are using available freshwater unsustainably by wasting it, 
polluting it, and charging too little for this irreplaceable natural resource.
CONCEPT 13-1B One of every six people does not have sufficient access to clean 
water, and this situation will almost certainly get worse.

▲
▲

314 Links: refers to the Core Case Study. refers to the book’s sustainability theme. indicates links to key concepts in earlier chapters.
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you with shelter, and meet your other daily needs 
and wants. Water also plays a key role in sculpting the 
earth’s surface, moderating climate, and removing and 
diluting wastes and pollutants.

Despite its importance, water is one of our most 
poorly managed resources. We waste it and pol-
lute it. We also charge too little for making it avail-
able. This encourages still greater waste and pollu-
tion of this resource, for which we have no substitute 
(Concept 13-1A).

Access to water is a global health issue because lack 
of water that is safe for drinking and sanitation is the 
world’s single largest cause of illness. In 2007, the 
World Health Organization (WHO) estimated that 
each year more than 1.6 million people—90% of them 
children under age five—die from largely preventable 
waterborne diseases such as diarrhea, typhoid fever, 
and hepatitis.

Water is an economic issue because it is vital for re-
ducing poverty and producing food and energy. It is 
a women’s and children’s issue in developing countries 
because poor women and girls often are responsible 
for finding and carrying daily supplies of water (Fig-
ure 13-2). And water is a national and global security issue
because of increasing tensions within and between na-
tions over access to limited but shared water resources 
in the Middle East (Core Case Study) and other 
areas of the world.

Water is an environmental issue because ex-
cessive withdrawal of water from rivers and aquifers 
and pollution of water result in lower water tables, 
lower river flows, shrinking lakes, losses of wetlands, 
declining water quality, declining fish populations, spe-
cies extinctions, and degradation of ecosystem services 
provided by aquatic systems. Virtually all of these en-
vironmental indicators related to water availability and 
quality are worsening in some regions.

Most of the Earth’s Freshwater 
Is Not Available to Us
Only a tiny fraction of the planet’s abundant water 
supply—about 0.024%—is readily available to us as liq-
uid freshwater in accessible groundwater deposits and 
in lakes, rivers, and streams. The rest is in the salty 
oceans, frozen in polar ice caps and glaciers, or deep 
underground and inaccessible.

Fortunately, the world’s freshwater supply is 
continually collected, purified, recycled, and distrib-
uted in the earth’s hydrologic cycle—the movement 
of water in the seas, in the air, and on land, which is 
driven by solar energy and gravity (Figure 3-17, p. 66). 
This irreplaceable water recycling and purification sys-
tem works well, unless we overload it with slowly 
degradable and nondegradable wastes or withdraw wa-
ter from underground and surface water supplies faster 
than it is replenished. We also interfere with this cycle 

when we destroy wetlands and cut down forests that 
store and slowly release water, or alter the cycle’s rate 
and distribution patterns as a result of climate change 
caused by global warming. In parts of the world, we are 
doing all of these things (Concept 8-3, p. 171, 
and Concept 8-5, p. 179), mostly because we 
have placed little or no value on the earth’s natural 
ecological services (Figure 1-3, p. 8, and Science Focus, 
p. 218).

On a global basis we have plenty of freshwater. 
But differences in average annual precipitation and 
economic resources divide the world’s continents, 
countries, and people into water haves and have-nots.
For example, Canada, with only 0.5% of the world’s 
population, has 20% of the world’s liquid freshwater, 
while China, with 20% of the world’s people, has only 
7% of the supply. Asia with 60% of the world’s popu-
lation has only 30% of the supply.

We Get Freshwater from 
Groundwater and Surface Water
Some precipitation infiltrates the ground and percolates 
downward through spaces in soil, gravel, and rock until 
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Figure 13-2 Girl carrying water from a well across dried out and cracked earth during 
a severe drought in India.
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an impenetrable layer of rock stops it (Figure 13-3). 
The water in these spaces is called groundwater—one 
of our most important sources of freshwater and a key 
component of the earth’s natural capital.

The spaces in soil and rock close to the earth’s sur-
face hold little moisture. Below a certain depth, in the 
zone of saturation, these spaces are completely filled 
with water. The top of this groundwater zone is the 
water table. It falls in dry weather, or when we re-
move groundwater faster than nature can replenish it, 
and it rises in wet weather.

Deeper down are geological layers called aquifers: 
underground caverns and porous layers of sand, gravel, 
or bedrock through which groundwater flows. Ground-
water normally moves from points of high elevation 
and pressure to points of lower elevation and pres-
sure. Some caverns have rivers of groundwater flowing 
through them. But the porous layers of sand, gravel, 
or bedrock in most aquifers are like large elongated 
sponges through which groundwater seeps—typically 
moving only a meter or so (about 3 feet) per year and 
rarely more than 0.3 meter (1 foot) per day. Watertight 
layers of rock or clay below such aquifers keep the wa-
ter from escaping deeper into the earth.

Most aquifers are replenished naturally by precipi-
tation that percolates downward through soil and rock, 
a process called natural recharge. Others are recharged 
from the side by lateral recharge from nearby rivers and 
streams. Most aquifers recharge extremely slowly. Be-
cause so much of the urban landscape has been built 
on or paved over, water can no longer penetrate the 
ground to recharge aquifers in some urban areas.

Nonrenewable aquifers get very little, if any, re-
charge. They are found deep underground and were 
formed tens of thousands of years ago. Withdrawing 
water from these aquifers amounts to mining a non-
renewable resource. Such withdrawals will deplete 
these ancient deposits of liquid natural capital, and 
they represent an unsustainable use of this resource 
(Concept 1-1B, p. 6).

One of our most important resources is 
surface water, the freshwater from precipitation and 
snowmelt that flows across the earth’s land surface 
and into rivers, streams, lakes, wetlands, estuaries, and 
ultimately to the oceans. Precipitation that does not 
infiltrate the ground or return to the atmosphere by 
evaporation is called surface runoff. Surface water re-
plenished by runoff is classified as a renewable but finite 
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Figure 13-3 Natural capital: groundwater system. An unconfined aquifer is an aquifer with a permeable water 
table. A confined aquifer is bounded above and below by less permeable beds of rock, and its water is confined 
under pressure. Some aquifers are replenished by precipitation; others are not.
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resource. The land from which surface water drains into 
a particular river, lake, wetland, or other body of water 
is called its watershed or drainage basin.

There is a hydrological connection between sur-
face water and groundwater because eventually most 
groundwater flows into rivers, lakes, estuaries, and 
wetlands. Thus, if we disrupt the hydrologic cycle by 
removing groundwater faster than it is replenished, 
nearby streams, lakes, and wetlands could dry up, re-
sulting in degradation of aquatic biodiversity and vari-
ous ecological services (see The Habitable Planet, Video 8, 
at www.learner.org/resources/series209.html).

We Use a Large and Growing 
Portion of the World’s Reliable 
Runoff
According to hydrologists (scientists who study water 
supplies), two-thirds of the annual surface runoff in 
rivers and streams is lost by seasonal floods and is not 
available for human use. The remaining one-third is 
reliable surface runoff: the amount of surface runoff 
that we can generally count on as a source of freshwa-
ter from year to year.

During the last century, the human population tri-
pled, global water withdrawal increased sevenfold, and 
per capita withdrawal quadrupled. As a result, we now 
withdraw about 34% of the world’s reliable runoff. 
Because of increased population growth alone, global 
withdrawal rates of surface water could reach more 
than 70% of the reliable runoff by 2025, and 90% if 
per capita withdrawal of water continues increasing at 
the current rate. This is a global average. Withdrawal 
rates already severely strain the reliable runoff in some 
areas. For example, in the arid American Southwest, 
up to 70% of the reliable runoff is withdrawn for hu-
man purposes. In other words, many areas are using 
their water resources unsustainably as our ecological 
footprints spread across the earth (Figure 1-10, p. 15; 
Concept 1-3, p. 12; and Figure 3 in Supple-
ment 4, pp. S24–S25). And because of climate 
change, caused mostly by the burning of fossil fuels and 
clearing of forests, once reliable runoff in many areas 
may become unreliable.

Worldwide, we use 70% of the water we with-
draw each year from rivers, lakes, and aquifers to irri-
gate cropland. Industry uses another 20% of the water 
withdrawn each year, and cities and residences use the 
remaining 10%.

Affluent lifestyles require large amounts of wa-
ter, and much of it is used inefficiently. According 
to environmental consultant Fred Pearce, author of 
When the Rivers Run Dry, it takes about 450,000 liters 
(120,000 gallons) or 2,400 bathtubs full of water to 
produce a small car. It takes 140 liters (37 gallons) to 
produce a cup of coffee, and 25 bathtubs full of water 
to produce a typical T-shirt.

 ■ CASE STUDY

Freshwater Resources in the 
United States
The United States has more than enough renewable 
freshwater; but it is unevenly distributed, and much of it 
is contaminated by agricultural and industrial practices. 
The eastern states usually have ample precipitation, 
whereas many western and southwestern states have 
little (Figure 13-4, top). Many people think of Seattle, 
Washington, as the rainiest city in the United States. 
But, in order, the three rainiest cities in the lower 48 
states over the past 30 years were Mobile, Alabama; 
Pensacola, Florida; and New Orleans, Louisiana.

In the East, most water is used for energy produc-
tion, power plant cooling, and manufacturing. In vari-
ous parts of the eastern United States, the most serious 
water problems are flooding and occasional urban 
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Figure 13-4 Average annual precipitation and major rivers (top) 
and water-deficit regions in the continental United States and 
their proximity to metropolitan areas having populations greater 
than 1 million (bottom). Question: Why do you think some areas 
with moderate precipitation still suffer from water shortages? 
(Data from U.S. Water Resources Council and U.S. Geological 
Survey)

www.learner.org/resources/series209.html
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shortages as a result of pollution. Another occasional 
problem is drought: a prolonged period in which 
precipitation is at least 70% lower and evaporation is 
higher than normal in an area that is normally not dry.

In the arid and semiarid areas of the western half 
of the United States (Figure 13-4, bottom), irrigation 
counts for 85% of water use, much of it unnecessarily 
wasted. The major water problem is a shortage of run-
off caused by low precipitation (Figure 13-4, top), high 
evaporation, and recurring severe drought.

Almost half the water used in the United States 
comes from groundwater sources, and the rest comes 
from rivers, lakes, and reservoirs. Water tables in many 
water-short areas, especially in the arid and semiarid 
western half of the lower 48 states, are dropping quickly 
as farmers and rapidly growing urban areas (Figure 
13-4, bottom) deplete many aquifers faster than they 
can be recharged. Excessive withdrawal of groundwa-
ter from an aquifer near a river or stream can decrease 
or deplete these sources of surface water. When the 
water table drops below the level of the bottom of a 
stream, its water drains into the aquifer (see The Habit-
able Planet, Video 8, at www.learner.org/resources/
series209.html).

In 2007, the U.S. Geological Survey projected that 
at least 36 U.S. states are likely to face water shortages 
by 2013 because of a combination of drought, rising 
temperatures, population growth, urban sprawl, and 
excessive use and waste of water. In 2003, the U.S. 
Department of the Interior mapped out water hotspots in 
17 western states (Figure 13-5). In these areas, compe-
tition for scarce water to support growing urban areas, 
irrigation, recreation, and wildlife could trigger intense 
political and legal conflicts between states and between 
rural and urban areas within states during the next 
20 years.

This is already happening, in fact. In 2007, the 
U.S. Supreme Court heard a case in which the state of 
Montana accused the state of Wyoming of taking more 
than its fair share of water from two tributaries of the 
Yellowstone River that supply water for wells and farms 
in both states. Predicted long-term drought and global 
warming will increase the number and intensity of 
such disputes in the United States and other parts of the 
world in coming years.

Water Shortages Will Grow
The main factors causing water scarcity are a dry cli-
mate, drought, too many people using a normally reli-
able supply of water, and wasteful use of water.

Figure 13-6 shows the current degree of stress faced 
by the world’s major river systems, based on a compari-
son of the amount of available surface water with the 
amount used per person. More than 30 countries—most 
of them in the Middle East (Core Case Study) 
and Africa—now face water scarcity. By 2050, 
some 60 countries, many of them in Asia, are likely to 
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Figure 13-5 Water hotspots in 17 western states that, by 2025, 
could face intense conflicts over scarce water needed for urban 
growth, irrigation, recreation, and wildlife. Some analysts suggest 
that this is a map of places not to live during the next 25 years. 
Question: If you live in one of these hotspot areas, have you 
noticed any signs of conflict over water supplies? (Data from U.S. 
Department of the Interior)

be suffering from water stress. In 2006, the Chinese 
government reported that two-thirds of Chinese cit-
ies faced water shortages. Rapid urbanization and eco-
nomic growth are expected to put further strains on 
China’s already short water resources (Concept 13-1B).

THINKING ABOUT
Water and the Middle East

How might scarcity of water in the Middle East (Core 
Case Study) affect nations that are dependent on oil 
from the Middle East? How could this impact your lifestyle?

Because only 5% of Egypt is inhabitable, almost all 
of the country’s 75 million people live along the Nile 
River (Figure 13-1, Core Case Study) or the 
Mediterranean Sea in cities such as Cairo—one 
of the world’s most densely populated cities. Egypt’s al-
ready severe water supply problem will likely get worse 
as the country’s population is expected to increase to 
118 million by 2050.

Poor people bear the brunt of water shortages. In 
2005, the United Nations reported that 1.1 billion peo-
ple—one of every six—lacked regular access to enough 
clean water for drinking, cooking, and washing, and 
2.6 billion people did not have access to even basic 
sanitation. This already serious situation will almost 
certainly get worse. In 2007, the United Nations esti-
mated that by 2025, at least 3 billion of the world’s pro-
jected 7.9 billion people will lack access to safe water (Con-
cept 13-1B). Most of these individuals suffering from 
hydrological poverty will be located in arid and semi-

www.learner.org/resources/series209.html
www.learner.org/resources/series209.html
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arid regions with rapidly-growing populations. Many 
of these countries are on the growing list of failing 
states (Figure 17, p. S19, Supplement 3). The likely re-
sults: a flood of refugees from arid and semiarid regions 
searching for water, land, and food, and intense con-
flicts within and between countries—especially in the 
Middle East (Core Case Study) and Asia—over 
dwindling shared water resources.

Long-Term Severe Drought 
Is Increasing
Drought is usually caused by an extended period of 
below-normal rainfall. But it can also result from di-
minished groundwater due to falling water tables or 
other factors, such as climate change, that reduce the 
normally available water supply.

Severe drought has a number of harmful environ-
mental effects. It dries out soils (Figure 13-2), reduces 
stream flows, decreases tree growth and biomass, low-
ers net primary productivity (Figure 3-16, p. 64), re-
duces crop yields, and causes a shift in some biomes 
toward relatively dry conditions such as those found in 
savannas and deserts.

Between 1979 and 2008, the total area of the earth 
experiencing severe or extreme drought more than tri-
pled in what some observers call “The Big Dry.” Cur-
rently, about 30% of the earth’s land area—roughly 
equal to the size of Asia—experiences severe drought. In 
2007, climate researcher David Rind and his colleagues 

at the NASA Goddard Institute for Space Studies, pro-
jected that by 2059, as much as 45% of the earth’s land 
surface could experience extreme drought, mostly as a 
result of climate change caused by global warming.

Since 1999, except for a couple of wet years, much of 
the United States, especially the arid and already water-
short Southwest (Figure 13-5), has experienced severe 
drought. The prolonged drought, coupled with greatly 
increased population and development in the U.S. 
Southwest, has led to drops in crop productivity and in-
creasing squabbles over water supplies between farmers 
and rapidly growing populations of urban dwellers.

This drought is likely to continue. After looking at 
19 global climate models used in a 2007 report from 
the U.N. Intergovernmental Panel on Climate Change 
(IPCC), climate researcher Richard Seager and his col-
leagues at the Lamont-Doherty Earth Observatory of 
Columbia University predicted that the southwestern 
United States and parts of northern Mexico will have 
long periods of extreme drought throughout the rest of 
this century.

In Water-Short Areas Farmers 
and Cities Compete for Water 
Resources
In water-short areas, tempers are flaring as farmers 
and cities compete for available water from rivers and 
aquifers. Farmers are losing this battle, and thus have 

Figure 13-6 Natural capital degradation: stress on the world’s major river basins, based on a comparison of the 
amount of water available with the amount used by humans (Concept 13-1B). Questions: If you live in a water-
stressed area, what signs of stress have you noticed? In what ways, if any, has it affected your life? (Data from 
World Commission on Water Use in the 21st century)
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decreased access to water resources in many parts of 
the world at a time when they are trying to feed 82 
million more people each year.

THINKING ABOUT
Access to Water

Between farmers and city dwellers, which group should have 
greater access to water in water-short areas? Explain. Can you 
think of a compromise for resolving this dilemma?

Some water-short countries are reducing their irri-
gation water needs by importing grain to free up more 
of their water for industrial and urban development. 
Thus, water shortages are leading to increasing com-
petition among countries in the world’s grain markets, 
where financially strong countries have an advantage.

Adding to the intensity of this global competition 
for water and grain is the growing use of crops such 
as soybeans, sugarcane, oil palms, and corn to produce 
biofuels. A 2007 National Academy of Science study 
warned that increased corn production in the United 
States to produce ethanol will decrease water supplies 
and encourage aquifer depletion in some areas and 
increase pollution of streams and aquifers from use of 
pesticides and fertilizers. Bottom line: farmers, cities, and 
car owners are increasingly competing for access to the world’s 
grain and water supplies, which in turn can degrade some of 
the natural capital that provides these resources.

Who Should Own and Manage 
Freshwater Resources?
Most people believe that everyone should have access 
to clean water. But who will pay for making this water 
available?

Most water resources are owned by governments 
and managed as publicly owned resources for their citi-
zens. An increasing number of governments, while re-
taining ownership of these public resources, are hiring 
private companies to manage them. But some are sell-
ing their water resources to private companies.

Two large French companies—Veolia and Suez—
realize that water scarcity is rapidly becoming one of 
world’s most urgent environmental problems and that 
there is a lot of money to be made in owning and man-
aging water resources. Their long-range strategy is to 
buy or manage as much of the world’s privately and 
publicly owned water suppliers as possible, especially in 
Europe, North America, and China. For example, Veolia 
with 70,000 employees provides water for 108 million 
people in 57 countries, including 17 Chinese cities.

Currently, 85% of Americans get their water from 
publicly owned utilities. This may change. Within 10 
years, these two European-based water companies aim 
to control 70% of the water supply in the United States 

by buying up American water companies and entering 
into agreements with most cities to manage their water 
supplies.

Some argue that private companies have the money 
and expertise to manage these resources better and 
more efficiently than government bureaucracies can. 
Experience with this public–private partnership ap-
proach has yielded mixed results. Some private water 
management companies have done a good job.

For example, in 2002 Veolia was hired to manage 
the water and wastewater system in the Chinese city of 
Pudong. Since then, the company has laid more than 
1,400 kilometers (900 miles) of pipe, hooked up more 
than 300,000 new structures to the rapidly growing 
system, built water-treatment and sewage treatment 
plants, and hired 7,000 local workers. It also estab-
lished a 24-hour customer call-in help center (a rarity 
in China) and a control room to monitor the status of 
every water connection in Pudong.

Some government officials want to go even further 
and sell public water resources to private companies. 
For example, in Cochabamba, Bolivia’s third largest 
city, 60% of the water was being lost through leaky 
pipes. With no money to fix the pipes, the Bolivian 
government sold the city’s water system to a subsidiary 
of Bechtel Corporation, an American owned global en-
gineering and construction company. Within 6 months, 
the company sharply increased water rates and began 
seizing and selling the houses of people who did not 
pay their water bills. A general strike ensued in this city 
of about 500,000 people, and violent street clashes be-
tween protesters and government troops led to 10,000 
people being injured and 7 deaths. Bechtel executives 
fled the city and the Bolivian government tore up the 
contract with Bechtel.

Today, the city’s water management system is in 
shambles and most of the leaks persist because of in-
sufficient funds. Bechtel filed a $50 million suit against 
Bolivia in the World Bank’s trade court for not honor-
ing the contract, but decided to drop the suit in 2005 
after being subjected to 4 years of international protests 
by citizen groups.

A similar problem occurred when a subsidiary of 
Bechtel signed a 30-year contract in 2000 to run the 
water and sanitation services for Guayaquil, Ecuador’s 
largest city. In 2007, residents of the city were demand-
ing damages from the company for contract violations, 
including broken pipelines, exorbitant water rates, mal-
functioning sewage systems, unsafe tap water, repeated 
water cutoffs, failure to extend services to low-income 
neighborhoods, and public health problems from a 
lack of wastewater treatment. Citizens are calling for a 
return to local, public control of water resources and 
sanitation.

Many people oppose full privatization of water re-
sources because they believe that water is a public re-
source too important to be left solely in private hands. 
Also, once a city’s water systems have been taken over 
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13-2 Is Extracting Groundwater the Answer?

CONCEPT 13-2 Groundwater that is used to supply cities and grow food is being 
pumped from aquifers in some areas faster than it is renewed by precipitation.

▲

Water Tables Fall When 
Groundwater Is Withdrawn 
Faster Than It Is Replenished
Most aquifers are renewable sources unless their water 
becomes contaminated or is removed faster than it is 
replenished by rainfall, as is occurring in many parts of 
the world. Aquifers provide drinking water for nearly 
half of the world’s people. In the United States, aquifers 
supply almost all of the drinking water in rural areas, 
one-fifth of that in urban areas, and 37% of irrigation 
water. Relying more on groundwater has advantages 
and disadvantages (Figure 13-7).

Water tables are falling in many areas of the world 
because the rate of pumping water from aquifers 
(mostly to irrigate crops) exceeds the rate of natural re-
charge from rainfall and snowmelt (Concept 13-2). The 
world’s three largest grain producers—India, China, 
and the United States—and several other countries 
such as Saudi Arabia, Iran, Yemen, Israel, Mexico, and 
Pakistan are overpumping many of their aquifers.

Currently, more than half a billion people are being 
fed by grain produced through the unsustainable use 
of groundwater. This number is expected to grow until 
the water runs out or until governments put caps on 
aquifer withdrawal rates, stop providing subsidies that 
encourage overpumping and water waste, and raise 
water prices.

The widespread drilling of inexpensive tubewells 
by small farmers, especially in India and China, has 
accelerated aquifer overpumping. As water in aqui-
fers is removed faster than it is renewed, water tables 
fall. Then farmers drill deeper wells, buy larger pumps, 
and use more energy to pump water to the surface, 
eventually depleting aquifers or making it too costly 
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Figure 13-7 Advantages and disadvantages of withdrawing groundwater. Question: 
Which two advantages and which two disadvantages do you think are the most impor-
tant? Why?

HOW WOULD YOU VOTE?

Should private companies own or manage most of the 
world’s water resources? Cast your vote online at academic
.cengage.com/biology/miller.

The most common ways to increase the supply of 
freshwater in a particular area are to withdraw ground-
water, to build dams and reservoirs to store runoff in 
rivers for release as needed, to transport surface water 
from one area to another, and to use water more effi-
ciently. The rest of this chapter evaluates these options.

by a foreign-based corporation, efforts to return the 
systems to public control can be quite costly for taxpay-
ers and can lead to severe economic penalties under 
the rules of the World Trade Organization (WTO).

Some analysts point to two other potential problems 
in a fully privatized water system. First, because private 
companies make money by delivering water, they have 
an incentive to sell as much water as they can rather 
than to conserve it. Second, because they have too little 
money to pay water bills, the poor will continue to be 
left out. There are no easy answers for managing the 
water that everyone needs.

to pump the remaining water. In China and India, the 
increasing demand for electricity to run the pumps is 
met mostly by building more coal-fired power plants, 
which add greenhouse gases and other pollutants to 
the atmosphere.
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Arid Saudi Arabia is as water-poor as it is oil-rich. 
It gets about 70% of its drinking water at a high cost 
from the world’s largest system for removing salt from 
seawater, located on its eastern coast. The rest of the 
country’s water is pumped from deep aquifers—most 
as nonrenewable as the country’s oil—and used to 
grow irrigated crops on desert land (Figure 13-8) and 
to fill large numbers of fountains and swimming pools 
from which precious water evaporates into the hot, dry 
desert air. Hydrologists estimate that because of aqui-
fer depletion, most irrigated agriculture in Saudi Arabia 
may disappear within 1 to 2 decades.

 ■ CASE STUDY

Aquifer Depletion in the 
United States
In the United States, groundwater is being withdrawn, 
on average, four times faster than it is replenished, ac-
cording to the U.S. Geological Survey (Concept 13-2). 
Figure 13-9 shows the areas of greatest depletion. One 
of the most serious overdrafts is in the lower half of 
the Ogallala, the world’s largest known aquifer, which 
lies under eight Midwestern states from South Dakota 
to Texas (Figure 13-10). Serious groundwater deple-
tion is also taking place in California’s Central Valley, 
which supplies half of the country’s fruit and vegeta-

bles (the long red area in the California portion of Fig-
ure 13-9).

The gigantic Ogallala aquifer supplies about one-
third of all the groundwater used in the United States 
and has helped to turn the Great Plains into one of 

Figure 13-8 Natural capital degradation: development of irrigation by pumping groundwater from an an-
cient and nonrenewable aquifer in a vast desert region of Saudi Arabia between 1986 (left) and 2004 (right). 
Irrigated areas appear as green dots (each representing a circular spray system), and brown dots show areas 
where wells have gone dry and the land has returned to desert. Hydrologists estimate that because of aquifer 
depletion, most irrigated agriculture in Saudi Arabia may disappear within 10–20 years.
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 Active Figure 13-9 Natural capital degrada-
tion: areas of greatest aquifer depletion from groundwater over-
draft in the continental United States, including the vast, central 
Ogallala aquifer. Aquifer depletion is also high in Hawaii and Puerto 
Rico (not shown on map). See an animation based on this figure at 
CengageNOW™. Question: If you live in the United States, how 
is your lifestyle affected directly or indirectly by water withdrawn 
from the essentially nonrenewable Ogallala aquifer? (Data from U.S. 
Water Resources Council and U.S. Geological Survey) 
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world’s most productive irrigated agricultural regions. 
The problem is that the Ogallala is essentially a one-
time deposit of liquid natural capital with a very slow 
rate of recharge.

The northernmost states (Wyoming, Nebraska, 
South Dakota, and parts of Colorado) still have ample 
water supplies from the aquifer. However, in parts 
of the southern states, where the aquifer is thinner, 
the water is being depleted rapidly—especially in the 
Texas–Oklahoma High Plains. In some of these areas 
water is being pumped out at a rate that is 10–40 times 
higher than the natural recharge rate. This has lowered 
the water table more than 30 meters (100 feet). The 
resulting higher pumping costs make it too expensive 
to irrigate crops in some areas. As a result, the amount 
of irrigated farmland in Texas has decreased by about 
11% in recent years, as farmers abandon agriculture or 
return to lower yield dryland farming.

Government subsidies designed to increase crop 
production and to encourage farmers to grow water-
thirsty crops have only accelerated depletion of the 
Ogallala. They include crop-disaster payments and tax 
breaks in the form of groundwater depletion allowances 
(with larger breaks for heavier groundwater use).

Depletion of the Ogallala threatens biodiversity. In 
some places, the Ogallala flows onto the land and cre-
ates wetlands, which are vital habitats for many spe-
cies, especially birds. When the water tables fall, many 
of these aquatic oases of biodiversity will disappear, 
along with the ecosystem services they provide.

THINKING ABOUT
The Ogallala

What are three things you would do to promote more sus-
tainable use of the Ogallala aquifer?

Groundwater Overpumping 
Has Other Harmful Effects
Overpumping of aquifers not only limits future food 
production, but also increases the gap between the rich 
and poor in some areas. As water tables drop, farm-
ers must drill deeper wells, buy larger pumps, and use 
more electricity to run the pumps. Poor farmers can-
not afford to do this and end up losing their land and 
working for richer farmers or migrating to cities already 
crowded with poor people struggling to survive.

Withdrawing large amounts of water sometimes 
causes the sand and rock in aquifers to collapse, which 
causes the land above the aquifer to subside or sink, a 
phenomenon known as land subsidence. Once an aqui-
fer becomes compressed from subsidence, recharge is 
impossible. Land subsidence can damage roadways, 
water and sewer lines, and building foundations. Ar-
eas in the United States suffering from this problem 
include California’s San Joaquin Valley, Baton Rouge 
in Louisiana, the Phoenix area in Arizona, and the 
Houston–Galveston area in Texas.

Mexico City, built on an old lakebed, has one of the 
world’s worse subsidence problems because of increas-
ing groundwater overdrafts due to rapid population 
growth and urbanization. Some parts of the city have 
sunk as much as 10 meters (33 feet). Parts of Beijing in 
China and Bangkok in Thailand are also sinking.

Sinkholes, which can appear suddenly and unex-
pectedly, are another kind of land subsidence. They 
are large craters that form when the roof of an un-
derground cavern collapses after being drained of the 
groundwater that supports it. Sinkholes can appear 
suddenly and can swallow homes, businesses, roads, 
cars, and trees.

Groundwater overdrafts near coastal areas, where 
many of the world’s largest cities and industrial areas 
are found, can cause contamination of groundwater 
supplies by pulling saltwater into freshwater aquifers 

Saturated thickness of Ogallala Aquifer
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More than 183 meters (600 ft.) 
(as much as 370 meters or 1,200 ft. in places)
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Figure 13-10 Natural capital degradation: The Ogallala is 
the world’s largest known aquifer. If the water in this aquifer 
were above ground, it could cover all of the lower 48 states with 
0.5 meter (1.5 feet) of water. Water withdrawn from this aquifer 
is used to grow crops, raise cattle, and provide cities and industries 
with water. As a result, this aquifer, which is renewed very slowly, is 
being depleted, especially at its thin southern end in parts of Texas, 
New Mexico, Oklahoma, and Kansas. (Data from U.S. Geological 
Survey)
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thus making the groundwater undrinkable and unus-
able for irrigation. This problem is especially serious in 
coastal areas of the U.S. states of Florida, California, 
South Carolina, Georgia, New Jersey, and Texas, as well 
as in coastal areas of Turkey, Manila in the Philippines, 
and Bangkok in Thailand. Rising sea levels from global 
warming will increase saltwater intrusion and decrease 
the amount of groundwater available in heavily popu-
lated coastal areas.

Figure 13-11 lists ways to prevent or to slow the 
problem of groundwater depletion by using this largely 
renewable resource more sustainably. GREEN CAREER: 
Hydrogeologist

Scientists are also evaluating the use of deep aqui-
fers as a source of freshwater (Science Focus, above).

S O L U T I O N S
Groundwater Depletion

Raise price of water to 
discourage waste

Tax water pumped from 
wells near surface waters

Set and enforce minimum 
stream flow levels

Divert surface water in wet 
years to recharge aquifers

Waste less water

Subsidize water conservation

Limit number of wells

Do not grow water-intensive 
crops in dry areas

Prevention Control

SCIENCE FOCUS

Are Deep Aquifers the Answer?

cause most of these aquifers are huge, sam-
ples must be withdrawn from different areas 
of such aquifers.

There are two major concerns about tap-
ping these nonrenewable deposits of water. 
First, little is known about the geological and 
ecological impacts of pumping water from 
deep aquifers. Second, some deep aquifers 
flow beneath several different countries, and 
no international water treaties govern rights 
to such water. Thus, conflicts could arise over 
who has the right to tap these aquifers.

Critical Thinking
What are some other possible problems that 
could arise from tapping deep aquifers?

ith global water shortages 
looming, scientists are evalu-

ating deep aquifers as future water sources. 
Preliminary results suggest that some of these 
aquifers hold enough water to support bil-
lions of people for centuries. And the water 
quality in these aquifers may be much higher 
than that of most rivers and lakes.

The first problem is to locate such aquifers 
and determine whether they contain fresh-
water or saline water. One way to do this is 
to drill a borehole and measure the electrical 
resistance of layers of geological material 
at different depths. An aquifer containing 
freshwater has a higher electrical resistance 
than more saline aquifers. Measurements of 

W the natural radioactive emissions of gamma 
rays (Figure 2-7, top, p. 41) emitted by rocks 
at different levels can also help locate aqui-
fers. In addition, scientists send vibrations into 
the earth and use a seismograph to evaluate 
the water content of various geological layers.

A series of boreholes are used to estimate 
properties such as the size, depth, and flow 
rate of an aquifer. Such data can be mapped 
and evaluated by using mathematical models. 
The radioisotope carbon-14 can be used to 
determine the age of the water.

Once an aquifer is located, deep wells 
must be drilled to extract water samples, 
which are analyzed for salt content, oxygen 
levels, and presence of other chemicals. Be-

Figure 13-11 Ways to prevent or slow groundwater depletion 
by using water more sustainably. Question: Which two of these 
solutions do you think are the most important? Why?

13-3 Is Building More Dams the Answer?
CONCEPT 13-3 Building dam and reservoir systems has greatly increased water 
supplies in some areas, but it has disrupted ecosystems and displaced people.

▲

flow creates an artificial lake, or reservoir, behind the 
dam. The main goals of a dam and reservoir system are 
to capture and store runoff and release it as needed to 
control floods, generate electricity (hydroelectricity), 
and supply water for irrigation and for towns and cit-

Large Dams and Reservoirs Have 
Advantages and Disadvantages
A dam is a structure built across a river to control the 
river’s water flow. After a river is dammed, the river’s 
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ies. Reservoirs also provide recreational activities such 
as swimming, fishing, and boating. Today, there are 
about 800,000 dams worldwide, 45,000 of them large 
dams—at least 15 meters (49 feet) high. Large dams 
and reservoirs have both benefits and drawbacks (Fig-
ure 13-12).

Large dams (22,000 of them in China) have in-
creased the annual reliable runoff available for hu-
man use by nearly one-third. As a result, reservoirs 
now hold 3 to 6 times more water than flows in the 
world’s natural rivers. These dams and reservoirs have 
helped to reduce flooding and grow crops in arid areas 

(Figure 13-13, p. 326). One-fourth of the world’s dams 
produce about 20% of the world’s electricity.

Large dams and reservoirs also have disadvantages. 
Worldwide, this engineering approach to river man-
agement has displaced 40–80 million people from their 
homes. It has flooded an area of mostly productive land 
roughly equal to the area of the U.S. state of California, 
and it has impaired some of the important ecological 
services rivers provide (Figure 11-16, p. 270, and Con-
cept 13-3). And according to the 2007 WWF study, 
about one-fifth of the world’s freshwater fish and plant 
species are either extinct or endangered primarily 

Large losses of
water through
evaporation

Flooded land
destroys forests
or cropland and
displaces people

Reduces 
downstream
flooding

Provides
irrigation water
above and
below dam

Provides water
for drinking

Deprives
downstream
cropland and
estuaries of
nutrient-rich silt

Risk of failure
and devastating
downstream
flooding

Disrupts
migration and
spawning of
some fish

Can produce
cheap electricity
(hydropower)

Reservoir useful
for recreation
and fishing

Reservoir

Intake

Dam

Powerhouse

Turbine

Powerlines

Figure 13-12 Trade-offs: advantages (green) and disadvantages 
(orange) of large dams and reservoirs (Concept 13-3). The world’s 
45,000 large dams (higher than 15 meters or 49 feet) capture and 
store about 14% of the world’s runoff, provide water for almost 
half of all irrigated cropland, and supply more than half the electric-
ity used by 65 countries. The United States has more than 70,000 
large and small dams, capable of capturing and storing half of the 
country’s entire river flow. Question: Which single advantage and 
which single disadvantage do you think are the most important? 
Why?
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because dams and water withdrawals have destroyed 
many free-flowing rivers. 

Because of evaporation and seepage into porous 
rock beds, the reservoirs behind some dams lose large 
amounts of water. Reservoirs also eventually fill up 
with sediment, mud, and silt, usually within 50 years, 
which makes them useless for storing water or produc-
ing electricity. About 85% of dam and reservoir sys-
tems in the United States will be 50 years old by 2020.

Some Rivers Are Running Dry 
and Some Lakes Are Shrinking
A series of dams on a river and withdrawals of river 
water for agricultural and urban uses, especially in 
arid areas, can disrupt the hydrologic cycle by reduc-
ing downstream flow to a trickle and preventing river 
water from reaching the sea. According to a 2007 study 
by the World Wildlife Fund (WWF), only 21 of the 
planet’s 177 longest rivers run freely from their sources 
to the sea (Figure 8-17, p. 176) because of dams, exces-
sive water withdrawals, and in some areas, prolonged 
severe drought. Projected climate change will worsen 
this situation in many areas because the earth’s climate 
and hydrological cycles are intertwined.

Examples of major rivers running dry part of the 
year include the Colorado (Case Study, at right) and 
the Rio Grande in the southwestern United States, the 
Yangtze and Yellow in China, the Ganges in India, the 
Indus in Pakistan, the Danube in Europe, and Africa’s 
Nile River–Lake Victoria (Chapter 11 Core Case Study, 
p. 249). Many smaller rivers have totally disappeared.

THINKING ABOUT
Dams and Egypt

Upstream dams and diversions of water from the 
Nile River by Ethiopia and Sudan will reduce the 
water available to Egypt, which cannot exist without such 
water. Which one or more of the options discussed in the 
Core Case Study do you think Egypt should pursue? Explain.

Some of the world’s lakes and inland seas are 
shrinking and, in some cases, disappearing because of 
excessive diversion of water from rivers that feed them 
and overpumping of adjacent aquifers. An example 
is Lake Chad in central Africa. Because of greatly in-
creased use of river water for irrigation, the lake has 
shrunk by 96% since the 1960s and may soon disap-
pear completely.

Large numbers of lakes have disappeared in China. 
One reason is that since 1985, China’s Yellow River, 

Figure 13-13 In 1976, a rural area of eastern Turkey was too dry for growing crops, as illustrated by the brown 
areas and the small number of crop fields shown in the satellite photo (left). In 1990, the Atatürk Dam was con-
structed on the Euphrates River (Figure 13-1). It is the largest of 22 dams built on the Euphrates and Tigris rivers in 
the 1980s and 1990s to provide irrigation water and hydroelectricity to arid southeastern Turkey. The satellite photo 
on the right shows the same area in 1999. The large areas of green show irrigated crop fields, especially around the 
town of Harran at the bottom right. The project has increased food production and provided electricity. However, 
Syria and Iraq are concerned that water diverted by this and other proposed dams on the Euphrates will leave too 
little water to meet each country’s needs.
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which flows through five provinces before emptying 
into the Yellow Sea, has often failed to reach the sea. 
As a result, China’s Qinhai province has lost more than 
2,000 of its 4,077 lakes since 1985. The following two 
case studies illustrate the benefits and harmful effects 
of damming rivers (Concept 13-3).

HOW WOULD YOU VOTE?

Do the advantages of large dams outweigh their disadvan-
tages? Cast your vote online at academic.cengage.com
/biology/miller.

 ■ CASE STUDY

The Colorado River Basin—
An Overtapped Resource
The Colorado River, the major river of the arid 
south western United States, flows 2,300 kilometers 
(1,400 miles) through seven states and eventually to 
the Gulf of California (Figure 13-14). During the past 50 
years, this once free-flowing river, which gets its water 
mostly from snowmelt from the Rocky Mountains, has 
been tamed by a gigantic plumbing system consisting of 
14 major dams and reservoirs (Figure 13-15) and canals 
that supply water to farmers, ranchers, and cities.

This system lies in a mostly desert area within the 
rain shadow (Figure 7-7, p. 145) of California’s moun-
tain ranges. It provides water and electricity for more 
than 25 million people in seven states. The river’s wa-
ter is used to produce about 15% of the nation’s crops 
and livestock. It also supports a multibillion-dollar rec-
reation industry of whitewater rafting, boating, fishing, 
camping, and hiking.

The river supplies water to some of the nation’s dri-
est and hottest cities. Take away this tamed river and 
Las Vegas, Nevada, would be a mostly uninhabited des-
ert area; San Diego and Los Angeles, California, could 
not support their present populations; and California’s 
Imperial Valley, which grows a major portion of the 
nation’s vegetables, would consist mostly of cactus and 
mesquite plants.

Lake Mead behind Hoover Dam (Figure 13-14) 
supplies about 90% of water for the desert city of Las 
Vegas, Nevada—one of the country’s fastest growing 
urban areas. In 2008, U.S. researchers Tim Barnett and 
David Pierce estimated that there is a 50% chance that 
by 2021, Lake Mead will run dry because of greater wa-
ter demands and decreased flow of the Colorado River 
due to increased drought and evaporation of water. 

There are four major problems associated with use 
of this river’s water. First, the Colorado River basin in-
cludes some of the driest lands in the United States and 
Mexico (Figure 13-4). Second, for its size, the river has 
only a modest flow of water. Third, legal pacts signed 
in 1922 and 1944 allocated more water for human use 
in the United States and Mexico than the river can 
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Figure 13-14 The Colorado River basin. The area drained by this basin is equal to more 
than one-twelfth of the land area of the lower 48 states. Two large reservoirs—Lake 
Mead behind the Hoover Dam and Lake Powell behind the Glen Canyon Dam—store 
about 80% of the water in this basin.

Figure 13-15 Aerial view of Glen Canyon dam built across the Colorado River in 1963 
and its reservoir called Lake Powell, the second largest reservoir in the United States.
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supply—even in rare years without a drought. The 
pacts allocated no water for environmental purposes.

Fourth, since 1905, the amount of water flowing to 
the mouth of the Colorado River has dropped dramati-
cally (Figure 13-16). Since 1960, the river has rarely 
made it to the Gulf of California because of the many 
dams, the increased water withdrawals, and a pro-
longed drought in the American Southwest, which is 
projected to last throughout this century. This threat-
ens the survival of species that spawn in the river and 
species that live in its estuary near the coast.

The water available from the Colorado is likely to 
decrease even more because of climate change caused 
by global warming. According to projections, as the 
climate continues to warm, mountain snows that feed 
the river will melt faster and earlier and evaporate in 
greater amounts. 

If some of the Southwest’s largest reservoirs empty 
out during this century, the region could experience 
an economic and ecological catastrophe with political 
and legal battles over who will get how much of the 
region’s greatly diminished water supply. Agricultural 
production would drop sharply and many people in the 
region’s booming desert cities, such as Phoenix, Ari-
zona, and Las Vegas, Nevada, likely would have to mi-
grate to other areas. Withdrawing more groundwater 
is not a solution because water tables beneath much of 
the area served by the Colorado River have been drop-
ping, sometimes drastically, due to overpumping (Fig-
ure 13-9).

Traditionally, about 80% of the water withdrawn 
from the Colorado has been used to irrigate crops and 
raise cattle. The U.S. government paid for the dams 
and reservoirs and has supplied many farmers and 
ranchers with water at low prices. These government 
subsidies have led to inefficient use of irrigation water 
on thirsty crops such as rice, cotton, and alfalfa in this 
water-short area.

In addition, as the flow of the Colorado River slows 
in large reservoirs behind dams it drops much of its 
load of suspended silt. This deprives the river’s coastal 
delta of much needed sediment and causes flooding 
and loss of ecologically important coastal wetlands. 
The amount of silt being deposited on the bottoms of 
the Lake Powell and Lake Mead reservoirs is roughly 
20,000 dump truck loads every day. Sometime during 
this century, these reservoirs will probably be too full 
of silt to store enough water for generating hydroelec-
tric power or controlling floods. 

Some researchers argue that the seven states us-
ing the Colorado River should enact and enforce strict 
water conservation measures and sharply increase the 
price of water from the river. They also suggest mea-
sures to slow population growth and urban develop-
ment, stop subsidizing agriculture in this region, shift 
water-thirsty crops to less arid areas, and stop building 
golf courses and growing green lawns in desert areas. 
People living in or moving to areas served by the river 
would have to realize that they are living in a desert 
and must adapt to their environment by drastically re-
ducing their water usage.

These problems illustrate the challenges faced by 
governments and people living in arid and semiarid re-
gions with shared river systems, as population growth 
and economic development place increasing demands 
on limited or decreasing supplies of surface water. 
Without major changes in water policies and manage-
ment to drastically increase the efficiency of water use, 
the future for large numbers of people in such areas 
may dry up.

THINKING ABOUT
The Colorado River

What are three measures you would take to deal with the 
problems of the Colorado River system? How would you 
implement them politically?

 ■ CASE STUDY

China’s Three Gorges Dam
China’s Three Gorges Dam, built across the Yangtze 
River, is the world’s largest hydroelectric dam and res-
ervoir. Two kilometers (1.2 miles) long, the dam was 
built at a cost of at least $25 billion. Like all dams, it has 
created benefits and harmful effects (Figure 13-12).

When its giant reservoir fills, the dam will be able 
to produce an amount of electricity equal to that of 22 
large coal-burning or nuclear power plants, enough 
electricity to provide power for a city 10 times as large 
as the U.S. city of Los Angeles, California. This will help 
to reduce China’s dependence on coal and its emissions 
of the greenhouse gas CO2.

The dam will also help to hold back the Yangtze 
River’s floodwaters, which have killed more than 
500,000 people during the past 100 years—including 
4,000 people in 1998. The estimated cost of damage 
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Figure 13-16 The flow of the Colorado River measured at its 
mouth has dropped sharply since 1905 as a result of multiple dams, 
water withdrawals for agriculture and urban areas, and prolonged 
drought (Data from U.S. Geological Survey).
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caused by the 1998 flood alone equals the cost of the 
entire dam project. In addition, the dam will enable 
large cargo-carrying ships to travel deep into China’s 
interior, greatly reducing transportation costs, and in-
creasing trade in a relatively poor region of China.

When filled, the 600-kilometer-long (370-mile-
long) reservoir behind the dam will cover an area al-
most equal in length to the distance between the U.S. 
cities of San Francisco and Los Angeles, California. 
This enormous reservoir will flood one of China’s most 
beautiful areas, including 1,350 cities and villages and 
thousands of archeological and cultural sites. It will dis-
place about 5.4 million people.

Some scientists contend that the slower flow of 
water in the reservoir will continually release huge 
amounts of sediment that will shorten the projected life 
of the reservoir and limit the flood-prevention capacity 
of the dam. In addition, productive farming regions be-
low the dam will no longer receive annual deposits of 
nutrient-rich sediment.

Because the dam is built over a seismic fault, some 
geologists worry that it might collapse and cause a ma-
jor flood that would kill millions of people. Engineers 
claim that the dam can withstand the maximum pro-
jected earthquake. Yet, some 80 small cracks have al-
ready been discovered in the dam.

Another problem is that plant and animal mat-
ter rotting underwater in the gigantic reservoir will 
release methane gas—which is a much more potent 
greenhouse gas than CO2—into the atmosphere. The 
hydroelectric power generated by the dam will allow 
the Chinese to avoid some additional CO2 emissions by 
not having to build as many new coal-burning power 
plants. But the reservoir’s methane emissions will off-
set these savings in CO2 emissions.

Opponents of the dam also claim that it will convert 
the Yangtze River to the world’s largest sewer, because 
most cities and factories along the river dump their 
untreated sewage and other wastes directly into it. 
Opponents estimate that the hidden long-term harm-
ful environmental and social costs of the dam project 
will be close to $75 billion—three times the direct cost 
of the project. Critics claim that it would have been 
cheaper, less disruptive, and safer to build a series of 
smaller dams.

THINKING ABOUT
The Three Gorges Dam

Do you think that the benefits of the Three Gorges Dam will 
outweigh its harmful effects? Explain.

13-4 Is Transferring Water from One Place to Another 
the Answer?

CONCEPT 13-4 Transferring water from one place to another has greatly increased 
water supplies in some areas, but it has also disrupted ecosystems.

▲

California Transfers Massive 
Amounts of Water from Water-Rich 
Areas to Water-Poor Areas
Tunnels, aqueducts, and underground pipes can trans-
fer stream runoff collected by dams and reservoirs from 
water-rich areas to water-poor areas, but they also cre-
ate environmental problems (Concept 13-4).

One of the world’s largest water transfer projects 
is the California Water Project (Figure 13-17, p. 330). It 
uses a maze of giant dams, pumps, and aqueducts to 
transport water from water-rich northern California 
to water-poor southern California’s heavily populated 
agricultural regions and cities. This project supplies 
massive amounts of water to areas that, without such 
water transfers, would be mostly desert.

For decades, northern and southern Californians 
have feuded over how the state’s water should be al-
located under this project. Southern Californians want 

more water from the north to grow more crops and to 
support Los Angeles, San Diego, and other growing ur-
ban areas. Agriculture consumes three-fourths of the 
water withdrawn in California, much of it used inef-
ficiently for water-thirsty crops such as rice and alfalfa 
growing in desert-like conditions.

Northern Californians counter that sending more 
water south degrades the Sacramento River, threatens 
fisheries, and reduces the river’s power to flush pol-
lutants out of San Francisco Bay. They also argue that 
much of the water sent south is wasted. They point 
to studies showing that making irrigation just 10% 
more efficient would provide enough water for do-
mestic and industrial uses in southern California. But 
low water prices, mostly because government subsidies 
make it uneconomical for farmers to invest in improv-
ing irrigation efficiency.

According to a 2002 study by a group of scientists 
and engineers, projected global warming will sharply 
reduce water availability in California (especially 
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water has dropped by 22 meters (72 feet). It has lost 
89% of its volume of water and has split into two ma-
jor parts (Figure 13-18, right). Water withdrawal for 
agriculture has reduced the two rivers feeding the sea 
to mere trickles.

About 85% of the area’s wetlands have been elimi-
nated and roughly half the local bird and mammal spe-
cies have disappeared. In addition, a huge area of for-
mer lake bottom has been converted to a human-made 
desert covered with glistening white salt. The sea’s 
increased salt concentration—three times saltier than 
ocean water—caused the presumed extinction of 26 
of the area’s 32 native fish species. This has devastated 
the area’s fishing industry, which once provided work 
for more than 60,000 people. Fishing villages and boats 
once located on the sea’s coastline now sit abandoned 
in the middle of a salt desert (Figure 13-19).

Winds pick up the sand and salty dust and blow it 
onto fields as far as 500 kilometers (310 miles) away. 
As the salt spreads, it pollutes water and kills wildlife, 
crops, and other vegetation. Aral Sea dust settling on 
glaciers in the Himalayas is causing them to melt at a 
faster than normal rate—a prime example of unex-
pected connections and unintended consequences.

Shrinkage of the Aral Sea has also altered the area’s 
climate. The once-huge sea acted as a thermal buffer 
that moderated the heat of summer and the extreme 
cold of winter. Now there is less rain, summers are hot-
ter and drier, winters are colder, and the growing sea-
son is shorter. The combination of such climate change 
and severe salinization has reduced crop yields by 
20–50% on almost one-third of the area’s cropland.

To raise yields, farmers have used more herbicides, 
insecticides, and fertilizers, which have percolated 
downward and accumulated to dangerous levels in 
the groundwater—the source of most of the region’s 
drinking water. Many of the 45 million people living 
in the Aral Sea’s watershed have experienced increas-
ing health problems—including anemia, respiratory 
illnesses, liver and kidney disease, eye problems, and 
various cancers—from a combination of toxic dust, salt, 
and contaminated water.

To make matters worse, Soviet scientists who were 
engaged in top-secret biological warfare studies bur-
ied hundreds of metric tons of deadly anthrax bacte-
rial spores and other deadly toxins on an island in the 
Aral Sea. As the lakeshores receded, this island grew 
and joined the mainland in 2001. There is concern that 
any surviving disease organisms could reach people via 
fleas or infected rodents or by their removal and use by 
terrorists.

Since 1999, the United Nations and the World 
Bank have spent about $600 million to purify the ar-
ea’s drinking water and upgrade irrigation and drain-
age systems. This has improved irrigation efficiency and 
flushed salts from croplands. A dike completed in 2005 
has raised the average level of the small Aral by 3 me-
ters (10 feet) and decreased its salinity, allowing sub-
stantial fishing of several species. Some artificial wet-
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Figure 13-17 The California Water Project and the Central Arizona Project. These proj-
ects involve large-scale water transfers from one watershed to another. Arrows show 
the general direction of water flow.

southern California) and other water-short states in 
the western United States, even in the best-case sce-
nario. Some analysts project that sometime during this 
century, many people living in arid southern California 
cities, as well as farmers in this area, may have to move 
elsewhere because of a shortage of water.

Pumping more groundwater is not the answer, be-
cause groundwater is already being withdrawn faster 
than it is replenished in much of central and southern 
California (Figure 13-9). According to many analysts, 
it would be quicker and cheaper to reduce water waste 
by improving irrigation efficiency, not growing water-
thirsty crops in arid areas, and raising the historically 
low price of water to encourage water conservation.

 ■ CASE STUDY

The Aral Sea Disaster
The shrinking of the Aral Sea (Figure 13-18) is the re-
sult of a large-scale water transfer project in an area of 
the former Soviet Union with the driest climate in cen-
tral Asia. Since 1960, enormous amounts of irrigation 
water have been diverted from the inland Aral Sea and 
its two feeder rivers to create one of the world’s larg-
est irrigated areas, mostly for raising cotton and rice. 
The irrigation canal, the world’s longest, stretches more 
than 1,300 kilometers (800 miles).

This large-scale water diversion project, coupled 
with droughts and high evaporation rates due to the 
area’s hot and dry climate, has caused a regional eco-
logical and economic disaster. Since 1961, the sea’s sa-
linity has risen sevenfold and the average level of its 
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Figure 13-18 Natural capital degradation: the Aral Sea was once the world’s fourth largest freshwater lake. 
Since 1960, it has been shrinking and getting saltier because most of the water from the rivers that replenish it has 
been diverted to grow cotton and food crops (Concept 13-4). These satellite photos show the sea in 1976 and 
in 2006. It has split into two major parts, little Aral on the left and big Aral on the right. As the lake shrank, it left 
behind a salty desert, economic ruin, increasing health problems, and severe ecological disruption. Question: What 
do you think should be done to help prevent further shrinkage of the Aral Sea?

Figure 13-19 Ship stranded in desert formed by shrinkage of the Aral Sea.

1976 2006

lands and lakes have been constructed to help restore 
aquatic vegetation, wildlife, and fisheries.

The five countries surrounding the lake and its 
two feeder rivers have worked to improve irrigation 
efficiency and to partially replace water-thirsty crops 
with others requiring less irrigation water. As a result, 
the total annual volume of water in the Aral Sea ba-
sin has been stabilized. Nevertheless, experts expect the 
largest portion of the Aral Sea to continue shrinking.

China Plans a Massive Transfer 
of Water
The Chinese government has begun a massive en-
gineering project to transfer water from three of its 
southern river basins to its populous and parched 
northern provinces. This $62.5 billion South–North 
Water Transfer Project will use a series of canals, dams, 
reservoirs, and pumping stations to supply water to the 
north for irrigation and drinking.

One route, which is more than 1,000 kilometers 
(620 miles) long, will transfer about 2% of the flow 
of the Yangtze River to the north; it began supplying 
water to Beijing in 2008. Work on a second, equally 
long route is proceeding, while construction of a third, 
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more complex route linking watersheds in western 
China and Tibet is not expected to start for at least an-
other decade. If everything goes as planned, by 2050, 
the system will transfer ten times more water than is 
transferred from northern to southern California (Fig-
ure 13-17). It will provide water for almost half a bil-
lion people in northern China.

Critics of this huge project are worried that high lev-
els of pollution in the three rivers from which water will 
be extracted and transported will contaminate northern 
water supplies. They are also concerned that the large-
scale removal of water could damage southern ecosys-
tems, especially the fragile watersheds in Tibet.

But many Chinese scientists believe that the poten-
tial economic, health, and environmental benefits of 
the project outweigh its risks. They point out that in-
creasing desertification (Figure 12-13, p. 289) in north-

ern China is eroding biodiversity and reducing supplies 
of drinking water for at least 96 million Chinese, be-
cause pollutants are becoming concentrated in small 
bodies of water. In addition, northern China needs 
much more water to support its large population, in-
tensive agriculture, and rapid industrialization. The ad-
ditional water will also help to reduce overpumping of 
aquifers. The central government has required north-
ern cities receiving the water to implement water con-
servation measures to keep the additional water from 
being squandered.

However, Chinese and U.S. climate models predict 
that northern China will become increasingly wet as 
average temperatures rise from projected global warm-
ing. This shift could begin within a decade and render 
the water transfer project, especially the third route, 
unnecessary.

13-5 Is Converting Salty Seawater to Freshwater 
the Answer?

CONCEPT 13-5 We can convert salty ocean water to freshwater, but the cost is 
high, and the resulting salty brine must be disposed of without harming aquatic or 
terrestrial ecosystems.

▲

Removing Salt from Seawater 
Seems Promising but Is Costly
Desalination involves removing dissolved salts from 
ocean water or from brackish (slightly salty) water in 
aquifers or lakes for domestic use. It is another way to 
increase supplies of freshwater (Concept 13-5).

One method for desalinating water is distillation—
heating saltwater until it evaporates (leaving behind 
salts in solid form) and condenses as freshwater. An-
other method is reverse osmosis (or microfiltration),
which uses high pressure to force saltwater through a 
membrane filter with pores small enough to remove 
the salt. 

According to a 2004 report by the U.S. National 
Academy of Sciences, about 15,000 desalination plants 
operate in more than 125 countries, especially in the arid 
nations of the Middle East, North Africa, the Caribbean, 
and the Mediterranean. They meet less than 0.3% of the 
world’s demand for freshwater.

Saudi Arabia has the world’s largest number of de-
salination plants, and the United States has the world’s 
second-largest desalination capacity. By 2008, water-
short Israel was getting almost half of its water from 
desalination. And China plans to build enough desali-
nation plants to provide 16–25% of the water used in 
its coastal areas by 2010.

There are three major problems with the wide-
spread use of desalination. One is the high cost and en-
ergy footprint. It takes a lot of energy to desalinate wa-
ter, with distillation requiring about ten times as much 
energy as reverse osmosis requires. A second problem is 
that pumping large volumes of seawater through pipes 
and using chemicals to sterilize the water and keep 
down algal growth kills many marine organisms. 

A third problem is that desalination produces large 
quantities of briny wastewater that contain lots of salt 
and other minerals. Dumping this concentrated brine 
into nearby coastal ocean waters increases the salinity 
of the ocean water, which threatens food resources and 
aquatic life in the vicinity. Disposing of it on land could 
contaminate groundwater and surface water.

Using desalinated water produced by reverse os-
mosis to irrigate crops could reduce soil saliniza-
tion (Figure 12-14, p. 289). However, Israeli scientist 
U. Yermiyahu and his colleagues reported in 2007 that 
desalinization removes ions such as calcium (Ca2#),
magnesium (Mg2#), and sulfate (SO4

2!) that are essen-
tial to plant growth. Thus, these ions must be added to 
desalinated irrigation water, which raises its already 
high cost, or the desalinated water must be blended 
with conventional irrigation water.

Bottom line: Currently, significant desalination is 
practical only for water-short, wealthy countries and 
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cities that can afford its high cost (Concept 13-5). But 
scientists and engineers are working to develop better 
and more affordable desalination technologies (Science 
Focus, above).

RESEARCH FRONTIER

Developing better and more affordable desalination technolo-
gies. See academic.cengage.com/biology/miller.

SCIENCE FOCUS

The Search for Improved Desalination Technology

water without affecting near-shore ecosys-
tems.

In 2005, General Electric, one of the 
world’s largest companies, began focusing on 
finding better ways to desalinate water. Be-
cause about 40% of the world is going to be 
short of freshwater in the next 10–20 years, 
GE sees desalination as one of the world’s 
major growth businesses. GREEN CAREER:
Desalination engineer

Before building a desalination plant, scien-
tists urge reducing water needs by enacting 
strict water conservation regulations, fixing 
leaks in urban water supply systems, educat-
ing customers about water conservation, and 
cleaning up and reusing urban waste water. 
All of these solutions are much cheaper than 
desalination.

Critical Thinking
Use the second law of thermodynamics 
(p. 43) to explain why desalinated water is so 
costly.

cientists are working to develop new 
membranes for reverse osmosis that 

can separate water from salt more efficiently 
and under less pressure and thus use less 
energy. Such technologies might bring down 
the cost of using desalination to produce 
drinking water but not to the point where 
they are cheap enough to irrigate conven-
tional crops.

This may change if scientists can figure 
out how to use solar energy or other means 
to desalinate seawater cheaply and how to 
safely dispose of the resulting salty wastewa-
ter. Another possibility is the development of 
molecular size nanofilters to desalinate water 
at an affordable cost.

A consortium of companies is proposing 
to build ships that would carry desalina-
tion equipment. The ships would operate 
offshore, transferring the water to shore 
through seabed pipelines or in food grade 
shuttle tankers. The ships would have lower 
fuel costs than do land-based desalination 

S plants. They would also not be affected by 
onshore power failures, because they would 
generate their own power by using clean-
burning biodiesel oil in gas turbine engines. 
In addition, they would be able to move away 
from the paths of storms and draw water 
from depths below where most marine or-
ganisms are found. And the resulting brine 
could be returned to the ocean and diluted 
far away from coastal waters. California of-
ficials are evaluating this approach.

Two Australian companies, Energetech 
and H2AU, have joined forces to build an 
experimental desalination plant that uses 
the power generated by ocean waves—an 
indirect form of solar energy—to drive 
reverse-osmosis desalination. This approach 
eliminates air pollution created from burn-
ing fossil fuels to produce electricity, and 
it conserves energy. Thus, costs should be 
much lower than for other desalination meth-
ods. The plant will be located offshore where 
the resulting brine can be mixed with ocean 

Reducing Water Waste 
Has Many Benefits
Mohamed El-Ashry of the World Resources Institute 
estimates that 65–70% of the water people use throughout 
the world is wasted through evaporation, leaks, and other 
losses. The United States, the world’s largest user of wa-
ter, does slightly better but still loses about half of the 
water it withdraws. El-Ashry believes it is economically 
and technically feasible to reduce such water losses to 
15%, thereby meeting most of the world’s water needs 
for the foreseeable future (Concept 13-6).

Improving water use efficiency would decrease the 
burden on wastewater plants and reduce the need for 

expensive dams and water transfer projects that destroy 
wildlife habitats and displace people. It would also slow 
depletion of groundwater aquifers and save both en-
ergy and money.

According to water resource experts, the main 
cause of water waste is its low cost to users. Underpricing
is mostly the result of government subsidies that pro-
vide irrigation water, electricity, and diesel fuel used 
by farmers to pump water from rivers and aquifers at 
below-market prices.

Because these subsidies keep water prices low, us-
ers have little or no financial incentive to invest in 
water-saving technologies. According to water resource 
expert Sandra Postel, “By heavily subsidizing water, 

13-6 How Can We Use Water More Sustainably?
CONCEPT 13-6 We can use water more sustainably by cutting water waste, raising 
water prices, slowing population growth, and protecting aquifers, forests, and 
other ecosystems that store and release water.

▲



334 CHAPTER 13  Water Resources

■✓

governments give out the false message that it is abun-
dant and can afford to be wasted—even as rivers are 
drying up, aquifers are being depleted, fisheries are col-
lapsing, and species are going extinct.”

But farmers, industries, and others benefiting from 
government water subsidies argue that the subsidies 
promote settlement and farming of arid, unpro ductive
land; stimulate local economies; and help keep the 
prices of food, manufactured goods, and electricity low.

THINKING ABOUT
Government Water Subsidies

Should governments provide subsidies to farmers and 
cities to help keep the price of water artificially low? 
Explain.

Most water resource experts believe that when 
water scarcity afflicts many areas in this century, gov-
ernments will have to make the unpopular decision to 
raise water prices. China did so in 2002 because it faced 
water shortages in most of its major cities, with rivers 
running dry, lakes disappearing, and water tables fall-
ing in key agricultural areas.

Higher water prices encourage water conservation 
but make it difficult for low-income farmers and city 
dwellers to buy enough water to meet their needs. 
When South Africa raised water prices, it dealt with 
this problem by establishing lifeline rates that give each 
household a set amount of free or low-priced water 
to meet basic needs. When users exceed this amount, 
they pay higher prices as their water use increases—a
user-pays approach.

The second major cause of water waste is a lack of 
government subsidies for improving the efficiency of water use.
A basic rule of economics is that you get more of what 
you reward. Withdrawing subsidies that encourage wa-
ter waste and providing subsidies for efficient water use 
would sharply reduce water waste and help reduce wa-
ter shortages. Two goals of such subsidies should be to 
greatly improve the efficiency of irrigation, which ac-
counts for 70% of the world’s water use, and to use 
inexpensive means to collect rainwater and pipe it to 
where it is needed.

HOW WOULD YOU VOTE?

Should water prices be raised sharply to help reduce water 
waste? Cast your vote online at academic.cengage.com/
biology/miller.

We Can Cut Water Waste 
in Irrigation
About 60% of the irrigation water applied throughout 
the world does not reach the targeted crops. Most irri-
gation systems obtain water from a groundwater well or 

a surface water source. The water then flows by grav-
ity through unlined ditches in crop fields so the crops 
can absorb it (Figure 13-20, left). This flood irrigation
method delivers far more water than is needed for crop 
growth and typically loses 40% of the water through 
evaporation, seepage, and runoff. This wasteful method 
is used on 97% of China’s irrigated land.

More efficient and environmentally sound ir-
rigation technologies can greatly reduce water de-
mands and water waste on farms by delivering water 
more precisely to crops—a more crop per drop strat-
egy. For example, the center-pivot, low-pressure sprinkler
(Figure 13-20, right) uses pumps to spray water on a 
crop. This results in a series of circular irrigated areas 
as shown by the green dots in Figure 13-8, right. Typi-
cally, it allows 80% of the water to reach crops. Low-
energy, precision application (LEPA ) sprinklers, another 
form of center-pivot irrigation, put 90–95% of the wa-
ter where crops need it.

Drip or trickle irrigation, also called microirrigation
(Figure 13-20, center), is the most efficient way to de-
liver small amounts of water precisely to crops. It con-
sists of a network of perforated plastic tubing installed 
at or below the ground level. Small pinholes in the 
tubing deliver drops of water at a slow and steady rate, 
close to the roots of individual plants.

Current drip irrigation systems are costly but they 
drastically reduce water waste; 90–95% of the water 
input reaches the crops, and crop yields are 20–90% 
more than those of conventional gravity flow systems. 
By using less water, they also reduce the amount of salt 
that irrigation water leaves in the soil.

Drip irrigation is used on just over 1% of the 
world’s irrigated crop fields and 4% of those in the 
United States. This percentage rises to 90% in Cyprus, 
66% in Israel, and 13% in California. If water were 
priced closer to the value of the ecological services it 
provides and if government subsidies that encourage 
water waste were reduced or eliminated, drip irrigation 
would quickly be used to irrigate most of the world’s 
crops.

Good news. The capital cost of a new type of drip irri-
gation system developed by the nonprofit International 
Development Enterprises (IDE) is one-tenth as much 
per hectare as that of conventional drip systems. 
Increased use of this inexpensive system designed for 
poor farmers will raise crop yields in water-short ar-
eas and help to lift poor families out of poverty. Ac-
cording to the United Nations, reducing current global 
withdrawal of water for irrigation by just 10% would 
save enough water to grow crops and meet the esti-
mated additional water demands of cities and indus-
tries through 2025.

RESEARCH FRONTIER

Developing more efficient and affordable irrigation systems. 
See academic.cengage.com/biology/miller.
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(efficiency 60% and 80% with surge valves)
Gravity flow

(efficiency 90–95%)
Drip irrigation

(efficiency 80% with low-pressure 
sprinkler and 90–95% with LEPA sprinkler)

Center pivot

Water usually comes from an 
aqueduct system or a nearby river.

Water usually pumped from 
underground and sprayed from 
mobile boom with sprinklers.Above- or below-ground pipes 

or tubes deliver water to 
individual plant roots.

Figure 13-20 Major irrigation systems. Because of high initial costs, center-pivot irrigation and drip irrigation are 
not widely used. The development of new, low-cost, drip-irrigation systems may change this situation.

Figure 13-21 lists other ways to reduce water waste 
in crop irrigation. Since 1950, Israel has used many 
of these techniques to slash irrigation water waste by 
84% while irrigating 44% more land. Israel now treats 
and reuses 30% of its municipal sewage water for crop 

■ Line canals bringing water to irrigation ditches

■ Irrigate at night to reduce evaporation

■ Monitor soil moisture to add water only when necessary
 
■ Grow several crops on each plot of land (polyculture)

■ Encourage organic farming

■ Avoid growing water-thirsty crops in dry areas

■ Irrigate with treated urban wastewater

■ Import water-intensive crops and meat

S O L U T I O N S
Reducing Irrigation Water Waste

Figure 13-21 Methods for reducing water waste in 
irrigation. Question: Which two of these solutions 
do you think are the most important? Why?

production and plans to increase this to 80% by 2025. 
The government also gradually eliminated most water 
subsidies to raise Israel’s price of irrigation water to one 
of the highest in the world. Israelis also import most 
of their wheat and meat and concentrate on growing 

fruits, vegetables, and flowers that need 
less water. For decades, wastewater 
from sewage treatment plants in many 
parts of the world has been used to wa-
ter parks and golf courses and to irrigate 
flowers and other nonfood crops.
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Developing Countries Use Low-Tech 
Methods for Irrigation
Many of the world’s poor farmers use small-scale and 
low-cost traditional irrigation technologies. For exam-
ple, millions of farmers in countries such as Bangladesh 
use human-powered treadle pumps to pump groundwa-
ter close to the earth’s surface through irrigation ditches 
(see Photo 6 in the Detailed Contents). These wooden 
devices are cheap (about $25), easy to build from local 
materials, and operate on leg power. Other farmers in 
some developing countries use buckets, small tanks with 
holes, or cheap plastic tubing systems for drip irrigation.

Rainwater harvesting is another simple and in-
expensive way to provide water for drinking and for 
growing crops throughout most of the world. It in-
volves running pipes from rooftops and digging chan-
nels to catch rainwater that would otherwise run off the 
land. It is stored in shallow aquifers, ponds, and water 
tanks for use during dry spells. This is especially use-
ful in developing countries, such as India, where much 
of the rain comes in a short monsoon season. In south 
Australia, over 40% of households use rainwater stored 
in tanks as their main source of drinking water. And 
half a million households and buildings in Germany 
harvest rainwater.

Other strategies used by poor farmers to increase 
the amount of crop per drop of rainfall include poly-
culture farming and agroforestry to create canopy cover 
over crops and to reduce water losses by evaporation. 
Farmers also plant deep-rooted perennial crop variet-
ies (Science Focus, Figure 12-C, p. 309), control weeds, 
and mulch fields to retain more moisture.

In foggy mountainous areas, fog-catcher nets, de-
veloped by scientists in Chile, are used to harvest wa-
ter. These upright volleyball-style plastic nets are placed 
on hilltops to intercept and remove water droplets from 
passing fog and clouds. The water is channeled into a 
storage tank or into gutters and then to a network of 
pipes that transfer it to wherever it is used.

We Can Cut Water Waste 
in Industry and Homes
Producers of chemicals, paper, oil, coal, primary met-
als, and processed food use almost 90% of the water 
used by industry in the United States. Some of these 
industries recapture, purify, and recycle water to re-
duce their water use and water treatment costs. For ex-
ample, more than 95% of the water used to make steel 
is recycled. However, most industrial processes could be 
redesigned to use much less water. Raising water prices 
would spur such research. Figure 13-22 lists ways to 
use water more efficiently in industries, homes, and 
businesses (Concept 13-6).

Flushing toilets with water (most of it clean enough 
to drink) is the single largest use of domestic water in 
the United States. Since 1992, U.S. government stan-
dards have required that new toilets use no more 
than 6.1 liters (1.6 gallons) of water per flush. Archi-
tect and designer William McDonough has designed a 
toilet with a bowl so smooth that nothing sticks to it, 
including bacteria. Only a light mist is needed to flush 
it. Low-flow showerheads can cut shower water flow 
in half and save about 19,000 liters (5,000 gallons) per 
person each year.

According to U.N. studies, 40–60% of the water 
supplied in nearly all of the world’s major cities in de-
veloping countries is lost mostly through leakage of 
water mains, pipes, pumps, and valves. Water experts 
say that fixing these leaks should be a high govern-
ment priority that would cost less than building dams 
or importing water. Even in advanced industrialized 
countries such as the United States these losses average 
10–30%. However, leakage losses have been reduced 
to about 3% in Copenhagen, Denmark, and to 5% in 
Fukuoka, Japan.

It does not require a government program to detect 
and fix leaks. To detect a silent toilet water leak, add a 
few drops of food coloring to the toilet tank and wait 5 
minutes. If the color shows up in the bowl, you have 
a leak. Be sure to fix leaking faucets. A faucet dripping 

Figure 13-22 Methods of reducing water waste in industries, homes, and businesses 
(Concept 13-6). Question: Which three of these solutions do you think are the most 
important? Why? 

■ Redesign manufacturing processes to use less water

■ Recycle water in industry

■ Landscape yards with plants that require little water

■ Use drip irrigation

■ Fix water leaks

■ Use water meters

■ Raise water prices
 
■ Use waterless composting toilets

■ Require water conservation in water-short cities

■ Use water-saving toilets, showerheads, and front-loading  clothes washers

■ Collect and reuse household water to irrigate lawns and nonedible plants

■ Purify and reuse water for houses, apartments, and office buildings

S O L U T I O N S
Reducing Water Waste
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once per second wastes up to 8,200 liters (3,000 gal-
lons) of water a year.

Many homeowners and businesses in water-short 
areas are using drip irrigation and copying nature by 
replacing green lawns with plants that need little wa-
ter. This water-thrifty landscaping, called xeriscaping 
(pronounced “ZEER-i-scaping”), reduces water use by 
30–85% and sharply reduces needs for labor, fertilizer, 
and fuel. It is also an example of reconciliation ecology 
(p. 244), so it helps preserve biodiversity, and it reduces 
polluted runoff, air pollution, and yard wastes.

About 50–75% of the slightly dirtied water from 
bathtubs, showers, sinks, dishwashers, and clothes 
washers in a typical house could be stored in a hold-
ing tank and then reused as gray water to irrigate lawns 
and nonedible plants, to flush toilets, and to wash 
cars. Israel reuses 70% of its wastewater (sewage 
water) to irrigate nonfood crops. In Singapore, all sew-
age water is treated at reclamation plants for reuse by 
industry. Such measures mimic the way nature puri-
fies water by recycling it, and thus they follow 
one of the four scientific principles of sustainabil-
ity (see back cover).

Underpricing is also a major cause of excessive 
water use and waste in homes and industries (Con-
cept 13-6). Many water utility and irrigation authori-
ties charge a flat fee for water use and some charge 
less for the largest users of water. About one-fifth of 
all U.S. public water systems do not have water meters 
and charge a single low rate for almost unlimited use 
of high-quality water. Also, many apartment dwellers 
have little incentive to conserve water because water 
use charges are included in their rent. When the U.S. 
city of Boulder, Colorado, introduced water meters, 
water use per person dropped by 40%.

In Brazil, an electronic device called a water manager 
allows customers to obtain water on a pay-as-you-go 
basis. Water users buy a smart card (like a long-distance 
phone card) that contains a certain number of water 
credits. When they punch in the card’s code on their 
water manager device, the water company automati-
cally supplies them with a specified amount of water. 
Brazilian officials say this approach saves water and 
electrical power and typically reduces household wa-
ter bills by 40%. GREEN CAREER: Water conservation 
specialist

We Can Use Less Water 
to Remove Wastes
Currently, we use large amounts of freshwater good 
enough to drink to flush away industrial, animal, 
and household wastes. According to the FAO, if cur-
rent trends continue, within 40 years we will need the 
world’s entire reliable flow of river water just to dilute 
and transport the wastes we produce. We could save 

much of this water by using systems that mimic the 
way nature deals with wastes.

For example, sewage treatment plants remove valu-
able plant nutrients and dump most of them into rivers, 
lakes, and oceans. This overloads aquatic systems with 
plant nutrients that could be recycled to the soil. We 
could mimic nature and return the nutrient-rich sludge 
produced by conventional waste treatment plants to 
the soil as a fertilizer, instead of using freshwater to 
transport it. Banning the discharge of industrial toxic 
chemicals into sewage treatment plants would help to 
make this feasible.

Another way to recycle waste is to rely more on 
waterless composting toilets that convert human fecal 
matter to a small amount of dry and odorless soil-like 
humus material that can be removed from a compost-
ing chamber every year or so and returned to the soil 
as fertilizer. One of the authors (Miller) successfully 
used a composting toilet for 15 years.

We Need to Use Water 
More Sustainably
More sustainable use of water is based on the com-
monsense principle stated in an old Inca proverb: “The 
frog does not drink up the pond in which it lives.” 
Figure 13-23 lists strategies that scientists have sug-
gested for using water more sustainably (Concept 13-6).

■ Waste less water and subsidize  
 water conservation

■ Do not deplete aquifers
 
■ Preserve water quality

■ Protect forests, wetlands,   
 mountain glaciers, watersheds,  
 and other natural systems that  
 store and release water

■ Get agreements among regions  
 and countries sharing surface  
 water resources

■ Raise water prices
 
■  Slow population growth

S O L U T I O N S
Sustainable Water Use

Figure 13-23 Methods for achieving more sustainable use of the 
earth’s water resources (Concept 13-6). Question: Which two of 
these solutions do you think are the most important? Why?
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Some Areas Get Too Much Water 
from Flooding
Some areas have too little water, but others sometimes 
have too much because of natural flooding by streams, 
caused mostly by heavy rain or rapidly melting snow. 
A flood happens when water in a stream overflows its 
normal channel and spills into the adjacent area, called 
a floodplain. Floodplains, which usually include 
highly productive wetlands, help to provide natural 
flood and erosion control, maintain high water quality, 
and recharge groundwater.

People settle on floodplains because of their many 
advantages, including fertile soil, ample water for irri-
gation, availability of nearby rivers for transportation 
and recreation, and flat land suitable for crops, build-
ings, highways, and railroads. To reduce the threat of 
flooding for people who live on floodplains, rivers have 
been narrowed and straightened (channelized), lined 
with protective levees and walls, and dammed to create 
reservoirs that store and release water as needed (Fig-

ures 13-12 and 13-15). However, in the long run, such 
measures can lead to greatly increased flood damage 
when prolonged rains overwhelm them.

Floods provide several benefits. They have created 
the world’s most productive farmland by depositing 
nutrient-rich silt on floodplains. They also recharge 
groundwater and help refill wetlands, thereby support-
ing biodiversity and ecological services.

But floods kill thousands of people each year and 
cause tens of billions of dollars in property damage. In-
deed, floods annually affect more people than the com-
bined numbers affected by drought, tropical cyclones, 
famine, earthquakes, tsunamis, and volcanic eruptions. 
Floods usually are considered natural disasters, but 
since the 1960s, human activities have contributed to a 
sharp rise in flood deaths and damages.

One such human activity is removal of water-absorb-
ing vegetation, especially on hillsides (Figure 13-25). 
Farm fields, pastures, pavement, or buildings usually 
replace such vegetation and absorb far less rainwater, 
or none at all. In 1998, for example, severe flooding in 

Figure 13-24 Individuals matter: ways in which 
you can reduce your use and waste of water. Visit 
www.h2ouse.org for an array of tips from the 
EPA and the California Urban Water Conservation 
Council on how to save water, no matter where you 
live. Questions: Which four of these actions do you 
think are the most important? Why? Which of these 
things do you plan to do?

13-7 How Can We Reduce the Threat of Flooding?
CONCEPT 13-7 We can lessen the threat of flooding by protecting more wetlands 
and natural vegetation in watersheds and by not building in areas subject to 
frequent flooding.

▲

Each of us can help to bring about 
such a blue revolution by using less water 
and cutting our water waste to reduce 
our water footprints (Figure 13-24). As 
with other problems, the solution starts 
with thinking globally and acting locally.

■ Use water-saving toilets, showerheads, and faucet aerators

■ Shower instead of taking baths, and take short showers

■ Repair water leaks

■ Turn off sink faucets while brushing teeth, shaving, or washing

■ Wash only full loads of clothes or use the lowest possible water-level setting 
for smaller loads

■ Use recycled (gray) water for watering lawns and houseplants 
and for washing cars

■ Wash a car from a bucket of soapy water, and use the hose for rinsing only

■ If you use a commercial car wash, try to find one that recycles its water

■ Replace your lawn with native plants that need little if any watering

■ Water lawns and yards only in the early morning or evening

■ Use drip irrigation and mulch for gardens and flowerbeds

Water Use and Waste

WHAT CAN YOU DO?

www.h2ouse.org
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China’s Yangtze River watershed, home to 400 million 
people, killed at least 15 million people and caused mas-
sive economic losses. Scientists identified the causes as 
heavy rainfall, rapid snowmelt, and deforestation that 
had removed 85% of the watershed’s tree cover. They 
also estimated the value of flood control, which the 
forested hills would have provided, to be three times 
the economic value of the lumber obtained by cutting 
the trees down. Chinese officials banned tree cutting in 
the watershed and accelerated tree replanting with the 
long-term goal of restoring some of the area’s natural 
flood-control ecological services.

Removing protective mangrove forests (Figure 8-8, 
p. 168) in coastal areas can also allow for increased 
flooding from storms and tsunamis. Many such forests 
have been cleared to make way for shrimp farms.

Draining and building on wetlands, which naturally 
absorb floodwaters, is the second major human activity 
that increases the severity of flooding. When Hurricane 
Katrina struck the Gulf Coast of the United States in 
August 2005 and flooded the city of New Orleans (Fig-
ure 8-18, p. 177) and surrounding areas, the damage 
was intensified because of the degradation or removal 
of coastal wetlands that had historically helped to buf-
fer the land from storm surges. Bottom line: Hurricane 
Katrina was a natural tragedy but its destructive effects 
were intensified because human activities had removed 
and degraded an important form of protective natural 
capital (Case Study, p. 177). Some scientists argue that, 
in order to help prevent future devastation of the Gulf 

Coast, a major priority should be to restore its coastal 
wetlands.

Obviously, people who choose to live on flood-
plains increase their own risk of damage from flood-
ing. Choosing to live elsewhere would thus lower this 
threat, but many of the poor are forced to live in such 
risky areas (Case Study, below).

Another human-related factor that will increase 
flooding is global warming caused mostly by people 
burning fossil fuels and clearing forests. Reports in 
2007 by the Organization for Economic Cooperation 
and Development (OECD) and the IPCC projected that, 
by the 2070s, as many as 150 million people living in 
many of the world’s largest coastal cities—an amount 
equal to half of the current U.S. population—are likely 
to be at risk from flooding as a result of rising sea levels 
caused by climate change.

 ■ CASE STUDY

Living Dangerously on Floodplains 
in Bangladesh
Bangladesh is one of the world’s most densely popu-
lated countries. In 2008, its 147 million people were 
packed into an area roughly the size of the U.S. state of 
Wisconsin. And the country’s population is projected to 
increase to 215 million by 2050. Bangladesh is a very 
flat country, only slightly above sea level, and it is one 
of the world’s poorest countries.

Forested Hillside

Evapotranspiration

Oxygen
released by
vegetation

Trees reduce soil
erosion from heavy
rain and wind

Tree roots stabilize soil

Vegetation releases water
slowly and reduces flooding

After Deforestation

Agricultural land
is flooded and
silted up

Winds remove
fragile topsoil

Overgrazing accelerates soil
erosion by water and wind

Evapotranspiration decreasesRoads
destabilize
hillsides

Tree plantation

Gullies and
landslides

Heavy rain erodes topsoil

Silt from erosion fills rivers and reservoirs Rapid runoff
causes flooding

Agricultural
land

Diverse
ecological
habitat

 Active Figure 13-25 Natural capital degradation: hillside before and after deforestation. 
Once a hillside has been deforested for timber, fuelwood, livestock grazing, or unsustainable farming, water 
from precipitation rushes down the denuded slopes, erodes precious topsoil, and can increase flooding and 
pollution in local streams. Such deforestation can also increase landslides and mudflows. A 3,000-year-old 
Chinese proverb says, “To protect your rivers, protect your mountains.” See an animation based on this figure 
at CengageNOW. Question: How might a drought in this area make these effects even worse? 
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The people of Bangladesh depend on moderate 
annual flooding during the summer monsoon sea-
son, which helps them to grow rice and maintain soil 
fertility in the delta basin. The annual floods deposit 
eroded Himalayan soil on the country’s crop fields. 
People have adapted to this moderate flooding. Most of 
their houses have flat thatch roofs on which families 
can take refuge with their belongings in case of flood-
ing. The roofs can also be detached from the walls, if 
necessary, and floated like rafts. After the waters have 
subsided, a roof can be reattached to the walls of its 
house. But great floods can overwhelm such cultural 
adaptations.

In the past, great floods occurred every 50 years or 
so. But since the 1970s, they have come roughly every 
4 years. Bangladesh’s flooding problems begin in the 
Himalayan watershed, where rapid population growth, 
deforestation, overgrazing, and unsustainable farming 
on steep and easily erodible slopes have increased flows 
of water during monsoon season. Monsoon rains now 
run more quickly off the denuded Himalayan foothills, 
carrying vital topsoil with them (Figure 13-25).

This increased runoff of soil, combined with heavier-
than-normal monsoon rains, has increased the severity 
of flooding along Himalayan rivers and downstream in 
Bangladesh. In 1998, a disastrous flood covered two-
thirds of Bangladesh’s land area for 9 months, drowned 
at least 2,000 people, and left 30 million people home-
less. It also destroyed more than one-fourth of the 
country’s crops, which caused thousands of people to 
die of starvation. In 2002, another flood left 5 million 
people homeless and flooded large areas of rice fields. 
Another major flood occurred in 2004.

Living on Bangladesh’s coastal flood-
plain at sea level means coping with storm 
surges, cyclones, and tsunamis. In 1970, 
as many as 1 million people drowned as a 
result of one tropical cyclone. Another cy-
clone in 2003 killed more than a million 
people and left tens of millions homeless. 
And another in 2007 killed at least 3,200 
people, left millions homeless, destroyed 
crop lands, and killed at least 1.25 million 
livestock.

In their struggle to survive, the poor 
in Bangladesh have cleared many of 
the country’s coastal mangrove forests 
for fuel wood, farming, and aquaculture 
ponds for raising shrimp. The result: more 
severe flooding, because these coastal 
wetlands that had sheltered Bangladesh’s 
low-lying coastal areas from storm surges, 
cyclones, and tsunamis were now gone. 
Damages and deaths from cyclones in 
areas of Bangladesh still protected by 
mangrove forests have been much lower 
than in areas where the forests have been 
cleared.

A rise in sea level and an increase in storm inten-
sity, mostly because of climate change caused by global 
warming, will be a major threat in coming years to mil-
lions of Bangladeshis who live along its largely flat delta, 
bound by the Bay of Bengal. In 2007, the IPCC pro-
jected that rises in the world’s sea level during this cen-
tury, mostly from the expansion of water as it warms, 
could permanently flood as much as 11% of Bangla-
desh’s land area. This would create millions of refugees 
with no place to go in this already densely populated 
country.

THINKING ABOUT
Bangladesh

What are three important measures that could be taken to 
help reduce the threat of flooding in Bangladesh?

We Can Reduce Flood Risks
Figure 13-26 lists some ways to reduce flooding risks 
(Concept 11-7). To improve flood control, we 
can rely less on engineering devices such as 
dams and levees and more on nature’s systems, such as 
wetlands and natural vegetation in watersheds.

Channelizing streams reduces upstream flooding. 
But it also eliminates aquatic habitats, reduces ground-
water discharge, and results in a faster flow, which can 
increase downstream flooding and sediment deposi-
tion. And channelization encourages human settlement 
in floodplains, which increases the risk of damages and 
deaths from major floods.

S O L U T I O N S
Reducing Flood Damage

Straighten and deepen 
streams (channelization)

Build levees or floodwalls 
along streams

Build dams

Preserve forests on 
watersheds

Preserve and restore 
wetlands in floodplains

Tax development on 
floodplains

Use floodplains primarily 
for recharging aquifers, 
sustainable agriculture and 
forestry

Prevention Control

Figure 13-26 Methods for reducing the harmful effects of flooding (Concept 13-7). 
Question: Which two of these solutions do you think are the most important? Why?
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Similarly, levees or floodwalls along the sides of 
streams contain and speed up stream flow, but they 
increase the water’s capacity for doing damage down-
stream. And they do not protect against unusually high 
and powerful floodwaters, such as those that occurred 
in 1993 when two-thirds of the levees built along the 
Mississippi River in the United States were damaged 
or destroyed. Dams can reduce the threat of flooding 
by storing water in a reservoir and releasing it gradu-
ally, but they also have a number of disadvantages 
(Figure 13-12).

Perhaps one of the most important ways to reduce 
flooding is to preserve existing wetlands and restore de-

graded wetlands to take advantage of the natural flood 
control they provide in floodplains. This helps to pro-
tect biodiversity and to restore degraded ecological ser-
vices provided by these aquatic ecosystems.

On a personal level, we can use the precautionary 
approach and think carefully about where we choose to live.
Many poor people live in flood-prone areas because 
they have nowhere else to go. Most people, however, 
can choose not to live in areas especially subject to 
flooding or to water shortages.

Water Conflicts in the Middle East 
and Sustainability

The Core Case Study that opens this chapter discussed the prob-
lems and tensions of Middle Eastern countries trying to share lim-
ited water resources. Israel has become the world’s most water-
efficient nation and has led the world in developing technologies 
and a water pricing system that help the country to use its limited 
water supplies more sustainably. Other water-short nations would 
benefit from following its example in saving water.

Generally the water resource strategies of the 20th century 
worked against natural ecological cycles and processes. Large 
dams, river diversions, levees, and other big engineering schemes 
have helped to provide much of the world with electricity, food, 
drinking water, and flood control. But they have also degraded 
the aquatic natural capital needed for long-term economic and 
ecological sustainability by seriously disrupting rivers, streams, 
wetlands, aquifers, and other aquatic systems.

The four scientific principles of sustainability (see back 
cover) can guide us in using water more sustainably during this 
century. Scientists hope to use solar energy to desalinate water 
and increase supplies, and solar energy is already used to pu-
rify water for drinking in some areas. Recycling more water will 
help us to reduce water waste. Preserving biodiversity by avoid-
ing disruption of aquatic systems and their bordering terrestrial 
systems is a key factor in maintaining water supplies and water 
quality. And controlling human population growth is fundamental 
to using water resources more sustainably while maintaining water 
quality.

This blue revolution, built mostly around cutting water waste, 
will provide innumerable economic and ecological benefits. There 
is no time to lose in implementing it.

R E V I S I T I N G

The benefits of working with nature’s water cycle, 
rather than further disrupting it, 

are too compelling to ignore.
SANDRA POSTEL

REVIEW

1. Review the Key Questions and Concepts for this Chapter 
on p. 314. Describe water conflicts in the Middle East and 
possible solutions to these problems.

2. What percentage of the earth’s freshwater is avail-
able to us? Define groundwater, zone of saturation, 
water table, and aquifer. Define surface water, 
surface runoff, and watershed (drainage basin). Dis-
tinguish between surface runoff and reliable surface 
runoff. What percentage of the world’s reliable runoff are 
we using and what percentage are we likely to be using 
by 2025?

3. How is most of the world’s water used? Describe the 
availability and use of freshwater resources in the 
United States. How many people in the world lack 
regular access to safe drinking water, and how many do 
not have access to basic sanitation? What is drought
and what are its causes and harmful effects? Discuss the 
question of who should own and manage freshwater 
resources.

4. What are the advantages and disadvantages of withdraw-
ing groundwater? Describe the problem of groundwater 
depletion in the world and in the United States, especially 
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over the Ogallala aquifer. Describe ways to prevent or 
slow groundwater depletion.

5. What is a dam? What is a reservoir? What are the ad-
vantages and disadvantages of large dams and reservoirs? 
What ecological services do rivers provide? Describe some 
problems associated with the use of the Colorado River 
basin. What are the advantages and disadvantages of 
China’s Three Gorges Dam?

6. Describe the California Water Project and the controversy 
over this water transfer project. Describe the Aral Sea 
disaster. Describe China’s South–North Water Transfer 
Project.

7. Define desalination and distinguish between distillation 
and reverse osmosis as methods for desalinating water. 
What are the limitations of desalination and how might 
they be overcome?

8. What percentage of the world’s water is unnecessarily 
wasted and what are two causes of such waste? Describe 

four irrigation methods and describe ways to reduce water 
waste in irrigation in developed and developing countries. 
List ways to reduce water waste in industry and homes. 
List ways to use water more sustainably. Describe ways in 
which you can reduce your use and waste of water.

9. What is a floodplain and why do people like to live 
on floodplains? What are the benefits and drawbacks of 
floods? List three human activities that increase the risk 
of flooding. Describe the increased risk that many people 
in Bangladesh face. How can we reduce the risks of 
flooding?

10. Describe relationships between water conflicts in 
the Middle East (Core Case Study) and the 
four scientific principles of sustainability.

Note: Key Terms are in bold type.

CRITICAL THINKING

1. List three ways in which you could apply Concept 13-6 to 
make your lifestyle more environmentally sustainable.

2. What do you believe are the three most important priori-
ties for dealing with water shortages in parts of the Middle 
East as discussed in the Core Case Study that opens 
this chapter? Explain your choices.

3. List three ways in which human activities are affecting 
the water cycle. How might these effects impact your life-
style? How might your lifestyle be contributing to these 
effects?

4. What role does population growth play in water supply 
problems? Relate this to water supply problems in the 
Middle East (Core Case Study) and in the U.S. city 
of Las Vegas, Nevada.

5. How do human activities increase the harmful effects 
of prolonged drought? Which of these activities are 
historical, and which are ongoing? Suggest ways to al-
ter some of these activities in order to make them less 
harmful.

6. Explain why you are for or against (a) raising the price of 
water while providing lower rates for the poor and lower 
middle class, and (b) providing government subsidies to 
farmers for improving irrigation efficiency.

7. Calculate how many liters and gallons of water are wasted 
in 1 month by a toilet that leaks 2 drops of water per sec-
ond. (1 liter of water equals about 3,500 drops and 1 liter 
equals 0.265 gallon.)

8.  How do human activities increase the harmful effects 
of flooding? Describe an example from the news of how 
people are trying to change any of these activities to re-
duce their harmful effects. What are some ways in which 
other activities can be similarly altered?

9. Congratulations! You are in charge of the world. What are 
three actions you would take to provide sustainable sup-
plies of water for the world’s population?

10. List two questions that you would like to have answered 
as a result of reading this chapter.

Note: See Supplement 13 (p. S78) for a list of Projects related to this chapter.
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ECOLOGICAL FOOTPRINT ANALYSIS

In 2005, the population of the U.S. state of Florida consumed 
24.5 billion liters (6.5 billion gallons) of fresh water daily. It is 
projected that in 2025, the daily consumption will increase to 

1. Based on total fresh water use,
a. Calculate the per capita consumption of water per day

in Florida in 2005 and the projected per capita con-
sumption per day for 2025. 

b. Calculate the per capita consumption of water per year
in Florida in 2005 and the projected per capita con-
sumption per year for 2025.

2. In 2005, how did the Florida’s average water footprint (con-
sumption per person per year), based only on water used 
within the state, compare with the average U.S. water 
footprint of approximately 249,000 liters (66,000 gallons) 
per person per year and the global average water footprint 
of 123,770 liters (32,800 gallons) per person per year? 

LEARNING ONLINE

Log on to the Student Companion Site for this book at 
academic.cengage.com/biology/miller, and choose 
Chapter 13 for many study aids and ideas for further read-

ing and research. These include flash cards, practice quiz-
zing, Weblinks, information on Green Careers, and InfoTrac®

College Edition articles.

32.1 billion liters (8.5 billion gallons) per day. Between 2005 
and 2025 the population of Florida is projected to increase 
from 17.5 million to 25.9 million.
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In Australia and North America, a mining technology called 
cyanide heap leaching is used by mining companies to level en-
tire mountains of rock containing only small concentrations of 
gold. To extract the gold, miners spray a solution of highly toxic 
cyanide salts (which react with gold) onto huge open-air piles of 
crushed rock. The solution then drains into storage ponds (Figure 
14-1). After the solution is circulated a number of times, the gold 
is removed from the ponds.

This cyanide is extremely toxic to birds and mammals drawn 
to these ponds in search of water. The ponds can also leak or 
overflow, posing threats to underground drinking water sup-
plies and fish and other forms of life in nearby lakes and streams. 
Special liners in the collection ponds can prevent leaks, but some 
have failed. According to the U.S. Environmental Protection 
Agency, all such liners will eventually leak.

In 2000, snow and heavy rains 
washed out an earthen dam on 
one end of a cyanide leach pond 
at a gold mine in Romania. The 
dam’s collapse released large 
amounts of water laced with cya-
nide and toxic metals into the Tisza 
and Danube Rivers flowing through 
parts of Romania, Hungary, and 
Yugoslavia.

Several hundred thousand peo-
ple living along these rivers were 
told not to fish or to drink or with-
draw water from affected rivers or 
from wells along the rivers. Food 
industries and paper mills were 
shut down. Thousands of fish and 
other aquatic plants and animals 
were killed. This accident and an-
other one that occurred in January 
2001 could have been prevented if 
the mining company had installed 
a stronger containment dam and a 
backup collection pond to prevent 
leakage into nearby surface water.

In this chapter, we will look 
at the earth’s dynamic geologic 
processes, the minerals such as 
gold that some of these processes 
produce, environmental effects of 
using such resources, their poten-

tial supplies, and how we might use 
them more sustainably.

Environmental Effects of Gold Mining

Geology and Nonrenewable 
Minerals14

Mineral resources extracted from the earth’s crust are processed 
into an incredible variety of products that can make life easier 
and provide economic benefits and jobs. But extracting minerals 
from the ground and converting them to such products have a 
number of harmful environmental effects.

For example, gold miners typically remove enough rock to 
equal the weight of 50 automobiles to extract an amount of gold 
that would fit inside your clenched fist. Most newlyweds would 
be surprised to know that about 5.5 metric tons (6 tons) of min-
ing waste was created to make their two gold wedding rings. 
This waste is left piled near the mine sites and can pollute the air 
and nearby surface water.

Between 1980 and 2007, global gold production more than 
doubled. In 2007, South Africa, Australia, the United States, and 
Canada were, in order, the world’s top producers of gold.
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Figure 14-1 Gold mine with cyanide leach piles and ponds in the Black Hills of the U.S. state of South 
Dakota.



The Earth Is a Dynamic Planet
Geology, one of the subjects of this chapter, is the sci-
ence devoted to the study of dynamic processes occur-
ring on the earth’s surface and in its interior. As the 
primitive earth cooled over eons, its interior separated 
into three major concentric zones: the core, the mantle,
and the crust (Figure 3-6, p. 55).

The core is the earth’s innermost zone. It is ex-
tremely hot and has a solid inner part, surrounded 
by a liquid core of molten or semisolid material. Sur-
rounding the core is a thick zone called the mantle.
Most of the mantle is solid rock, but under its rigid out-
ermost part is the asthenosphere—a zone of hot, partly 
melted rock that flows and can be deformed like soft 
plastic.

Key Questions and Concepts

14-1 What are the earth’s major geological processes 
and hazards?
CONCEPT 14 -1A Gigantic plates in the earth’s crust move very 
slowly atop the planet’s mantle, and wind and water move matter 
from place to place across the earth’s surface.

CONCEPT 14 -1B  Natural geological hazards such as 
earthquakes, tsunamis, volcanoes, and landslides can cause 
considerable damage.

14-2 How are the earth’s rocks recycled?
CONCEPT 14 -2  The three major types of rocks found in the 
earth’s crust—sedimentary, igneous, and metamorphic—are 
recycled very slowly by the processes of erosion, melting, and 
metamorphism.

14-3 What are mineral resources and what are the 
environmental effects of using them?
CONCEPT 14 -3A  Some naturally occurring materials in the 
earth’s crust can be extracted and made into useful products in 
processes that provide economic benefits and jobs.

CONCEPT 14 -3B  Extracting and using mineral resources can 
disturb the land, erode soils, produce large amounts of solid waste, 
and pollute the air, water, and soil.

14-4 How long will supplies of nonrenewable mineral 
resources last?
CONCEPT 14 -4A  All nonrenewable mineral resources exist 
in finite amounts, and as we get closer to depleting any mineral 
resource, the environmental impacts of extracting it generally 
become more harmful.

CONCEPT 14 -4B  An increase in the price of a scarce mineral 
resource can lead to increased supplies and more efficient use 
of the mineral, but there are limits to this effect.

14-5 How can we use mineral resources more 
sustainably?
CONCEPT 14 -5  We can try to find substitutes for scarce 
resources, reduce resource waste, and recycle and reuse 
minerals.

Civilization exists by geological consent, 
subject to change without notice.

WILL DURANT

14-1 What Are the Earth’s Major Geological Processes 
and Hazards?

CONCEPT 14-1A Gigantic plates in the earth’s crust move very slowly atop the 
planet’s mantle, and wind and water move matter from place to place across the 
earth’s surface.
CONCEPT 14-1B Natural geological hazards such as earthquakes, tsunamis, 
volcanoes, and landslides can cause considerable damage.

▲
▲

Note: Supplements 2 (p. S4), 6 (p. S39), and 13 (p. S78) can be used with this chapter.

345Links: refers to the Core Case Study. refers to the book’s sustainability theme. indicates links to key concepts in earlier chapters.



346 CHAPTER 14  Geology and Nonrenewable Resources

Spreading 
center

Ocean 
trench 

Oceanic crust
Subduction
zone

Continental 
crust Continental 

crust

Oceanic crust

Cold dense 
material falls  

back through    
mantle       

Material cools 
as it reaches 

the outer mantle

Hot material 
rising 

through 
the mantle

MantleTwo plates move 
towards each other. 
One is subducted 
back into the mantle 
on a falling convection
current.

Mantle
convection 

cell

Hot outer 
core

Inner
core

Plate movementPlate movement

Oceanic tectonic plate

Oceanic tectonic plate

Te
cto

nic
plat

e

Coll
isio

n betw
een

tw
o continents

Figure 14-2 
Major features 
of the earth’s 
crust and up-
per mantle. The 
lithosphere, 
composed of 
the crust and 
outermost 
mantle, is rigid 
and brittle. The 
asthenosphere, 
a zone in the 
mantle, can be 
deformed by 
heat and pres-
sure.

Oceanic crust
(lithosphere)

Abyssal hills
Abyssal

floor
Oceanic

ridge
Abyssal

floor
Trench

Abyssal plain

Folded
mountain belt

Craton

Mantle (asthenosphere)

Continental
shelf

Continental
rise

Continental crust
(lithosphere)

Mantle (lithosphere)

Mantle (lithosphere)

Volcanoes

Aby
ssa

l p
lai

n

Continental
slope

Active Figure 14-3
The earth’s crust 
is made up of a 
mosaic of huge 
rigid plates, called 
tectonic plates, 
which move very 
slowly across the 
asthenosphere in 
response to forces 
in the mantle. See 
an animation based 
on this figure at 
CengageNOW™. 



 CONCEPTS 14-1A AND 14-1B 347

The outermost and thinnest zone of the earth is the 
crust. It consists of the continental crust, which under-
lies the continents (including the continental shelves 
extending into the oceans), and the oceanic crust, which 
underlies the ocean basins and makes up 71% of the 
earth’s crust (Figure 14-2).

The Earth Beneath Your Feet 
Is Moving
We tend to think of the earth’s crust, mantle, and core 
as fairly static. In reality, convection cells or currents move 
large volumes of rock and heat in loops within the 
mantle like gigantic conveyer belts (Figure 14-3). The 
flows of energy and heated material in the mantle’s 
convection cells cause a dozen or so huge rigid plates, 
called tectonic plates, to move extremely slowly atop 
the denser mantle on hot soft rock in the underlying 
asthenosphere (Figures 14-3 and 14-4) (Concept 14-1A). 
These thick plates are composed of the continental and 
oceanic crust and the rigid, outermost part of the man-
tle (above the asthenosphere), a combination called the 
lithosphere.

These gigantic plates are somewhat like the world’s 
largest and slowest-moving surfboards. Their typical 
speed is about the rate at which fingernails grow. You 
ride on one of these plates throughout your entire life 
without noticing. And throughout the earth’s history, 
continents have split apart and joined as tectonic plates 
drifted thousands of kilometers back and forth atop the 
earth’s mantle (Figure 4-6, p. 85).

Much of the geologic activity at the earth’s surface 
takes place at the boundaries between tectonic plates 
as they separate, collide, or slide past one another. The 
tremendous forces produced at these plate boundar-
ies can cause mountains to form, earthquakes to shake 
parts of the crust, and volcanoes to erupt.

When oceanic plates move apart from one an-
other (divergent plates) molten rock, or magma, flows up 
through the resulting cracks. This creates oceanic ridges 
(Figure 14-2), some of which have higher peaks and 
deeper canyons than earth’s continents have. When an 
oceanic plate collides with a continental plate (conver-
gent plates), the continental plate usually rides up over 
the denser oceanic plate and pushes it down into the 
mantle (Figure 14-3) in a process called subduction. The 
area where this collision and subduction takes place is 
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called a subduction zone. Over time, the subducted plate 
melts and then rises again to the earth’s surface as 
magma. A trench (Figure 14-2) ordinarily forms at the 
boundary between the two converging plates. When 
two continental plates collide, they push up moun-
tain ranges, such as the Himalayas, along the collision 
boundary.

The third type of boundary is a transform fault, 
where plates slide and grind past one another along a 
fracture (fault) in the lithosphere. Most transform faults 
are located on the ocean floor but a few are found on 
land. For example, the North American Plate and the 
Pacific Plate slide past each other along California’s San 
Andreas fault (Figure 14-5).

Some Parts of the Earth’s Surface 
Build Up and Some Wear Down
Internal geologic processes, generated by heat from the 
earth’s interior, typically build up the earth’s surface 
in the form of continental and oceanic crust, including 
mountains and volcanoes (Figures 14-2 and 14-3).

By contrast, external geologic processes, driven directly 
or indirectly by energy from the sun (mostly in the form 
of flowing water and wind) and influenced by gravity, 
tend to wear down the earth’s surface and move mat-
ter from one place to another (Concept 14-1A).

One major external geologic process is weather-
ing, the physical, chemical, and biological processes 
that break down rocks into smaller particles that help 
build soil (Figure 14-6). These weathering processes 
play a key role in soil formation (Science, Focus, Fig-
ure 12-A, p. 281), a vital part of the earth’s natural 
capital (Concept 1-1A, p. 6).

Another major external process is erosion, 
discussed in Chapter 12 (pp. 287–288). In this process, 
material is dissolved, loosened, or worn away from one 
part of the earth’s surface (Figure 12-10, p. 287) and 
deposited elsewhere. Flowing streams and rain cause 
most erosion. Wind also blows particles of soil from 
one area to another. Human activities—particularly 
those that destroy vegetation that holds soil in place—
accelerate the process (Figure 7-13, p. 152, and Fig-
ure 10-11, p. 222).

Slowly flowing bodies of ice called glaciers also 
cause erosion. Under the influence of gravity, glaciers 
move slowly down a mountainside or over a wide area. 
During this movement, rock frozen to the glacial ice is 
pulled along or plucked out of the land surface. During 
the last ice age, which ended about 10,000 years ago, 
ice sheets called continental glaciers covered vast areas of 
North America, Europe, and Asia. The Great Lakes, the 
world’s largest mass of freshwater, formed during this 
period as retreating glaciers gouged out huge basins. 
As the climate warmed and the glaciers melted, water 
filled these basins.

Figure 14-5 The San Andreas Fault as it crosses part of the Carrizo plain between San 
Francisco and Los Angeles, California (USA). This fault, which runs along almost the full 
length of California, is responsible for earthquakes of various magnitudes. Question: Is 
there a transform fault near where you live or go to school? (See Figure 14-4.)
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Figure 14-6 Weathering: Biological, chemical, and physical pro-
cesses weather or convert rock into smaller fragments and particles. 
It is the first step in soil formation.
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Volcanoes Release Molten Rock 
from the Earth’s Interior
An active volcano occurs where magma reaches the 
earth’s surface through a central vent or a long crack, 
called a fissure (Figure 14-7). Many volcanoes form 
when one tectonic plate slides under or moves away 
from another plate. Magma that reaches the earth’s 
surface is called lava. Volcanic activity can release debris 
ranging from large chunks of lava rock to glowing hot 
ash, liquid lava, and gases (such as water vapor, car-
bon dioxide, and sulfur dioxide) into the environment 
(Concept 14-1B). Much of the world’s volcanic activity 
is concentrated along the boundaries of the earth’s tec-
tonic plates (Figure 14-4).

The largest volcanic eruption during the 20th cen-
tury occurred in 1991 when Mount Pinatubo exploded. 
It killed several hundred people, despite the evacua-
tion of more than 200,000 people. Buildings covered 
with wet ash collapsed and the volcano ejected enough 
material into the atmosphere to reduce incoming solar 
energy and cool the earth’s average temperature for 
15 months.

The worst volcanic disaster in U.S. history occurred 
when Mount St. Helens in the state of Washington 
erupted on May 18, 1980. Fifty-seven people and large 
numbers of wild animals were killed, and large areas of 
forests were obliterated. However, through ecological 
succession, some of the vegetation has returned.

We tend to think of volcanic activity as an unde-
sirable event, but it does provide some benefits. For 
example, it creates outstanding scenery in the form of 
majestic mountains, some lakes (such as Crater Lake in 
Oregon; Figure 8-16, left, p. 175), and other landforms. 
Perhaps the most important benefit of volcanism is the 
highly fertile soils produced by the weathering of lava.

We can reduce the loss of human life and some of 
the property damage caused by volcanic eruptions in 
several ways. For example, we use historical records 
and geologic measurements to identify high-risk areas, 
so that people can avoid living in those areas. We also 
use monitoring devices that warn us when volcanoes 
are likely to erupt, and we have developed evacuation 
plans for areas prone to volcanic activity.

Earthquakes Are Geological 
Rock-and-Roll Events
Forces inside the earth’s mantle and along its surface 
push, deform, and stress rocks. At some point, the stress 
can cause the rocks to suddenly shift or break and pro-
duce a transform fault or fracture in earth’s crust (Fig-
ure 14-5). When a fault forms, or when there is abrupt 
movement on an existing fault, energy that has ac-
cumulated over time is released in the form of vibra-
tions, called seismic waves, which move in all directions 

Upwelling

magma
Partially molten

asthenosphere

Solid

lithosphere

Magma reservoir

Magma conduit

Central vent

Magma reservoir

Magma conduit

Central vent

Ash
Acid rain

Eruption cloud

Lava flow

Mud flow

Landslide

Ash flow

Extinct volcanoes

Figure 14-7 A volcano is created when magma in 
the partially molten asthenosphere rises in a plume 
through the lithosphere to erupt on the surface as 
lava, which builds a cone. Sometimes, internal pres-
sure is high enough to cause lava, ash, and gases to 
be ejected into the atmosphere or to flow over land, 
causing considerable damage (Concept 14-1B). 
Chains of islands have been created by volcanoes 
that erupted and then became inactive.
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through the surrounding rock. This internal geological 
process is called an earthquake (Figure 14-8 and Con-
cept 14-1B). Most earthquakes occur at the boundaries 
of tectonic plates (Figure 14-4) when colliding plates 
create tremendous pressures in the earth’s crust or 
when plates slide past one another at transform faults 
(Figure 14-5).

The place where an earthquake begins, often far be-
low the earth’s surface is called the focus (Figure 14-8). 
The earthquake’s epicenter is found on the earth’s sur-
face directly above the focus. Relief of the earth’s in-
ternal stress releases energy as shock (seismic) waves, 
which move outward from the earthquake’s focus like 
ripples in a pool of water.

Scientists measure the severity of an earthquake 
by the magnitude of its seismic waves. The magnitude 
is a measure of ground motion (shaking) caused by the 
earthquake, as indicated by the amplitude, or size of the 

seismic waves when they reach a recording instrument, 
called a seismograph.

Each year, scientists record the magnitudes of more 
than 1 million earthquakes, most of which are too 
small to feel. Scientists use the Richter scale, on which 
each unit has amplitude 10 times greater than the next 
smaller unit. Thus, a magnitude 5.0 earthquake would 
result in ten times more ground shaking than a magni-
tude 4.0 earthquake. And the amount of ground move-
ment from a magnitude 7.0 quake is 100 times greater 
than that of a magnitude 5.0 quake. Seismologists rate 
earthquakes as insignificant (less than 4.0 on the Rich-
ter scale), minor (4.0–4.9), damaging (5.0–5.9), destruc-
tive (6.0–6.9), major (7.0–7.9), and great (over 8.0). The 
largest recorded earthquake occurred in Chile on May 
22, 1960 and measured 9.5 on the Richter scale.

Earthquakes often release aftershocks that gradually 
decrease in frequency over periods of as long as several 
months. Some are preceded by foreshocks, which occur 
from seconds to weeks before the main shock.

The primary effects of earthquakes include shaking 
and sometimes a permanent vertical or horizontal dis-
placement of the ground. These effects may have seri-
ous consequences for people and for buildings, bridges, 
freeway overpasses, dams, and pipelines. A major earth-
quake is a very large rock-and-roll geological event.

One way to reduce the loss of life and property 
damage from earthquakes is to examine historical 
records and make geologic measurements to locate ac-
tive fault zones. We can then map high-risk areas and 
establish building codes that regulate the placement 
and design of buildings in such areas. Then people can 
evaluate the risk and factor it into their decisions about 
where to live. Figure 14-9 shows the areas of greatest 
earthquake risk in the United States and Figure 14-10 
shows areas of such risk throughout the world.

We can also increase research geared toward pre-
dicting when and where earthquakes will occur. And 
engineers know how to make homes, large buildings, 
bridges, and freeways more earthquake resistant. But 
this can be expensive, especially the reinforcement of 
existing structures.
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buildings to sink

Earth movements
cause flooding in
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Figure 14-8 Major features and effects of an earthquake, one of nature’s most power-
ful events.

Highest risk

Lowest risk

Figure 14-9 Areas of greatest 
earthquake (seismic) risk in the 
United States. Question: What is 
the degree of risk where you live 
or go to school? (Data from U.S. 
Geological Survey)
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Earthquakes on the Ocean Floor 
Can Cause Huge Waves Called 
Tsunamis
A tsunami is a series of large waves generated when 
part of the ocean floor suddenly rises or drops (Fig-
ure 14-11, p. 352). Most large tsunamis are caused 
when thrust faults in the ocean floor move up or down 
as a result of a large underwater earthquake, a land-
slide caused by such an earthquake, or in some cases 
by a volcanic eruption. Such earthquakes often occur 
offshore in subduction zones where a tectonic plate 
slips under a continental plate (Figure 14-3).

Tsunamis are often called tidal waves, although 
they have nothing to do with tides. They can travel 
far across the ocean at speeds as high as those of jet 
planes. In deep water the waves are very far apart—
sometimes hundreds of kilometers—and their crests 
are not very high. As a tsunami approaches a coast, it 
slows down, its wave crests squeeze closer together, 
and their heights grow rapidly. It can hit a coast as a 
series of towering walls of water that can level build-
ings (Concept 14-1B).

Tsunamis can be detected through a network of 
ocean buoys to provide some degree of early warn-
ing. Another method makes use of a pressure recorder 
on the ocean floor, which measures changes in water 

pressure as the waves of a tsunami pass over it. These 
data are relayed to a weather buoy, which then trans-
mits the data via satellite to tsunami emergency warn-
ing centers.

Between 1900 and late 2007, tsunamis killed an 
estimated 278,000 people in some Pacific Ocean re-
gions. The largest loss of life occurred in December 2004 
when a great underwater earthquake in the Indian 
Ocean with a magnitude of 9.15 caused a huge tsunami 
that generated waves that eventually were as high as 
31 meters (100 feet). It killed 228,000 people and dev-
astated many coastal areas of Indonesia (Figure 14-12, 
p. 352), Thailand, Sri Lanka, South India, and eastern 
Africa. Tragically, no buoys or gauges were in place in 
the Indian Ocean to provide an early warning of this 
tsunami.

Satellite observations and ground studies in Febru-
ary 2005 by the U.N. Environment Programme pointed 
to the role that healthy coral reefs (Figure 8-1, p. 162) 
and mangrove forests (Figure 8-8, p. 168) played in 
reducing the death toll and destruction from the 2004 
tsunami. For example, intact mangrove forests in parts 
of Thailand helped to protect buildings and people from 
the force of the huge waves. In contrast, the exten-
sive damage and high death toll in India’s Tamus state 
has been attributed in part to the clearing of a third 
of its coastal mangrove forests in recent decades. In 

Highest risk

Lowest risk

Figure 14-10 Areas of greatest earthquake (seismic) risk in the world. Question: How are these areas related to 
the boundaries of the earth’s major tectonic plates as shown in Figure 14-4? (Data from U.S. Geological Survey)
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Figure 14-11 Formation of a tsunami and map of area affected by a large tsunami in December 2004.

Figure 14-12 In December 2004, a great earthquake with a magnitude of 9.15 on the seafloor of the Pacific Ocean 
created a large tsunami that killed 168,000 people in Indonesia. These photos show the Banda Aceh Shore near 
Gleebruk in Indonesia on June 23, 2004 before the tsunami (left) and on December 28, 2004 after it was stuck by 
the tsunami (right) (Concept 14-1B).

Di
gi

ta
lG

lo
be

Di
gi

ta
lG

lo
be



CONCEPT 14-2 353

Sri Lanka, some of the greatest damage occurred where 
illegal coral mining and reef damage had caused severe 
beach erosion.

Gravity and Earthquakes Can 
Cause Landslides
The downward pull of gravity or the forces released by 
an earthquake can cause detached or loose rock, soil, 
and mud to slide down steep slopes.

Such movement, called mass wasting, is most com-
mon on the steep sides of mountains above valleys 
and on cliffs or steep slopes near the shores of oceans 

or lakes. Sometimes the movement is slow but some 
rockslides, avalanches, and mudslides occur quickly. 
In 1970, an earthquake in Peru caused a massive land-
slide that buried the town of Yungay and killed 17,000 
people.

Mass wasting can cause considerable property dam-
age when houses and other structures slide down hill-
sides or when avalanches, rockslides, or mudflows hit 
homes and properties (Concept 14-1B). Human activi-
ties such as forest clearing, road building, crop growing, 
and building of houses on steep and unstable slopes 
increase the frequency of, and the damage caused by, 
such geological events.

14-2 How Are the Earth’s Rocks Recycled?
CONCEPT 14-2 The three major types of rocks found in the earth’s crust—
sedimentary, igneous, and metamorphic—are recycled very slowly by the processes 
of erosion, melting, and metamorphism.

There Are Three Major Types 
of Rocks
The earth’s crust consists mostly of minerals and rocks. 
A mineral is an element or inorganic compound that 
occurs naturally in the earth’s crust as a solid with a 
regular internal crystalline structure. A few minerals 
consist of a single element, such as gold, silver, and 
diamonds (carbon). But most of the more than 2,000 
identified minerals occur as inorganic compounds 
formed by various combinations of elements. Exam-
ples include salt (sodium chloride or NaCl, Figure 2 
in Supplement 6, p. S40) and quartzite (silicon dioxide 
or SiO2).

Rock is a solid combination of one or more miner-
als found in the earth’s crust. Some kinds of rock, such 
as limestone (calcium carbonate, or CaCO3) and quartz-
ite, contain only one mineral. Most rocks consist of two 
or more minerals. For example, granite is a mixture of 
mica, feldspar, and quartz crystals.

Based on the way it forms, rock is placed in three 
broad classes: sedimentary, igneous, or metamor-
phic (Concept 14-2). Sedimentary rock is made of 
sediments—dead plant and animal remains and exist-
ing rocks that are weathered (Figure 14-6) and eroded 
into tiny particles. These sediments are transported by 
water, wind, or gravity to downstream, downwind, 
downhill, or underwater sites. There they are deposited 
in layers that accumulate over time and increase the 
weight and pressure on underlying layers. Examples in-
clude sandstone and shale (formed from pressure created 

by deposited layers of mostly sand), dolomite and lime-
stone (formed from the compacted shells, skeletons, and 
other remains of dead organisms), and lignite and bitu-
minous coal (derived from compacted plant remains).

Igneous rock forms below or on the earth’s sur-
face when magma wells up from the earth’s upper 
mantle or deep crust and then cools and hardens. Ex-
amples include granite (formed underground) and lava
rock (formed aboveground). Although often covered by 
sedimentary rocks or soil, igneous rocks form the bulk 
of the earth’s crust.

Metamorphic rock forms when a preexisting rock 
is subjected to high temperatures (which may cause it to 
melt partially), high pressures, chemically active fluids, 
or a combination of these agents. These forces transform 
a rock by reshaping its internal crystalline structure and 
its physical properties and appearance. Examples in-
clude anthracite (a form of coal), slate (formed when 
shale and mudstone are heated), and marble (produced 
when limestone is exposed to heat and pressure).

The Earth’s Rocks Are Recycled 
Very Slowly
The interaction of physical and chemical processes 
that change rocks from one type to another is called 
the rock cycle (Figure 14-13, p. 354). This impor-
tant form of natural capital recycles the earth’s three 
types of rocks over millions of years and is the slow-
est of the earth’s cyclic processes (Concept 14-2). In 

▲
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Figure 14-13 Natural capital: the rock cycle 
is the slowest of the earth’s cyclic processes. 
Rocks are recycled over millions of years 
by three processes: erosion, melting, and 
metamorphism, which produce sedimentary, 
igneous, and metamorphic rocks. Rock from 
any of these classes can be converted to rock 
of either of the other two classes, or can be 
recycled within its own class (Concept 14-2). 
Question: What are three ways in which the 
rock cycle benefits your lifestyle?

14-3 What Are Mineral Resources and What Are 
the Environmental Effects of Using Them?

CONCEPT 14-3A Some naturally occurring materials in the earth’s crust can be 
extracted and made into useful products in processes that provide economic 
benefits and jobs.
CONCEPT 14-3B Extracting and using mineral resources can disturb the land, erode 
soils, produce large amounts of solid waste, and pollute the air, water, and soil.

▲
▲

the earth’s crust. Examples are fossil fuels (such as coal), 
metallic minerals (such as aluminum, iron, and copper), 
and nonmetallic minerals (such as sand, gravel, and lime-
stone). Because they take so long to form, these com-
ponents of the earth’s natural capital are classified as 
nonrenewable mineral resources.

An ore is rock that contains a large enough concen-
tration of a particular mineral—often a metal—to make 

We Use a Variety of Nonrenewable 
Mineral Resources
A mineral resource is a concentration of naturally oc-
curring material from the earth’s crust that can be ex-
tracted and processed into useful products and raw ma-
terials at an affordable cost (Concept 14-3A). We know 
how to find and extract more than 100 minerals from 

this process, rocks are broken down, eroded, crushed, 
heated, melted, fused together into new forms by heat 
and pressure, cooled, and/or recrystallized within the 
earth’s mantle and in the earth’s crust.

The rock cycle also concentrates the planet’s nonre-
newable mineral resources on which our life processes 
depend. Without the earth’s incredibly slow rock cycle, 
you would not exist.
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it profitable for mining and processing. A high-grade 
ore contains a fairly large amount of the desired non-
renewable mineral resource, whereas a low-grade ore 
contains a smaller amount.

Nonrenewable metal and nonmetal mineral re-
sources are important parts of our lives. Aluminum (Al) 
is used for packaging and beverage cans and as a struc-
tural material in motor vehicles, aircraft, and buildings. 
Steel, an essential material used in buildings and mo-
tor vehicles, is a mixture (alloy) of iron (Fe) and other 
elements that are added to give it certain properties. 
Manganese (Mn), cobalt (Co), molybdenum (Mo) and 
chromium (Cr) are widely used in important steel alloys 
used in products such as lightbulbs, computers, auto-
mobiles, airplanes, oil drilling bits, pipelines, and tur-
bines in power plants. Copper (Cu), a good conductor 
of electricity, is used for electrical and communications 
wiring. Platinum (Pt) is used in electrical equipment, 
as a catalyst in industry, and in automobile pollution 
control converters. Gold (Au) (Core Case Study) 
is used in electrical equipment, jewelry, coins, 
medical implants, and as a catalyst to speed up certain 
chemical reactions.

The most widely used nonmetallic minerals are 
sand and gravel. Sand, which is mostly silicon dioxide 
(SiO2), is used to make glass, bricks, and concrete for 
construction of roads and buildings. Gravel is used for 
roadbeds and to make concrete. Another common non-
metallic mineral is limestone (mostly calcium carbonate, 
or CaCO3), which is crushed to make road rock, con-
crete, and cement. Phosphate salts are mined and used 
in inorganic fertilizers and in some detergents.

Most published estimates of the supply of a given 
mineral resource refer to its reserves—identified re-
sources from which the mineral can be extracted prof-
itably at current prices. Reserves increase when new 
profitable deposits are found and when higher prices or 
improved mining technology make it profitable to ex-
tract deposits that previously were considered too ex-
pensive to extract.

Mineral Use Has Advantages 
and Disadvantages
Figure 14-14 depicts the typical life cycle of a metal re-
source. The processes of mining and converting min-
erals into useful products has a number of important 

benefits (Concept 14-3A). It generates significant in-
come and provides local, state, and national revenues 
from taxes, fees, and royalties. It also provides employ-
ment in a variety of jobs directly and indirectly related 
to mineral extraction, processing, and use.

On the other hand, mining, processing, and us-
ing mineral resources take enormous amounts of en-
ergy and can disturb the land, erode soil, produce 
solid waste, and pollute the air, water, and soil (Fig-
ure 14-15, p. 356, and Concept 14-3B). Some environ-
mental scientists and resource experts warn that the 
greatest danger from continually increasing our con-
sumption of nonrenewable mineral resources may be 
the environmental damage caused by their extraction, 
processing, and conversion to products.

The environmental impacts from mining an ore are 
affected by its percentage of metal content, or grade. 
The more accessible and higher-grade ores are usually 
exploited first. As they are depleted, mining lower-
grade ores takes more money, energy, water, and other 
materials and increases land disruption, mining waste, 
and pollution.

THINKING ABOUT
Low-Grade Ores

Use the second law of thermodynamics (Con-
cept 2-4B, p. 40) to explain why mining lower-grade 
ores requires more energy and materials and increases land 
disruption, mining waste, and pollution.

There Are Several Ways to Remove 
Mineral Deposits
After suitable mineral deposits are located, several dif-
ferent mining techniques are used to remove them, 
depending on their location and type. Shallow deposits 
are removed by surface mining, and deep deposits are 
removed by subsurface mining.

In surface mining, gigantic mechanized equipment 
strips away the overburden, the soil and rock over-
lying a useful mineral deposit. It is usually discarded 
as waste material called spoils. When ore deposits 
that contain metals such as gold (Core Case 
Study) are dredged from streams, the unused 
materials or tailings are usually left on the land. If for-
ests are present, they are also removed. Surface mining 

Surface
mining

Metal ore Smelting Melting
metal

Separation
of ore from
gangue

Discarding
of product

Recycling

Conversion
to product

Figure 
14-14 Life 
cycle of a metal 
resource. Each 
step in this 
process uses 
large amounts 
of energy and 
produces some 
pollution and 
waste. 
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NATURAL CAPITAL
DEGRADATION

Extracting, Processing, and Using Nonrenewable Mineral and Energy Resources

Mining

Exploration, extraction

Processing

Transportation, purification, 
manufacturing

Use

Transportation or transmission
to individual user, eventual use,
and discarding

Disturbed land; mining accidents; 
health hazards; mine waste 
dumping; oil spills and blowouts; 
noise; ugliness; heat

Solid wastes; radioactive 
material; air, water, and soil 
pollution; noise; safety and 
health hazards; ugliness; heat

Noise; ugliness; thermal water 
pollution; pollution of air, water, 
and soil; solid and radioactive 
wastes; safety and health 
hazards; heat

Steps Environmental Effects

Figure 14-15 Some harmful environmental effects of extracting, processing, and using nonrenewable mineral and 
energy resources (Concept 14-3B). Providing the energy required to carry out each step causes additional pollution 
and environmental degradation. Question: What are three mineral resources that you used today? Which of these 
harmful environmental effects might have resulted from obtaining and using these resources?

Figure 14-16 Natural capital degradation: This open-pit mine, located near the city of Kalgoolie in the outback of western Australia, 
is the world’s largest gold mine. Question: Should governments require mining companies to fill in and restore such sites once their 
ore is depleted? Explain.
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Undisturbed land

Overburden

Pit

Spoil banks

Bench

Highwall

Overburden

Coal seam

Coal seam

Figure 14-17 Natural capital degradation: contour strip mining of coal used in 
hilly or mountainous terrain.

is used to extract about 90% of the nonfuel mineral and 
rock resources and 60% of the coal used in the United 
States.

The type of surface mining used depends on two 
factors: the resource being sought and the local topog-
raphy. In open-pit mining (Figure 14-16), machines 
dig holes and remove ores (of metals such as iron, cop-
per, and gold), sand, gravel, and stone (such as lime-
stone and marble).

Strip mining is useful and economical for extract-
ing mineral deposits that lie close to the earth’s surface 
in large horizontal beds. In area strip mining, used 
where the terrain is fairly flat, gigantic earthmovers 
strip away the overburden, and power shovels—some 
as tall as a 20-story building—remove the mineral de-
posit. The resulting trench is filled with overburden, 
and a new cut is made parallel to the previous one. 
This process is repeated over the entire site.

Contour strip mining (Figure 14-17) is used 
mostly to mine coal on hilly or mountainous terrain. 
A huge power shovel cuts a series of terraces into the 
side of a hill. An earthmover removes the overburden, 
a power shovel extracts the coal, and the overburden 
from each new terrace is dumped onto the one be-
low. Unless the land is restored, a wall of dirt is left 
in front of a highly erodible bank of soil and rock called 
a highwall.

Another surface mining method is mountain-
top removal. In the Appalachian Mountain area of 
the United States, where this form of mining is promi-
nent, explosives, large power shovels, and huge ma-
chines called draglines are used to remove the top of 
a mountain and expose seams of coal, which are then 
removed (Figure 14-19, p. 358).

Subsurface mining is used to remove coal and metal 
ores that are too deep to be extracted by surface min-
ing. Miners dig a deep vertical shaft, blast open subsur-
face tunnels and chambers to reach the deposit, and 
use machinery to remove the ore or coal and transport 
it to the surface.

Mining Has Harmful 
Environmental Effects
Mining can do long-term harm to the environment in a 
number of ways. One type of damage is scarring and dis-
ruption of the land surface (Core Case Study, Fig-
ure 14-1, and Figures 14-16 through 14-20).

For example, area strip mining often leaves a se-
ries of hills, like waves of rubble, called spoils banks 
(Figure 14-18). Spoils and tailings are very suscep-
tible to chemical weathering and erosion by water 
and wind. Regrowth of vegetation on these banks 
is quite slow because they have no topsoil and thus 
have to follow the long path of primary ecological suc-
cession (Figure 5-16, p. 116, and Concept 5-4, 
p. 115).

In mountaintop removal (Figure 14-19, p. 358), 
colossal machines are used to plow great volumes of 
waste rock and dirt into valleys below the mountain-
tops, destroying forests, burying mountain streams, and 
increasing flood hazards. Toxic wastewater, produced 
when the coal is processed, is often stored in these 

Figure 14-18 Natural capital degradation: banks of waste or spoils created by area 
strip mining of coal on an unrestored, mostly flat area near Mulla, Colorado (USA). 
Government laws require at least partial restoration of newly strip-mined areas in the 
United States. Nevertheless, many previously mined sites have not been restored and 
restoration is not possible in some arid areas. Question: Should the government re-
quire mining companies to restore such sites as fully as possible? Explain.
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valleys behind coal waste sludge dams, which can over-
flow or collapse, releasing toxic substances such as sele-
nium, arsenic, and mercury. Nearby communities can 
be damaged economically, as well as environmentally.

According to the EPA, some 1,900 kilometers (1,200 
miles) of Appalachia’s rivers and streams have been bur-
ied, and 470 of its largest mountains have dis appeared,
leaving behind barren land and gigantic pits, some as 
large as Manhattan Island. You can tour some of the 
obliterated landscapes of Appalachia by visiting the 
website Appalachian Voices at www.appvoices.org/.
In 2007, the U.S. Department of the Interior issued a 
rule that allows this type of mining to continue, with 
expanded dumping of mine waste into streams and val-
leys. Within a few years, this could result in the devas-
tation of an area the size of the U.S. state of Delaware.

Since 1980, millions of miners have streamed into 
tropical forests and other tropical areas in search of 
gold (Core Case Study). These small-scale min-
ers use destructive techniques to dig large pits 
by hand and dredge sediments from rivers. They also 
use hydraulic mining—a technique, outlawed in the 
United States—in which water cannons wash entire 
hillsides into collection boxes for removal of gold (Fig-
ure 14-20). Surface mining in tropical areas destroys 
or degrades biodiversity when forests are cleared and 
mining wastes pollute nearby streams or rivers.

Surface mining sites can be cleaned up and restored 
(Figure 14-21), but it is costly. The U.S. Department 
of the Interior estimates that at least 500,000 surface-
mined sites dot the U.S. landscape, mostly in the West. 
Cleaning up these sites would cost taxpayers as much as 

Figure 14-19 Natural
capital degradation: mountaintop 
coal mining operation in the U.S. 
state of West Virginia. The large 
amount of resulting debris is de-
posited in the valleys and streams 
below. Mountaintop removal for 
coal is also occurring in the U.S. 
states of Virginia, Tennessee, 
Kentucky, and Pennsylvania. 
See other mining sites at www
.appvoices.org/. Question: Are 
you for or against mountaintop coal 
mining? Explain.

Figure 14-20
Illegal gold mine 
in the Brazilian 
Amazon. Such 
mines degrade 
terrestrial bio-
diversity when 
numerous ar-
eas of tropical 
rain forest are 
cleared for min-
ing sites.
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an estimated $70 billion. And worldwide, cleaning up 
abandoned mining sites would cost trillions of dollars. 
Most of these sites probably will never be cleaned up.

Subsurface mining disturbs less than one-tenth as 
much land as surface mining disturbs, and it usually 
produces less waste material. However, it leaves much 
of the resource in the ground and is more dangerous 
and expensive than surface mining is. Hazards include 
cave-ins, explosions, fires, and diseases such as black 
lung, caused by prolonged inhalation of mining dust.

Another problem is subsidence—the collapse of land 
above some underground mines. It can tilt and damage 
houses, crack sewer lines, break gas mains, and disrupt 
groundwater systems.

Mining operations also produce large amounts of 
solid waste—three-fourths of all U.S. solid waste. One 
example is the huge amounts of solid waste produced 
from mining gold (Core Case Study).

Finally, mining causes major pollution 
of water and air. This is because wind and water ero-
sion cause toxin-laced mining wastes to be deposited 
in areas other than the mining site. For example, acid
mine drainage occurs when rainwater seeping through 
a mine or mine waste pile carries sulfuric acid (H2SO4,
produced when aerobic bacteria act on iron sulfide 
minerals in spoils) to nearby streams and ground water
(see The Habitable Planet, Video 6, at www.learner
.org/resources/series209.html).

In addition, huge amounts of water used to pro-
cess ore often contain pollutants such as sulfuric acid, 
mercury, and arsenic. This contaminates water supplies 
and fish used for food, and it can destroy some forms of 
aquatic life. According to the EPA, mining has polluted 
about 40% of western watersheds in the United States.

Mining operations also emit toxic chemicals into 
the atmosphere. In the United States, the mining in-
dustry produces more toxic emissions than any other 
industry—typically accounting for almost half of such 
emissions.

Removing Metals from Ores Has 
Harmful Environmental Effects
Ore extracted by mining typically has two components: 
the ore mineral, containing the desired metal, and waste 
material called gangue (pronounced “gang”). Remov-
ing the gangue from ores produces tailings. Particles of 
toxic metals blown by the wind or leached from tail-
ings by rainfall can contaminate surface water and 
groundwater.

After removal of the gangue, heat or chemical sol-
vents are used to extract metals from the ores. Heating 
ores to release metals is called smelting (Figure 14-14). 
Without effective pollution control equipment, smelt-
ers emit enormous quantities of air pollutants, includ-
ing sulfur dioxide and suspended particles, which dam-

age vegetation and acidify soils in the surrounding area. 
They also cause water pollution and produce liquid and 
solid hazardous wastes that require safe disposal.

An example of using chemicals to remove metals 
from their ores is the use of solutions of highly toxic cya-
nide salts to extract gold from its ore (Core Case 
Study). After extracting the gold, some min-
ing companies have declared bankruptcy and walked 
away from their mining operations, leaving behind 

Before

After

Figure 14-21 Ecological restoration of a mining site in New Jersey (USA) by 
Princeton Hydro.
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Figure 14-22 Natural capital degradation: the 
Summitville gold mining site near Alamosa, Colorado 
(USA), became a toxic waste site after the Canadian 
company that owned it declared bankruptcy and 
abandoned it rather than cleaning up the acids and 
toxic metals that leaked from this site into the nearby 
Alamosa River. Cleanup by the EPA will cost U.S. 
taxpayers about $120 million.

large amounts of cyanide-laden water in 
leaking holding ponds. A glaring example 
is the Summitville gold mine site near 
Alamosa, Colorado (USA) (Figure 14-22). 
A Canadian company used an 1872 U.S. 
mining law to buy the land from the fed-
eral government for a pittance, spent 
$1 million developing the site, and re-
moved $98 million worth of gold. The 
company then declared bankruptcy and 
abandoned the site without doing any 
clean-up or restoration.

Mineral Resources Are Distributed 
Unevenly
The earth’s crust contains fairly abundant deposits of 
nonrenewable mineral resources such as iron and alu-
minum. But deposits of important mineral resources 
such as manganese, chromium, cobalt, and platinum 
are relatively scarce. The earth’s geologic processes 
have not distributed deposits of nonrenewable mineral 
resources evenly. Some countries have rich mineral de-
posits and others have few or none.

Massive exports can deplete the supply of a coun-
try’s nonrenewable minerals. During the 1950s, for ex-
ample, South Korea exported large amounts of its iron 
and copper. Since the 1960s, the country has not had 

enough domestic iron and copper to support its rapid 
economic growth and now must import these metals to 
meet its domestic needs.

Five nations—the United States, Canada, Russia, 
South Africa, and Australia—supply most of the non-
renewable mineral resources used by modern societies. 
South Africa, for example, is nearly self-sufficient in the 
world’s key mineral resources and is the world’s larg-
est producer of gold, chromium, and platinum. Three 
countries—the United States, Germany, and Russia—
with only 8% of the world’s population consume about 
75% of the most widely used metals, but China is rap-
idly increasing its use of key metals.

Since 1900, and especially since 1950, there has 
been a sharp rise in the total and per capita use of non-

14-4 How Long Will Supplies of Nonrenewable Mineral 
Resources Last?

CONCEPT 14-4A All nonrenewable mineral resources exist in finite amounts, and 
as we get closer to depleting any mineral resource, the environmental impacts of 
extracting it generally become more harmful.
CONCEPT 14-4B An increase in the price of a scarce mineral resource can lead to 
increased supplies and more efficient use of the mineral, but there are limits to this 
effect.
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renewable mineral resources in the United States. As a 
result, the United States has depleted some of its once-
rich deposits of metal mineral resources such as lead, 
aluminum, and iron. Currently, it depends on imports of 
50% or more of 24 of its most important nonre newable 
mineral resources. Some of these minerals are imported 
because they are used faster than they can be pro-
duced from domestic supplies; others are imported be-
cause foreign mineral deposits are of a higher grade and 
cheaper to extract than remaining U.S. reserves.

Most U.S. imports of nonrenewable metal resources 
come from reliable and politically stable countries. But 
experts are concerned about the availability of four stra-
tegic metal resources—manganese, cobalt, chromium, and 
platinum—that are essential for the country’s economy 
and military strength. The United States has little or 
no reserves of these metals. Some analysts believe that 
nanomaterials (Science Focus, p. 362) may eventually 
be substituted for some of these metals.

Supplies of Nonrenewable Mineral 
Resources Can Be Economically 
Depleted
The future supply of nonrenewable minerals depends 
on two factors: the actual or potential supply of the 
mineral and the rate at which we use it. We never 
completely run out of any mineral, but a mineral be-
comes economically depleted when it costs more than it 
is worth to find, extract, transport, and process the re-
maining deposits (Concept 14-4A). At that point, there 
are five choices: recycle or reuse existing supplies, waste less, 
use less, find a substitute, or do without.

Depletion time is the time it takes to use up a 
certain proportion—usually 80%—of the reserves of a 
mineral at a given rate of use. When experts disagree 
about depletion times, it is often because they are using 
different assumptions about supplies and rates of use 
(Figure 14-23).

The shortest depletion time estimate assumes no re-
cycling or reuse and no increase in reserves (curve A, 
Figure 14-23). A longer depletion time estimate as-
sumes that recycling will stretch existing reserves and 
that better mining technology, higher prices, or new 
discoveries will increase reserves (curve B). An even 
longer depletion time assumes that new discoveries 
will further expand reserves and that recycling, reuse, 
and reduced consumption will extend supplies (curve 
C). Finding a substitute for a resource leads to a new 
set of depletion curves for the new resource.

According to a 2006 study by Thomas Graedel of 
Yale University, if all nations extract metal resources 
from the earth’s crust at the same rate as developed 
nations do today, there may not be enough metal re-
sources to meet the demand, even with extensive re-
cycling. However, the successful development of nano-

technology, assuming we can minimize its potentially 
harmful environmental and health effects (Science Fo-
cus, p. 362), may help to reduce such shortages.

Market Prices Affect Supplies 
of Nonrenewable Minerals
Geologic processes determine the quantity and location 
of a mineral resource in the earth’s crust. Economics 
determines what part of the known supply is extracted 
and used. An increase in the price of a scarce mineral 
resource can lead to increased supplies and can encour-
age more efficient use, but there are limits to this pro-
cess (Concept 14-4B).

According to standard economic theory, in a com-
petitive market system, a plentiful mineral resource 
is cheap when its supply exceeds demand. When a 
resource becomes scarce, its price rises. This can en-
courage exploration for new deposits, stimulate de-
velopment of better mining technology, and make 
it profitable to mine lower-grade ores. It can also en-
courage a search for substitutes and promote resource 
conservation.

According to some economists, this price effect may 
no longer apply very well in most developed coun-
tries. Industry and government in such countries often 
use subsidies, taxes, regulations, and import tariffs to 
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Mine, use, throw away;
no new discoveries;
rising prices

Recycle; increase reserves
by improved mining
technology, higher prices,
and new discoveries

Recycle, reuse, reduce
consumption; increase
reserves by improved
mining technology,
higher prices, and
new discoveries

Present Depletion
time A

Depletion
time B

Depletion
time C

Time

Figure 14-23 Natural capital depletion: depletion curves for a 
nonrenewable resource (such as aluminum or copper) using three 
sets of assumptions. Dashed vertical lines represent times when 
80% depletion occurs.
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control the supplies, demands, and prices of minerals 
to such an extent that a truly competitive market does 
not exist.

Most mineral prices are kept artificially low because 
governments subsidize development of their domestic 
mineral resources to help promote economic growth 
and national security. In the United States, for instance, 
mining companies get subsidies in the form of depletion 
allowances amounting to 5–22% of their gross income 
from mineral extraction and processing (depending on 
the mineral). They can also reduce their taxes by de-
ducting much of their costs for finding and developing 
mineral deposits.

Most consumers are unaware that the real costs 
of consumer products made from mineral resources 
are higher than their market prices, because con-
sumers are also paying taxes to provide government 

subsidies and tax breaks for mining companies and 
to help control the harmful environmental effects of 
mineral extraction, processing, and use. If these hid-
den extra costs were included in the market prices of 
such goods, the harmful environmental effects of min-
eral extraction and processing (Figure 14-15) would 
be sharply reduced. Recycling and reuse would in-
crease dramatically, and many of these minerals 
would be replaced with less environmentally harmful 
substitutes.

Between 1982 and 2007, U.S. mining companies 
received more than $6 billion in government subsidies 
(Case Study, at right). Critics argue that eliminating or 
sharply reducing such environmentally harmful subsi-
dies would promote more efficient resource use, pro-
mote waste reduction and pollution prevention, and 
encourage recycling and reuse of mineral resources.

SCIENCE FOCUS

The Nanotechnology Revolution

potential ecological, economic, health, and 
societal risks. Second, develop guidelines 
and regulations for controlling its growing 
applications until we know more about the 
potentially harmful effects of this new tech-
nology.

So far, governments have done little to 
evaluate and regulate the potentially harmful 
effects of this rapidly emerging technology. A 
2008 study by Friends of the Earth found that 
untested and unapproved nanotechnology 
materials are being used in more than 100 
food products and in food packaging. How-
ever, in 2007, DuPont and the environmental 
group Environmental Defense, jointly devel-
oped suggested guidelines for evaluating the 
safety and environmental risks of nanotech-
nology products.

If nanotechnology lives up to its potential, 
the mining and processing of most mineral 
resources may become obsolete businesses. 
This would eliminate the harmful environ-
mental effects of mining and processing 
of mineral resources, and it would increase 
profits for nanomaterial companies. However, 
it would also eliminate businesses, includ-
ing those that export mineral resources from 
many developing countries. And nanotech 
development could cause severe economic 
and social stress as jobs and entire industries 
disappear.

Critical Thinking
How might the development of nano-
technology affect the mining of 
gold (Core Case Study)?

Nanoparticles could also be used 
to remove industrial pollutants in con-
taminated air, soil, and groundwater, and 
nanofilters might be used to purify water 
and to desalinate water at an affordable 
cost. The technology could also be used 
to turn garbage into breakfast by mim-
icking how nature turns wastes into plant 
nutrients, thus following one of the 
four principles of sustainability
(see back cover). The list could 
go on.

So what is the catch? Ideally, this 
bottom-up manufacturing process would 
occur with little environmental harm, 
without depleting nonrenewable re-
sources, and with many potential environ-
mental benefits. But there are concerns 
over some potential unintended harmful 
consequences.

So far, we know little about possible 
harmful effects of nanoparticles for work-
ers and consumers, but a few studies have 
raised red flags (see Supplement 6, p. S45). 
As particles get smaller, they become 
more reactive and potentially more toxic to 
humans and other animals. Animal studies 
show that nanoparticles can move across the 
placenta from mother to fetus and from the 
nasal passage to the brain. They could also 
penetrate deeply into the lungs, be absorbed 
into the bloodstream, and penetrate cell 
membranes.

Many analysts say we need to take two 
steps before unleashing nanotechnology 
more broadly. First, carefully investigate its 

anotechnology, or tiny tech, uses 
science and engineering to ma-

nipulate and create materials out of atoms 
and molecules at the ultra-small scale of less 
than 100 nanometers. A nanometer equals 
one billionth of a meter. It is one hundred-
thousandth the width of a human hair. At 
the nanoscale level, conventional materi-
als have unconventional and unexpected 
properties (discussed in more detail on 
page S45 in Supplement 6).

Scientists envision arranging atoms of 
abundant substances such as carbon, oxygen, 
and silicon to create everything from medi-
cines and solar cells to automobile bodies. 
Nanomaterials are currently used in more 
than 400 consumer products and the number 
is growing rapidly. Such products include 
stain-resistant and wrinkle-free coatings on 
clothes, odor-eating socks, self-cleaning coat-
ings on windows and windshields, cosmetics, 
sunscreens with nanomolecules that block 
ultraviolet light, and food containers that 
release nanosilver ions to kill bacteria, molds, 
and fungi. GREEN CAREER: Environmental 
nanotechnology

Nanotechnologists envision a supercom-
puter the size of a sugar cube that could store 
all the information now found in the U.S. 
Library of Congress; biocomposite materials 
smaller than a human cell that would make 
our bones and tendons super strong; nanove-
ssels that could be filled with medicines and 
delivered to cells anywhere in the body; and 
designer nanomolecules that could seek out 
and kill cancer cells.

N
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Mining company representatives insist that they 
need taxpayer subsidies and low taxes to keep the 
prices of minerals low for consumers (Case Study, be-
low). They also claim that the subsidies encourage the 
companies not to move their mining operations to 
other countries where they will not face such taxes or 
mining and pollution control regulations.

THINKING ABOUT
Minerals and Nanotechnology

How might arguments for and against subsidies and low taxes 
for mineral resource extraction be affected by a nanotech-
nology revolution (Science Focus, at left) during the next 
20 years?

Increasingly scarce investment capital and high fi-
nancial risk can also hinder the development of new 
supplies of mineral resources. Typically, if geologists 
identify 10,000 possible deposits of a given resource, 
only 1,000 sites are worth exploring; only 100 justify 
drilling, trenching, or tunneling; and only 1 becomes a 
producing mine or well.

 ■ CASE STUDY

The U.S. General Mining Law 
of 1872
Some people have gotten rich by using the little-known 
U.S. General Mining Law of 1872. It was designed to 
encourage mineral exploration and the mining of hard-
rock minerals (such as gold, silver, copper, zinc, nickel, 
and uranium) on U.S. public lands and to help develop 
the then-sparsely populated West.

Under this law, a person or corporation can file a 
mining claim or assume legal ownership of parcels of 
land on essentially all U.S. public lands except national 
parks and wilderness. To file a claim, you say you be-
lieve the land contains valuable hard-rock minerals 
and you promise to spend $500 to improve it for min-
eral development. You must then pay $120 per year for 
each 8-hectare (20-acre) parcel of land used to main-
tain the claim, whether or not a mine is in operation.

Until 1995 when a freeze on such land transfers 
was declared by Congress, one could pay the federal 
government $6–12 per hectare ($2.50–5.00 an acre) 
for land owned jointly by all U.S. citizens. One could 
then lease the land, build on it, sell it, or use it for essen-
tially any purpose. People have constructed golf courses, 
hunting lodges, hotels, and housing subdivisions on 
public land that they bought from taxpayers at 1872 
prices. According to a 2004 study by the Environmental 
Working Group, public lands containing an estimated 
$285 billion worth of publicly owned mineral resources 
have been transferred to private companies—one-fifth 
of them foreign companies—at 1872 giveaway prices.

In 2004, the mining company Phelps Dodge bought 
63 hectares (155 acres) of U.S. Forest Service land 
atop Colorado’s Mt. Emmons near the ski resort town 
of Crested Butte for $875. The land could be worth as 
much as $155 million. The company was able to buy 
the land because it had claimed the option to buy be-
fore the 1995 freeze.

According to the Bureau of Land Management, 
mining companies remove at least $4 billion worth 
of hard-rock minerals per year from U.S. public land. 
These companies pay taxpayers royalties amounting to 
only 2.3% of the value of the minerals, compared to 
royalties of 13.2% paid for oil, natural gas, and coal, 
and 14% for grazing rights on public lands. After re-
moving valuable minerals such as gold, some mining 
companies have abandoned severely degraded and pol-
luted mining sites and left the expensive cleanup to 
taxpayers (Figure 14-22).

In 1992, the 1872 law was modified to require min-
ing companies to post bonds to cover 100% of the es-
timated cleanup costs in case they go bankrupt—a re-
quirement that mining companies are lobbying Con-
gress to overturn or greatly weaken. Because such bonds 
were not required in the past, the U.S. Department of 
the Interior estimates that cleaning up degraded land 
and streams on more than 500,000 abandoned hard-
rock mining sites will cost U.S. taxpayers $32–72 billion. 
According to former Arkansas Senator Dale Bumpers, 
the 1872 mining law is a “license to steal” from U.S. cit-
izens who jointly own all public lands.

Mining companies point out that they must invest 
large sums (often $100 million or more) to locate and 
develop an ore site before they make any profits from 
mining hard-rock minerals. They argue that govern-
ment subsidized land costs allow them to provide high-
paying jobs to miners, supply vital resources for indus-
try, stimulate the national and local economies, reduce 
trade deficits, and keep mineral products affordable. 
But critics argue that the money taxpayers give up as 
subsidies to mining companies offsets the lower prices 
they pay for these products.

Critics of this ancient law call for permanently 
banning such sales of public lands, but some support 
20-year leases of designated public land for hard-
rock mining. Critics also call for much stricter en-
vironmental controls and cleanup restrictions on 
hard-rock mining. They want the government to set 
up a fund paid for by royalties from hard-rock min-
ing companies to clean up abandoned mining sites. 
They would require mining companies to pay a royalty 
of 8–12% on the gross income based on the wholesale 
value of all minerals removed from public land—sim-
ilar to the rates paid by oil, natural gas, and coal com-
panies. They opposed basing the royalties on the net 
income (income after taxes and other expenses have 
been subtracted), which is favored by hard-rock min-
ing interests. Mining companies have been pressuring 
the U.S. Congress to lift the ban on sales of public lands 
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Can We Extend Supplies 
by Getting More Minerals 
from the Ocean?
Some ocean mineral resources are dissolved in sea-
water. However, most of the chemical elements found 
in seawater occur in such low concentrations that re-
covering them takes more energy and money than they 
are worth. At current prices and with existing technol-
ogy, only magnesium, bromine, and sodium chloride 
are abundant enough to be extracted profitably. On the 
other hand, deposits of minerals, mostly in sediments 
along the shallow continental shelf and near shorelines, 
are significant sources of sand, gravel, phosphates, sul-
fur, tin, copper, iron, tungsten, silver, titanium, plati-
num, and diamonds.

THINKING ABOUT
Extracting Minerals from Seawater

Use the second law of thermodynamics (Con-
cept 2-4B, p. 40) to explain why it costs too much to 
extract most dissolved minerals from seawater.

Another potential source is hydrothermal ore de-
posits that form when mineral-rich superheated water 
shoots out of vents in solidified magma on the ocean 
floor. After mixing with cold seawater, particles of 
metal compounds (such as sulfides, silver, zinc, and 
copper) precipitate out and build up as mineral depos-
its around the vents. Currently, it costs too much to ex-
tract these minerals, even though some deposits con-
tain large concentrations of important metals. There are 
also disputes over ownership of such resources located 
in international waters.

Another potential source of metals from the 
ocean floor is potato-size manganese nodules that cover 
about 25–50% of the Pacific Ocean floor. They could 
be sucked up from the ocean floor by giant vacuum 
pipes or scooped up by buckets on a continuous cable 
operated by a mining ship. However, marine scien-
tists are concerned about the effects of such mining on 
aquatic life.

So far these nodules and resource-rich mineral beds 
in international waters have not been developed. As 
with hydrothermal ore deposits, this is because of high 
costs and squabbles over who owns them and how any 
profits made from extracting them should be distrib-
uted among the world’s nations.

Some environmental scientists believe seabed min-
ing probably would cause less environmental harm 
than mining on land. However, they are concerned 
that removing seabed mineral deposits and dumping 
back unwanted material will stir up ocean sediments, 
destroy seafloor organisms, and have potentially harm-
ful effects on poorly understood ocean food webs and 
marine biodiversity. They call for more research to help 
evaluate such possible effects.

and have successfully opposed efforts to impose 8–12% 
royalties.

Canada, Australia, South Africa, and several other 
countries require higher royalty payments and have 
laws that make mining companies fully responsible for 
environmental damage.

Is Mining Lower-Grade Ores 
the Answer?
Some analysts contend that all we need do to increase 
supplies of a mineral is to extract lower grades of ore. 
They point to the development of new earth-moving 
equipment, improved techniques for removing impu-
rities from ores, and other technological advances in 
mineral extraction and processing.

In 1900, the average copper ore mined in the 
United States was about 5% copper by weight. Today 
that ratio is 0.5%, and copper costs less (adjusted for 
inflation). New methods of mineral extraction may al-
low even lower-grade ores of some metals to be used.

However, several factors can limit the mining of 
lower-grade ores (Concept 14-4B). One is the increased 
cost of mining and processing larger volumes of ore. 
Another is the limited availability of freshwater needed 
to mine and process some minerals—especially in 
arid and semiarid areas. A third limiting factor is the 
environmental impacts of the increased land disruption, 
waste material, and pollution produced during mining 
and processing (Figure 14-15) (Concept 14-4A).

One way to improve mining technology is to use 
microorganisms that can extract minerals in a process 
called in-place, or in situ, (pronounced “in SY-too”) min-
ing. If naturally occurring bacteria cannot be found to 
extract a particular metal, genetic engineering tech-
niques could be used to produce such bacteria. This 
biological approach, called biomining, removes desired 
metals from ores while leaving the surrounding envi-
ronment undisturbed. It also reduces the air pollution 
associated with the smelting of metal ores and the wa-
ter pollution associated with using hazardous chemicals 
such as cyanides and mercury to extract gold.

On the down side, microbiological ore process-
ing is slow. It can take decades to remove the same 
amount of material that conventional methods can 
remove within months or years. However, genetic 
engineers are looking for ways to modify bacteria that 
could speed up the process. So far, biological min-
ing methods are economically feasible only with low-
grade ores for which conventional techniques are too 
expensive.

RESEARCH FRONTIER

Developing biomining and other new methods for extracting 
more minerals from ores. See academic.cengage.com/
biology/miller.
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We Can Find Substitutes for Some 
Scarce Mineral Resources
Some analysts believe that even if supplies of key min-
erals become too expensive or scarce due to unsustain-
able use, human ingenuity will find substitutes (Con-
cept 14-5). They point to the current materials revolution
in which silicon and new materials, particularly ceram-
ics and plastics, are being used as replacements for met-
als. And nanotechnology (Science Focus, p. 362) may 
also lead to the development of materials that can serve 
as substitutes for various minerals.

In 2005, for example, builders began constructing 
houses made of Styrofoam sprayed with a ceramic spray 
called Grancrete. This ceramic is affordable, is twice as 
strong as structural concrete, and will not leak or crack. 
It reduces the cost of house frame construction to about 
one-fifteenth of current costs. It also reduces the need 
for timber (thereby sparing many trees) and nonrenew-
able mineral resources used to construct houses. Light-
weight Styrofoam blocks are also being used to pave 
bridges.

Plastic has replaced copper, steel, and lead in much 
piping. Fiber-optic glass cables that transmit pulses of 
light are replacing copper and aluminum wires in tele-
phone cables. And in the future, nanowires may re-
place the optic glass cables.

High-strength plastics and composite materials 
strengthened by lightweight carbon and glass fibers are 
beginning to transform the automobile and aerospace 
industries. They cost less to produce than metals be-
cause manufacturing them requires less energy, they 
do not need painting (which reduces pollution and 
costs), and they can be molded into any shape. New 
plastics and gels are also being developed to provide 
superinsulation that will not take up much space.

RESEARCH FRONTIER

Materials science and engineering. See academic.cengage
.com/biology/miller.

Use of plastics has drawbacks, chief of which is that 
making them by current methods requires the use of 
oil and other fossil fuels. These energy resources are 
nonrenewable and they have their own environmen-
tal impacts, discussed in the next chapter. However, 
chemists are learning how to make some plastics from 
plant materials.

Substitution is not a cure-all. For example, cur-
rently, platinum is unrivaled as an industrial catalyst, 
and chromium is an essential ingredient of stainless 
steel. We can try to find substitutes for scare resources 
but this may not always be possible.

We Can Recycle and Reuse 
Valuable Metals
After a pure metal is produced by smelting or chemical 
extraction, it is usually melted and molded into desired 
shapes to make products that are then used and dis-
carded or recycled (Figure 14-14). A more sustainable 
way to use nonrenewable mineral resources (especially 
valuable or scarce metals such as gold, silver, iron, cop-
per, steel, aluminum, and platinum) is to recycle or re-
use them.

Recycling also has a much lower environmental 
impact than that of mining and processing metals from 
ores. For example, recycling aluminum beverage cans 
and scrap aluminum produces 95% less air pollution 
and 97% less water pollution and uses 95% less energy 
than mining and processing aluminum ore.

THINKING ABOUT
Metal Recycling and Nanotechnology

How might the development of a nanotechnology revolution 
(Science Focus, p. 362) over the next 20 years affect the recy-
cling of metal mineral resources?

There Are Many Ways 
to Use Mineral Resources 
More Sustainably
Some analysts say we have been asking the wrong 
question. Instead of asking how we can increase sup-
plies of nonrenewable minerals, we should be asking 
how we can decrease our use and waste of such re-
sources. Answering that second question could provide 
important ways to use mineral resources more sustain-
ably (Concept 14-5). Figure 14-24 (p. 366) and the Case 
Study below (p. 366) describe some of these strategies.

In 1975, the U.S. based Minnesota Mining and 
Manufacturing Company (3M), which makes 60,000 

14-5 How Can We Use Mineral Resources 
More Sustainably?

CONCEPT 14-5 We can try to find substitutes for scarce resources, reduce resource 
waste, and recycle and reuse minerals.

▲
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deals with wastes. According to one scientific 
principle of sustainability, in nature, the waste 
outputs of one organism become the nutrient 
inputs of another organism, so that all of the earth’s 
nutrients are endlessly recycled.

One way for industries to mimic nature is to recy-
cle and reuse most minerals and chemicals instead of 
dumping them into the environment. Another is for 
industries to interact through resource exchange webs in 
which the wastes of one manufacturer become raw 
materials for another—similar to food webs in natural 
ecosystems (Figure 3-14, p. 63).

This is happening in Kalundborg, Denmark, where 
an electric power plant and nearby industries, farms, 
and homes are collaborating to save money and reduce 
their outputs of waste and pollution. They exchange 
waste outputs and convert them into resources, as 
shown in Figure 14-25. This cuts pollution and waste 
and reduces the flow of nonrenewable mineral and en-
ergy resources through their economy.

Today, about 20 ecoindustrial parks similar to 
the one in Kalundborg operate in various places in 
the world, including the U.S. city of Chattanooga, 
Tennessee (Case Study, p. 21). And more are being 
built or planned—some of them on abandoned in-
dustrial sites, called brownfields. Widespread use of the 
rapidly growing field of industrial ecology to develop a 
global network of industrial ecosystems over the next 
few decades could lead to an important ecoindustrial rev-
olution. GREEN CAREER: Industrial ecology

These and other industrial forms of biomimicry pro-
vide many economic benefits for businesses. By encour-
aging recycling and pollution prevention, they reduce 
the costs of managing solid wastes, controlling pollu-
tion, and complying with pollution regulations. They 
also reduce a company’s chances of being sued because 
of harms caused by their actions. In addition, compa-
nies improve the health and safety of workers by reduc-
ing workers’ exposure to toxic and hazardous materials, 
thereby reducing company health-care insurance costs.

Biomimicry also stimulates companies to come up 
with new, environmentally beneficial and less resource-
intensive chemicals, processes, and products that can 
be sold worldwide. Another benefit: such companies 
have a better image among consumers based on results 
rather than public relations campaigns.

THINKING ABOUT
Gold Mining

How would you apply the solutions in Figure 14-24 
to decreasing the need to mine gold (Core Case 
Study) and to reducing the harmful environmental effects of 
gold mining?

RESEARCH FRONTIER

Developing biomimicry and other ecoindustrial tools. See 
academic.cengage.com/biology/miller.

■ Do not waste mineral resources.

■ Recycle and reuse 60–80% of mineral resources.

■ Include the harmful environmental costs of mining and processing minerals in  
 the prices of items (full-cost pricing).

■ Reduce mining subsidies.

■ Increase subsidies for recycling, reuse, and finding substitutes.

■ Redesign manufacturing processes to use less mineral resources and to  
 produce less pollution and waste (cleaner production).

■ Use mineral resource wastes of one manufacturing process  as raw materials  
 for other processes.

■ Slow population growth.

S O L U T I O N S
Sustainable Use of
Nonrenewable Minerals

Figure 14-24 Ways to achieve more sustainable use of nonrenewable mineral resources 
(Concept 14-5). Question: Which two of these solutions do you think are the most 
important? Why?

different products in 100 manufacturing plants, began 
a Pollution Prevention Pays (3P) program. It redesigned 
its equipment and processes, used fewer hazardous raw 
materials, identified toxic chemical outputs (and recy-
cled or sold them as raw materials to other companies), 
and began making more nonpolluting products. By 
1998, 3M’s overall waste production was down by one-
third, its air pollutant emissions per unit of production 
were 70% lower, and the company had saved more 
than $750 million in waste disposal and material costs. 
This is an excellent example of why pollution preven-
tion pays (Concept 1-4, p. 16).

Since 1990, a growing number of com-
panies have adopted similar pollution and waste pre-
vention programs that lead to cleaner production. See the 
Guest Essay by Peter Montague on cleaner production 
on the website for this chapter.

■ CASE STUDY

Industrial Ecosystems: 
Copying Nature
An important goal for a sustainable society is to make 
its industrial manufacturing processes cleaner and more 
sustainable by redesigning them to mimic how nature 
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Figure 14-25 
Solutions: 
an industrial ecosys-
tem in Kalundborg, 
Denmark, reduces 
waste production 
by mimicking a 
food web in natural 
ecosystems. The 
wastes of one busi-
ness become the 
raw materials for 
another. Question: 
Is there an industrial 
ecosystem near 
where you live or 
go to school? If not, 
think about where 
and how such a 
system could be 
set up.

Gold Mining and Sustainability

In this chapter, we began with a discussion of the harmful effects 
of gold mining (Core Case Study). We also have discussed a num-
ber of exciting possibilities for extracting and using gold and other 
nonrenewable mineral resources in less harmful, more sustainable 
ways.

If developed safely, nanotechnology (Science Focus, p. 362) 
could provide more sustainable ways to make use of mineral re-
sources. For example, it could be used to make cheap solar cells. 
This application of the first principle of sustainability could 
enable the use of solar energy to produce electricity for extract-
ing and processing mineral resources and for a host of other 
environmentally beneficial processes that require electricity. An-
other promising technology is biomining—the use of microbes to 
extract mineral resources.

We can also use mineral resources more sustainably by re-
cycling and reusing them and by reducing unnecessary resource 
use and waste. Industries can mimic nature by converting wastes 
to resources and exchanging them through a network resembling 
a food web (Figure 14-25). These solutions apply the recycling 
principle of sustainability.

Implementing these strategies will reduce both the need for 
mining and its resulting harmful environmental effects (Figure 
14-15). This, in turn, will decrease the destruction and degrada-
tion of biodiversity and vital species interactions that help to keep 
species populations in check, in keeping with the two other prin-
ciples of sustainability.

R E V I S I T I N G 

Mineral resources are the building blocks 
on which modern society depends. 

Knowledge of their physical nature and origins, 
the web they weave 

between all aspects of human society and the physical earth, 
can lay the foundations for a sustainable society.

ANN DORR
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REVIEW

1. Review the Key Questions and Concepts for this chapter on 
p. 345. Describe the environmental effects of gold mining.

2. Define geology, core, mantle, crust, tectonic plate,
and lithosphere. What is a transform fault? What is 
weathering and why is it important? Define volcano
and describe the nature and effects of a volcanic eruption. 
Define and describe the nature and effects of an earth-
quake. What is a tsunami and what are its effects?

3. Define mineral, rock, sedimentary rock, igneous 
rock, and metamorphic rock and give an example of 
each. Describe the nature and importance of the rock
cycle.

4. Define mineral resource and list three types of such 
resources. Define ore and distinguish between a high-
grade ore and a low-grade ore. What are reserves?
Describe the life cycle of a metal resource. Describe the 
major harmful environmental effects of extracting, pro-
cessing, and using nonrenewable mineral resources.

5. Distinguish between surface mining and subsurface
mining. Define overburden, spoils, and open-pit
mining. Define strip mining and distinguish among 
area strip mining, contour strip mining, and moun-
taintop removal. Describe the harmful environmental 
effects of mining. What is smelting and what are its 
major harmful environmental effects? What five na-
tions supply most of the world’s nonrenewable min-
eral resources? How dependent is the United States on 
other countries for important nonrenewable mineral 
resources?

6. Describe the advantages and disadvantages of the nano-
technology revolution. What are five possible options 
when a mineral becomes economically depleted? Define 
depletion time and describe three types of depletion 
curves for a mineral resource. Describe the conventional 
view of the relationship between the supply of a mineral 
resource and its market price. What factors can influence 
this market interaction? Describe the benefits and possible 
drawbacks of nanotechnology. Discuss the pros and cons 
of the U.S. General Mining Law of 1872.

7. Describe the opportunities and limitations of increasing 
mineral supplies by mining lower-grade ores. What are 
the advantages and disadvantages of biomining?

8. Describe the opportunities and limitations of getting more 
minerals from the ocean.

9. Describe the opportunities and limitations of finding sub-
stitutes for scarce mineral resources and recycling and 
reusing valuable metals. Describe ways of using nonre-
newable mineral resources more sustainably. Describe 
the Pollution Prevention Pays program of the Minnesota 
Mining and Manufacturing Company. What is an indus-
trial ecosystem? Describe the industrial ecosystem operat-
ing in Kalundborg, Denmark.

10. Describe the relationships between gold mining 
(Core Case Study) and the four scientific
principles of sustainability.

CRITICAL THINKING

1. List three ways in which you could apply Concept 14-5 to 
making your lifestyle more environmentally sustainable.

2. List three ways in which decreasing the need to mine 
gold and reducing its harmful environmental effects 
(Core Case Study) could benefit you.

3. What do you think would happen if (a) plate tec-
tonics stopped and (b) erosion and weathering stopped? 
Explain.

4. You are an igneous rock. Write a report on what you 
experience as you move through the rock cycle (Fig-
ure 14-13). Repeat this exercise, assuming you are a sedi-
mentary rock and then a metamorphic rock.

5. Use the second law of thermodynamics (Con-
cept 2-4B, p. 40) to analyze the scientific and 
economic feasibility of each of the following processes:
a. Extracting most minerals dissolved in seawater
b. Mining increasingly lower-grade deposits of minerals

c. Using inexhaustible solar energy to mine minerals
d. Continuing to mine, use, and recycle minerals at in-

creasing rates

6. List three ways in which a nanotechnology revolution 
(Science Focus, p. 362) could benefit you and three ways 
in which it could harm you.

7. Describe the strategy you would use to promote (a) the 
nanotechnology revolution (Science Focus, p. 362) and 
(b) the spread of ecoindustrial ecosystems (Case Study, 
p. 366)? As part of your promotion strategy for each of 
these projects, describe three benefits to your 
community.

8. Explain why you support or oppose each of the following 
proposals concerning extraction of hard-rock minerals on 
public land in the United States: (a) halting the practice 
of granting title to public land for actual or claimed hard-
rock mineral deposits, (b) requiring mining companies 
to pay a royalty of 8–12% on the gross income they earn 

Note: Key Terms are in bold type.
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DATA ANALYSIS

Uranium (U), which is used as a fuel in the reactors of nuclear 
power plants, is found in various rocks at different concentra-
tions. A high-grade ore has 2% U, and a low-grade ore has 
0.1% U. The estimated recoverable resources of uranium 

Note: See Supplement 13 (p. S78) for a list of Projects related to this chapter.

1. Given that current worldwide usage of uranium is 
about 66,500 metric tons U per year, how long will the 
world’s present recoverable resources last? (Note:
1 metric ton " 1,000 kg " 1.1 tons)

2. Assume U.S. usage is about 25% of world usage. If the 
United States were to rely only on its domestic uranium 
resources, how long would they last, assuming a 100% 
recovery rate (the amount of the resource that can be 
used)?

3. Assume that most U.S. ore bodies contain high-grade ore 
(2% U) and that recovery rates of minerals from the ore 
(accounting for losses in mining, extraction, and refining), 
average 65%, how many metric tons of ore will have to 
be mined to meet U.S. needs?

LEARNING ONLINE

Log on to the Student Companion Site for this book at 
academic.cengage.com/biology/miller, and choose 
Chapter 14 for many study aids and ideas for further read-

ing and research. These include flash cards, practice quiz-
zing, Weblinks, information on Green Careers, and InfoTrac®

College Edition articles.

from hard-rock minerals that they extract from public 
lands, and (c) making hard-rock mining companies legally 
responsible for restoring the land and cleaning up envi-
ronmental damage caused by their activities.

9. Congratulations! You are in charge of the world. What 
are the three most important features of your policy for 
developing and sustaining the world’s nonrenewable min-
eral resources?

for the world add up to 4,743,000 metric tons. The United 
States has about 7% of the world’s uranium resources, which 
amounts to about 332,000 metric tons. 

10. List two questions that you would like to have answered 
as a result of reading this chapter.
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should vigorously pursue all three options. Some contend that 
higher prices will stimulate the search for new oil to meet global 
oil needs. Others doubt that oil reserves can be increased enough 
to meet the rapidly growing future demand for oil, despite 
greatly increased oil exploration. Yet, because oil companies and 
many governments are secretive about oil reserves, no one really 
knows how much oil might be available. Some geologists fear 
that Saudi Arabia and other OPEC countries have deliberately 
overestimated the size of their oil reserves to discourage a switch 
to other alternatives.

Others argue that even if much more conventional oil is 
somehow found, we are ignoring the consequences of the high 
exponential growth (Chapter 1 Core Case Study, p. 5) in global 
oil consumption. If we continue to use oil reserves at the current 
rate of about 2.8% per year with the unlikely assumption that 
the rate will not increase, then

• Saudi Arabia, with the world’s largest known crude oil re-
serves, could supply the world’s entire oil needs for about 
10 years.

• The estimated reserves under Alaska’s North Slope—the larg-
est ever found in North America—would meet current world 
demand for only 6 months or U.S. demand alone for 3 years.

• The estimated reserves in Alaska’s Arctic National Wildlife 
Refuge (ANWR) would meet current world oil demand for 
only 1–5 months and U.S. demand for 7–24 months.

Contrary to popular belief, the world is not about to run out 
of oil in the near future. The well-publicized debate over peak
oil production is not about the world’s ultimate supply of oil. 
Instead, it is about flow rate based on the ability of existing oil 
supplies to meet the annual demands for oil. An adequate an-
nual flow of oil cannot be maintained indefinitely unless new and 
affordable supplies are found to replace the oil being depleted 
from existing reserves. And between 2000 and 2007, the world 
consumed nine times more oil than the amount the oil industry 
discovered according to British Petroleum and the International 
Energy Agency. To keep using conventional oil at the projected 
rate of increase, we must discover global oil reserves equivalent 
to a new Saudi Arabian supply every 5 years. Most oil geologists 
say this is highly unlikely.

The exciting and urgent challenge for this century is to 
sharply reduce the waste of oil and other energy resources and 
to find an array of substitutes for oil and other fossil fuels to slow 
emissions of carbon dioxide, which are warming the atmosphere 
and triggering global climate change. There are no easy solu-
tions, because all energy options have advantages and disadvan-
tages. We discuss those of nonrenewable energy sources in this 
chapter and those of renewable energy sources in Chapter 16.

How Long Will Supplies of Conventional 
Oil Last?

Oil, which supplies about one-third of the world’s energy, is the 
lifeblood of most of the world’s economies and modern life-
styles. We use oil to grow most of our food, transport people 
and goods, and make most of the things we use every day—
from plastics to asphalt on roads.

Stretched end to end, the number of barrels of oil the world 
used in 2007 would circle the equator 650 times! And projected 
oil use in 2020 would raise that number to 870. To meet this 
rapidly growing demand, oil companies have drilled wells on the 
land and at sea (Figure 15-1). They extract this oil and refine it to 
make gasoline, heating oil, asphalt, and other products.

Geologists project that known and projected global reserves 
of conventional oil will be 80% depleted sometime between 
2050 and 2100, depending on consumption rates. If this esti-
mate is correct, conventional oil should be reaching its sunset 
years sometime during this century. (See Figure 8, p. S64, Sup-
plement 10 for a brief history of the Age of Oil.)

We have three options: look for more oil, reduce oil use and 
waste, or use other energy resources. Many analysts think we 

Nonrenewable Energy15

Figure 15-1 Thunder Horse offshore floating oil production platform, 
located in the Gulf of Mexico.
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Fossil Fuels Supply Most of Our 
Commercial Energy
Almost all of the energy that heats the earth and our 
buildings comes from the sun at no cost to 
us—one of the four scientific principles of sus-
tainability (see back cover). Without this es-
sentially inexhaustible solar energy (solar
capital, Concept 1-1A, p. 6), the earth’s aver-

age temperature would be !240 °C (!400 °F), and life 
as we know it would not exist. This direct input of so-
lar energy produces several other forms of renewable 
energy that can be thought of as indirect solar energy: 
wind (moving air masses heated by the sun), hydropower
(flowing water kept fluid by heat from the sun), and 
biomass (solar energy converted to chemical energy and 
stored in trees and other plants); we examine these en-
ergy sources in Chapter 16.

Key Questions and Concepts

15-1 What major sources of energy do we use?
CONCEPT 15 - 1A  About three-quarters of the world’s 
commercial energy comes from nonrenewable fossil fuels and the 
rest comes from nonrenewable nuclear fuel and renewable sources.

CONCEPT 15 - 1B  Net energy is the amount of high-quality 
usable energy available from a resource after the amount of energy 
needed to make it available is subtracted.

15-2 What are the advantages and disadvantages 
of oil?
CONCEPT 15 -2A  Conventional oil is currently abundant, has 
a high net energy yield, and is relatively inexpensive, but using it 
causes air and water pollution and releases greenhouse gases to the 
atmosphere.

CONCEPT 15 -2B  Heavy oils from oil sand and oil shale exist in 
potentially large supplies but have low net energy yields and higher 
environmental impacts than conventional oil has.

15-3 What are the advantages and disadvantages 
of natural gas?
CONCEPT 15 -3  Conventional natural gas is more plentiful than 
oil, has a high net energy yield and a fairly low cost, and has the 
lowest environmental impact of all fossil fuels.

15-4 What are the advantages and disadvantages 
of coal?
CONCEPT 15 -4A  Conventional coal is very plentiful and 
has a high net energy yield and low cost, but it has a very high 
environmental impact.

CONCEPT 15 -4B  Gaseous and liquid fuels produced from coal 
could be plentiful, but they have lower net energy yields and higher 
environmental impacts than conventional coal has.

15-5 What are the advantages and disadvantages 
of nuclear energy?
CONCEPT 15 -5  Nuclear power has a low environmental impact 
and a very low accident risk, but high costs, a low net energy yield, 
long-lived radioactive wastes, vulnerability to sabotage, and the 
potential for spreading nuclear weapons technology have limited 
its use.

Typical citizens of advanced industrialized nations 
each consume as much energy in 6 months 

as typical citizens in developing countries consume 
during their entire life.

MAURICE STRONG

15-1 What Major Sources of Energy Do We Use?
CONCEPT 15-1A About three-quarters of the world’s commercial energy comes 
from nonrenewable fossil fuels and the rest comes from nonrenewable nuclear fuel 
and renewable sources.
CONCEPT 15-1B Net energy is the amount of high-quality usable energy available 
from a resource after the amount of energy needed to make it available is 
subtracted.

▲
▲

Note: Supplements  2 (p. S4), 9 (p. S53), 10 (p. S59), and 13 (p. S78) can be used with 
this chapter.

371Links: refers to the Core Case Study. refers to the book’s sustainability theme. indicates links to key concepts in earlier chapters.
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The Case Study at right gives a brief history of hu-
man energy use. Currently, most commercial energy—
energy sold in the marketplace—comes from extracting 
and burning nonrenewable energy resources obtained from 
the earth’s crust, primarily carbon-containing fossil fu-
els—oil, natural gas, and coal (Figure 15-2).

About 82% of the commercial energy consumed 
in the world comes from nonrenewable energy re-
sources—76% from fossil fuels (oil, natural gas, and 
coal) and 6% from nuclear power (Figure 15-3, left). 
The remaining 18% of the commercial energy we use 
comes from renewable energy resources—biomass, 
hydropower, geothermal, wind, and solar energy 
(Concept 15-1A).

Supplement 10 (pp. S59-S73) has several graphs 
showing trends in energy consumption in the world 
and in the United States. These graphs include world 
oil consumption from 1950 to 2006 (Figure 4, p. S61), 
global coal and natural gas consumption between 1950 
and 2005 (Figure 5, p. S61), total and per capita energy 
consumption in the United States (Figure 2, p. S60), 
and energy consumption by fuel in the United States 
between 1980 and 2006 (Figure 3, p. S60).

In order, the three largest users of fossil fuels are 
the United States, China, and the European Union, to-
gether accounting for more than half of all fossil fuel 
consumption. Energy use per person varies through-

out the world (see Figure 1, p. S59, Supplement 10). 
Despite its rapidly growing total energy consumption, 
China’s per-capita energy consumption is far below 
that of other industrial countries.

 Examine and compare energy sources used in 
developing and developed countries at CengageNOW™.

 ■ CASE STUDY

A Brief History of Human 
Energy Use
Early humans were scavengers and hunter–gatherers 
whose main source of energy was muscle power. A 
human living at this basic survival level needed about 
2,000 kilocalories of energy per day, most of it in the 
form of food.

In a modern industrial society such as the United 
States, the average person uses 2,000 kilocalories of en-
ergy per day for basic energy needs, plus about 600,000 
kilocalories of energy per day used by machines and 
systems that maintain an individual’s complex lifestyle. 
This 300-fold increase over the minimum survival level 
of energy use gives individuals in the United States and 
other industrialized countries immense power to alter 
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natural systems through their huge total and per capita 
energy footprints.

Humanity’s first step along this energy path began 
with the discovery of fire, which hunters–gatherers 
used to cook food and to light and heat their dwellings. 
Later they learned to use fire to burn grasslands in or-
der to stampede animals they hunted over cliffs.

After humans began settling down as farmers about 
12,000 years ago, they learned how to domesticate 
wild animals, using muscle power to plow fields, carry 
loads, and transport people from place to place. Later, 
they learned to tap into energy from the wind in or-
der to pump up underground water and to transport 
people and goods in sailing ships. They also used the 
power of flowing water to move goods and people on 
boats, to power mills for grinding grain, and eventually 
to produce electricity.

About 275 years ago, we began inventing machines 
such as the steam engine used to power ships, trac-
tors, locomotives, and factory machinery. Renewable 
firewood provided about 91% of the energy used for 
heating and for running steam engines. But in 1850, 
this began changing as many forests were depleted. In 
other words we used a potentially renewable energy 
resource—wood—unsustainably by harvesting it faster 
than nature replaced it.

We survived this early energy crisis by learning 
how to burn coal for heating and for running factories 
and trains. By 1900, wood provided only about 18% 
of our energy, and coal provided 73%. In 1859, we 
learned how to pump oil out of the ground and later 
invented ways to convert it to fuels such as gasoline 
and heating oil.

In 1885, Carl Benz invented the internal combus-
tion engine to power cars and other vehicles that could 

run on gasoline. By 1900, we got 40% of our energy 
from oil, 38% from coal, and 18% from natural gas—
all nonrenewable resources.

In the 1950s, we learned how to get enormous 
amounts of energy by splitting the nuclei of certain 
types of uranium atoms (Figure 2-7, top, p. 41) and to 
use this energy to produce electricity. Today, we con-
tinue to live in a fossil fuel era with 82% of our energy 
coming from nonrenewable oil, natural gas, and coal 
resources (Figure 15-3).

Now we face a new energy crisis because of the air 
and water pollution, greenhouse gas emissions, and en-
vironmental degradation caused by our excessive use of 
fossil fuels and our failure to get serious about reducing 
unnecessary energy waste. An urgent question is, can 
we greatly improve energy efficiency and shift to a va-
riety of renewable energy resources, before we do even 
more serious harm to our own life-support system and 
to many of the world’s other species.

THINKING ABOUT
The Future of Energy Use

Do you think the total use of energy by all humans, regardless 
of where it comes from, must keep growing as it has in the 
past? Explain.

How Should We Evaluate 
Energy Resources?
According to scientists, all energy resources should be 
evaluated on the basis of their supplies, the environ-
mental impact of our using them, and how much useful 
energy they actually provide (Science Focus, p. 374).
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SCIENCE FOCUS

Net Energy Is the Only Energy That Really Counts

cause large amounts of energy are needed 
for each step in the cycle: to extract and 
process uranium ore, convert it into nuclear 
fuel, build and operate nuclear power plants, 
store the highly radioactive wastes they 
produce for thousands of years, dismantle 
the highly radioactive plants after their 
15–60 years of useful life, and store the ra-
dioactive parts. Some analysts estimate that 
ultimately, we will have to put more energy 
into the nuclear fuel cycle than we will ever 
get out of it.

An honest energy accounting system 
would be built around net energy analysis. 
Otherwise, we will spend huge amounts of 
money and make important energy policy 
decisions without crucial information. We 
should not delude ourselves into thinking 
that we can somehow avoid the inevitable 
consequences of the first and second laws of 
thermodynamics (pp. 42– 43).

Critical Thinking
Should governments require that all energy 
resources be evaluated in terms of their esti-
mated net energy? Why do you think this is 
not being done?

t takes energy to get energy. For ex-
ample, before oil becomes useful to us, 

it must be found, pumped up from beneath 
the ground or ocean floor, transferred to a 
refinery and converted to useful fuels, trans-
ported to users, and burned in furnaces and 
cars. Each of these steps uses high-quality 
energy. The second law of thermodynam-
ics tells us that some of the high-quality 
energy used in each step is automatically 
wasted and degraded to lower-quality 
energy (Concept 2-4B, p. 40).

The usable amount of high-
quality energy available from a given quantity 
of an energy resource is its net energy. It is 
the total amount of useful energy available 
from an energy resource minus the energy 
needed to find, extract, process, and get that 
energy to consumers (Concept 15-1B). It is 
calculated by estimating the total amount of 
energy available from the resource over its 
lifetime and then subtracting the amount of 
energy used, automatically wasted because of 
the second law of thermodynamics, and un-
necessarily wasted in finding, processing, and 
transporting the useful energy to users.

Net energy is like the net profit in a busi-
ness after expenses. If a business has $1 mil-

I lion in sales and $800,000 in expenses, its net 
profit is $200,000. Similarly, suppose that it 
takes 8 units of energy to produce 10 units of 
energy from a coal mine. Then the net useful 
energy yield is only 2 units of energy.

We can express net energy as the ratio of 
energy produced to the energy used to pro-
duce it. In this example, the net energy ratio 
would be 10/8, or approximately 1.25. The 
higher the ratio, the greater the net energy. 
When the ratio is less than 1, there is a net 
energy loss. Figure 15-A shows estimated 
net energy ratios for various types of space 
heating, high-temperature heat for industrial 
processes, and transportation.

Currently, conventional oil has a high net 
energy ratio because much of it comes from 
large, accessible, and cheap-to-extract land 
deposits such as those in the Middle East 
or those in shallow water. As these sources 
become depleted, sources that are more 
difficult to find and reach and therefore ex-
pensive to extract are tapped at deeper levels 
in the ground or under the sea bottom (Fig-
ure 15-1). As this occurs, the net energy ratio 
of oil declines and its price rises sharply.

Electricity produced by the nuclear power 
fuel cycle has a low net energy ratio be-
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We Depend Heavily on Oil
Petroleum, or crude oil (oil as it comes out of the 
ground), is a thick and gooey liquid consisting of hun-
dreds of different combustible hydrocarbons along with 
small amounts of sulfur, oxygen, and nitrogen impuri-
ties. It is also known as conventional or light oil. Crude 
oil and natural gas are called fossil fuels because they 
were formed from the decaying remains (fossils) of or-
ganisms that lived 100–500 million years ago.

Deposits of crude oil and natural gas often are 
trapped together under a dome deep within the earth’s 
crust on land or under the seafloor (Figure 15-2). The 
crude oil is dispersed in pores and cracks in under-
ground rock formations, somewhat like water saturat-
ing a sponge. It is extracted by means of a well drilled 

into the deposit. High-tech equipment can drill oil and 
natural gas wells on land and at sea (Core Case 
Study, Figure 15-1) to a depth of 11 kilometers 
(7 miles). Then oil, drawn by gravity out of the rock 
pores flows into the bottom of the well and is pumped 
to the surface.

At first oil almost squirts from many wells. But af-
ter years of pumping, usually a decade or so, the pres-
sure drops and production starts declining at a point 
referred to the peak production of a well. For global oil 
production to expand, the oil output from newly found 
reserves must stay ahead of the declining output from 
wells that have passed their peak production.

After it is extracted, crude oil is transported to a re-
finery by pipeline, truck, or ship (oil tanker). There it 
is heated and distilled to separate it into components 
with different boiling points (Figure 15-4) in a process 
called refining—a technological marvel based on com-
plex chemistry and engineering. However, refining oil 
decreases its net energy yield.

Some of the products of oil distillation, called pet-
rochemicals, are used as raw materials in in dustrial 
organic chemicals, cleaning fluids, pesticides, plastics, 
synthetic fibers, paints, medicines, and many other 
products. Producing a desktop computer, for example, 
requires ten times its weight in fossil fuels, mostly oil.

15-2 What Are the Advantages and Disadvantages 
of Oil?

CONCEPT 15-2A Conventional oil is currently abundant, has a high net energy 
yield, and is relatively inexpensive, but using it causes air and water pollution and 
releases greenhouse gases to the atmosphere.
CONCEPT 15-2B Heavy oils from oil sand and oil shale exist in potentially large 
supplies but have low net energy yields and higher environmental impacts than 
conventional oil has.

▲
▲
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THINKING ABOUT
Petrochemicals

Look at your clothing and the room you are sitting 
in and try to identify the items that were made from 
petrochemicals. What are three important ways in which your 
lifestyle will be affected if conventional oil becomes unafford-
able (Core Case Study)?

World oil consumption has been growing since 
1950 (Figure 4, p. S61, Supplement 10), and oil is now 
the single largest source of commercial energy in the 
world and in the United States (Figure 15-3). In or-
der, the world’s three largest oil users in 2007 were the 
United States (using 24% of all oil produced), China 
(using 8%), and Japan (7%). A vital question is, how 
long can the world’s oil reserves meet the growing 
global oil consumption (Core Case Study)?

OPEC Controls Most of the World’s 
Oil Supplies
Oil reserves are identified deposits from which conven-
tional oil can be extracted profitably at current prices 
with current technology. Since the world currently is 
greatly dependent on oil, the oil industry is the world’s 
largest business. Thus control of oil reserves is the 
single greatest source of global economic and political 
power.

The 13 countries that make up the Organization of 
Petroleum Exporting Countries (OPEC) have at least 
60% of the world’s crude oil reserves and, in 2006, pro-
duced 43% of the world’s oil. OPEC is expected to have 
long-term control over the supplies and prices of the 
world’s conventional oil. Today, OPEC’s members are 
Algeria, Angola, Indonesia, Iran, Iraq, Kuwait, Libya, 
Nigeria, Qatar, Saudi Arabia, the United Arab Emirates, 
and Venezuela. In 2007, OPEC oil revenue averaged 
about $1.3 million per minute.

Saudi Arabia has by far the largest portion of the 
world’s crude oil reserves (25%). It is followed by 
Canada (15%), whose huge supply of oil sand was re-
cently classified as a conventional source of oil. In or-
der, other countries with large proven reserves are Iran, 
Iraq, Kuwait, the United Arab Emirates, Venezuela, 
and Russia. However, as mentioned earlier, because of 
secrecy by OPEC and other government-controlled oil 
companies, no one knows the real size of the world’s 
proven oil reserves. U.N. and other agencies that proj-
ect future oil production and demand have to rely 
mostly on figures given to them by oil-producing coun-
tries and private companies.

About 75% of the world’s oil reserves, according to 
analysts at California’s Stanford University, are in the 
hands of government-owned companies, not private 
oil companies. Private companies such as Exxon Mobil, 
Chevron, and BP control only a small percentage of the 
world’s oil reserves and thus have a declining influence 
over oil supplies and prices.

According to oil-producing countries, the world’s 
proven oil reserves increased by about 15% between 
1996 and 2006, with the largest increases in the Mid-
dle East. The problem is that oil production from ex-
isting reserves has exceeded new oil discoveries since 
1984. Global oil production has leveled off since 2005. 
This helps to explain why, between 2005 and 2008, oil 
prices climbed from $50 to more than $140 a barrel.

Global oil production peaks when the demand for 
oil exceeds the amount that can be produced. When 
the annual global demand for oil exceeds the rate at 
which it is produced, the flow rate of oil to consumers 
decreases, and oil prices start rising. Oil production 
peaked in the United States in 1970 (just as U.S. geolo-
gist M. King Hubbert predicted in 1956 that it would). It 
also peaked in Venezuela in 1970, the United Kingdom 
in 1999, Norway in 2000, and Mexico in 2004; and it 
may soon peak in China and even in Saudi Arabia.

Some believe that steeply rising oil prices will lead 
to long-overdue crash programs to reduce energy waste 
and shift to non-carbon energy resources such as wind, 
solar energy, geothermal energy, biomass, and hydro-
gen (all of which are discussed in the next chapter).

THINKING ABOUT
OIL

Suppose supplies of conventional oil last longer than 
most geologists expect (Core Case Study). List three 
environmental disadvantages of this scenario.

Other analysts have a different and more pessimis-
tic view. As oil prices rise sharply because annual pro-
duction cannot meet the demand, they project that:

• Prices of food produced by oil-dependent industri-
alized agriculture (Figure 12-15, p. 290) and prod-
ucts such as plastics, pesticides, asphalt, and other 
widely used materials produced from petrochemi-
cals will rise sharply.

• Food production may become more localized—
reversing the current trend toward global food pro-
duction and distribution built on cheap oil.

• Airfares will go up, and air travel and air freight 
shipments will likely level off and perhaps decline.

• The oil-intensive automobile industry will see a 
steep decline in the demand for cars and trucks that 
run on conventional gasoline or diesel fuel and for 
motor vehicles with fuel economies lower than 17 
kilometers per liter (40 miles per gallon).

• In countries such as the United States, which have 
long neglected public transportation systems, there 
could be a mass exodus from car-dependent sub-
urbs as property values plummet. This migration 
could leave behind closed shopping malls, discount 
stores, and other businesses that have sprung up 
in far-flung suburbs where people currently must 
drive to get most of what they need.
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The United States Uses Much More 
Oil Than It Produces
The United States gets about 85% of its energy from 
fossil fuels, with 39% coming from oil (Figure 15-3, 
right). About 25% of U.S. domestic oil production and 
20% of domestic natural gas comes from offshore drill-
ing, mostly off the coasts of Texas and Louisiana in the 
Gulf of Mexico (see Figure 15-1 and Figure 6, p. S62, 
Supplement 10). This area is subject to hurricanes, 
which on average are increasing in intensity. Another 
17% of domestic oil comes from Alaska’s North Slope 
via oil tankers and the Trans-Alaska Pipeline.

The United States produces about 9% of the world’s 
oil but uses 24% of global oil production and has only 
2.4% of the world’s oil reserves. Oil use in the United 
States has exceeded new domestic discoveries since 
1984.

The United States produces most of its dwindling 
domestic supply of oil at a high cost, about $7.50–$10 
per barrel on dry land and four or more times this fig-
ure for tapping deep-water sources, compared to about 
$2 per barrel in Saudi Arabia. This helps to explain why 
the United States imports about 60% of its oil.

According to a 2005 report by the Institute for the 
Analysis of Global Security, almost one-fourth of the 
world’s conventional oil is controlled by states that spon-
sor or condone terrorism. This means that, in buying oil 
from those countries, the United States, Great Britain, 
Japan, and other countries concerned with fighting ter-
rorism are funding the enemy. According to a 2006 poll 
of 100 foreign policy experts in Foreign Policy magazine, 
the highest priority in fighting terrorism must be to sharply re-
duce America’s dependence on foreign oil.

The U.S. Department of Energy estimates that if 
current trends continue, the United States will import 
70% of its oil by 2025. At the same time, it will be fac-
ing stiff competition for oil imports from rapidly indus-
trializing countries such as China, which in 2007 was 
the world’s second largest oil user and imported nearly 
half of its oil.

According to the U.S. Geological Survey, potentially 
vast domestic oil and natural gas reserves remain to 
be discovered in the United States, much of it beneath 
federal lands and coastal waters (see Figure 6, p. S62, 
Supplement 10). In 2006, for example, three oil com-
panies announced that they had found a massive oil 
field deep below the ocean floor in the Gulf of Mexico 
(Core Case Study, Figure 15-1) that could even-
tually boost U.S. oil reserves by as much as 50%. 
However, it will take many years and billions of dollars 
to bring this oil to market at a very high cost. This field 
will not significantly reduce the country’s dependence 
on foreign oil, and it will not help to lower prices at the 
gasoline pump anytime soon. Even if fully developed, 
the estimated oil in this field would meet current U.S. 
oil needs for only about 5 years, and much less if oil con-
sumption increases as projected. Exponential growth 
(Chapter 1 Core Case Study, p. 5) is a powerful force.

Searching for such oil fields is extremely difficult, 
expensive, and financially risky. Typically, oil com-
panies extract only about one barrel of oil for every 
three they find. Two barrels are left behind either 
because the remaining oil is too thick to pump out or 
because it would cost too much to do so. New tech-
niques to recover some of this oil include using seis-
mic imaging to track where it is, injecting saline water 
into wells to increase recovery, reinjecting natural gas 
associated with oil fields to maintain reservoir pres-
sures, and lowering microwave generators down bore-
holes to heat heavy oil so that it will flow enough to be 
pumped out.

Scientists are also attempting to develop genetically 
engineered bacteria that will react with the oil and 
increase its flow so that it can be pumped out or con-
verted to natural gas. The trick is to develop organisms 
that can do this in 10 years, instead of the 10 million 
years required for oil to form naturally. This and other 
heavy oil recovery methods are expensive compared to 
getting oil from many of the world’s most productive 
oil fields, and they decrease the already fairly low net 
energy yield of heavy oil.

Many geologists doubt that the United States will 
find enough new oil or extract enough heavy oil from 
older wells to come close to meeting U.S. demand. Ac-
cording to one analyst, if we think of U.S. conventional 
oil reserves as a six-pack of oil, four of the cans are 
empty. It has been estimated that if the country opens 
up virtually all of its public lands and coastal regions to 
oil exploration, it may find at best about half a can of 
new oil, which would be developed only at a very high 
production cost with a lower net energy yield and se-
riously harmful environmental effects. In other words, 
according to these energy analysts, the United States 
cannot feed its oil addiction by trying to increase domestic oil 
supplies.

 ■ CASE STUDY

Oil and the U.S. Arctic National 
Wildlife Refuge
The Arctic National Wildlife Refuge (ANWR) on 
Alaska’s North Slope (see Figure 6, p. S62, Supple-
ment 10) contains more than one-fifth of all land in 
the U.S. National Wildlife Refuge System. The refuge’s 
coastal plain is the only stretch of Alaska’s arctic coast-
line that is not open to oil and gas development.

This tundra biome (Figure 7-12, bottom photo, 
p. 151) is home to a diverse community of species 
(see Figure 3, p. S55, Supplement 9), including polar 
bears, arctic foxes, musk oxen, and peregrine falcons. 
During the brief arctic summer, it serves as a nesting 
ground for millions of tundra swans, snow geese, and 
other migratory birds, and as a grazing area and breed-
ing ground for one of North America’s last great herds 
of caribou. Partly because of its harsh climate, this is an 
extremely fragile ecosystem.
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Since 1980, oil companies have been lobbying Con-
gress for permission to carry out exploratory drilling 
in the coastal plain because they believe it might con-
tain oil and natural gas deposits. Advocates say that the 
United States must use all of the oil resources it has, 
including ANWR, to help decrease dependence on im-
ported oil and to help the economy. They believe that 
economic security should have a higher priority than 
environmental concerns. Advocates contend that oil 
production in the nearby Prudhoe Bay will soon de-
cline and that the production facilities already in place 
could be used to help produce and transport oil from 
the nearby refuge.

Alaska’s elected representatives in Congress strongly 
support such drilling because the state uses revenue 
from oil production to finance most of its budget and 
to provide annual dividends to its citizens. Oil company 
officials also say that they can now extract oil with 
less damage than was done in taking oil from nearby 
Prudhoe Bay.

Finding oil in the ANWR will increase oil company 
profits. But many experts say it will do little to increase 
domestic oil supplies or reduce U.S. dependence on oil 
imports. Geologists estimate that there is a moderate 
chance of finding enough oil in the ANWR to meet U.S. 
demand for only 7–24 months. If the projected supply 
of oil is found, it will be a tiny drop in the nation’s oil 
bucket compared to projected future U.S. oil consump-
tion (Figure 15-5).

Opponents say getting relatively little oil from the 
ANWR’s coastal plain is not worth degrading this ir-
replaceable and fragile ecosystem. They point out that 

improving motor vehicle fuel efficiency is a much 
faster, cheaper, cleaner, and more secure way to in-
crease future oil supplies. For example, improving fuel 
efficiency by just 0.4 kilometer per liter (1 mile per gal-
lon) for new cars, SUVs, and light trucks in the United 
States would save more oil than is ever likely to be pro-
duced from the ANWR.

Opponents also point to the severe environmental 
damage that has occurred in nearby Prudhoe Bay. The 
Alaska pipeline and a large complex of roads and pro-
duction facilities have destroyed and degraded natural 
habitats and exposed parts of the fragile tundra eco-
system and its wildlife to oil spills and toxic chemicals. 
To opponents, the large oil spill from a BP Alaska pipe-
line in 2006, which was caused by inadequate main-
tenance, cast major doubts on claims by oil companies 
that they can develop oil in the ANWR without serious 
and long-lasting environmental damage. They believe 
that the ANWR is a place so rare and special that it 
should be permanently protected from oil drilling and 
other forms of development.

HOW WOULD YOU VOTE?

Should the U.S. Congress allow oil and gas development in 
the coastal plain of Alaska’s Arctic National Wildlife Refuge 
(ANWR) or permanently protect it from oil and gas explora-
tion and development? Cast your vote online at academic
.cengage.com//biology/miller.

Conventional Oil Has Advantages 
and Disadvantages
Figure 15-6 lists the advantages and disadvantages of 
using conventional crude oil as an energy resource 
(Concept 15-2A). The extraction, processing, and burn-
ing of nonrenewable oil and other fossil fuels have a se-
vere environmental impact (Figure 14-15, p. 356), in-
cluding land disruption, air pollution, water pollution, 
and losses and degradation of wildlife (Figure 15-7).

A critical and growing problem is the fact that 
burning oil or any carbon-containing fossil fuel releases 
CO2 into the atmosphere and helps to promote climate 
change caused by global warming. Currently, burning 
oil, mostly as gasoline and diesel fuel for transportation, 
accounts for 43% of global CO2 emissions. Another 
problem with relying on oil is that its once high net 
energy yield is declining as oil producers are forced to 
turn to oil that is buried far offshore (Figure 15-1) and 
deep underground. In addition, much of the world’s oil 
must be imported from unfriendly and politically un-
stable producer countries.

HOW WOULD YOU VOTE?

Do the advantages of relying on conventional oil as the 
world’s major energy resource outweigh its disadvantages? 
Cast your vote online at academic.cengage.com/biology/
miller.
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Figure 15-5 The amount of oil that might be found in the Arctic 
National Wildlife Refuge, if developed and extracted over 50 years, 
is only a tiny fraction of projected U.S. oil consumption. (Data from 
U.S. Department of Energy, U.S. Geological Survey, and Natural 
Resources Defense Council)
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expose oil sand deposits. Then gigantic electric shovels 
dig up the oil sand, and load it into house-sized trucks, 
which carry it to energy-intensive upgrading plants. 
There the oil sand is mixed with hot water and steam 
to extract the bitumen, which is heated by natural gas 
in huge cookers and converted into a low-sulfur, syn-
thetic, crude oil suitable for refining.

About 4 metric tons of overburden are removed 
to produce 1 metric ton of bitumen. This has a severe 
impact on the land as machines create open pits large 
enough to be seen in satellite images. The huge vol-
umes of toxic mine tailings and other wastes are stored 
as slurries in ponds, also large enough to be seen from 
space, and the wastes are extremely toxic to aquatic life 
and migratory birds. 

The entire process results in huge amounts of toxic 
sludge, as well as much more water pollution and air 
pollution than are created by the extraction and pro-
cessing of conventional crude oil. It releases at least 
three times more CO2 per barrel of oil than is released 
in the production of a barrel of conventional oil. Since 
2003, Alberta has been Canada’s industrial air pollu-
tion capital. 

The process also uses large amounts of water, drawn 
from the Athabasca River. Each barrel of mined bitu-
men requires four to five barrels of water. And the 
Canadian government allows the tar sands industry to 
continue withdrawing water regardless of how low the 
river flow becomes. 

Because of its huge environmental impact, the United 
Nations Environment Programme has listed Alberta’s oil 
sand strip mines as one of the world’s 100 key hotspots 

Need to find 
substitutes within 50 
years

Large government 
subsidies

Environmental costs 
not included in 
market price

Artificially low price 
encourages waste 
and discourages 
search for alternatives

Pollutes air when 
produced and burned

Releases CO2 when 
burned

Can cause water 
pollution

Ample supply for 
42–93 years

Low cost

High net energy 
yield

Easily transported 
within and 
between countries

Low land use

Technology is well 
developed

Efficient 
distribution system

Advantages Disadvantages

T R A D E - O F F S
Conventional Oil

Figure 15-6 Advantages and disadvantages of using conventional 
crude oil as an energy resource (Concept 15-2A). Question: Which 
single advantage and which single disadvantage do you think are 
the most important? Why?

Figure 15-7 Bird covered with oil from an oil spill in Brazilian wa-
ters. Unless volunteers remove the oil, it will destroy this bird’s natu-
ral buoyancy and heat insulation, causing it to drown or die from 
exposure because of a loss of body heat.

Will Heavy Oils from Oil Sand 
Be a Viable Option?
Oil sand, or tar sand, is a mixture of clay, sand, water, 
and a combustible organic material called bitumen—a 
thick and sticky, heavy oil with a high sulfur content 
that makes up about 10% of the gooey mixture.

Northeastern Alberta in Canada has three-fourths of 
the world’s oil sand resources in sandy soil under a re-
mote boreal forest (Figure 7-15, bottom photo, p. 154). 
Other deposits are in Venezuela, Colombia, Russia, and 
the U.S. state of Utah. Together the oil sands of Canada 
and Venezuela contain more oil than is found in Saudi 
Arabia—nearly as much as the total conventional oil 
reserves in the Middle East.

In 2003, the oil industry began counting Canada’s 
oil sands as reserves of conventional oil. As a conse-
quence, Canada has 15% of the world’s oil reserves, 
second only to Saudi Arabia.

About 20% of Alberta’s oil sand is close enough to 
the surface to be strip-mined, but removing it creates a 
serious environmental impact. Before the mining takes 
place, the boreal forest is clear-cut, its wetlands are 
drained, and its rivers and streams are diverted. Next 
the overburden of soil, rocks, and clay is removed to 
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of environmental degradation. In 2008, Environmental 
Defence called Canada’s oil sands industry “the most de-
structive project on earth.”

In 2006, energy economist Peter Tertzakian esti-
mated that it takes the energy equivalent (mostly in 
the form of natural gas) of 0.7 barrels of oil to extract, 
upgrade, and produce 1 barrel of oil from oil sands. In 
other words, the net energy yield for producing oil from 
oil sands is low. To make matters worse, in Canada, 
there is a looming shortage of natural gas. Having to 
import natural gas to produce this energy resource will 
raise its cost and further decrease its already low net 
energy yield. It has been projected that by 2015, heavy 
oil from oil sand will meet only 4% of the world’s esti-
mated oil consumption (Concept 15-2B).

Will Oil Shales Be a 
Useable Resource?
Oily rocks are another potential supply of heavy oil. 
Such rocks, called oil shales (Figure 15-8, left), contain 
a solid combustible mixture of hydrocarbons called 
kerogen. It can be extracted from crushed oil shales by 
heating them in a large container, a process that yields 
a distillate called shale oil (Figure 15-8, right). Before 
the thick shale oil can be sent by pipeline to a refinery, 
it must be heated to increase its flow rate and processed 
to remove sulfur, nitrogen, and other impurities.

About 72% of the world’s estimated oil shale re-
serves are buried deep in rock formations in the west-
ern United States beneath an area called the Green 
River Formation—a barren stretch of arid land covering 
portions of Colorado, Wyoming, and Utah. The federal 
government (American citizens) own about 80% of 
this land. The U.S. Bureau of Land Management esti-
mates that these deposits contain an amount of poten-
tially recoverable heavy oil equal to almost four times 

the size of Saudi Arabia’s oil reserves and eleven times 
the size of Alberta’s oil sand reserves—enough to meet 
the current U.S. oil demand for 110 years.

So what is the catch? One problem is that most of 
these deposits are locked up in rock and ore of such 
low grade that it would take considerable energy and 
money to mine and convert the kerogen to crude oil. 
In other words, its net energy is low, even lower than 
that of oil from oil sands. It also takes a lot of water to 
produce shale oil. The massive U.S. deposits are mostly 
in arid areas of the West, where water is in short supply 
(Figure 13-5, p. 318) and likely to become even scarcer 
because of intense and prolonged drought projected 
for this area throughout most of this century. Further-
more, producing and using shale oil has a much higher 
environmental impact than exploiting conventional oil. 
It includes digging up and processing 0.8 metric tons 
(1 ton) of rock to produce 1 barrel of oil.

Figure 15-9 lists the advantages and disadvantages 
of using heavy oil from oil sand and oil shale as energy 
resources (Concept 15-2B).

THINKING ABOUT
Heavy Oils

Do the advantages of relying on heavy oils from oil sand and 
oil shale outweigh their disadvantages? Explain.

High cost (oil shale)

Low net energy yield

Environmental costs 
not included in 
market price

Large amounts of 
water needed for 
processing

Severe land disruption

Severe water 
pollution

Air pollution and CO2 
emissions when 
produced and burned

Moderate cost   
(oil sand)

Large potential 
supplies, especially 
oil sands in 
Canada

Easily transported 
within and 
between countries

Efficient 
distribution system 
in place

Technology 
well-developed  
(oil sand)

Advantages Disadvantages

T R A D E - O F F S
Heavy Oils from Oil Shale
and Oil Sand

Figure 15-9 Advantages and disadvantages of using heavy oils 
from oil sand and oil shale as energy resources (Concept 15-2B). 
Question: Which single advantage and which single disadvantage 
do you think are the most important? Why?

Figure 15-8 Oil shale rock (left) and the shale oil (right) extracted 
from it. Producing shale oil has a low net energy yield and a very 
high environmental impact. It also requires considerable amounts of 
water and money (Concept 15-2B).
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Natural Gas Is a Useful and 
Clean-Burning Fossil Fuel
Natural gas is a mixture of gases of which 50–90% 
is methane (CH4). It also contains smaller amounts of 
heavier gaseous hydrocarbons such as ethane (C2H6),
propane (C3H8), and butane (C4H10), and small amounts 
of highly toxic hydrogen sulfide (H2S).

Conventional natural gas lies above most reservoirs of 
crude oil (Figure 15-2). However, unless a natural gas 
pipeline has been built, these deposits cannot be used. 
Indeed, the natural gas found above oil reservoirs in 
deep-sea and remote land areas is often viewed as an 
unwanted by-product and is burned off. This practice 
wastes a valuable energy resource and releases climate-
changing carbon dioxide into the atmosphere.

When a natural gas field is tapped, propane and 
butane gases are liquefied and removed as liquefied
petroleum gas (LPG). LPG is stored in pressurized 
tanks for use mostly in rural areas not served by natu-
ral gas pipelines. The rest of the gas (mostly methane) 
is dried to remove water vapor, cleansed of poisonous 
hydrogen sulfide and other impurities, and pumped 
into pressurized pipelines for distribution across land 
areas.

Russia—the Saudi Arabia of natural gas—has about 
27% of the world’s proven natural gas reserves, fol-
lowed by Iran (15%) and Qatar (14%). The United 
States has only 3% of the world’s proven natural gas 
reserves (see Figure 6, p. S62, Supplement 10) but uses 
about 27% of the world’s annual production.

Natural gas is a versatile fuel that can be burned 
to heat space and water or produce electricity and to 
propel vehicles with fairly inexpensive engine modi-
fications. In the United States, a pipeline grid delivers 
natural gas from domestic wells to towns and cities and 
directly to 60 million American homes. A homeowner 
can also obtain a small compressor for using natural gas 
to fuel cars with slightly modified engines.

Natural gas is also used to run medium-sized tur-
bines that produce electricity. These clean-burning tur-
bines have almost twice the energy efficiency (50–60%) 
of coal-burning and nuclear power plants (24–35%). 
They are also cheaper to build, require less time to in-
stall, and are easier and cheaper to maintain than large-
scale coal and nuclear power plants.

As with any fossil fuel, burning natural gas releases 
carbon dioxide into the atmosphere. However, it re-

leases much less CO2 per unit of energy gained than 
does producing and burning coal, conventional oil, or 
oil from oil sand and oil shale.

So that it can be transported across oceans, natu-
ral gas is converted to liquefied natural gas (LNG) at 
a very low temperature and high pressure. This highly 
flammable liquid is then put aboard refrigerated tanker 
ships. After arriving at its destination, it is heated and 
converted back to the gaseous state at regasification 
plants before it is distributed by pipeline.

Japan imports large amounts of LNG from Russia. 
By 2025, the United States plans to become the world’s 
largest importer of LNG by greatly increasing LNG port 
and regasification facilities in at least 40 locations. Some 
analysts warn that this could make the United States 
too dependent on countries that have not been consis-
tently stable and friendly, such as Russia and Iran, for 
supplies of LNG. 

In addition, LNG has a low net energy yield. The 
equivalent of more than a third of its energy content 
is required to compress, decompress, refrigerate, and 
transport it long distances. Like oil sands and oil shale, 
LNG has met limits imposed by the first and second 
laws of thermodynamics (pp. 42–43). This explains 
why some analysts do not view LNG as an economi-
cally viable alternative to conventional natural gas un-
less its price is kept artificially low by government (tax-
payer) subsidies.

Unconventional natural gas is also found in under-
ground sources. Coal bed methane gas is found in coal 
beds near the earth’s surface across parts of the United 
States and Canada (most yellow areas in Figure 6, 
p. S62, Supplement 10). But the environmental im-
pacts of producing it—scarring of land and pollution 
of air and water—are causing a public backlash against 
using this energy source in parts of the western United 
States.

Another unconventional source of natural gas is 
methane hydrate—methane trapped in icy, cage-like 
structures of water molecules. They are buried in some 
areas of tundra under arctic permafrost, in places such 
as Alaska and Siberia, and deep beneath the ocean 
bottom (see Figure 7, p. S63, Supplement 10). So 
far, it costs too much to get natural gas from meth-
ane hydrates, and the release of methane (a potent 
greenhouse gas) into the atmosphere during removal 
and processing will speed up global warming and the 
resulting climate change. In other words, this energy 

15-3 What Are the Advantages and Disadvantages 
of Natural Gas?

CONCEPT 15-3 Conventional natural gas is more plentiful than oil, has a high net 
energy yield and a fairly low cost, and has the lowest environmental impact of all 
fossil fuels.

▲
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alternative, like several others, has a low net energy 
yield and a high environmental impact.

RESEARCH FRONTIER

Finding affordable and environmentally acceptable ways 
to tap methane hydrates. See academic.cengage.com/
biology/miller.

Natural Gas Has More Advantages 
Than Disadvantages
The long-term global outlook for conventional natu-
ral gas supplies is better than that for conventional 
oil. At the current consumption rate, known reserves 
of conventional natural gas should last the world for 
62–125 years depending on how rapidly they are used. 
In 2007, natural gas producer Robert A. Heffner III es-
timated that reserves of conventional natural gas in the 
United States should last 70–100 years at today’s rate 
of consumption.

Figure 15-10 lists the advantages and disadvantages 
of using conventional natural gas as an energy resource 
(Concept 15-3). Because of its advantages over oil, coal, 
and nuclear energy, some analysts see natural gas (but 
not LNG or unconventional sources of natural gas) as a 
bridge fuel to help make the transition to a more sus-
tainable energy future based on improved energy effi-
ciency and greater reliance on a mix of renewable en-
ergy resources, as discussed in Chapter 16.

Nonrenewable resource

Releases CO2 when burned

Government subsidies

Environmental costs not 
included in market price

Methane   
(a greenhouse gas) can 
leak from pipelines

Difficult to transfer from 
one country to another

Can be shipped across 
ocean only as highly 
explosive LNG

Ample supplies

High net energy yield

Low cost

Less air pollution than 
other fossil fuels

Lower CO2 emissions than 
other fossil fuels

Easily transported by 
pipeline

Low land use

Good fuel for fuel cells, 
gas turbines, and motor 
vehicles

Advantages Disadvantages

T R A D E - O F F S
Conventional Natural Gas

Gas turbine

Figure 15-10 Advantages and disadvantages of using conventional natural gas as an 
energy resource (Concept 15-3). Question: Which single advantage and which single 
disadvantage do you think are the most important? Why?

15-4 What Are the Advantages and Disadvantages 
of Coal?

CONCEPT 15-4A Conventional coal is very plentiful and has a high net energy 
yield and low cost, but it has a very high environmental impact.
CONCEPT 15-4B Gaseous and liquid fuels produced from coal could be plentiful, 
but they have lower net energy yields and higher environmental impacts than 
conventional coal has.

▲
▲

Coal Comes in Several Forms 
and Is Burned Mostly to Produce 
Electricity
Coal is a solid fossil fuel that was formed in several 
stages out of the remains of land plants that were bur-
ied 300–400 million years ago and subjected to in-
tense heat and pressure over many millions of years 
(Figure 15-11).

Coal is burned in about 2,100 power plants (Fig-
ure 15-12) to generate about 40% of the world’s elec-

tricity. Using a coal-burning power plant is essentially a 
complex and inefficient way to boil water and produce 
steam, which is used to spin turbines and produce elec-
tricity. Coal is also burned in various industrial plants. 
For example, bituminous coal is converted to coke, 
which is burned in blast furnaces to make iron.

In order, the three largest coal-burning countries are 
China (Case Study, p. 384), the United States, and In-
dia. By 2025, China is expected to burn twice as much 
coal as the United States burns, and between 2006 and 
2031, India’s use of coal is projected to quadruple. In 
the United States, coal produces 49% of the electricity, 
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Peat
(not a coal)

Lignite
(brown coal)

Increasing moisture content Increasing heat and carbon content

Bituminous
(soft coal)

Anthracite
(hard coal)

Heat

Pressure Pressure Pressure

Heat Heat

Partially decayed plant 
matter in swamps and 
bogs; low heat content

Low heat content; low 
sulfur content; limited 
supplies in most areas

Extensively used as a fuel 
because of its high heat content 
and large supplies; normally has 
a high sulfur content

Highly desirable fuel because 
of its high heat content and 
low sulfur content; supplies 
are limited in most areas

Figure 15-11 Stages in coal formation over millions of years. Peat is a soil material made of moist, partially 
decomposed organic matter and is not classified as a coal, although it too is used as a fuel. The different major 
types of coal vary in the amounts of heat, carbon dioxide, and sulfur dioxide released per unit of mass when they 
are burned.
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Figure 15-12 Science: coal-burning 
power plant. Heat produced by 
burning pulverized coal in a furnace 
boils water to produce steam that spins a turbine 
to produce electricity. The steam is cooled, condensed, and re-
turned to the boiler for reuse. Waste heat can be transferred to the atmosphere 
or to a nearby source of water. Water is pumped through a condenser and back 
to the water source to remove the waste heat. The largest coal-burning power 
plant in the United States is in Indiana. It burns 23 metric tons (25 tons) of coal 
per minute, or three 100-car trainloads of coal per day. The photo shows a coal-
burning power plant in Soto de Ribera, Spain. Question: Does the electricity 
that you use come from a coal-burning power plant?
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followed by natural gas (21%), nuclear power (19%), 
renewable energy (9%, with 7% from hydroelectric 
power plants), and oil (2%).

Coal Is a Plentiful but Dirty Fuel
Coal is the world’s most abundant fossil fuel. According 
to the U.S. Geological Survey, identified and uniden-
tified global supplies of coal could last for 214–1,125 
years, depending on how rapidly they are used. The 
United States—the Saudi Arabia of coal—has 25% of 
the world’s proven coal reserves (see Figure 6, p. S62, 
Supplement 10). Russia has 15%, followed by India 
with 13%, China with 13%, Australia with 8%, and 
South Africa with 7%.

The U.S. Geological Survey estimates that identified 
U.S. coal reserves should last about 250 years at the 
current consumption rate. But a 2007 study by the U.S. 
National Academy of Sciences estimated that U.S. coal 
supplies were overestimated and would last for 100 
years at current consumption rates, and for only a few 
decades if coal consumption continues to increase.

Without sophisticated and expensive pollution con-
trol devices, burning coal severely pollutes the air (Fig-
ure 15-13). Coal is mostly carbon but contains small 
amounts of sulfur, which are released into the air as 
sulfur dioxide (SO2) when the coal burns. Burning coal 
also releases large amounts of particulates (soot), the 
greenhouse gas CO2 (Figure 15-14), and trace amounts 
of toxic mercury and radioactive materials. According 

to a 2007 report by the Center for Global Development, 
coal-burning power plants account for 25% of the 
world’s emissions of CO2 from human activities and 
40% of such emissions in the United States.

Another problem is that the harmful environmen-
tal costs of using coal are not included in the price of 
coal-generated electricity. Environmental economists 
call for changing this situation by taxing each unit of 
carbon dioxide produced, as Norway and Sweden have 
done since 1991. This would promote the development 
of cleaner coal-burning plants as well as improvements 
in energy efficiency and increased use of renewable 
energy resources such as wind, solar, hydroelectricity, 
and geothermal energy. We discuss such economic is-
sues more fully in Chapter 23.

 ■ CASE STUDY

Coal Consumption in China
To support its rapid economic growth, China burns a 
third of the world’s coal to provide 70% of its com-
mercial energy, compared to less than 25% in the 
United States and Japan. China gets 80% of its electric-
ity from burning coal (compared to 49% in the United 
States), and is adding the equivalent of three large 
coal-burning power plants per week. As a result, China 
burns more coal than the United States, Europe, and 
Japan combined. A 2007 study by German scientists, 
led by Werner Zittel, estimated that at its current con-
sumption rate, China has about 37 years of proven coal 
reserves left, and only 10–15 years if its coal consump-
tion continues to increase by 10–15% a year.

China and other parts of the world as well are pay-
ing a heavy environmental price for its dependence 

286%
Coal-fired
electricity

150%
Synthetic oil and

gas produced
from coal

100%Coal

86%Oil

58%Natural gas

92%Oil sand

17%Nuclear power 
fuel cycle

10%Geothermal

Figure 15-13 Air pollution from a coal-burning industrial plant in India with inad-
equate air pollution controls.

Figure 15-14 CO2 emissions per unit of electrical energy produced 
for various energy resources, expressed as percentages of emissions 
released by burning coal directly. These emissions can enhance the 
earth’s natural greenhouse effect (Figure 3-8, p. 56) and promote 
climate change (Concept 15-4A). Question: Which produces more 
CO2 emissions: burning coal to heat a house, or heating with elec-
tricity generated by coal? (Data from U.S. Department of Energy)
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on coal. Pollution controls on older, inefficient plants 
in China are almost nonexistent. And even the newest 
coal-burning plants are inefficient and have inadequate 
air pollution control systems.

Since 2005, China has been the world’s leading 
source of sulfur dioxide, which can cause respiratory 
and cardiovascular diseases. And sulfur dioxide and ni-
trogen oxides spewed by China’s coal-burning power 
plants interact in the atmosphere to form harmful 
acidic compounds that fall as acid precipitation in parts 
of China and other countries. This pollution contributes 
to the air quality problems in cities such as Seoul, South 
Korea and Tokyo, Japan. It takes about 5 to 10 days for 
long-lived pollution from coal-burning plants in China 
to make its way to the west coast of United States. 
There it shows up as higher levels of ozone and other 
forms of air pollution in major California cities such as 
Los Angeles and San Francisco. Toxic mercury from 
China’s emissions has been found in fish caught in Or-
egon’s Willamette River. In 2008, China became the 
world’s leading emitter of carbon dioxide, mostly from 
burning coal.

Major Chinese cities are in an almost perpetual 
haze from particulates and other pollutants released by 
burning coal. According to a World Bank report, China 
has 20 of the world’s 30 most polluted cities. In 2007, 
another World Bank study estimated that outdoor and 
indoor air pollution, mostly from coal burning, were 
causing 650,000 to 700,000 premature deaths a year in 
China.

This already serious environmental and health 
problem is likely to get much worse if China continues 
to rely on coal to fuel its rapid economic growth, unless 
it spends the money to improve the efficiency and air 
pollution control systems of its new coal-fired power 
and industrial plants and to retrofit older plants with 
such equipment. Researchers across China are work-
ing on the next generation of cleaner plants, including 
plants that burn gases produced from coal.

THINKING ABOUT
China’s Use of Coal

If you were in charge of China’s energy policy, what would 
be your strategy for long-term coal use? How might this affect 
the country’s rapid economic growth?

Coal Has Advantages 
and Disadvantages
Coal is the single biggest air polluter in coal-burning na-
tions and accounts for at least one-fourth of the world’s 
annual CO2 emissions. To a growing number of scien-
tists and economists, the burning of coal is one of the 
most serious environmental problems of this century.

Many are calling for finding substitutes and for 
finding other ways to avoid burning coal. For example, 

German scientists spurred by strict government air pol-
lution standards have learned how to make steel with-
out burning coal and are selling this technology in the 
global marketplace.

Figure 15-15 lists the advantages and disadvantages 
of using coal as an energy resource (Concept 15-4A). Bot-
tom line: Coal is cheap (as long as its harmful environ-
mental costs are not included in its market price) and 
plentiful and is distributed over much of the planet. But 
mining and burning coal has a severe impact on the 
earth’s air (Figure 15-13), water, land (Figures 14-17 
and 14-18, p. 357, and Figure 14-19, p. 358), and cli-
mate, as well as on human health.

Because of coal’s huge environmental impact and 
its effect on global climate, there is growing opposition 
by the public and many state governments to building 
more coal-fired power plants in the United States. In 
a 2007 national poll by the Opinion Research Group, 
only 3% of those polled chose coal as their preferred 
source of electricity.

In 2007, the U.S. Department of Energy listed 151 
coal-fired power plants in the planning stage. By 2008, 
59 of these proposed plants had either been abandoned 
or refused licenses by state governments because the 
companies planning them were not evaluating less 
harmful alternative ways to meet electricity demand, 
such as improving energy efficiency and using wind 

Severe land disturbance, 
air pollution, and water 
pollution

Severe threat to human 
health when burned

Environmental costs not 
included in market price

Large government 
subsidies

High CO2 emissions 
when produced and 
burned 

Radioactive particle and 
toxic mercury  emissions

Ample supplies (225–900 years)

High net energy yield

Low cost

Well-developed technology

Air pollution can be reduced with 
improved technology

Advantages Disadvantages

T R A D E - O F F S
Coal

Figure 15-15 Advantages and disadvantages of using coal as an energy resource (Con-
cept 15-4A). Question: Which single advantage and which single disadvantage do you 
think are the most important? Why?
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turbines and solar cells. An additional 50 of the pro-
posed plants are being contested in the courts, as will 
most of the other proposed plants. Major U.S. Wall 
Street investment companies are also turning their 
backs on new coal-fired power plants. They see such 
plants as a bad investment because of their enormous 

carbon footprint, the likelihood of costly emission caps 
on their CO2 emissions in the near future, and the avail-
ability of less harmful options. Coal will still be burned 
in many U.S. power plants, but any significant expan-
sion of use of this resource seems unlikely.

HOW WOULD YOU VOTE?

Should using coal to produce electricity be phased out over 
the next 20–30 years? Cast your vote online at academic
.cengage.com/biology/miller.

We Can Convert Coal into Gaseous 
and Liquid Fuels
Solid coal can be converted into synthetic natural 
gas (SNG) by a process called coal gasification and into 
a liquid fuel such as methanol or synthetic gasoline by 
coal liquefaction. Compared to conventional uses of coal, 
producing these gaseous and liquid fuels (called syn-
fuels) requires mining 50% more coal. Producing and 
burning them could add 50% more carbon dioxide to 
the atmosphere (Figure 15-14). As a result, these syn-
fuels have a low net energy yield and cost more to pro-
duce per unit of energy than conventional coal costs. 

Figure 15-16 lists the advantages and disadvan-
tages of using liquid and gaseous synfuels produced 
from coal (Concept 15-4B). Like energy from tar sands, 
oil shales, and LNG, synfuels from coal are running up 
against environmental limits and low net energy yields 
imposed by the first and second laws of thermodynam-
ics (pp. 42–43).

RESEARCH FRONTIER

Improving coal gasification and coal liquefaction technologies. 
See academic.cengage.com/biology/miller.

Low to moderate net energy yield

Higher cost than coal

Requires mining 50% more coal

Environmental costs not included 
in market price

High environmental impact

Large government subsidies

 

High water use

 

Higher CO2 emissions than coal

Large potential supply

Vehicle fuel

Moderate cost

Lower air pollution 
than coal when 
burned

Advantages Disadvantages

T R A D E - O F F S
Synthetic fuels

Figure 15-16 Advantages and disadvantages of using synthetic natural gas (SNG) and 
liquid synfuels produced from coal (Concept 15-4B). Question: Which single advan-
tage and which single disadvantage do you think are the most important? Why?

15-5 What Are the Advantages and Disadvantages 
of Nuclear Energy?

CONCEPT 15-5 Nuclear power has a low environmental impact and a very low 
accident risk, but high costs, a low net energy yield, long-lived radioactive wastes, 
vulnerability to sabotage, and the potential for spreading nuclear weapons 
technology have limited its use.

▲

How Does a Nuclear Fission 
Reactor Work?
To evaluate the advantages and disadvantages of nu-
clear power, we must know how a nuclear power plant 
and its accompanying nuclear fuel cycle work. A nu-

clear power plant is a highly complex and costly system 
designed to perform a relatively simple task: to boil wa-
ter to produce steam that spins a turbine and generates 
electricity.

What makes it complex is the use of a controlled 
nuclear fission reaction (Figure 2-7, center, p. 41) to 
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Figure 15-17 Science: light-water–moderated and –cooled nuclear 
power plant with a pressurized water reactor. Some nuclear plants 
withdraw water for cooling from a nearby source of water and 
return the heated water to such a source, as shown here. Other 
nuclear plants that do not have access to a source of cooling water 
transfer the waste heat to the atmosphere by using one or more 
gigantic cooling towers, as shown in the insert photo of the Three 
Mile Island nuclear power plant near Harrisburg, Pennsylvania (USA). 
Question: How does this plant differ from the coal-burning plant in 
Figure 15-12?

of uranium dioxide. Each pellet, about the size of an 
eraser on a pencil, contains the energy equivalent of 
about a ton of coal. Large numbers of the pellets are 
packed into closed pipes called fuel rods, which are then 
grouped together in fuel assemblies, to be placed in the 
core of a reactor.

To control the reaction, devices called control rods 
are moved in and out of the reactor core to absorb neu-
trons, thereby regulating the rate of fission and amount 
of power produced. A coolant, usually water, circulates 
through the reactor’s core to remove heat, which keeps 
fuel rods and other materials from melting and releas-
ing massive amounts of radioactivity into the environ-
ment. An LWR includes an emergency core cooling 
system as a backup to help prevent such meltdowns.

provide the heat. The reaction takes place in a reactor. 
The most common reactors, called light-water reactors 
(LWRs, see Figure 15-17), produce 85% of the world’s 
nuclear-generated electricity (100% in the United 
States). They are highly inefficient, losing about 83% 
of the energy available in their nuclear fuel as waste 
heat to the environment. About 75% of this loss occurs 
at the plant itself and another 9% of the energy con-
tent of the fuel is lost when it is mined, upgraded, and 
transported to the plant.

The fuel for a reactor is made from uranium ore 
mined from the earth’s crust. Mined uranium ore must 
be enriched to increase the concentration of its fission-
able uranium-235 from the normal 0.7% to about 3%. 
Enriched uranium-235 is processed into small pellets 
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A containment shell with thick, steel-reinforced, con-
crete walls surrounds the reactor core. It is designed to 
keep radioactive materials from escaping into the en-
vironment, in case there is an internal explosion or a 
melting of the core within the reactor. It also protects 
the core from some external threats such as tornadoes 
and impacts from airplane crashes.

When reactors are shut down and refueled about 
once a year, intensely hot and radioactive spent fuel 
rod assemblies are removed and stored outside of 
the nuclear reactor building in water-filled pools (Fig-
ure 15-18, left) or in dry casks (Figure 15-18, right). 
Spent-fuel pools or casks are not nearly as well pro-
tected as the reactor core and thus are much more vul-
nerable to sabotage. The long-term goal is to transport 
spent fuel rods and other long-lived radioactive wastes 
to an underground facility for long-term storage ranging 
from 10,000 to 240,000 years, depending on what ra-
dioactive isotopes are present. But after almost 60 years 
of using nuclear power, no country has developed such 
a facility. Meanwhile, spent fuel rods are stored at nu-
clear power plant sites, mostly in deep pools of water.

The overlapping and multiple safety features of a 
modern nuclear reactor greatly reduce the chance of a 
serious nuclear accident. They also make nuclear power 
plants very expensive to build and maintain.

What Is the Nuclear Fuel Cycle?
Nuclear power plants, each with one or more reactors, 
are only one part of the nuclear fuel cycle (Figure 15-19). 
This cycle includes the mining of uranium, processing 
and enriching the uranium to make fuel, using it in a 
reactor, and safely storing the resulting highly radio-
active wastes until their radioactivity falls to safe levels.

Figure 15-18 Science: after 3 or 4 years in a reactor, spent fuel rods are removed 
and stored in a deep pool of water contained in a steel-lined concrete basin (left). 
After they have cooled considerably, some fuel rods are stored upright on concrete 
pads (right) in dry-storage containers made of steel or concrete. Question: Do you 
think these are safe storage methods? Why or why not?

The final step in the cycle occurs when, after 15–60 
years, a reactor comes to the end of its useful life and 
must be retired, or decommissioned. It cannot simply be 
shut down and abandoned, because its structure con-
tains large quantities of intensely radioactive materi-
als that must be kept out of the environment for many 
thousands of years. Each step in the nuclear fuel cycle 
adds to the cost of nuclear power and reduces its net 
energy yield (Concept 15-1B). Overall, the current nu-
clear fuel cycle is extremely inefficient, using or wast-
ing an amount of energy equivalent to about 92% of 
the energy content of its nuclear fuel.

In evaluating the safety, economic feasibility, and 
overall environmental impact of nuclear power, energy 
experts and economists caution us to look at the entire 
fuel cycle, not just the nuclear plant.

What Happened to Nuclear Power?
In the 1950s, researchers predicted that by the year 
2000, at least 1,800 nuclear power plants would sup-
ply 21% of the world’s commercial energy (25% in the 
United States) and most of the world’s electricity.

After almost 60 years of development, enormous 
government subsidies, and an investment of $2 trillion, 
these goals have not been met. Instead, in 2007, 439 
commercial nuclear reactors in 30 countries produced 
only 6% of the world’s commercial energy and 16% 
of its electricity. However, France gets 77% of its elec-
tricity from nuclear power and has an excellent safety 
record. And Japan and South Korea each get 39% of 
their electricity from nuclear power.

But nuclear power is now the world’s slowest-
growing energy source with only 34 plants under con-
struction and 93 ordered or planned. The International 
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Atomic Energy Agency and the U.S. Department of 
Energy predict that the percentage of the world’s elec-
tricity produced by nuclear power will decline gradu-
ally to about 12% by 2025 because the retirement of 
aging plants is expected to exceed the construction of 
new ones.

Figure 9, p. S65, in Supplement 10 shows the trend 
in electricity production by nuclear power plants in the 
United States between 1960 and 2006. In the United 
States, all of the 120 plants ordered between 1973 
and 2007 have been canceled. In 2007, there were 
104 licensed commercial nuclear power reactors in 31 
states—most of them located in the eastern half of the 
country (Figure 10, p. S65, Supplement 10). These re-
actors generate about 20% of the country’s electricity. 
This percentage is expected to decline over the next 
2–3 decades as existing reactors wear out and are re-
tired faster than new ones are built.

Without huge government (taxpayer) subsidies, 
tax breaks, loan guarantees, and accident insurance 
guarantees—amounting to about $9 billion a year—the 

nuclear power industry would not exist in the United 
States. In 2007, the U.S. Congress offered $10.1 billion 
in additional government tax breaks and loan guaran-
tees that could lead to the construction of several new 
reactors, perhaps by 2015 or 2020.

According to energy analysts and economists, sev-
eral reasons explain the failure of nuclear power to 
grow as projected. They include multibillion-dollar 
construction cost overruns, high operating costs, more 
malfunctions than expected, poor management, and 
the low net energy yield of the nuclear fuel cycle. There 
have been two other obstacles—public concerns about 
safety and stricter government safety regulations—espe-
cially after an accident in 1979 at the Three Mile Island 
nuclear plant in the U.S. state of Pennsylvania (see Case 
Study, p. 390), and another in 1986 at the Chernobyl 
nuclear plant in Ukraine (see Case Study, p. 390).

Another problem is investor concerns about the eco-
nomic feasibility of nuclear power. Even with massive 
government subsidies and loan guarantees, the highly 
energy-inefficient nuclear fuel cycle (Figure 15-19) 

Open fuel cycle today
Recycling of nuclear fuel

Fuel assemblies

Fuel fabricationFuel fabrication
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Enrichment

of UF6

(conversion of enriched
UF6 to UO2 and fabrication
of fuel assemblies)

Temporary storage
of spent fuel assemblies

underwater or in dry casks

Spent fuel
reprocessing
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Plutonium-239 as PuO2
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Figure 15-19 Science: the nuclear fuel cycle (Concept 15-5). As long as a plant is operating safely, this fuel cycle 
has a fairly low environmental impact and a very low risk of an accident. But costs are high, radioactive wastes 
must be stored safely for thousands of years, and facilities are vulnerable to terrorist attack. Also, the technology 
can be used to produce material for use in nuclear weapons, and an amount equal to about 92% of the energy 
content of the nuclear fuel is wasted in producing nuclear power. Questions: Do you think the market price of 
nuclear-generated electricity should include all the costs of the fuel cycle? Explain. If so, how would this affect the 
use of nuclear power to produce electricity?
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costs more than using coal, natural gas, or wind power 
to produce electricity. According to economic analyses, 
without huge government subsidies, no existing nu-
clear power plant anywhere in the world can compete 
in the open marketplace with most other methods of 
producing electricity, if the entire nuclear fuel cycle is 
taken into account.

In 2008, analysts warned that prolonged drought 
projected for much of the United States during this 
century could lead to seasonal or permanent closure of 
nuclear power plants that must get huge amounts of 
cooling water from nearby lakes or rivers whose sup-
plies might dry up. When water levels in these bodies 
of water drop below a certain level, the plant must be 
shut down. 

Another problem that can limit the global expan-
sion of nuclear power plants is that many of the world’s 
shipping companies and ports are putting much tighter 
restrictions on the shipping of radioactive uranium fuel 
around the globe because of concerns over safety, ter-
rorist attacks, and rising insurance costs. But govern-
ments say they have the power to override such restric-
tions. Other problems that have limited the growth of 
nuclear power and that could limit future growth are 
discussed below.

 ■ CASE STUDY

Three Mile Island: America’s Worst 
Commercial Nuclear Power Plant 
Accident
On March 29, 1979, one of the two reactors at the 
Three Mile Island (TMI) nuclear plant near Harrisburg, 
Pennsylvania (photo in Figure 15-17), lost its coolant 
water because of a series of mechanical failures and hu-
man operator errors. This led to the most serious com-
mercial nuclear power plant accident in U.S. history.

With the loss of coolant, the reactor’s intensely ra-
dioactive core became partially uncovered and about 
half of it melted and fell to the bottom of the reac-
tor. Had there been a complete core meltdown, large 
amounts of dangerous radioactivity would have been 
released into the surrounding countryside. Fortunately, 
the containment building kept most of the radioactivity 
released from the partially exposed core from escaping, 
and there were no immediate human casualties.

However, unknown amounts of radioactivity had 
escaped into the atmosphere. About 50,000 people 
were evacuated, and another 50,000 fled the area on 
their own. Various studies have shown no increase in 
cancer rates from radiation released by the accident, 
but there is controversy over this issue because of in-
sufficient data.

Partial cleanup of the damaged TMI reactor, along 
with lawsuits and payment of damage claims, have cost 
$1.2 billion—almost twice the reactor’s $700 million 
construction cost. Without significant government sub-
sidies, loan guarantees, and accident insurance guaran-

tees, banks and other lending institutions have shown 
little interest in financing new U.S. nuclear power 
plants, because the TMI accident showed that utility 
companies could lose more than $1 billion in equip-
ment and cleanup costs, even without any established 
harmful effects on public health.

In raising public fears about the safety of nuclear 
power, the TMI accident led to improved safety regula-
tions for U.S. nuclear plants and improved emergency 
and evacuation plans. Nuclear power proponents point 
out that there have been no notable U.S. accidents 
since TMI. And since 1991, the U.S. reactor fleet has 
operated at about 90% capacity, up from about 60% in 
the early 1980s.

 ■ CASE STUDY

Chernobyl: The World’s Worst 
Nuclear Power Plant Accident
Chernobyl is known around the globe as the site of the 
world’s most serious nuclear power plant accident. On 
April 26, 1986, a series of explosions in one of the re-
actors in a nuclear power plant in Ukraine (then part 
of the Soviet Union) blew the massive roof off a reac-
tor building. The reactor partially melted down (Fig-
ure 15-20) and its graphite moderator caught fire and 
burned for 10 days, releasing more than 100 times the 
amount of radiation generated by the atomic bombs 
dropped by the United States on the Japanese cities of 
Hiroshima and Nagasaki at the end of World War II. 
The initial explosion and the prolonged fires released 
a huge radioactive cloud that spread over much of 
Belarus, Russia, Ukraine, and Europe and eventually 
encircled the planet. In 2008, after 22 years, areas of 
the Ukraine and northern Europe are still dangerously 
contaminated with radioactive materials as a result of 
the accident.

According to U.N. studies, the Chernobyl disas-
ter was caused by poor reactor design (not used in the 
United States or in most other parts of the world) and 
by human error, and it had serious consequences. By 
2005, 56 people had died prematurely from exposure 
to radiation released by the accident. The World Health 
Organization projects that eventually, this number will 
grow to 9,000. But the Russian Academy of Medical 
Sciences estimated the eventual death toll at 212,000. 
Because of secrecy and sparse reliable data, we will 
never know the real death toll.

After Chernobyl, some 350,000 people had to aban-
don their homes because of contamination by radioac-
tive fallout. In addition to fear about long-term health 
effects such as cancers, many of these victims con-
tinue to suffer from stress and depression. In parts of 
Ukraine, people still cannot drink the water or eat lo-
cally produced fruits, vegetables, fish, meat, or milk. In 
contaminated areas, the frequency of birth defects and 
mental retardation in newborns has increased. There 
are also higher incidences of thyroid cancer, leukemia, 
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and immune system abnormalities in children exposed 
to radioactive fallout. Thyroid cancers are so common 
that the resulting surgical scars at the base of the neck 
are known as the “Chernobyl necklace.”

Chernobyl taught us a hard lesson: A major nuclear 
accident anywhere has effects that reverberate through-
out much of the world. One more major nuclear power 
accident anywhere in the world could have a devastat-
ing impact on the future of nuclear power.

Japan, an earthquake-prone country that gets 39% 
of its electricity from nuclear power, has come close 
to having such an accident. The country has suffered 
a string of nuclear accidents and cover-ups of such ac-
cidents. In 2007, a powerful earthquake in northern 
Japan caused severe damage to the world’s largest 
nuclear plant (largest in terms of power output) and 
caused it to be shut down for at least a year. Despite 
the risks, Japan plans to replace 20 of its 55 aging nu-
clear reactors between 2010 and 2030.

 Watch how winds carried radioactive fall-
out around the world after the Chernobyl meltdown at 
CengageNOW.

Nuclear Power Has Advantages 
and Disadvantages
Figure 15-21 lists the major advantages and disadvan-
tages of the nuclear power fuel cycle (Concept 15-5). In 
particular, using nuclear power to produce electricity 
has some important advantages over using coal-burning 
power plants (Figure 15-22, p. 392).

Figure 15-20 Remains of a nuclear 
reactor at the Chernobyl nuclear 
power plant in Ukraine 3 days after 
it blew up and released massive 
amounts of dangerous radiation 
into the environment. Workers and 
volunteers put out the fires and 
hastily built a concrete tomb around 
the reactor to contain its high-level 
radiation, and many of these work-
ers died from radiation exposure.
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Figure 15-21 Advantages and disadvantages of using the nuclear power fuel cycle 
(Figure 15-19) to produce electricity (Concept 15-5). Question: Which single advan-
tage and which single disadvantage do you think are the most important? Why?
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Let us examine some of these advantages and dis-
advantages more closely.

Nuclear Power Plants Are 
Vulnerable to Terrorist Acts
Because of the built-in safety features, the risk of expo-
sure to radioactivity from nuclear power plants in the 
United States and most other developed countries is ex-
tremely low. However, a partial or complete meltdown 
or explosion is possible, as the accidents at Chernobyl 
and Three Mile Island taught us.

A 2005 study by the U.S. National Academy of 
Sciences warned that pools and casks used to store 
spent fuel rods at 68 nuclear power plants in 31 U.S. 
states are especially vulnerable to sabotage or terrorist 
attack. A spent-fuel pool (Figure 15-18, left) typically 
holds 5–10 times more long-lived radioactivity than the 
radioactive core inside a plant’s reactor. A 2002 study 
by the Institute for Resource and Security Studies and 
the Federation of American Scientists found that about 
161 million people—53% of the U.S. population—live 
within 121 kilometers (75 miles) of an aboveground 
spent-fuel storage site. For some time, critics have been 
calling for the immediate construction of much more 
secure structures to protect spent-fuel storage pools 
and casks, but this would add to the already high cost 
of the nuclear fuel cycle and has not been done.

THINKING ABOUT
Nuclear Power Plant Security

Do you favor providing much better protection for pools and 
dry casks used to store spent nuclear fuel rods, even if this 
raises the cost of electricity? Why do you think this hasn’t 
been done?

Currently, 60 countries—1 of every 3 in the world—
have nuclear weapons or the knowledge and ability to 
build them. The United States and 14 other countries 
have been selling nuclear reactors and uranium enrich-
ment technology in the international marketplace for 
decades. Much of this information and equipment can 
be used to produce weapons-grade material. Some see 
this as the single most important reason for not expand-
ing the use of nuclear power, especially when there are 
cheaper, quicker, and safer ways to produce electricity.

Dealing with Radioactive Wastes 
Produced by Nuclear Power Is a 
Difficult Problem
Each part of the nuclear power fuel cycle produces ra-
dioactive wastes. High-level radioactive wastes, which con-
sist mainly of spent fuel rods and assemblies from com-
mercial nuclear power plants and assorted wastes from 
the production of nuclear weapons, must be stored 
safely for 10,000–240,000 years depending on the ra-
dioactive isotopes present. 

For example, wastes containing highly toxic and 
fissionable plutonium-239 (which can also be used 
to make nuclear weapons) must be stored for about 
240,000 years before decaying to safe levels. And ac-
cording to a Nevada state agency report, 10 years after 
being removed from a reactor, an unshielded spent-
fuel assembly would still emit enough radiation to kill 
a person standing 1 meter (39 inches) away in less than 
3 minutes.

Most scientists and engineers agree in principle 
that deep burial is the safest and cheapest way to store 
high-level radioactive waste. However, after almost 60 
years of research and evaluation, no country has built 
such a repository. And some scientists contend that it 
is not possible to show that any method will work for 
10,000–240,000 years (Case Study, at right).

U.S. scientists are working on a process involving 
the recycling of some wastes, which might reduce the 
amount of radioactive waste produced by conventional 
reactors by 40%. Critics say that the recycled fuel would 
contain as much as 90% plutonium (compared to 1% 
in conventional spent fuel), which would make it at-
tractive to terrorists for making nuclear weapons. How-
ever, advocates say the recycling process would make it 
difficult to extract the plutonium for use in a bomb.

For decades, researchers have been looking—with-
out success—for ways to change harmful radioactive 
isotopes into less harmful isotopes. Even if a method 
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Figure 15-22 Comparison of the risks of using the nuclear 
power fuel cycle and coal-burning plants to produce electricity. A 
1,000-megawatt nuclear plant is refueled once a year, whereas 
a coal plant of the same size requires 80 rail cars of coal a day. 
Question: If you had to choose, would you rather live next door to 
a coal-fired power plant or a nuclear power plant? Explain.
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were developed, costs would probably be extremely 
high, and the resulting toxic materials and low-level 
(but very long-lived) radioactive wastes would still re-
quire a safe disposal method.

After almost 60 years of effort, no country has 
come up with a scientifically and politically accept-
able way to store high-level radioactive wastes safely 
for tens of thousands of years. An important and of-
ten ignored fact about using nuclear power to produce 
electricity is that, even if all the nuclear power plants 
in the world were shut down tomorrow, we would still 
have to deal with all the intensely radioactive wastes 
they have produced, some of which will have to be 
isolated safely for 240,000 years. No other existing or 
abandoned technology has subjected the world to such 
long-term health risks.

RESEARCH FRONTIER

Safe, affordable nuclear waste storage. See academic
.cengage.com/biology/miller.

 ■ CASE STUDY

Experts Disagree about What 
to Do with Radioactive Wastes 
in the United States
In 1985, the DOE announced plans to build a reposi-
tory for underground storage of high-level radioactive 
wastes from commercial nuclear reactors. The proposed 
site is on federal land in the Yucca Mountain desert 
region, 160 kilometers (100 miles) northwest of Las 
Vegas, Nevada (Figure 10, p. S65, Supplement 10).

The projected cost of this facility (financed jointly by 
nuclear power companies and taxpayers) is at least $58 
billion and may reach $100 billion. The projected open-
ing date is 2017 but it will probably be 2020 or later 
because of scientific problems with the site, a number 
of legal battles, and insufficient federal funding.

The idea is to encapsulate the radioactive material 
in a synthetic material called zircon, seal it in steel can-
isters, and store the canisters in underground tunnels 
that are supposed to be unaffected by earthquakes or 
a rising water table for at least 10,000 years. However, 
the site is located in the third most seismically active 
region in the United States. And a 2007 study by Ian 
Farman and other scientists indicated that the zircon 
coatings may degrade faster than originally projected.

Critics charge that the selection of the Yucca 
Mountain site has been based more on political con-
venience than on scientific suitability. Some scientists 
argue that the site should never be allowed to open, 
mostly because rock fractures and tiny cracks may al-
low water to leak into the site and eventually corrode 
the waste storage casks.

According to a 2004 review panel, any rain that 
percolates into the mountain could carry radioactive 

wastes leaking from corroded containers into ground-
water, irrigation systems, and drinking-water wells 
and contaminate them for thousand of years. In 1998, 
Jerry Szymanski, formerly the DOE’s top geologist at 
Yucca Mountain and now an outspoken opponent of 
the site, said that if water flooded the site it could cause 
an explosion so large that “Chernobyl would be small 
potatoes.”

In 2002, the U.S. National Academy of Sciences, 
in collaboration with Harvard University and Univer-
sity of Tokyo scientists, urged the U.S. government to 
slow down and rethink its nuclear waste storage pro-
cess. These scientists contend that storing spent fuel 
rods in dry-storage casks (Figure 15-18, right) in well-
protected buildings at nuclear plant sites, or at several 
other larger interim storage sites, is an adequate solu-
tion for at least 100 years, in terms of safety and na-
tional security. This would buy time to carry out more 
research on this complex problem and to evaluate 
other sites and storage methods.

Opponents also contend that the Yucca Mountain 
waste site should not be opened because it could de-
crease national security. The plan calls for wastes to be 
shipped by truck or rail cars to the Nevada site. This 
would require about 19,600 shipments of wastes from 
nuclear power plants across much of the country (Fig-
ure 10, p. S65, Supplement 10) for an estimated 38 
years before the site is filled. At the end of this period, 
the amount of newly collected radioactive waste stored 
at nuclear power plant sites would be about enough 
to fill another such repository. Critics contend that it 
would be much more difficult to protect such a large 
number of shipments from terrorist attacks than to pro-
vide more secure ways to store such wastes at nuclear 
power plant sites or other centralized sites.

The U.S. government is over 10 years behind in 
providing a repository for radioactive wastes from com-
mercial power plants. Because of contracts it signed 
with owners of nuclear reactors in the 1980s, taxpayers 
must now reimburse plant owners for the costs of stor-
ing spent fuel rods at 122 plant sites in 39 states. If the 
Yucca Mountain site opens by 2017, these little-known 
government expenses will cost taxpayers about $7 bil-
lion and about $11 billion if the opening of the reposi-
tory is delayed until 2020. Such subsidies plus the es-
timated $58 billion that the government has spent on 
developing the Yucca Mountain site add to the already 
high cost of the nuclear fuel cycle.

Despite rising costs and serious objections from 
scientists and citizens, in 2002, the U.S. Congress ap-
proved Yucca Mountain as the official site for storing 
the country’s commercial nuclear wastes.

HOW WOULD YOU VOTE?

Should highly radioactive spent fuel be stored in casks at 
high-security sites or near nuclear power plants instead 
of being shipped to a single site for burial? Cast your vote 
online at academic.cengage.com/biology/miller.
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What Do We Do with Worn-out 
Nuclear Power Plants?
A nuclear power plant eventually comes to the end of 
its useful life, mostly because of corrosion and radiation 
damage to its metal parts. Because it contains intensely 
radioactive materials, it cannot simply be abandoned. 
Instead, it must be decommissioned, or retired—the last 
step in the nuclear power fuel cycle (Figure 15-19). 
Scientists have proposed three ways to do this.

One strategy is to dismantle the plant after it closes 
and store its large volume of highly radioactive materi-
als in a high-level nuclear waste storage facility, which 
no country has built so far. A second approach is to in-
stall a physical barrier around the plant and set up full-
time security for 30–100 years, until the plant can be 
dismantled after its radioactivity has reached safer but 
still quite dangerous levels.

A third option is to enclose the entire plant in a 
tomb that must last and be monitored for several thou-
sand years. Such a tomb was built around the Cher-
nobyl reactor that exploded (Figure 15-20), but after a 
few years, it began crumbling and leaking radioactive 
wastes. It is being rebuilt at great cost.

Regardless of the method chosen, decommissioning 
adds to the total costs of nuclear power and reduces its 
already low net energy yield. Dismantling a plant and 
storing the resulting radioactive wastes costs 2–10 times 
more than building the plant in the first place.

At least 228 of the world’s 439 large commercial re-
actors (20 in the United States) are scheduled for retire-
ment by 2012. However, under political pressure from 
the nuclear industry, by 2006, the Nuclear Regulatory 
Commission (NRC) had extended the operating licenses 
from 40 years to 60 years for many of the 104 U.S. nu-
clear reactors. Opponents contend this could increase 
the risk of nuclear accidents in aging reactors. At the 
same time, the NRC is cutting back on the frequency of 
safety tests from four times a year to once a year.

The nuclear industry is hoping to replace aging reac-
tors with new second-generation reactors (see Science 
Focus, at right).

Can Nuclear Power Lessen 
Dependence on Imported Oil 
and Help Reduce Global Warming?
Some proponents of nuclear power in the United States 
claim it will reduce the country’s dependence on im-
ported oil. Other analysts disagree, pointing out that 
only 2–3% of the electricity in the United States (and 
in most other countries) is generated by burning oil.

Nuclear power advocates also contend that in-
creased use of nuclear power will reduce the threat 
of global warming by greatly reducing or eliminating 
emissions of CO2. Scientists point out that this argu-
ment is only partially correct. Nuclear plants them-

selves do not emit CO2, but the nuclear fuel cycle does 
(Figure 15-19)—a fact rarely reported in media stories 
about nuclear power.

Such emissions are presumably much less than 
those produced by burning coal or natural gas to gen-
erate the same amount of electricity (Figure 15-14) and 
about the same as those emitted by the entire process of 
producing and operating solar cells and offshore wind 
farms. However, according to a 2004 study by German 
scientists, considering the entire nuclear fuel cycle, CO2

emissions per kilowatt-hour of electricity are much 
higher than the numbers in Figure 15-14 indicate.

In a 2003 study “The Future of Nuclear Power,” 
MIT researchers concluded that some 1,000 to 1,500 
new reactors (compared to the 439 that exist today) 
would have to be built worldwide by 2025 in order to 
put a serious dent in projected global warming. Those 
plants would require a new large repository every few 
years to store the resulting amount of highly radioac-
tive nuclear waste. Building and operating this many 
new plants would also hasten the depletion of high-
grade uranium ores, and mining, processing, and trans-
porting these ores releases CO2. Shifting to low-grade 
ores to meet increased fuel demands would increase 
the carbon footprint of the nuclear fuel cycle.

In 2007, a leading think tank, the Oxford Research 
Group, said that in order to play an effective role in 
slowing global warming, a new nuclear reactor would 
have to be built somewhere in the world every week 
for the next 70 years—an impossibility for logistical 
and economic reasons. And physicist Brice C. Smith 
estimates that even if this were possible, because of the 
retirement of old reactors, the proportion of electric-
ity coming from nuclear power would increase only 
slightly from its current 16% to 20%. Analysts contend 
that cutting energy waste and increasing the use of 
renewable energy resources to produce electricity are 
much better and faster ways to reduce CO2 emissions.

Will Nuclear Fusion Save Us?
Nuclear fusion is a nuclear change in which two iso-
topes of light elements, such as hydrogen, are forced 
together at extremely high temperatures until they fuse 
to form a heavier nucleus, releasing energy in the pro-
cess. Scientists hope that controlled nuclear fusion will 
provide an almost limitless source of high-temperature 
heat and electricity. Research has focused on the D–T 
nuclear fusion reaction, in which two isotopes of hy-
drogen—deuterium (D) and tritium (T)—fuse at about 
100 million degrees (Figure 2-7, bottom, p. 41).

With nuclear fusion, there would be no risk of melt-
down or release of large amounts of radioactive materi-
als from a terrorist attack, and little risk of additional 
proliferation of nuclear weapons, because bomb-grade 
materials are not required for fusion energy. Fusion 
power might also be used to destroy toxic wastes, sup-
ply electricity for ordinary use, and decompose water 
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to produce hydrogen fuel, which holds promise as an 
energy source.

This sounds great. So what is holding up fusion en-
ergy? In the United States, after more than 50 years of 
research and a $25 billion investment of mostly gov-
ernment funds, controlled nuclear fusion is still in the 
laboratory stage. None of the approaches tested so far 
has produced more energy than it uses.

In 2006, the United States, China, Russia, Japan, 
South Korea, and the European Union agreed to spend 

at least $12.8 billion in a joint effort to build a large-
scale experimental nuclear fusion reactor by 2040 and 
to see if it can produce a net energy yield. If everything 
goes well, after 34 years, the plant is supposed to pro-
duce enough electricity to run the air conditioners in a 
small city for a few minutes. This helps to explain why 
many energy experts do not expect nuclear fusion to be 
a significant energy source until 2100, if then. Indeed, 
some skeptics joke that “nuclear fusion is the power of 
the future and always will be.”

SCIENCE FOCUS

Are New Second-Generation Nuclear Reactors the Answer?

must be so inherently safe that a runaway 
chain reaction is impossible; (2) their fuel 
must be of the sort that cannot be used to 
make nuclear weapons; (3) their spent fuel 
must be easy to dispose of without burden-
ing future generations with radioactive waste 
piles; (4) taking the entire fuel cycle into ac-
count, they must generate higher net energy 
yields than other energy alternatives do, and 
compete in the open marketplace without 
huge government subsidies; and (5) the en-
tire nuclear fuel cycle must generate far fewer 
greenhouse gas emissions than other energy 
alternatives do. So far, no existing or pro-
posed reactor even comes close to meeting 
these requirements.

Some nuclear power proponents urge the 
development and widespread use of breeder
nuclear fission reactors, which generate more 
nuclear fuel than they consume by converting 
nonfissionable uranium-238 into fissionable 
plutonium-239. However, a failure of the 
breeder reactor’s safety system could result in 
a runaway fission chain reaction and perhaps 
a nuclear explosion powerful enough to blast 
open the containment building. This would 
release a cloud of highly radioactive gases 
and particles into the atmosphere.

In December 1986, France opened a 
commercial-size breeder reactor. It was so 
expensive to build and operate that, in 1998 
after spending $13 billion, the government 
spent another $2.75 billion to shut it down 
permanently. Because of this experience, 
most countries have abandoned their plans 
to build full-size commercial breeder reactors. 
However, India, China, Japan, South Korea, 
and Russia have built or are planning to build 
small-scale breeder reactors to continue eval-
uating this technology.

Critical Thinking
Do you think we should invest in second-
generation nuclear reactors? Explain.

pile and the others are removed. Unreactive 
helium gas flowing through the spaces be-
tween the spheres removes heat from the fis-
sioning fuel. The hot gas can then be used for 
a number of purposes, including generation 
of electricity. 

Proponents contend that this and other 
inherently safe designs eliminate the need 
for an expensive containment shell and 
emergency core cooling system. Such reac-
tors are now in the planning stages in China 
and South Africa. China plans to perfect and 
eventually mass-produce these reactors, ship 
them anywhere in the world, and assemble 
them like Legos.

Edwin Lyman and several other nuclear 
physicists oppose the pebble bed reactor. 
They contend that

• A crack in the reactor could expose graph-
ite protective coatings to air. At high tem-
peratures, the graphite could burn and 
release massive amounts of radioactivity—
similar to what happened at Chernobyl.

• A lack of a containment shell for any reac-
tor would make it easier for terrorists to 
enter such facilities and steal nuclear fuel 
material or blow them up to release large 
amounts of radioactivity.

• This technology would create about ten 
times the volume of high-level radioactive 
waste per unit of electricity as a conven-
tional nuclear reactor produces. This would 
greatly increase the expense and hazards 
of long-term radioactive waste storage 
and power plant decommissioning.

According to the U.S. Energy Information 
Administration, the costs of building next 
generation nuclear power plants are likely to 
be 2–4 times greater than the costs of build-
ing natural gas or coal plants or wind farms 
with equivalent output.

To be acceptable, new generation nuclear 
reactors must satisfy five criteria: (1) They 

artly to address economic and safety 
concerns, the U.S. nuclear industry 

has persuaded Congress to provide govern-
ment subsidies and loan guarantees to help 
them build hundreds of smaller, second-
generation plants using standardized designs. 
The industry claims these plants are safer 
and can be built quickly (in 3–6 years). How-
ever, experts estimate that even if everything 
goes well, a new round of plants in the 
United States will not come online before 
2020 or later and will cost an estimated 
$4 billion each.

These advanced light-water reactors
(ALWRs) have built-in passive safety features
designed to make meltdowns, explosions, 
and the release of radioactive emissions al-
most impossible. Most are high-temperature,
gas-cooled re actors (HTGC ), which avoid 
some of the problems associated with water-
cooled reactors. Proponents also contend 
that gas-cooled reactors could be used to de-
compose water to produce hydrogen fuel for 
powering motor vehicles and planes.

However, according to Nucleonics Week,
an important nuclear industry publication, 
“Experts are flatly unconvinced that safety 
has been achieved—or even substantially 
increased—by the new designs.” In addi-
tion, these new designs do not eliminate the 
expense and hazards of long-term radioac-
tive waste storage, threats of terrorist at-
tack, power plant decommissioning, and the 
spread of knowledge and materials for the 
production of nuclear weapons.

One proposed new design is called a 
pebble bed modular reactor (PBMR), an idea 
first proposed by physical chemist Farrington 
Daniels just after World War II. One advan-
tage of the pebble design is that it does not 
need to be shut down for refueling. Instead, 
pebbles are taken from the bottom of the 
reactor every day and weighed to see if they 
still contain usable nuclear fuel; those that 
still have fuel are returned to the top of the 

P
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■✓

Experts Disagree about the Future 
of Nuclear Power
Proponents of nuclear power argue that governments 
should continue funding research, development, and 
pilot-plant testing of potentially safer and cheaper con-
ventional fission reactor designs, along with breeder 
fission and nuclear fusion. They say we need to keep 
these potentially useful nuclear options available for use 
in the future, in case energy efficiency and renewable 
energy options fail to keep up with electricity demands 
while reducing CO2 emissions to acceptable levels.

Others would support expansion of nuclear power 
only when the five criteria listed in the Science Focus on 
p. 395 are met. Some analysts call for phasing out all or 
most government subsidies, tax breaks, and loan guar-
antees for nuclear power. They argue that nuclear power 
is a complex, expensive, inefficient, and inflexible way 
to produce electricity. They see it as an unacceptable 
risk, because it is too vulnerable to terrorist attack and 
threatens global security by spreading knowledge and 
materials that can be used to build nuclear weapons.

According to many investors and World Bank eco-
nomic analysts, conventional nuclear power cannot 
compete in today’s increasingly open, decentralized, 
and unregulated energy market, unless it is shielded 
from competition by large government subsidies (as 
is the case in every country that has nuclear power 
plants). Both the U.S. Congressional Budget Office 
and the private investment firm Standard and Poors 
have concluded that investing in loans to build nuclear 
power plants is an unwise financial risk unless govern-
ments (taxpayers) are willing to guarantee the loans.

Opponents of nuclear power say it makes more 
sense to invest government funds in spurring the rapid 
development of energy efficiency and renewable energy 
resources that are much safer and can be developed 
more quickly. We explore these options in Chapter 16.

HOW WOULD YOU VOTE?

Should nuclear power be phased out in the country where 
you live over the next 20–30 years? Cast your vote online at 
academic.cengage.com/biology/miller.

Oil Supplies and Sustainability

In this chapter, we have seen that oil—the lifeblood of today’s 
economies—may become unaffordable sometime during this 
century (Core Case Study and Figure 8, p. S64, Supplement 10). 
If this happens, we will need to find substitutes for oil and begin 
phasing them in during your lifetime, starting now. This urgent 
challenge is controversial, partly because of its complexity. It in-
volves multiple problems, the solutions for which will require ap-
plications of science, economics, politics, and ethics.

A serious long-term problem is that, in using nonrenewable 
fossil fuels, we violate the four scientific principles of sustain-
ability (see back cover). We depend not on solar energy but on 

nonrenewable resources such as oil. The technologies we use 
to obtain energy disrupt the earth’s chemical cycles by diverting 
huge amounts of water, disrupting land and aquatic systems, 
and emitting large quantities of pollutants and greenhouse gases. 
Using these technologies also destroys and degrades biodiversity 
and ecosystem services that help to control species populations.

In the next chapter, we will look at the advantages and disad-
vantages of reducing energy waste and relying more on renew-
able energy resources as ways to apply the four principles of 
sustainability.

R E V I S I T I N G

Civilization as we know it will not survive 
unless we can find a way to live without fossil fuels.

DAVID GOLDSTEIB

REVIEW

1. Review the Key Questions and Concepts for this chapter 
on p. 371. Summarize the issue of whether or not and 
when we are likely to run out of affordable oil.

2. What major energy resources do the world and the United 
States rely on? Give a brief history of human energy use. 
What is net energy and why is it important in evaluating 

energy resources? Why does the nuclear power fuel cycle 
have a low net energy yield?

3. What is crude oil (petroleum) and how is it extracted 
from the earth and refined? What is a petrochemical
and why are such chemicals important? Who controls 
most of the world’s oil supply? What percentage of the 
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CRITICAL THINKING

1. To continue using oil at the current rate (not the pro-
jected higher exponential rates), we must discover and 
add to global oil reserves the equivalent of two new 
Saudi Arabian supplies every 10 years, as discussed in the 
Core Case Study that opened this chapter. Do you 
think this is possible? If not, what effects might 
the failure to find such supplies have on your life 
and on the lives of your children or grandchildren?

2. Do you think that the United States (or the country 
where you live) should make every effort possible to find 
new domestic supplies of conventional oil (Core
Case Study) as a way to sharply reduce its depen-
dence on imported oil? Explain. What are other 
possible options?

3. List three actions you can take to reduce your dependence 
on oil and gasoline in order to save you money and help 
to slow depletion of the world’s oil (Core Case 
Study). Which of these things do you already do 
or plan to do?

4. Explain why you are for or against increasing oil imports 
to the United States or in the country where you live. If 
you favor reducing dependence on oil imports, what do 
you think are the three best ways to do this?

5. Some people in China point out that the United States 
and European nations fueled their economic growth dur-

ing the industrial revolution by burning coal, with little 
effort to control the resulting air pollution, and then 
sought cleaner energy sources later when they became 
more affluent. China says it is being asked to clean up 
before it becomes affluent enough to do this, without 
greatly slowing its economic growth. How would you 
deal with this contradiction? Since China’s air pollution 
has implications for the entire world, what role, if any, 
should the developed nations play in helping it to reduce 
its dependence on coal and to burn coal more cleanly and 
efficiently?

6. Explain why you agree or disagree with the following pro-
posals made by various energy analysts as ways to solve 
U.S. energy problems: (a) find and develop more domestic 
supplies of oil; (b) place a heavy federal tax on gasoline 
and imported oil to help reduce the waste of oil resources 
and to encourage use of other alternatives; (c) increase 
dependence on coal; (d) increase dependence on nuclear 
power; (e) phase out all nuclear power plants by 2025.

7. Would you favor having high-level nuclear waste from 
nuclear power plants transported by truck or train 
through the area where you live to a centralized storage 
site? Explain. What are the alternatives?

8. Explain why you agree or disagree with each of the 
following proposals made by the U.S. nuclear power 

Note: Key Terms are in bold type.

world’s proven oil reserves does the United States have? 
How much of the world’s annual oil production does the 
United States use and what percentage of the oil it uses 
is imported? Describe the relationship between import-
ing oil and fighting terrorism. Explain why the United 
States cannot even come close to meeting its oil needs by 
increasing domestic oil supplies. Discuss the pros and cons 
of drilling for oil in Alaska’s Arctic National Wildlife Ref-
uge. What are the major advantages and disadvantages of 
using conventional oil as an energy resource?

4. What is oil sand, or tar sand, and how is it extracted 
and converted to heavy oil? What is shale oil and how is 
it produced? What are the major advantages and disad-
vantages of using heavy oils produced from oil sand and 
oil shales as energy resources?

5. Define natural gas, liquefied petroleum gas (LPG),
and liquefied natural gas (LNG)? What are the major 
advantages and disadvantages of using natural gas as an 
energy resource? What are some problems involved with 
increasing our use of LNG?

6. What is coal and how is it formed? Compare the use of 
coal in the United States and China. What are the major 
advantages and disadvantages of using coal as an energy 
resource?

7. What is synthetic natural gas (SNG)? What is coal 
liquefaction and how can liquid fuels be produced 
from coal? What are the major advantages and disadvan-

tages of using liquid and gaseous synfuels produced from 
coal?

8. How does a nuclear fission reactor work and what are its 
major safety features? Describe the nuclear fuel cycle. What 
factors have hindered the development of nuclear power? 
Describe the nuclear power plant accidents at Three Mile 
Island and Chernobyl. What are the major advantages and 
disadvantages of relying on nuclear power as a way to 
produce electricity?

9. How can we deal with the highly radioactive wastes pro-
duced by nuclear power plants? Describe the controversy 
over this issue in the United States. What are our options 
for safely retiring worn out nuclear power plants? Discuss 
the degree to which nuclear power can reduce depen-
dence on imported oil. Discuss the question of whether 
using nuclear power can help to significantly slow pro-
jected global warming. Discuss the pros and cons of build-
ing safer nuclear reactors. List the problems encountered 
in using breeder reactors. What is nuclear fusion and 
what is its potential as an energy resource? Summarize the 
arguments for and against relying more on nuclear power.

10. Discuss the relationship between relying on oil 
as our major source of energy (Core Case 
Study) and the four scientific principles of 
sustainability.
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industry: (a) provide up to $350 billion in government 
subsidies to build a large number of better-designed nu-
clear fission power plants, in order to reduce dependence 
on imported oil and slow global warming, (b) prevent 
the public from participating in hearings on licensing of 
new nuclear power plants and on safety issues at the na-
tion’s nuclear reactors, (c) restore government subsidies 
to develop a breeder nuclear fission reactor program, and 
(d) greatly increase federal subsidies for developing nu-
clear fusion.

Note: See Supplement 13 (p. S78) for a list of Projects related to this chapter.

ECOLOGICAL FOOTPRINT ANALYSIS

In 2008, the average fleet-wide fuel economy of new cars, 
light trucks, and SUVs in the United States was 11.4 kilo-
meters per liter (kpl) or 26.6 miles per gallon (mpg), and 
the average motor vehicle in the United States was driven 
19,300 kilometers (12,000 miles). There were about 250 mil-

lion motor vehicles in the United States in 2008. Use these 
data to calculate the gasoline consumption and carbon dioxide
(CO2) footprints of individual motor vehicles with different fuel 
efficiencies and for all of the motor vehicles in the United 
States by answering the following questions. 

1. Suppose a car has an average fuel efficiency of 8.5 kpl (20 
mpg) and is driven 19,300 kilometers (12,000 miles) a 
year. (a) How many liters (and gallons) of gasoline does 
this vehicle consume in a year? (b) If gasoline costs $1.05 
per liter ($4.00 per gallon), how much will the owner 
spend on fuel in a year? (c) How many liters (and gallons) 
of gasoline would be consumed by a U.S. fleet of 250 mil-
lion such vehicles in a year? (Note: 1 liter " 0.265 gallons 
and 1 kilometer " 0.621 miles.)

2. Recalculate the values in Question 1, assuming that a car 
has an average fuel efficiency of 19.6 kpl (46 mpg).

3. The U.S. Environmental Protection Agency estimates 
that 2.4 kilograms of CO2 are released when 1 liter of 
gasoline is burned (20 pounds of CO2 are released when 
1gallon is burned). Use this information to determine 
the number of metric tons of CO2 emitted annually by 

(a) the car described in Question 1 with a low fuel ef-
ficiency, (b) a fleet of 250 million vehicles with this same 
fuel efficiency, (c) the car described in Question 2 with 
a high fuel efficiency, and (d) a fleet of 250 million ve-
hicles with this same high fuel efficiency. These calcula-
tions provide a rough estimate of the CO2 footprints for 
individual cars and for the entire U.S. fleet with low and 
high efficiency cars. (Note: 1 kilogram " 2.20 pounds; 
1 metric ton " 1,000 kilo grams " 2,200 pounds "
1.1 tons; 1 ton " 2,000 pounds).

4. If the average fuel efficiency of the U.S. fleet increased 
from 8.5 kpl (20 mpg) to 19.6 kpl (46 mpg), by what per-
centage would this reduce the CO2 emissions from the 
entire fleet per year? You can think of this as the percent-
age reduction in the carbon footprint of the U.S. motor 
vehicle fleet.

LEARNING ONLINE

Log on to the Student Companion Site for this book at 
academic.cengage.com/biology/miller, and choose 
Chapter 15 for many study aids and ideas for further read-

ing and research. These include flash cards, practice quizzing, 
Weblinks, information on Green Careers, and InfoTrac® Col-
lege Edition articles.

9. Congratulations! You are in charge of the world. List the 
three most important features of your policy to continue 
relying on nonrenewable energy resources during the next 
50 years. 

10. List two questions that you would like to have answered 
as a result of reading this chapter.



of the country’s rapidly growing ecotourism business) has been 
partially powered by a hydrogen fuel cell.

These early steps in Iceland’s transformation are designed 
to provide the experience needed to eventually run all of the 
country’s cars, factories, and ships on hydrogen. Although they 
face considerable technological challenges, Icelanders hope to 
create a model for a renewable-energy economy within your 
lifetime.

In this chapter, we look at how we can cut energy waste, and 
we consider the potential of major renewable energy resources.

Iceland, a tiny northern European island nation roughly the 
size of Guatemala or the U.S. state of Kentucky, is located just 
320 kilometers (200 miles) south of the North Pole. Because 
about three-fourths of this island consists of volcanoes, glaciers, 
and hot springs, most of Iceland’s 319,000 people live in its capi-
tal city of Reykjavik.

The island, which sits on the boundary of the Eurasian and 
North American tectonic plates (Figure 14-4, p. 347), has 20 ac-
tive volcanoes. They are fed by molten rock (magma) that rises 
close to the surface (Figure 14-3, p. 346), under Iceland’s abun-
dant glaciers, lakes, and hot springs.

Iceland gets almost three-fourths of its overall energy and al-
most all of its electricity from two renewable sources. One is geo-
thermal energy from superheated groundwater and steam found 
close to its surface (Figure 16-1). This energy supplies electricity 
and provides heat for 80% of Iceland’s houses and for producing 
vegetables in greenhouses. The other renewable energy source is 
hydroelectric power.

Because it has no fossil fuel deposits, Iceland imports oil to 
run its cars, some of its factories, and the fleet of fishing boats 
that help to supply 60% of its income. This may change. By 
2050–2060, Iceland has plans to eliminate its dependence on 
nonrenewable oil and to become the world’s first country to run 
its economy entirely on renewable energy.

Bragi Arnason, a University of Iceland professor often called 
“Dr. Hydrogen,” suggested this idea in the 1970s. He proposed 
that the country could eliminate its fossil fuel imports and 
strengthen its economy by using electricity produced by its ample 
geothermal, hydroelectric, and wind power resources to decom-
pose water into hydrogen and oxygen gases. The clean-burning 
hydrogen could then used to power the country’s transportation 
system, factories, and fishing boats. When hydrogen is combined 
with oxygen in a fuel cell to produce electricity, the only byprod-
uct is water vapor. Thus burning hydrogen fuel avoids emissions 
of CO2 and other air pollutants that are produced when fossil fu-
els are burned. Iceland could also boost its economy by exporting 
excess hydrogen to other countries.

In 1999, Daimler, Royal Dutch Shell, Norsk Hydro, and 
Icelandic New Energy announced plans to work together to turn 
Bragi Arnason’s dream into reality by 2050–2060. In 2003, the 
world’s first commercial hydrogen filling station, built and run by 
Royal Dutch Shell, opened in Reykjavik. Norsk Hydro is providing 
the electricity and technology to produce the hydrogen fuel.

Between 2003 and 2007, the station fueled three prototype 
fuel-cell buses provided by Daimler. The use of a new set of 
such buses is planned for the future. In 2008, the station began 
fueling a fleet of 10 Toyota Prius test vehicles converted to burn 
hydrogen in fuel cells; three of the cars are available for rental to 
tourists. Since 2008, a whale-watching boat (an important part 

Iceland’s Vision of a 
Renewable-Energy Economy

Energy Efficiency 
and Renewable Energy 16

Figure 16-1 The Krafla geothermal power station in northern Iceland 
has been in operation since 1977. Beneath the station, 20 deep geo-
thermal wells provide steam for generating electricity. There are no 
coal-burning power plants to emit CO2 and other air pollutants into 
Iceland’s skies and no nuclear power plants that produce long-lived 
radioactive wastes.
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We Waste Huge Amounts of Energy
The world will rely increasingly on a mix of renewable 
energy resources. In addition, however, many ana-
lysts urge us to make much greater use of a strategy 

not usually thought of as a source of energy—that is, 
energy conservation, a decrease in energy use based 
primarily on reducing unnecessary waste of energy. 
The best way to conserve energy is to improve energy
efficiency—the measure of how much work we can 

Key Questions and Concepts

16-1 Why is energy efficiency an important energy 
source?
CONCEPT 16 -1  We could save as much as 43% of all the 
energy we use by improving energy efficiency.

16-2 How can we cut energy waste?
CONCEPT 16 -2  We have a variety of technologies for sharply 
increasing the energy efficiency of industrial operations, motor 
vehicles, and buildings.

16-3 What are the advantages and disadvantages 
of solar energy?
CONCEPT 16 -3  Passive and active solar heating systems can 
heat water and buildings effectively, and the costs of using direct 
sunlight to produce high-temperature heat and electricity are 
coming down.

16-4 What are the advantages and disadvan tages
of producing electricity from the water cycle?
CONCEPT 16 -4  Water flowing over dams, tidal flows, and 
ocean waves can be used to generate electricity, but environmental 
concerns and limited availability of suitable sites may limit the use 
of these energy resources.

16-5 What are the advantages and disadvantages 
of producing electricity from wind?
CONCEPT 16 -5  When environmental costs of energy resources 
are included in market prices, wind energy is the least expensive 
and least polluting way to produce electricity.

16-6 What are the advantages and disadvantages 
of biomass as an energy source?
CONCEPT 16 -6A  Solid biomass is a renewable resource, but 
burning it faster than it is replenished produces a net gain in 

atmospheric greenhouse gases, and creating biomass plantations 
can degrade soil and biodiversity.

CONCEPT 16 -6B  Liquid biofuels derived from biomass can 
be used in place of gasoline and diesel fuels, but creating biofuel 
plantations could degrade soil and biodiversity and increase food 
prices and greenhouse gas emissions.

16-7 What are the advantages and disadvantages 
of geothermal energy?
CONCEPT 16 -7  Geothermal energy has great potential for 
supplying many areas with heat and electricity and generally has a 
low environmental impact, but locations where it can be exploited 
economically are limited.

16-8 What are the advantages and disadvantages 
of hydrogen as an energy source?
CONCEPT 16 -8  Hydrogen fuel holds great promise for 
powering cars and generating electricity, but to be environmentally 
beneficial, it would have to be produced without the use of fossil 
fuels.

16-9 How can we make a transition to a more 
sustainable energy future?
CONCEPT 16 -9  We can make a transition to a more sustainable 
energy future if we greatly improve energy efficiency, use a mix of 
renewable energy resources, and include environmental costs in the 
market prices of all energy resources.

Note: Supplements 2 (p. S4), 6 (p. S39), 10 (p. S59), and 13 (p. S78) can be used with 
this chapter.

Just as the 19th century belonged to coal and the 20th century to oil, 
the 21st century will belong to the sun, the wind, and energy from within the earth.

LESTER R. BROWN

16-1 Why Is Energy Efficiency an Important 
Energy Resource?

CONCEPT 16-1 We could save as much as 43% of all the energy we use by 
improving energy efficiency.

▲

400 Links: refers to the Core Case Study. refers to the book’s sustainability theme. indicates links to key concepts in earlier chapters.
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get from each unit of energy we use. For example, 
people who drive energy-efficient cars use less fuel per 
kilometer (or per mile) than do those who drive less 
efficient vehicles. You may be surprised to learn that 
84% of all commercial energy used in the United States 
is wasted (Fig ure 16-2). About 41% of this energy is 
wasted unavoidably because of the degradation of en-
ergy quality imposed by the second law of thermody-
namics (Concept 2-4B, p. 40).

The other 43% is wasted unnecessarily, 
mostly due to the inefficiency of incandescent lights, 
furnaces, industrial motors, coal and nuclear power 
plants, most motor vehicles, and other devices. Another 
reason is that many people live and work in leaky, 
poorly insulated, badly designed buildings. Unneces-
sary energy waste costs the United States an average 
of about $570,000 per minute. (See the Guest Essay by 
Amory Lovins at CengageNOW™.)

For many years, Americans have been buying gas-
guzzling sport utility vehicles (SUVs), trucks, and mini-
vans and moving from cities to larger and often energy-
inefficient houses in far-flung suburbs, where they 
must depend on cars for getting around. Now, three of 
every four Americans commute to work, mostly in gas-
guzzling vehicles, and only 5% rely on more energy-
efficient mass transit. As a result, two-thirds of the oil 
consumed in the United States is used for transporta-
tion, and 60% of the country’s oil is imported.

Canada is even less energy efficient than the United 
States is, and most developing countries are three times 
less efficient. On the other hand, Japan, Germany, and 
France are two to three times more energy efficient than 
the United States is.

Reducing energy waste has numerous economic 
and environmental advantages (Figure 16-3). To most 
energy analysts, reducing energy waste is the quickest, 
cleanest, and usually the cheapest, way to provide more en-
ergy, reduce pollution and environmental degradation, slow 
global warming, and increase economic and national security 
(Concept 16-1). The cheapest and cleanest power plant 
in the world—one that emits no greenhouse gases and 
produces no radioactive wastes—is the one we do not 
have to build because of reductions in energy waste. 
According to energy-efficiency expert Amory Lovins, 
improving energy efficiency is equivalent to buy-
ing oil—which now sells for $100–150 a barrel—for 
$15 a barrel. (See Lovins’ Guest Essay on this topic at 
CengageNOW.)

Four widely used devices waste large amounts of 
energy unnecessarily:

• An incandescent lightbulb uses only 5–10% of the 
electricity it draws to produce light, while the 
other 90–95% is wasted as heat. It is really a heat 
bulb.

Nonrenewable fossil fuels
Nonrenewable nuclear
Hydropower, geothermal,
wind, solar
Biomass

Energy Inputs System Outputs

43%

7%

9%

3%
4%

41%
85%

Useful energy
Petrochemicals
Unavoidable energy 
waste
Unnecessary energy 
waste

8%

U.S.
economy

Figure 16-2 Flow of commercial energy through the U.S. economy. 
Only 16% of all commercial energy used in the United States 
ends up performing useful tasks or being converted to petro-
chemicals; the rest is unavoidably wasted because of the second 
law of thermo dynamics (41%) or is wasted unnecessarily (43%). 
Questions: What is an example of unavoidable energy waste? 
What is an example of unnecessary energy waste? (Data from U.S. 
Department of Energy)

■ Prolongs fossil fuel supplies

■ Reduces oil imports and improves  
 energy security

■ Very high net energy yield

■ Low cost

■ Reduces pollution and   
 environmental degradation 

■ Buys time to phase in   
 renewable energy

■ Creates local jobs

S O L U T I O N S
Reducing Energy Waste

Figure 16-3 Advantages of reducing unnecessary energy waste and 
thereby improving energy efficiency. Global improvements in energy 
efficiency could save the world an average of about $1.9 million per 
minute! Question: Which two of these advantages do you think 
are the most important? Why? 
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• A motor vehicle with an internal combustion engine 
wastes about 94% of the energy in its fuel.

• A nuclear power plant (Figure 15-17, p. 387), pro-
ducing electricity for space heating or water heat-
ing, wastes about 83% of the energy in its nuclear 
fuel and probably 92% when we include the 
additional energy used in the nuclear fuel cycle 
(Figure 15-19, p. 389) to dig up and to process its 
uranium fuel, store its radioactive wastes for thou-
sands of years, and to retire the highly radioactive 
plant at the end of its useful life.

• A coal-fired power plant (Figure 15-12, p. 383) wastes 
66% of the energy released by burning coal to pro-
duce electricity and probably 75–80% if we include 
the energy needed to dig up the coal and transport 
it to the plant.

Energy-efficiency experts say we can no longer af-
ford to build our societies around such energy-wasting 
and environmentally harmful devices, which some call 
the outdated four. They call for us to replace these en-
ergy-wasting dinosaurs with more energy-efficient and 
less polluting and climate-changing alternatives over 
the next few decades.

Such alternatives include compact fluorescent and 
light emitting diode (LED) lights, fuel cells to power 
motor vehicles and provide heat and electricity for 
buildings, and wind and solar cell farms to produce 

electricity. These replacements could be coupled with 
a mix of existing energy-saving measures such as us-
ing more insulation; plugging air leaks; using energy-
efficient windows, appliances, and building design; and 
recycling and reusing most materials.

In 2008, Lester Brown estimated that shifting to 
more energy-efficient lighting and appliances alone 
over the next two decades could save the world enough 
electricity to avoid building more than 1,400 large 
coal-burning power plants, thereby also avoiding great 
amounts of climate-changing CO2 emissions.

Net Energy Efficiency—Honest 
Energy Accounting
Recall that the only energy that really counts is net en-
ergy (Science Focus, p. 374). The net energy efficiency of 
a system used to heat a house, for example, is deter-
mined by combining the efficiencies of all steps in the 
energy conversion for the entire system.

Figure 16-4 shows the net energy efficiency for 
heating two well-insulated homes. One is heated with 
electricity produced at a nuclear power plant, trans-
ported by wire to the home, and converted to heat 
(electric resistance heating). The other is heated passively: 
direct solar energy enters through high-efficiency win-
dows facing the sun and strikes heat-absorbing materi-
als that store the heat for slow release.

Waste
heat

Uranium
mining
(95%)

Uranium
processing and
transportation

(57%)

Power 
plant
(31%)

Transmission
of electricity

(85%)

Resistance
heating
(100%)

Uranium
100%

14%Uranium
100%

Window
transmission

(90%)

Sunlight
100%

90%

Electricity from Nuclear Power Plant

14% 14%

Waste
heat

Waste
heat

Waste
heat

Waste
heat

Passive Solar

54% 17%95% 54% 17%95%

Figure 16-4 Comparison of the net energy efficiency for two types of space heating. The cumulative net efficiency 
is obtained by multiplying the percentage of energy available from the source (shown inside the square before each 
step) by the energy efficiency for that step (shown in parentheses). So 100 $ 0.95 " 95%; 95 $ 0.57 " 54%; and 
so on. About 83% of the energy used to provide space heating by electricity produced at a nuclear power plant is 
wasted. If the additional energy needed to deal with nuclear wastes and to retire the highly radioactive nuclear plant 
after its useful life is included, the net energy yield for a nuclear plant is only about 8% (or 92% waste). Burning coal 
or any fossil fuel to generate electricity at a power plant and transmitting electricity long distances to heat water or 
space is also inefficient. By contrast, with passive solar heating, only about 10% of incoming solar energy is wasted.
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A fourth way for industry to save energy is to switch
from low-efficiency incandescent lighting to higher-efficiency 
fluorescent and LED lighting. A compact fluorescent bulb 
uses one-fourth as much electricity as an incandescent 
bulb, lasts ten times as long, and saves at least $30 in 
replacement costs during its lifetime. Even better, light-
emitting diodes (LEDs) will be increasingly available for 
industrial lighting; an LED uses about one-seventh of 
the electricity used by an incandescent bulb and can 
last about 100 times as long. New York City is saving 
$6 million a year in maintenance and electricity costs 
by replacing the traditional bulbs in most of its traffic 
lights with LED bulbs.

The world’s grid systems that transmit electricity 
from power plants to industries and cities waste large 
amounts of energy, also making them a candidate for 
the energy dinosaur list. Converting the outdated U.S. 
electrical grid system into a more responsive and energy-
efficient, digitally controlled network could save the na-
tion $100 billion a year, according to the Electric Power 
Research Institute. China plans to build an efficient and 
reliable ultra-high voltage (UHV) electricity network 
by 2020 and to become the global leader in ultra-high-
voltage technology, equipment manufacturing, and 
sales.

Utility companies also waste large amounts of en-
ergy by encouraging electricity use instead of reducing 
electricity waste. State utility commissions in the United 
States have rewarded utilities for selling more kilowatt-
hours by building more power plants. In the 1980s, some 
energy analysts proposed that state commissions instead 
provide financial rewards to utilities for the kilowatt-
hours they save customers by helping them to improve 
their energy efficiency. The U.S. state of California has 
had great success using such a save-a-watt approach.

One outstanding case of industrial energy savings 
concerns the Dow Chemical Company, which oper-
ates 165 manufacturing plants in 37 countries. Dow set 
out to reduce its total energy consumption by 25% be-
tween 2007 and 2015. These savings will be added to 
the company’s cuts of 22% since 1996. If it reaches its 
goal, the company will have cut its energy consump-
tion in half within 20 years.

Dow’s annual energy savings, due to a mix of large 
and small improvements in efficiency, now equal 
slightly more than the total amount of energy con-
sumed each year by the nation of New Zealand. The 
company’s CEO estimates that energy efficiency im-
provements cost Dow about $1 billion between 1996 
and 2006, but resulted in savings of about $5 billion. 
And there are more savings to come.

We Can Save Energy and Money 
in Industry
Industry accounts for about 30% of the world’s and 
38% of U.S. energy consumption, mostly from pro-
duction of metals, chemicals, cement, and paper. The 
largest consumer of energy in the manufacturing sec-
tion is the petrochemical industry, which produces 
products such as fertilizers, plastics, and detergents. It 
is followed by the global steel and cement industries. 
There are many ways for industries to cut energy waste 
(Concept 16-2).

Some companies save energy and money by using 
cogeneration, or combined heat and power (CHP),
systems. In such a system, two useful forms of energy 
(such as steam and electricity) are produced from the 
same fuel source. For example, the steam produced in 
generating electricity in a CHP system can be used to 
heat the plant or other nearby buildings, rather than re-
leased into the environment and wasted. The energy ef-
ficiency of these systems is as high as 80% (compared to 
30–40% for coal-fired boilers and nuclear power plants), 
and they emit one-third as much CO2 per unit of energy 
produced as do conventional coal-fired boilers. Cogen-
eration has been widely used in Europe for years and its 
use in the United States and in China is growing.

Another way to save energy and money in industry 
is to replace energy-wasting electric motors, which consume 
one-fourth of the electricity produced in the United 
States. Most of these motors are inefficient because 
they run only at full speed with their output throttled 
to match the task—somewhat like driving a car with 
the engine racing and keeping your foot on the brake 
pedal to control the speed. Each year, a heavily used 
electric motor consumes about ten times its purchase 
price in electricity—equivalent to using $200,000 worth 
of gasoline each year to fuel a $20,000 car. The energy 
savings from replacing all such motors would equal the 
output of 150 large coal-fired or nuclear power plants.

Recycling materials such as steel and other metals is a 
third way for industry to save energy and money. Pro-
ducing steel from recycled scrap iron in an electric arc 
furnace uses 75% less energy than producing steel from 
virgin iron ore. Switching three-fourths of the world’s 
steel production to such furnaces would cut energy use 
in the global steel industry by almost 40% and sharply 
reduce its CO2 emissions. Similarly, if all of the world’s 
energy-intensive cement producers used today’s most 
energy-efficient dry kiln process, the global cement in-
dustry could cut its energy use by 42% and greatly re-
duce its CO2 emissions.

16-2 How Can We Cut Energy Waste?
CONCEPT 16-2 We have a variety of technologies for sharply increasing the 
energy efficiency of industrial operations, motor vehicles, and buildings.

▲
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We Can Save Energy and Money 
in Transportation
Transportation accounts for two-thirds of U.S. oil con-
sumption and is a major source of the country’s urban 
air pollution and inputs of CO2 into the atmosphere. 

Between 1973 and 1985, average fuel efficiency 
for new vehicles sold in the United States rose sharply 
because of government-mandated corporate average fuel 
economy (CAFE ) standards. However, since 1985, the 
average fuel efficiency for new vehicles sold in the 
United States (Figure 16-5, left) decreased to about 9 
kilometers per liter (kpl) (21 miles per gallon (mpg)). 
This was mostly because there was no increase in the 
CAFE standards until 2008, and because mileage stan-
dards for popular trucks and SUVs are not as high as 
those for cars. 

Fuel economy standards in Europe, Japan, China, 
and Canada are much higher than those in the United 
States (Figure 16-5, right). A 2008 law raised CAFE 
standards in the United States to 15 kpl (35 mpg) to be 
attained by 2020. This will still put U.S. fuel efficiency 
standards much lower than those of the other coun-
tries shown in Figure 16-5.

The good news is that fuel-efficient cars are avail-
able (Concept 16-2). Car companies like to tout their 
fuel-efficient vehicles. But no vehicle should be called 
fuel-efficient unless it gets at least 15 kpl (35 mpg), ac-
cording to fuel efficiency experts. An example of such 
a gas-sipping vehicle is the Toyota Prius hybrid-electric 
car. It has a combined city and highway average fuel 
efficiency of 20 kpl (46 mpg)—more than twice the 
fuel efficiency of the average new car sold in the United 
States.

The bad news is that gas-sipping vehicles account 
for less than 1% of all car and truck sales in the United 
States. One reason is that the inflation-adjusted price of 
gasoline in the United States, despite recent increases, 
is still fairly low—costing less per liter than bottled wa-
ter. Gasoline prices are much higher in Japan and most 
European nations, because their governments have 
set higher fuel-efficiency standards and imposed high 
gasoline taxes to encourage greatly improved fuel ef-
ficiency (Figure 16-5, right).

Another reason is that most U.S. consumers do not 
realize that gasoline costs them much more than the 
price they pay at the pump. According to a 2005 study 
by the International Center for Technology Assessment, 
the hidden costs of gasoline for U.S. consumers, having 
to do with environmental and health costs and security 
issues, were about $3.18 per liter ($12 per gallon). Add-
ing this to an $1.06 per liter ($4 per gallon) pump price 
of gasoline for U.S. consumers would yield a true cost of 
about $4.24 per liter ($16 per gallon). In fact, in 2008, 
hidden costs and pump prices were rising above these 
levels. Filling a 20-gallon (75-liter) tank would cost 
about $320, and consumers would demand much more 
energy-efficient cars and efficient and widely available 
mass transportation options.

These hidden costs include government subsidies 
and tax breaks for oil companies, car manufacturers and 
road builders; costs of pollution control and cleanup; 
costs of military protection of oil supplies in the Middle 
East (not including the two Iraq wars); time wasted in 
traffic jams; and increased illnesses and deaths from 
air and water pollution, which have increased medical 
bills and health insurance premiums. Consumers pay 
for these costs, but not at the gas pump. Including all 
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or most of the harmful environmental and health costs 
of  gasoline and other goods and services in their mar-
ket prices would give consumers more accurate infor-
mation about the environmental impacts of the items 
and services they buy.

One way to include more of the real costs of gaso-
line in its market price is through gasoline taxes, which 
are politically unpopular in the United States. But ana-
lysts call for reducing payroll and income taxes to bal-
ance increases in gas taxes, thereby relieving consum-
ers of any additional financial burden.

THINKING ABOUT
The Real Cost of Gasoline

Do you think that the estimated hidden costs of gasoline 
should be included in its price at the pump? Explain. Would 
you favor much higher gasoline taxes if payroll taxes were 
eliminated or sharply reduced? Explain.

A third reason for low fuel efficiency is that in 2008, 
more than half of all U.S. consumers, compared to 5% 
in 1990, owned SUVs, pickup trucks, minivans, and 
other large, inefficient vehicles. And fourth, the gov-
ernment has not given buyers large enough tax breaks 
to encourage them to buy more fuel-efficient vehicles. 
For example, in the United States, small businesses that 
paid $50,000 for a gas-guzzling Hummer used exclu-
sively for business purposes in 2005 got a tax deduction 
of up to $25,000. People buying or leasing a $22,000, 
gas-sipping, hybrid car got a much smaller deduction of 
up to $3,100.

Energy expert Amory Lovins has proposed a feebate 
program in which fuel-inefficient vehicles would be 
taxed heavily and the resulting revenue would be given 
to buyers of efficient vehicles as rebates (not tax deduc-
tions). For example, the tax on a $50,000 Hummer H2 
that averages about 5 kpl (12 mpg) might be $10,000. 
And the same amount could go as a rebate to the buyer 
of a $22,000 hybrid car that averages 20 kpl (46 mpg). 
Within a short time, such a program—endorsed by the 

Conventional hybrid
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Figure 16-6 Solutions: 
general features of a 
car powered by a hy-
brid gasoline–electric 
engine (left). A plug-in 
hybrid vehicle (right) 
has a smaller internal 
combustion engine and 
a second and more 
powerful battery that 
can be plugged into a 
standard 110-volt outlet 
and recharged. This al-
lows it to run farther on 
electricity alone. 

U.S. National Academy of Sciences—would greatly in-
crease sales of gas-sipping vehicles. It would also focus 
carmakers on producing and making their profits from 
such vehicles, and it would cost the government (tax-
payers) nothing.

THINKING ABOUT
Feebates

Do you support implementation of a feebate program? 
Explain. Why do you think this hasn’t been done?

More Energy-Efficient Vehicles 
Are on the Way
There is growing interest in developing superefficient and 
ultralight cars that could eventually get 34–128 kpl (80–
300 mpg) (Concept 16-2). (See Amory Lovins’ Guest Es-
say on this topic at CengageNOW.)

One of these vehicles is the energy-efficient, gaso-
line–electric hybrid car (Figure 16-6, left), invented by 
Ferdinand Porsche in 1900 and improved with modern 
technology by Japanese automobile companies such as 
Toyota and Honda. It has a small traditional gasoline-
powered motor and an electric motor used to provide 
the energy needed for acceleration and hill climbing. 
The most efficient models of these cars get up to 20 kpl 
(46 mpg) on the highway and emit about 65% less CO2 
per kilometer driven than a comparable conventional 
car emits.

The next step in the evolution of more energy-
efficient motor vehicles will probably be the plug-in 
hybrid electric vehicle—a hybrid with a second and more 
powerful battery that can be plugged into a standard 
outlet and recharged (Figure 16-6, right). By run-
ning primarily on electricity, they could easily get the 
equivalent of at least 43 kpl (100 mpg) for ordinary driv-
ing and up to 430 kpl (1,000 mpg), if used only for trips 
of less than 64 kilometers (40 miles). Manu facturers 
hope to have a variety of plug-in hybrids available by 
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2010, and some analysts project that they could domi-
nate the motor vehicle market by 2020. The key is to 
develop a battery that will have enough range and be 
strong, safe, reliable, and affordable enough to use in a 
mass auto market (see Science Focus, above).

Replacing the current U.S. vehicle fleet with highly 
efficient plug-in hybrid vehicles over 2 decades, would 
cut U.S. oil consumption by 70–90%, eliminate the 
need for oil imports, save consumers money, and reduce 
CO2 emissions by 27%, according to a 2006 Department 
of Energy study. If the batteries in this national car 
fleet were recharged mostly with electricity generated 
by wind, solar energy, hydropower, and geothermal 
energy instead of by coal-burning power plants, U.S. 
emissions of CO2 would drop by 80–90%, which would 
greatly help to slow global warming and projected cli-
mate change.

Another option is an energy-efficient diesel car, which 
accounts for 45% of new passenger car sales in Europe. 
Modern diesel engines are quiet and are 30% more 
fuel efficient, emitting 20% less CO2 than conventional 
gasoline-powered engines. European car companies 
have also greatly reduced air pollution from diesel en-
gines, although the engines emit more nitrogen oxides 
and particulates than comparable conventional and 
hybrid vehicles do. Diesel fuel can be made from coal, 
plant material, or cooking oil. Running these vehicles 
on a fuel called biodiesel, discussed later in this chapter, 
would reduce their air pollution emissions and increase 
their energy efficiency. Also, hybrid-electric diesel cars 
would be more fuel efficient than conventional hybrid-
electric vehicles.

The next stage in the development of superefficient 
cars could be an electric vehicle that uses a fuel cell. Fuel 
cells are at least twice as efficient as internal combustion 
engines, have no moving parts, require little mainte-

nance, and use hydrogen gas as fuel to produce electric-
ity without emitting CO2 and other air pollutants. Most 
major automobile companies have developed prototype 
fuel-cell cars, which if successful, could replace many 
energy-wasting internal combustion engines. Some fu-
el-cell cars could be in showrooms by 2012, but some 
analysts believe that it will be 2020 before these cars will 
be mass produced. The basic challenge is to bring the 
costs down. (We discuss fuel cells in more detail later in 
this chapter.) GREEN CAREER: Fuel-cell technology

The fuel efficiency for all types of cars could nearly 
double if car bodies were to be made of ultralight and 
ultrastrong composite materials such as fiberglass and 
the carbon-fiber composites used in bicycle helmets 
and in some racing cars.

RESEARCH FRONTIER

Developing better and more affordable hybrid and fuel-cell 
vehicles. See academic.cengage.com/biology/miller.

We Can Design Buildings 
That Save Energy and Money
We can realize huge savings in energy by designing and 
building for energy efficiency (Concept 16-2) and retro-
fitting existing buildings to make them more energy ef-
ficient. In fact, a 2007 U.N. study concluded that better 
architecture and energy savings in buildings could save 
30– 40% of the energy used globally. For example, ori-
enting a building so it can get more of its heat from the 
sun can save up to 20% of heating costs and as much as 
75% when the building is well insulated and 
airtight—a simple application of the solar en-
ergy principle of sustainability (see back cover).

SCIENCE FOCUS

The Search for Better Batteries

She has genetically engineered a virus that 
can latch onto and coat itself with conduc-
tive materials to form a miniscule nanowire. If 
perfected, such viral batteries could essentially 
grow themselves, using water as a solvent, 
and yield none of the often-toxic wastes pro-
duced by the manufacture and disposal of 
conventional batteries.

Another approach is to power a car with an 
ultracapacitor, a battery-like device that stores 
and releases energy very quickly. If it works, 
this device would make batteries obsolete.

Critical Thinking
Would you buy a plug-in hybrid vehicle with a 
lithium-ion battery? Why or why not?

he major obstacle standing in the 
way of mass-market, plug-in, hybrid-

electric vehicles is the difficulty with develop-
ing a battery that can store enough energy to 
power a vehicle over long distances without 
overheating or even catching fire.

One promising type of battery is a 
lithium-ion battery, commonly used in lap-
top computers and cell phones. It can pack 
a lot of energy into a small space. It can 
also weigh one-sixth as much as, and take 
up less than half the space of, the nickel-
metal hydride batteries used to power 
today’s conventional hybrid-electric vehicles. 
However, current lithium-ion batteries have 
an occasional tendency to overheat, release 

T oxygen, and in rare cases burst into flames. 
Scientists are working to improve these bat-
teries. General Motors plans to produce a 
hybrid-electric vehicle with a powerful lithi-
um-ion battery between 2010 and 2017.

Scientists are also looking for other types 
of batteries that do not contain flammable 
components. One battery manufacturer is us-
ing nanotechnology (Science Focus, p. 362) 
to make electrodes out of a nanophosphate 
material that will not heat up and release 
flammable oxygen.

In the quest for lightweight, inexpensive 
batteries, scientist Angela Belcher at the 
Massachusetts Institute of Technology, is 
working on an entirely new type of battery. 
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The 13-story Georgia Power Company building in 
the U.S. city of Atlanta, Georgia, uses 60% less energy 
than conventional office buildings of the same size use. 
The largest surface of the building faces south to cap-
ture solar energy. Each floor extends out over the one 
below it. This blocks out the higher summer sun to re-
duce air conditioning costs but allows the lower winter 
sun to help light and heat each floor during the day. 
In the building’s offices, energy-efficient compact flu-
orescent lights focus on work areas instead of illumi-
nating entire rooms. Such green buildings have been 
used widely in Europe for almost 2 decades, especially 
in Germany and the Netherlands, and are beginning to 
catch on in the United States.

Green architecture, based on energy-efficient and 
money-saving designs, makes use of natural lighting, 
passive solar heating, geothermal heat pumps for heat-
ing and cooling, cogeneration, solar hot water heaters, 
solar cells, fuel cells, natural ventilation, recycled build-
ing materials, energy-efficient appliances and lighting, 
motion sensors for lighting, rainwater collection, re-
cycled waste water, waterless urinals, composting toi-
lets, and nontoxic paints, glues, and building materials. 
Some green designs also include living roofs, or green
roofs, covered with soil and vegetation (Figure 16-7). 
They have been used for decades in Europe (Photo 11 
in the Detailed Contents) and are becoming more com-
mon in the United States.

Another important element of energy-efficient de-
sign is superinsulation. A house can be so heavily insu-
lated and airtight that heat from direct sunlight, appli-
ances, and human bodies can warm it with little or no 
need for a backup heating system, even in extremely 
cold climates. An air-to-air heat exchanger prevents 
buildup of indoor air pollution. The building cost for 
such a house is typically 5% more than that for a con-
ventional house of the same size. The extra cost is paid 
back by energy savings within about 5 years, and the 
homeowner can save $50,000–100,000 over a 40-year 
period. Superinsulated houses in Sweden use 90% less 
energy for heating and cooling than typical American 
homes of the same size use.

Since the mid-1980s, there has been growing inter-
est in straw bale houses (Photos 9 and 10 in the Detailed 
Contents). The walls of these superinsulated houses are 
made by stacking compacted bales of low-cost straw (a 
renewable resource) and then covering the bales on 
the outside and inside with plaster or adobe. (See the 
Guest Essay about straw bale and solar energy houses 
by Nancy Wicks at CengageNOW.)

Green building certification standards now exist 
in 21 countries, spurred by the World Green Build-
ing Council, established in 1999. Since 2001, the 
U.S. Green Building Council’s Leadership in Energy 
and Environmental Design (LEED) program has ac-
credited more than 25,000 building professionals in 
energy and environmental design. It has established 
guidelines, and it awards its much-coveted silver, gold, 
and platinum standard certifications to buildings meet-

ing certain standards. GREEN CAREER: Environmental 
architect

One platinum standard building is China’s Minis-
try of Science and Technology in Beijing. Its surround-
ing area is paved with porous bricks made of fly ash 
left over from burning coal. These bricks allow water 
to flow through them and to help replenish the city’s 
aquifer. Solar cells made in China provide about 10% 
of the building’s electricity, and it has a solar hot wa-
ter heating system also made in China. A soil substitute 
used in its energy-saving roof garden is 75% lighter and 
holds three to four times more water per cubic meter 
than dirt can hold. The use of concrete building blocks 
filled with insulating foam also saves energy.

This is an impressive showcase building, but China 
lags far behind other countries in energy-efficient build-
ing design. Nevertheless, within 20 years, China expects 
to be the world’s leader in this area and to sell its inno-
vative designs and materials in the global marketplace.

We Can Save Energy and Money 
in Existing Buildings
Most of the world’s buildings were not built with en-
ergy efficiency as a priority, but many of them can be 
retrofitted to save energy (Concept 16-2). Here are some 
ways to do so:

• Insulate and plug leaks. About one-third of the 
heated air in typical U.S. homes and buildings es-
capes through holes, cracks, and closed single pane 
windows (Figure 16-8, p. 408). The resulting en-
ergy loss is roughly equal to the energy in all the 
oil flowing through the Alaska pipeline every year. 
During hot weather, these windows and cracks 
let heat in, increasing the use of air conditioning. 

Figure 16-7 A green or living roof on City Hall in the U.S. city of Chicago, Illinois. It 
saves energy, improves air quality, reduces storm water runoff and thus pollution of 
waterways, and provides habitat for birds.
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Adding insulation and plugging leaks are two of the 
quickest, cheapest, and best ways to save energy 
and money in any building.

• Use energy-efficient windows. Replacing leaky win-
dows with energy-efficient windows can cut ex-
pensive heat losses from a house by two-thirds, 
lessen cooling costs in the summer, and reduce CO2

emissions. Widely available superinsulating win-
dows do the job of 8–12 panes of glass. They can 
be expensive, but energy savings usually pay back 
investment costs within a few years and then save 
money for their owners.

• Stop other heating and cooling losses. Leaky heating 
and cooling ducts in attics and crawl spaces be-
neath houses allow 20–30% of a home’s heating 
and cooling energy to escape and draw unwanted 
moisture and heat into the home. Careful sealing 
of duct joints can reduce this loss. Some new home 
designs place the air ducts inside the home’s ther-
mal envelope so that escaping hot or cool air is fed 
back into the living space. Also, using light-colored 
roofing shingles instead of dark singles—or using 
living roofs (Photo 11 in the Detailed Contents)—
can cut electricity use for air conditioning.

• Heat houses more efficiently. In order, the most energy-
efficient devices we can use to heat space are super-
insulation; a geothermal heat pump that transfers 
heat stored in the earth to a home (dis cussed later in 
this chapter); passive solar heating; a high-efficiency, 
conventional heat pump (in warm climates only); 
small cogenerating microturbines; and a high-
efficiency (85–98%) natural gas furnace. The most 
wasteful and expensive way to heat a space is to use 
electric resistance heating with electricity produced 
by a coal-fired or nuclear power plant.

• Heat water more efficiently. One approach is a roof-
mounted solar hot water heater, now being used 

widely in China and a number of other countries. 
Another option is a tankless instant water heater
(about the size of a suitcase) fired by natural gas 
or LPG. (Using electricity for this purpose is not 
efficient.) These devices, used widely in many 
parts of Europe, heat water instantly as it flows 
through a small burner chamber, providing hot 
water only when it is needed, and using about 
25–30% less energy than traditional water heat-
ers use. They cost 2–4 times more than conven-
tional water heaters, but save money in the long 
run because they last 3–4 times longer and cost 
less to operate than conventional water heat-
ers cost. They work. One of the authors (Miller) 
used them along with passive and active solar 
hot water heaters in an office and living space for 
15 years.

• Use energy-efficient appliances. According to the 
Environmental Protection Agency, if all U.S. house-
holds used the most efficient frost-free refrigerator 
now available, 18 large power plants could close. 
Microwave ovens can cut electricity use for cook-
ing by 25–50% and convection ovens cut energy 
use by about 20%. Clothes dryers with moisture 
sensors cut energy use by 15%, and front-loading 
washers use 55% less energy and 67% less water 
than do top-loading models. TV sets, computers, 
and other appliances in their standby mode use 
about 5% of U.S. residential electricity. Consum-
ers can reduce this energy waste by plugging their 
computers, TV sets, and other devices having a 
standby feature into a power strip (such as Smart 
Strip) that cuts off power when it detects that the 
device has been turned off.

• Use energy-efficient lighting. A compact fluorescent 
bulb produces as much light as a regular incan-
descent bulb, but lasts up to ten times longer and 

Figure 16-8 A thermogram, or infrared photo, showing heat loss (red, white, and orange) around the windows, 
doors, roofs, and foundations of houses and stores in Plymouth, Michigan. Many homes and buildings in the United 
States and other countries are so full of leaks that their heat loss in cold weather and heat gain in hot weather are 
equivalent to what would be lost through a large window-sized hole in a wall of the house. Question: How do you 
think the place where you live would compare to these houses in terms of heat loss?
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uses one-fourth as much energy, which pays for its 
higher price in a few months. According to the U.S. 
Department of Energy, replacing 30 incandescent 
bulbs with compact fluorescent bulbs can save con-
sumers more than $1,000 over the life of the bulbs. 
According to a 2005 estimate by the U.S. National 
Renewable Energy Laboratory, replacing a ten-watt 
incandescent lightbulb with an equivalent compact 
fluorescent bulb saves over its lifetime enough en-
ergy to drive a Toyota Prius hybrid car from New 
York City to San Francisco, California. The world 
may be on the way to phasing out this outdated, 
energy-wasting device. Over the next 5–10 years, 
Australia, Canada, Brazil, China, and a growing list 
of other countries are phasing out the sale of incan-
descent bulbs. And the United States is phasing in 
higher efficiency standards for lighting, which will 
basically phase out traditional incandescent bulbs 
by 2014. In 2008, Lester Brown estimated that 
shifting to more energy-efficient lighting could cut 
the world’s electricity use enough to avoid build-
ing more than 700 large coal-fired power plants, 

a number equal to about one-third of the world’s 
existing coal-burning plants.

One problem is that the average compact fluores-
cent bulb contains a small amount of toxic mercury—
roughly the amount that would fit on the tip of a ball-
point pen. However the total amount of mercury in all 
such bulbs is a tiny fraction of the amount of mercury 
released by coal-fired power plants, a large portion of 
which is produced to light energy-wasting incandes-
cent bulbs. And the mercury in compact fluorescent 
bulbs can be recycled, whereas the mercury continu-
ously spewed into the atmosphere by coal-burning 
power plants can never be retrieved, except by ingest-
ing it through food and water from the environment.

Within the next 2 decades, both incandescent and 
fluorescent bulbs may be replaced by even more effi-
cient, pea-sized light-emitting diodes (LEDs) and or-
ganic LEDs (OLEDs) when their prices come down (see 
westinghouselighting.com).

Figure 16-9 summarizes ways in which you can 
save energy in the place where you live.

• Use front-loading clothes washer. If possible run only full loads with warm or cold water.

• Hang clothes on racks for drying.

• Run only full loads in clothes dryer and use lower heat setting.

• Set water heater at 140° if dishwasher is used and 120° or lower if no dishwasher is used.

• Use water heater thermal blanket.

• Insulate exposed hot water pipes.

• Regularly clean or replace furnace filters.

Basement or utility room

• Use compact fluorescent  
 lightbulbs or LEDs and avoid  
 using incandescent bulbs  
 wherever possible.

• Turn off lights, computers, TV,
 and other electronic devices  
 when they are not in use.

• Use high efficiency windows; 
 use insulating window covers  
 and close them at night and  
 on sunny, hot days.

• Set thermostat as low as you 
 can in winter and as high as 
 you can in summer.

• Weather-strip and caulk doors, 
 windows, light fixtures, and 
 wall sockets.

• Keep heating and cooling  
 vents free of obstructions.

• Keep fireplace damper closed 
 when not in use.

• Use fans instead of, or along  
 with, air conditioning.

Other rooms

• Use microwave rather than  
 stove or oven as much as  
 possible.

• Run only full loads in  
 dishwasher and use low- or  
 no-heat drying.

• Clean refrigerator coils  
 regularly.

Kitchen

• Install water-saving toilets,  
 faucets, and shower heads. 

• Repair water leaks promptly.

Bathroom

• Hang reflective foil near  
 roof to reflect heat.

• Use house fan.

• Be sure attic insulation is  
 at least 30 centimeters 
 (12 inches).

Attic
Plant deciduous trees to block 
summer sun and let in winter 
sunlight.

Outside

Figure 16-9 
Individuals 
Matter: Ways 
in which you 
can save energy 
where you live. 
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■✓

Why Are We Still Wasting 
So Much Energy?
With such an impressive array of benefits, why is there 
so little emphasis on improving energy efficiency? One 
reason is a glut of relatively low-cost fossil fuels. As 
long as energy remains artificially cheap, primarily be-
cause market prices do not include the harmful envi-
ronmental and health costs of its production and use, 
people are more likely to waste it and less likely to in-
vest in improving energy efficiency.

Another reason is that there are few large and long-
lasting governmental tax breaks, rebates, low-interest, 
long-term loans, and other economic incentives for 
consumers and businesses to invest in improving en-
ergy efficiency. Also, the U.S. federal government has 
done a poor job of encouraging fuel efficiency in motor 
vehicles (Figure 16-5, right).

Some analysts are concerned about what they call 
a rebound effect, in which some people might start using 
more energy if they save money by improving energy 
efficiency. For example, a household that saves energy 
and money by adding more insulation and plugging air 
leaks might decide that it can raise the thermostat dur-
ing winter or lower it during the summer. Or people 
driving an energy efficient car might decide that they 
can drive more. However, studies reveal that, overall, 
this rebound effect has been quite small.

HOW WOULD YOU VOTE?

Should the country where you live greatly increase its em-
phasis on improving energy efficiency? Cast your vote online 
at academic.cengage.com/biology/miller.

We Can Use Renewable Energy 
in Place of Nonrenewable Energy 
Sources
One of nature’s four principles of sustaina bility
(see back cover) is to rely mostly on solar energy.
We can get renewable solar energy directly 
from the sun or indirectly from moving water, wind, 
and biomass, none of which would exist without di-
rect solar energy. Another form of renewable energy 
is geothermal energy from the earth’s interior, which 
is widely used to provide heat and produce electricity 
in Iceland (Figure 16-1, Core Case Study) and 
other parts of the world. Studies show that 
with increased and consistent government backing, re-
newable energy could provide 20% of the world’s elec-
tricity by 2025 and 50% by 2050.

Making a major shift toward a variety of locally 
available renewable energy resources over the next few 
decades would

• Result in a more decentralized and efficient energy 
economy that is less vulnerable to supply cutoffs 

from terrorist attacks and natural disasters such as 
hurricanes.

• Improve national security for many countries by re-
ducing their need to import oil from the Middle East.

• Reduce trade deficits that grow when a country im-
ports oil.

• Greatly reduce emissions of climate-changing 
greenhouse gases and other air pollutants.

• Create large numbers of jobs, including high-paying 
jobs for skilled workers. Already the production, 
installation, and maintenance of various types of 
renewable energy systems provide approximately 
2.4 million jobs worldwide, according to a 2007 
study by the Worldwatch Institute.

• Save consumers money.

If renewable energy is so great, why does it provide 
only 18% of the world’s energy and 7% of the energy 
used in the United States? One reason is that, since 
1950, government tax breaks, subsidies, and funding 
for research and development of renewable energy 
resources have been much lower than those for fossil 
fuels (especially oil) and nuclear power, although sub-
sidies for renewables have increased in recent years. 
Another reason is that the prices we pay for fossil fuels 
and nuclear power do not include the environmental 
and health costs of producing and using them.

If these two economic handicaps—inequitable subsi-
dies and inaccurate pricing—were eliminated, energy an-
alysts say that many forms of renewable energy would 
be cheaper than fossil fuels or nuclear energy and 
would quickly take over the marketplace.

Some governments are increasing their use of re-
newable energy. The European Union got 10% of its 
electricity from renewable energy in 2007 and aims 
to get 34% of its electricity from renewable energy by 
2020, mostly by relying more on wind power. In 2006, 
China got 8% of its total energy and 17% of its elec-
tricity from renewable energy. By contrast, the United 
States got 7% of its total energy and 9% of its electric-
ity from renewable energy in 2006.

In 2005, China set a goal of getting 15% of its total 
energy and 21% of its electricity from renewable energy 
sources by 2020. By contrast, the U.S. Energy Informa-
tion Agency projects that the United States will get only 
10% of its total energy from renewable sources by 2030. 
But several studies show that with a crash program, the 
United States could get 20% of its total energy and 25% 
of its electricity from renewable sources by 2020.

Denmark now gets 20% of its electricity from wind 
and has plans to increase this to 50% by 2030. Brazil 
gets 40% of its automotive fuel from ethanol made from 
sugarcane residue, and could phase out its use of gaso-
line within a decade. And Iceland plans to get all of its 
energy from renewable resources by 2050 (Core
Case Study).

Throughout the rest of this chapter, we explore 
these growing renewable energy options.
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16-3 What Are the Advantages and Disadvantages 
of Solar Energy?

CONCEPT 16-3 Passive and active solar heating systems can heat water and 
buildings effectively, and the costs of using direct sunlight to produce high-
temperature heat and electricity are coming down.

▲

We Can Heat Buildings and Water 
with Solar Energy
Buildings and water can be heated by passive and ac-
tive solar heating systems (Figure 16-10).

A passive solar heating system absorbs and 
stores heat from the sun directly within a well-insulated 
structure without the need for pumps or fans to distrib-
ute the heat (Figure 16-10, left). Energy-efficient win-
dows or attached greenhouses face the sun to collect 
solar energy directly. Walls and floors of concrete, 
adobe, brick, stone, or salt-treated timber, and metal or 
plastic water tanks can store much of the collected so-
lar energy as heat and release it slowly throughout the 
day and night. A small backup heating system such as a 
vented natural gas or propane heater may be used, but 
is not necessary in many climates. (See the Guest Essay 
by Nancy Wicks at CengageNOW.)

Using passive solar energy is not new. For 
thousands of years, people have intuitively fol-
lowed this principle of sustainability. They have 
oriented their dwellings to take advantage of heat and 
light from the sun and used adobe and thick stonewalls 
that collect and store heat during the day and gradu-
ally release it at night. On a life cycle cost basis, good 
passive solar and superinsulated design is the cheapest 
way to heat a home or small building in sunny areas 
(see Case Study, p. 412). 

An active solar heating system absorbs energy 
from the sun by pumping a heat-absorbing fluid (such 
as water or an antifreeze solution) through special col-
lectors usually mounted on a roof or on special racks to 
face the sun (Figure 16-10, right). Some of the collected 
heat can be used directly. The rest can be stored in a 
large insulated container filled with gravel, water, clay, 
or a heat-absorbing chemical for release as needed.

Figure 16-11 (p. 412) lists the major advantages 
and disadvantages of using passive or active solar heat-
ing systems for heating buildings (Concept 16-3). They 
can be used to heat new homes in areas with adequate 
sunlight. (See Figures 11 and 13, p. S66 and p. S67, in 
Supplement 10 for maps of solar energy availability in 
the world and in North America.) But solar energy can-
not be used to heat existing homes and buildings that 
are not oriented to receive sunlight or that are blocked 
from sunlight by other buildings or trees.

Active solar collectors using a fairly simple technol-
ogy can also provide hot water. In China, some 2,000 
companies have built and installed more inexpensive 
rooftop solar water heaters than have been installed 
in the rest of the world combined. They are used in 
homes, apartment buildings (Figure 16-12, p. 412), of-
fice buildings, schools, and hotels. A villager or apart-
ment dweller can install such a rooftop system for as 
little as $200. Once the initial cost is paid, the hot wa-
ter is essentially free.

Hot
water
tank

Heat
exchanger

Heat to house
(radiators or
forced air duct)

Solar collector

Super-
window

ACTIVE

Pump

Summer
sun

Winter
sun

Heavy
insulation

Vent allows
hot air to
escape in
summer

Superwindow

PASSIVE

Stone floor and wall for heat storage

Superwindow

Heavy
insulation

Figure 16-10 Solutions: passive and active solar heating for a home.
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Need access to sun 60% 
of time
 
Sun can be blocked by 
trees and other structures

Environmental costs not 
included in market price

Need heat storage system
 
High cost (active)
 
Active system needs 
maintenance and repair
 
Active collectors 
unattractive

Energy is free

 

Net energy is moderate 
(active) to high (passive)

 

Quick installation

 

No CO2 emissions

 

Very low air and water 
pollution

 

Very low land disturbance 
(built into roof or windows)

 

Moderate cost (passive)

Advantages Disadvantages

T R A D E - O F F S
Passive or Active Solar Heating

Figure 16-11 Advantages and disadvantages of heating a house with passive or active 
solar energy (Concept 16-3). Question: Which single advantage and which single dis-
advantage do you think are the most important? Why?

Figure 16-12 Rooftop solar hot water heaters on apartment buildings in the Chinese 
city of Kunming in the Yunnan province. Such heaters are now required on all new 
buildings and their use is growing rapidly in urban and rural areas of China.

In 2007, one in ten Chinese households used the 
sun to heat their water, and by 2030, half of all house-
holds in China may be doing so—an excellent 
example of applying the solar energy principle of 
sustainability (see back cover). Such systems are 
also widely used in Germany, Japan, Greece, Austria, 
and Turkey. And in Spain and Israel, all new buildings 
are required by law to have rooftop systems for heating 
water and space. Soon millions of households in devel-
oping countries such as India and Brazil may turn to this 
simple and inexpensive technology.

 ■ CASE STUDY

The Rocky Mountain Institute—
A Solar-Powered Office 
and Home
In 1984, energy analyst Amory Lovins built a large, 
solar-heated, solar-powered, superinsulated, partially 
earth-sheltered home and office for the Rocky Moun-
tain Institute in Snowmass, Colorado (USA) (Fig-
ure 16-13), an area with extremely cold winters.

This 372-square-meter (4,000-square-foot) office–
home has no conventional heating system because of a 
combination of passive solar energy from the sun, heavy 
roof insulation, thick stonewalls, energy-efficient win-
dows with the equivalent to 8–12 panes of glass, and a 
heat-waste recovery system. The structure gets 99% of 
its hot water, 95% of its daytime lighting, and 90% of 
its household electricity from the sun. Its heating bill, in 
an area with very severe winters, is less than $50 a year.

Each year, the home portion of the structure con-
sumes a little more electricity than a single 100-watt 
incandescent lightbulb would consume if it were lit all 
year, due mostly to use of energy-efficient lights, re-
frigerators, and other electrical devices. The institute 
uses solar cells to generate its electricity, and the excess 
power not used by the home and office is sold to an 
electric utility. The savings from these energy-efficiency 
investments repaid their costs in only 10 months and 
have been making money ever since.

We Can Cool Buildings Naturally
Direct solar energy actually works against us when we 
want to keep a building cool, but we can use indirect 
solar energy (mainly wind) and other natural services 
to help cool buildings. For example, we can open win-
dows to take advantage of breezes, and use fans to 
keep the air moving. And a living roof (Figure 16-7 and 
Photo 11 in the Detailed Contents) can make a huge 
difference in keeping a building cool.

Many technologies are available to help us make 
use of natural cooling services. For example, when 
there is no breeze, superinsulation and high-efficiency 
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windows help to keep hot air outside. Here are some 
other ways to keep cool:

• Block the high summer sun with window over-
hangs or awnings.

• Use a light-colored roof to reflect as much as 80% 
of the sun’s heat (compared to only 8% for a dark-
colored roof).

• Suspend reflective insulating foil in an attic to block 
heat from radiating down into a house.

• Place plastic earth tubes underground where the 
earth is cool year-round. In this inexpensive 
geothermal cooling system, a tiny fan can pipe cool 
and partially dehumidified air into a house. One of 
the authors (Miller) used them for 15 years in his 
passively heated and cooled office and home at a 
cost of about $1 per summer. Adding an air puri-
fication system is important for people who are al-
lergic to pollen and molds, but this is also necessary 
with conventional cooling systems.

• Use geothermal heat pumps for cooling (and heat-
ing in winter)

We Can Use Sunlight to Produce 
High-Temperature Heat and 
Electricity
Solar thermal systems concentrate and transform energy 
from the sun into high-temperature thermal energy 
(heat), which can then be used directly or to heat water 
and produce steam to generate electricity. These sys-
tems are used mostly in desert areas with ample sun-
light. Figure 16-14 summarizes some advantages and 
disadvantages of concentrating solar energy to produce 
high-temperature heat or electricity.

One type uses a central receiver system, such as that 
shown in the top drawing in Figure 16-14 and in Fig-
ure 16-15 (p. 414). In very large systems, the central 
receiver is called a power tower. Huge arrays of computer-
controlled mirrors called heliostats track the sun and 
focus sunlight on this central heat collection tower. Such 
a plant is in operation in southern Spain (Figure 16-15), 
which has the world’s largest concentrated solar power 
research center and is the second largest user of solar 
energy in Europe, after Germany.

In another type of system, sunlight is collected and 
focused on oil-filled pipes running through the middle 
of a large array of curved solar collectors (bottom draw-
ing, Figure 16-14). This concentrated sunlight can gen-
erate temperatures high enough to produce steam for 
running turbines and generating electricity. Such a plant 
is operating in southern Spain, and several others have 
been operating in the California desert since the 1980s.

Most analysts do not expect widespread use of such 
technologies over the next few decades because of their 

Figure 16-13 Sustainable energy: This facility at the Rocky Mountain Institute in the 
U.S. state of Colorado is a home and headquarters for a nonprofit center for the study 
of energy efficiency and sustainable use of energy and other resources. It is also an ex-
ample of energy-efficient passive solar design.
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Figure 16-14 Advantages and disadvantages of using solar energy to generate high-
temperature heat and electricity (Concept 16-3). Question: Which single advantage 
and which single disadvantage do you think are the most important? Why?

Low efficiency

High costs

Environmental costs not 
included in market price

Needs backup or storage 
system

Need access to sun most of 
the time

Vulnerable to sabotage 

May disturb desert areas

Moderate net energy
 
Moderate environmental 
impact
 
No CO2 emissions
 
Fast construction
(1–2 years)
 
Costs reduced with 
natural gas turbine 
backup

Advantages Disadvantages

T R A D E - O F F S
Solar Energy for High-Temperature
Heat and Electricity
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Figure 16-15 Solutions: Commercial solar 
power tower plant operated by Solúcar, 
an Abengoa company, near the city of 
Seville in southern Spain. This plant, which 
began operating in 2007, uses an array of 
624 mirrors to reflect and focus sunlight on 
a receiver atop a 35-story tower. The result-
ing concentrated heat converts water into 
steam that spins turbines and generates 
enough electricity to power 6,000 homes.

Figure 16-16 Solutions: woman in India uses a solar cooker to prepare a meal for 
her family.

backed up natural gas at night) and plans to send the 
electricity by cable to Europe. One advantage of such 
desert solar systems is that their electricity production 
peaks during the day when air conditioning and other 
electrical needs also peak.

THINKING ABOUT
Using Solar Energy to Produce 
High Temperature Heat

Use the first and second laws of thermodynamics (Con-
cepts 2-4A and 2-4B, p. 40) and the related concept of net 
energy (Science Focus, p. 374) to explain why generating 
high-temperature heat and electricity from direct solar energy 
is likely to be quite costly without significant government 
subsidies and tax breaks.

On a smaller scale, inexpensive solar cookers can 
focus and concentrate sunlight to cook food, especially 
in rural, sunny areas (Figure 16-16). A solar cooker 
can be built for $2–10 by fitting an insulated box 
big enough to hold three or four pots with a transpar-
ent, removable top. Solar cookers help to reduce de-
forestation from fuelwood harvesting, and they save 
time and labor needed to collect firewood (Figure 16-3, 
p. 135). They also reduce indoor air pollution and pre-
mature deaths from smoky fires.

We Can Use Solar Cells to 
Produce Electricity
Solar energy can be converted directly into electrical 
energy by photovoltaic (PV) cells, commonly called 
solar cells (Figure 16-17). Most solar cells are thin 
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high costs, low net energy yields, and the limited num-
ber of suitable sites. But they can be useful in especially 
sunny desert areas (see Figures 11, 13, and 19 in Sup-
plement 10, pp. S66, S67, and S70). The dream of tap-
ping the vast input of solar energy in Africa’s Sahara 
Desert to provide electricity for Europe may soon be-
come a reality. Algeria has begun construction of a se-
ries of solar thermal power plants in the Sahara (to be 
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wafers of purified silicon with trace amounts of met-
als that allow them to function as semiconductors to 
produce electricity. A typical solar cell has a thickness 
ranging from less than that of a human hair to a sheet 
of paper. When sunlight strikes these transparent cells, 
they emit electrons, and many cells wired together in a 
panel can produce electrical power.

The cells can be connected to existing electrical grid 
systems or to batteries that store the electrical energy 
until it is needed. Some countries require power com-
panies to pay homeowners and businesses for any ex-
cess electrical energy that they produce and feed back 
into the grid system.

Solar cells have no moving parts, are safe and quiet, 
require little maintenance, produce no pollution or 
greenhouse gases during operation, and last as long as 
a conventional fossil fuel or nuclear power plant. The 
semiconductor material used in solar cells can be made 
into paper-thin rigid or flexible sheets that can be in-
corporated into traditional-looking roofing materials 
(Figure 16-17, right) and attached to walls, windows, 
and clothing.

Easily expandable banks of solar cells can be used in 
developing countries to provide electricity for many of 
the nearly 1.6 billion people in rural villages not con-
nected to an electrical grid (Figure 16-18). Such sys-
tems provide lighting at a lower cost than do increas-
ingly costly kerosene lamps, and they do so without 
CO2 emissions. With financing from the World Bank, 
India is installing solar-cell systems in 38,000 villages 
that are located long distances from power grids.

One of the largest solar-cell power plants went on 
line in 2007 in Portugal. On a sunny day, it generates 
enough electricity to power 8,000 homes. There are 

–

+

Boron-
enriched
silicon

Phosphorus-
enriched silicon

Junction

Solar-cell roofSingle solar cell

Roof options

Panels of solar cells Solar shingles

Figure 16-17 Solutions: Photovoltaic (PV) or solar cells can provide electricity for a house or other building 
using solar-cell roof shingles, as shown in this house in Richmond Surrey, England. Solar-cell roof systems that 
look like a metal roof are also available. In addition, new thin-film solar cells can be applied to windows and 
outside walls.
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Figure 16-18 Solutions: solar cells used to provide electricity for a remote village in 
Niger, Africa. Question: Do you think your government should provide aid so poor 
countries can obtain such solar cells? Explain. 
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other large systems in southern Spain and in the des-
ert near Tucson, Arizona (USA) (Figure 16-19, p. 416). 
Other even larger systems are being built in South 
Korea and in Leipzig, Germany. One U.S. utility plans 
to install an array of solar cell systems atop the rooftops 
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of commercial buildings in Southern California that 
would produce enough electricity to power 162,000 
homes.

Such systems are also an option for private com-
panies, which can sell excess electricity to public utili-
ties. Google is building a huge solar cell project for its 

Table 16-1

Total Costs of Electricity from Different Sources in 2004 
(in U.S. cents per kilowatt-hour) 

Electricity Source Generating Costs Environmental Costs Total Costs

Wind 4.7–6.3 0.1–0.3 4.8–6.6

Geothermal 4.8 1.0 (approximately) 5.8

Hydropower 4.9–8.5 0.3–1.1 5.2–9.6

Natural gas 5.2–6.5 1.1–4.5 6.3–11.0

Biomass 5.5–6.4 1.0–3.4 6.5–9.8

Nuclear* 5.9–12.0 0.2–0.7 6.1–12.7

Coal 4.5–5.4 3.0–17.0 7.5–22.4

Solar cells 12.4–26.0 0.7 13.1–26.7

*Plant only. Costs are much higher if entire nuclear fuel cycle is included.
Source: Data from U.S. Energy Information Administration and a variety of sources compiled by the Worldwatch Institute.

California headquarters that will generate enough elec-
tricity to power 1,000 homes and allow Google to save 
30% of its current power use. 

Electricity from solar cells in China is still in its 
infancy. But China plans to use solar cells and wind 
turbines to provide electricity for 29,000 rural vil-
lages and is building one of the world’s largest solar-
cell power stations. The Chinese city of Shanghai has 
plans to install 100,000 rooftop, solar-cell systems 
and to rapidly expand such systems to an increas-
ing number of the city’s 6 million rooftops. By 2007, 
China was the world’s third largest producer of solar 
cells, after Germany and Japan, and it plans to be the 
world’s largest producer by 2025. Figure 16-20 lists the 
advantages and disadvantages of using solar cells (Con-
cept 16-3).

The high cost of using solar cells to produce elec-
tricity is the key problem. Table 16-1 compares the 
total costs of producing electricity from various re-
newable and nonrenewable sources. Note that when 
their generating costs and their estimated harmful 
environmental costs are combined, wind, geother-
mal, and hydropower are the three cheapest ways to 
produce electricity, and nuclear power, coal, and so-
lar cells are the most expensive. Still, using solar cells 
is cheaper than building centralized power plants 
and electric transmission grids in areas of develop-
ing countries that currently have little or no electricity 
(Figure 16-18).

The current high cost of producing electricity from 
solar cells is expected to drop considerably because of 
increased mass production and new and more efficient 
designs. Advances in nanotechnology (Science Focus, 
p. 362) may lead to mass production of energy-efficient 
nanosolar cells. The possible result: a dirt-cheap, flex-
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Figure 16-19 Solutions: This solar-cell power plant in the U.S. state of Arizona near 
the city of Springerville has been in operation since 2000 and is the world’s largest 
solar-cell power plant. Analysis shows that the plant, which is attached to the area’s 
electrical grid, paid back the energy needed to build it in less than 3 years.
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German cities and towns have benefited from more 
jobs and increased income.

General Electric, the world’s largest power genera-
tion company, has gotten into the solar-cell business 
and may help the United States to become a major 
player in the solar-cell market. The U.S. state of New 
Mexico will have the world’s largest solar-cell power 
plant, which when completed, will have 65 times 
the electrical output of the solar-cell plant in Arizona 
(Figure 16-19)—currently the largest. It will generate 
enough electricity to power 240,000 homes.

In 2007, Jim Lyons, chief engineer for General 
Electric, projected that solar cells will be the world’s 
number one source of electricity by the end of this cen-
tury. If that happens, it will rep resent a huge 
global application of the solar energy principle 
of sustainability (see back cover).

HOW WOULD YOU VOTE?

Should the country where you live greatly increase its 
dependence on solar cells for producing electricity? Cast 
your vote online at academic.cengage.com/biology/
miller.

Need access to sun    

Low efficiency

Need electricity storage 
system or backup

Environmental costs not 
included in market price

High costs (but should be 
competitive in 5–15 years)

High land use (solar-cell 
power plants) could 
disrupt desert areas

DC current must be 
converted to AC

Fairly high net energy yield

Work on cloudy days

Quick installation

Easily expanded or moved

No CO2 emissions

Low environmental impact

Last 20–40 years

Low land use (if on roof or 
built into walls or windows)

Reduces dependence on  
fossil fuels

Advantages Disadvantages

T R A D E - O F F S
Solar Cells

Figure 16-20 Advantages and disadvantages of using solar cells to produce electricity 
(Concept 16-3). Question: Which single advantage and which single disadvantage do 
you think are the most important? Why?

ible, solar-cell material 50 times thinner than today’s 
solar panels. GREEN CAREER: Solar cell technology

RESEARCH FRONTIER

Developing more efficient and affordable solar cells. See 
academic.cengage.com/biology/miller.

The Solar Power Industry 
Is Expanding Rapidly
Currently, solar cells supply less than 0.2% of the 
world’s electricity, although annual production of solar 
cells has been growing rapidly (see Figure 12, p. S67, 
in Supplement 10). Energy analysts say that with in-
creased research and development, plus much greater 
and more consistent government tax breaks and other 
subsidies, solar cells could provide 16% of the world’s 
electricity by 2040.

In 2007, Nanosolar, a company in California’s Sili-
con Valley, began mass-producing wafer-thin solar cells 
printed like newspaper ink on flexible and light alu-
minum foil. According to Nanosolar, they can be pro-
duced at half the cost of producing more rigid conven-
tional solar cells. And further cost reductions from mass 
production should allow these cells to produce electric-
ity at a price comparable to that of coal-generated elec-
tricity. If this happens on a large scale, solar cells could 
become the world’s most widely used way to produce 
electricity within 2 decades.

According to an International Energy Agency (IEA), 
installing large-scale solar-cell systems on just 4% of 
the world’s desert land could generate enough electric-
ity to meet the entire world’s annual power demand. If 
the costs come down and these projections are correct, 
the production, sale, and installation of solar cells could 
become one of the world’s largest and fastest-growing 
businesses and would represent a major step on the path 
to sustainability.

Germany, where the weather is often cloudy and 
rainy, seems an unlikely country to be the world’s lead-
ing user and producer of solar cells. Nevertheless, more 
than 300,000 solar-cell systems in Germany supply 
55% of the electricity produced by all the solar cells in 
the world. One reason for this is that the German gov-
ernment has spent $1.9 billion on solar-cell research 
and development since the 1990s. The government 
also passed a law that requires utility companies to buy 
excess electricity produced by solar cells in homes and 
businesses at almost four times the market prices. As 
a result, solar panels are sources of income for homes 
and businesses, some of which have generated solar-
cell electricity for 20 years.

The government’s investment has paid off. The 
country’s revenues from selling solar cells and wind 
turbines throughout the world have grown. And 
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High construction costs

High environmental 
impact from flooding land 
to form a reservoir

Environmental costs not 
included in market price

High CO2 emissions from 
rapid biomass decay in 
shallow tropical reservoirs

Danger of collapse

Uproots people

Decreases fish harvest 
below dam

Decreases flow of natural 
fertilizer (silt) to land 
below dam

Moderate to high net energy

 

High efficiency (80%)

Large untapped potential

Low-cost electricity

Long life span

No CO2 emissions during 
operation in temperate areas

 

Can provide flood control 
below dam

Provides irrigation water

Reservoir useful for fishing 
and recreation 

Advantages Disadvantages

T R A D E - O F F S
Large-Scale Hydropower

Figure 16-21 Advantages and disadvantages of using large dams and reservoirs to 
produce electricity (Concept 16-4). Question: Which single advantage and which single 
disadvantage do you think are the most important? Why?

16-4 What Are the Advantages and Disadvantages 
of Producing Electricity from the Water Cycle?

CONCEPT 16-4 Water flowing over dams, tidal flows, and ocean waves can be 
used to generate electricity, but environmental concerns and limited availability of 
suitable sites may limit the use of these energy resources.

▲

We Can Produce Electricity 
from Falling and Flowing Water
Water flowing from higher to lower elevations in rivers 
and streams can be controlled by dams and reservoirs 
and used to produce electricity. This form of energy 
is called hydropower. It is an indirect form of solar energy 
because it is based on the evaporation of water, which is 
deposited at higher elevations where it can flow to 
lower elevations in rivers as part of the earth’s solar-
powered water cycle (Figure 3-17, p. 66).

The most common approach to harnessing hydro-
power is to build a high dam across a large river to cre-

ate a reservoir. Some of the water stored in the reser-
voir is allowed to flow through huge pipes at controlled 
rates, spinning turbines and producing electricity (Fig-
ure 13-12, p. 325, and Figure 13-15, p. 327).

Hydropower is the world’s leading renewable en-
ergy source used to produce electricity, and it is the 
third cheapest way to produce electricity when envi-
ronmental costs are included (Table 16-1). In order, the 
world’s top five producers of hydropower are Canada, 
China, Brazil, the United States, and Russia. In 2006, 
hydropower supplied about 16% of the world’s electric-
ity, including 99% of Norway’s, 75% of New Zealand’s, 
and 21% of China’s electricity. It supplied 7% of elec-
tricity used in the United States, (but about 50% of that 
used on the West Coast). 

Hydropower is also widely used to produce electric-
ity in Iceland and is an important part of that coun-
try’s plan to develop the world’s first renewable en-
ergy economy (Core Case Study). Hydroelectric 
power production in Iceland will increase as 
global warming slowly melts its glaciers and increases 
the amount of water flowing down its rivers.

According to the United Nations, only about 13% 
of the world’s technically exploitable potential for 
hydro power has been developed. Much of this untapped 
potential is in China (which plans to more than double 
its hydropower output by 2020), India, South America, 
Central Africa, and parts of the former Soviet Union.

Some analysts expect the contribution of large-scale 
hydropower plants to fall slowly over the next several 
decades as many existing reservoir systems fill with silt 
and become useless faster than new plants are built. 
Also, there is growing concern over emissions of meth-
ane, a potent greenhouse gas, from the anaerobic de-
composition of submerged vegetation in reservoirs.

Another problem is that global warming is projected 
to greatly increase prolonged drought in many areas of 
the world throughout this century. This, coupled with 
the fact that less water will be stored as ice and snow 
in mountainous areas, will reduce the flow of water in 
rivers that have been dammed to provide flood con-
trol, irrigation water, and electric power (Figure 13-15, 
p. 327). As the water flow drops in such rivers, electric 
power production from their hydropower facilities will 
drop.

Figure 16-21 lists the advantages and disadvantages 
of using large-scale hydropower plants to produce elec-
tricity (Concept 16-4).
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16-5 What Are the Advantages and Disadvantages 
of Producing Electricity from Wind?

CONCEPT 16-5 When environmental costs of energy resources are included 
in market prices, wind energy is the least expensive and least polluting way to 
produce electricity.

▲

Using Wind to Produce Electricity 
Is an Important Step toward 
Sustainability
The difference in solar heating of the earth between 
the equator and the poles together with the earth’s 
rotation create flows of air called wind (Figure 7-3, 
p. 142). This indirect form of solar energy can be cap-
tured by wind turbines and converted into electrical 
energy (Figure 16-22, p. 420, and the front cover of 
this book). Because today’s wind turbines can be as tall 
as 30 stories and can have blades as long as a jumbo 
jet plane, they can tap into the stronger, more reliable, 
and less turbulent winds found at higher altitudes. This 

allows a single modern wind turbine to generate about 
20 times more electricity than a turbine installed in the 
1980s.

Since 1990, wind power has been the world’s second 
fastest-growing source of energy (see Figure 15, p. S68, 
in Supplement 10); solar-cell production is growing 
the fastest (Figure 12, p. S67, in Supplement 10). In 
Germany, 20,000 land-based wind turbines generate 
5% of the country’s electricity. Germany’s goal is to get 
30% of its electricity from wind by 2030, mostly by de-
veloping offshore wind farms.

In 2004, Stanford University engineers Cristina 
L. Archer and Mark Z. Jacobson mapped the global 
potential for wind energy (see Figure 14, p. S68, in 
Supplement 10). Their data indicate that capturing only 

HOW WOULD YOU VOTE?

Should the world greatly increase its dependence on large-
scale dams for producing electricity? Cast your vote online at 
academic.cengage.com/biology/miller.

The use of micro-hydropower generators may become 
an increasingly important way to produce electricity. 
These floating turbines—about the size of an overnight 
suitcase—use the power of flowing water to turn a rotor 
with blades that feed generators to produce electric cur-
rent. Such a generator can be placed in any stream or 
river without altering its course to provide electricity at 
a very low cost with almost zero environmental impact.

Tides and Waves Can Be Used 
to Produce Electricity
We can also produce electricity from flowing water by 
tapping into the energy from ocean tides and waves. In 
some coastal bays and estuaries, water levels can rise 
or fall by 6 meters (20 feet) or more between daily 
high and low tides. Dams have been built across the 
mouths of some bays and estuaries to capture the en-
ergy in these flows for hydropower. However, due to 
limited satisfactory locations and the high costs of such 
projects, only two large tidal energy dams are currently 
operating, one at La Rance on the northern coast of 

France, and the other in Nova Scotia’s Bay of Fundy. 
South Korea, North Korea, China, New Zealand, India, 
Great Britain, and Russia plan to build tidal flow plants 
at suitable sites. But globally, sites with large enough 
daily tidal flows are limited.

In 2006, Verdant Power began installing six under-
water turbines to tap the tidal flow of the East River near 
New York City. The turbines resemble wind turbines as 
they swivel to face the incoming and outgoing tides. If 
the project is successful, as many as 300 turbines may be 
used in the river. Such a system powers a town in Nor-
way. However, such systems are limited.

For decades, scientists and engineers have been try-
ing to produce electricity by tapping wave energy along 
seacoasts where there are almost continuous waves. 
Large snake-like chains of floating steel tubes are being 
installed off the coast of Portugal. Their up and down 
motion with the wave action generates electricity. In 
2008, the system generated enough electricity to power 
15,000 homes.

Wave power facilities are being developed in north-
ern California and in some coastal areas in Ireland and 
near Cornwall in Great Britain. However, most analysts 
expect tidal and wave power sources to make only a 
small contribution to world electricity supplies, primar-
ily because there are few suitable sites, the costs are 
high, and the equipment is vulnerable to corrosion and 
storm damage (Concept 16-4). However, improved tech-
nology could greatly increase the production of electric-
ity from waves sometime during this century.
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sources within 9–18 kilometers (5–10 nautical miles) of 
the U.S. coastline could produce enough electricity to 
meet all of the country’s current electricity needs.

Producing Electricity from Wind 
Energy Is a Rapidly Growing 
Global Industry
Europe is leading the world into the age of wind energy, 
producing about three-fourths of the world’s wind-
generated power. European companies—mostly in 
Denmark, Germany, and Spain—manufacture 80% of 
the wind turbines sold in the global marketplace. They 
are aided by strong and consistent government subsi-
dies, tax breaks, and low-cost loans.

In order, the countries with the highest total installed 
wind power capacity in 2007 were Germany, the United 
States, Spain, India, and Denmark. Wind power capacity 
is also increasing dramatically in Canada, France, Portu-
gal, and Australia. China plans to continue its rapid ex-
pansion of wind power and to sell the turbines it man-
ufactures at prices lower than those charged by most 
other countries in the global marketplace. By mid-2008, 
the amount of electricity produced globally by wind tur-
bines was enough to meet the electricity needs of 150 
million people, according to the Earth Policy Institute.

A 2007 National Academy of Sciences study es-
timated that, with enough government support, the 
United States could become the world’s largest pro-
ducer and consumer of wind power over the next 20 
years. Wind turbines could be mass-produced on as-
sembly lines using some of the idled factory capacity 
of the U.S. steel and automobile industries. This would 
create many jobs for laid-off skilled workers and bring 
economic recovery to such areas.

one-fifth of the wind energy at the world’s best sites 
could generate more than seven times the amount of 
electricity currently used in the world and thus help to 
phase out energy-wasting coal-burning and nuclear 
power plants (p. 402) during this century. The key is to 
develop modern power grids to distribute the electricity 
to users.

Analysts expect increasing use of offshore wind 
farms because wind speeds over water are often stron-
ger and steadier than those over land and some coun-
tries such as Germany and Great Britain are running 
out of acceptable land sites for wind turbines. Offshore 
installation costs are higher and some coastal towns 
and cities oppose such installations because of their vi-
sual pollution. But this problem may be solved by the 
development of huge turbines that could be anchored 
on floating platforms (not unlike large floating oil rigs, 
Figure 15-1, p. 370) far enough from shore to be invis-
ible to coastal residents and to take advantage of stron-
ger and more constant offshore winds.

Figure 16, p. S69, and Figure 19, p. S70, in Supple-
ment 10 show the areas where wind power potential 
is highest in the United States and in the world. Wind 
farms operating in 36 states produce almost 1% of the 
country’s electricity, with Texas and California leading 
the way. 

This percentage could well be expanded dramati-
cally. The DOE calls the four Great Plains states of North 
Dakota, South Dakota, Kansas, and Texas the “Saudi 
Arabia of wind power.” Scientists calculate that wind 
farms in favorable sites in these four states alone could 
produce nearly three times the total amount of electric-
ity currently generated from all U.S. power plants. These 
wind resources are in some of the country’s least densely 
populated areas. In addition, a 2005 study by the U.S. 
Department of Energy estimated that offshore wind re-

Wind turbine Wind farm

Gearbox

Electrical
generator

Power cable

Wind farm (offshore)

Figure 16-22 Solutions: A single wind turbine (left) can be used to produce electricity. But increasingly, they are 
being used in interconnected arrays of ten to hundreds of turbines. These wind farms or wind parks can be located 
on land (middle and front cover of this book) or offshore (right). Land lying under these turbines can still be used to 
grow crops and raise cattle. Question: Would you object to having a wind farm located near where you live? Why 
or why not?
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Wind Energy Is Booming 
but Still Faces Challenges
Wind is abundant, widely distributed, and cannot run 
out. A wind farm can be built fairly quickly and ex-
panded as needed, can be controlled by a single laptop 
computer, and at good sites, can produce electricity at 
costs that are competitive with those of coal, natural 
gas, and hydropower (Table 16-1). Within a few years, 
wind is expected to be the cheapest way to produce 
electricity. If the environmental costs of various en-
ergy resources are included, wind energy is already the 
cheapest and least polluting way to produce electricity 
(Table 16-1) (Concept 16-5).

Like any energy source, wind power has some 
drawbacks. Areas with the greatest wind power poten-
tial are often sparsely populated, and located far from 
energy-thirsty cities. Thus, to take advantage of the 
enormous potential for electricity from wind energy, 
countries such as the United States will have to invest 
in a long overdue upgrading and expansion of their 
outdated electrical grid systems.

Another problem is that winds can die down and 
thus require a backup source of power, such as natural 
gas, for generating electricity. Scientists are also work-
ing on ways to store wind energy. One way is to store it 
in the batteries of a nationwide fleet of plug-in hybrid-
electric vehicles (Figure 16-6, right). They would be 
recharged, mostly at night by cheaper off-peak, wind-
generated electricity. Electricity produced by wind 
can also be passed through water and used to produce 
hydrogen fuel, which could be thought of as “stored” 
wind power. 

In 2007, a group of U.S. utilities announced a plan 
to use electricity from wind to power compressors that 
will pump pressurized air deep underground into aqui-
fers in the state of Iowa. Compressed air could also be 
stored in underground caverns and abandoned natural 
gas wells. The wind energy stored in the compressed 
air could then be released slowly to spin turbines and 
generate electricity when wind power is not available. 
This process is being used in Germany.

Studies indicate that wind turbines kill as many as 
40,000 birds and bats each year in the United States. 
Most wind turbines involved in these deaths were built 
20 years ago from now outdated designs, and some were 
built in bird migration corridors. This problem is being 
solved and is far from being the highest cause of death 
for birds. Each year, according to Defenders of Wildlife, 
glass windows, buildings, and electrical transmission 
towers in the United States kill more than 1 billion birds; 
electric transmission lines, up to 175 million; housecats 
and feral cats, 100 million; hunters, more than 100 mil-
lion; and cars and trucks, 50–100 million.

Most studies show that as long as wind farms are 
not located along bird migration routes, birds fly 
around them. Wind power developers now make so-
phisticated studies of bird migration paths in order to 
avoid them when building wind farms. Newer turbines 

Steady winds needed

Backup systems needed when 
winds are low

Plastic components produced 
from oil

Environmental costs not 
included in market price

High land use for wind farm

Visual pollution

Noise when located near 
populated areas

Can kill birds and interfere 
with flights of migratory birds

Moderate to high net 
energy yield
 
High efficiency
   
Moderate capital cost

Low electricity cost (and 
falling)
  
Very low environmental 
impact
  
No CO2 emissions
 
Quick construction
 
Easily expanded

Can be located at sea
  
Land below turbines can 
be used to grow crops or 
graze livestock

Advantages Disadvantages

T R A D E - O F F S
Wind Power

Figure 16-23 Advantages and disadvantages of using wind to produce electricity 
(Concepts 16-5). With sufficient and consistent incentives, wind power could supply 
more than 10% of the world’s electricity and 10–25% of the electricity used in the 
United States by 2020. Question: Which single advantage and which single disadvan-
tage do you think are the most important? Why?

also reduce this problem by using slower blade rotation 
speeds and by not providing places for birds to perch or 
nest. According to the Audubon Society’s vice president 
Betsy Loyless, “If we don’t find ways to reduce global 
warming pollution, far more birds and people will be 
threatened by climate change than by wind turbines.”

Some people in populated areas and in coastal ar-
eas oppose wind farms as being unsightly and noisy—a 
“not in my backyard (NIMBY)” attitude. But in windy 
parts of the U.S. Midwest, many farmers and ranch-
ers have a “put it in my backyard (PIMBY)” attitude, 
and some have become wind developers themselves. A 
single wind turbine on 0.1 hectare (0.25 acre) of land 
can produce about $300,000 worth of electricity a year. 
Farmers, without having to put up any money, typically 
receive $3,000–10,000 a year in royalties for each tur-
bine erected on a small plot of their land. And they can 
still use that land for growing crops or grazing cattle. 
Many no longer do this, because they can make much 
more money leasing their land for wind turbines.

Figure 16-23 lists advantages and disadvantages of 
using wind to produce electricity. According to energy 
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Large potential 
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areas
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No net CO2 
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harvested unsustainably
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efficiency
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Figure 16-24 
General ad-
vantages and 
disadvantages 
of burning solid 
biomass as a 
fuel (Concept 
16-6A). Ques-
tion: Which 
single advan-
tage and which 
single disad-
vantage do you 
think are the 
most important? 
Why?

16-6 What Are the Advantages and Disadvantages 
of Biomass as an Energy Source?

CONCEPT 16-6A Solid biomass is a renewable resource, but burning it faster than 
it is replenished produces a net gain in atmospheric greenhouse gases, and creating 
biomass plantations can degrade soil and biodiversity.
CONCEPT 16-6B Liquid biofuels derived from biomass can be used in place of 
gasoline and diesel fuels, but creating biofuel plantations could degrade soil and 
biodiversity and increase food prices and greenhouse gas emissions.

▲
▲

We Can Get Energy by Burning 
Solid Biomass
Biomass consists of plant materials (such as wood and 
agricultural waste) and animal wastes that can be 
burned directly as a solid fuel or converted into gas-
eous or liquid biofuels. Biomass is an indirect form 

of solar energy because it consists of combustible or-
ganic (carbon-containing) compounds produced by 
photosynthesis.

Solid biomass is burned mostly for heating and 
cooking, but also for industrial processes and for gen-
erating electricity. Wood, wood wastes, charcoal (made 
from wood), animal manure, and other forms of solid 
biomass used for heating and cooking, supply 10% of 
the world’s energy, 35% of the energy used in develop-
ing countries, and 95% of the energy needs in the poor-
est countries.

In urban areas, wood chips and urban waste can 
be used to produce both electricity and heat for district 
heating systems. Such systems supply nearly half of the 
heat for residential and commercial buildings in Swe-
den. A similar system supplies heat for about 80% of the 
downtown area of the U.S. city of St. Paul, Minnesota.

But wood is a renewable fuel only as long if it is 
not harvested faster than it is replenished. The prob-
lem is, about 2.7 billion people in 77 developing coun-
tries face a fuelwood crisis and often are forced to meet 
their fuel needs by harvesting wood faster than it can 
be replenished.

One way to produce solid biomass fuel is to plant 
fast-growing trees (such as cottonwoods, poplars, and 
sycamores), shrubs, perennial grasses (such as switch-
grass and miscanthus), and water hyacinths in biomass 
plantations. But repeated cycles of growing and harvest-
ing these plantations can deplete the soil of key nutri-
ents. And clearing forests and grasslands for such planta-
tions destroys or degrades biodiversity (Concept 16-6A). 
In agricultural areas, crop residues (such as sugarcane 
residues, rice husks, cotton stalks, and coconut shells) 
and animal manure can be collected and burned or con-
verted into gaseous or liquid biofuels.

Figure 16-24 lists the general advantages and dis-
advantages of burning solid biomass as a fuel (Con-

HOW WOULD YOU VOTE?

Should the country where you live greatly increase its 
dependence on wind power? Cast your vote online at 
academic.cengage.com/biology/miller.

analysts, wind power has more benefits and fewer seri-
ous drawbacks than any other energy resource, except 
for energy efficiency.
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cept 16-6A). One problem is that clearing forests reduces 
the uptake of CO2, and burning biomass produces CO2.
However, if the rate of use of biomass does not exceed 
the rate at which it is replenished by new plant growth 
(which takes up CO2), there is no net increase in CO2

emissions, but often this is a big if.

HOW WOULD YOU VOTE?

Should we greatly increase our dependence on burning solid 
biomass to provide heat and produce electricity? Cast your 
vote online at academic.cengage.com/biology/miller.

We Can Convert Plants and Plant 
Wastes to Liquid Biofuels
Liquid biofuels such as biodiesel and ethanol (ethyl al-
cohol), which are produced from plants and plant 
wastes, can be used in place of petroleum-based diesel 
fuel and gasoline (see Case Study at right and second 
Case Study, p. 424). The biggest producers of biofuels—
Brazil, the United States, the European Union, and 
China—plan to double their production by 2020. Brazil 
already runs 45% of its cars on ethanol, and within a 
decade, could run all of its vehicles on this biofuel and 
eliminate its oil imports. U.S. government agencies es-
timate that biodiesel and ethanol could fuel 25–50% of 
U.S. motor vehicles by 2030.

Biofuels have some major advantages over gaso-
line and diesel fuel produced from oil. First, while oil 
resources are concentrated in a small number of coun-
tries, biofuel crops can be grown almost anywhere. This 
means that most countries can improve their energy 
and economic security by reducing their dependence 
on imported oil.

Second, if these crops are not used faster than they 
are replenished by new plant growth, there is no net 
increase in CO2 emissions, unless existing grasslands or 
forests are cleared to plant biofuel crops. Third, biofuels 
are available now, are easy to store and transport, can 
be distributed through existing fuel networks, and can 
be used in vehicles at little or no additional cost.

However, in a 2007 U.N. report on bioenergy and 
in another study by R. Zahn and his colleagues, scien-
tists warned that the benefits of biofuels could be out-
weighed by resulting problems. These reports noted 
that large-scale biofuel-crop farming could do the fol-
lowing: decrease biodiversity by clearing more natural 
forests and grasslands; increase soil degradation, ero-
sion, and nutrient leaching; push small farmers off their 
land; and raise food prices (Concept 16-6B). A number 
of ecologists warn that crops used to produce biofuels 
should be grown only on land that is already degraded. 
They argue against clearing existing forests and grass-
lands and filling in wetlands that support biodiversity 
and store enormous amounts of carbon.

A 2007 paper published by Nobel Prize–winning 
chemist Paul Crutzen warned that intensive farming 
of crops to make biofuels could also speed up global 
warming by producing more greenhouse gases than are 
produced by burning conventional diesel fuel and gaso-
line. This would happen if nitrogen fertilizers were used 
to grow such crops. Such fertilizers, when applied to 
the soil, release large amounts of nitrous oxide (N2O),
a greenhouse gas 300 times more potent per molecule 
than CO2.

 ■ CASE STUDY

Is Biodiesel the Answer?
Biodiesel is produced from vegetable oil extracted from 
soybeans, rapeseeds, sunflowers, oil palms, and jatro-
pha shrubs, and fats such as used vegetable oils from 
restaurants. European Union countries (primarily 
Germany, France, and Italy) produce about 95% of 
the world’s biodiesel, mostly from rapeseeds and sun-
flower seeds, and these countries hope to get 20% of 
their diesel fuel from this source by 2020. In Europe, 
where government taxes on vehicle fuel are high, al-
most half of all cars run on conventional diesel or bio-
diesel, mostly because they are as much as 40% more 
efficient than conventional gasoline engines.

In the United States, biodiesel production is grow-
ing rapidly, aided by government subsidies. Bio diesel
provides only 1% of U.S. diesel consumption and the 
Department of Energy estimates that biodiesel at best 
could supply only 10% of the country’s diesel fuel 
needs. This is because soybean and canola crops grown 
in the United States for biodiesel production require 
huge areas of land and have low yields. And using in-
dustrialized agriculture to produce these crops results 
in topsoil loss, fertilizer runoff, and increased emissions 
of the greenhouse gas nitrous oxide.

Brazil, Malaysia, and Indonesia produce biodiesel 
from palm oil extracted from large oil palm plantations, 
and they export much of it to Europe. The oil yield for 
biodiesel from oil palm is five times that from rapeseeds 
used in Europe and eight to nine times that from soy-
beans used in the United States. But increased burning 
and clearing of tropical forests to plant oil palm planta-
tions in these countries poses a serious threat to their 
biodiversity. This also increases net emissions of CO2

by replacing rain forests that store lots of carbon with 
crops that store much less carbon, according to a 2006 
study by scientist Alexander Farrell at the University of 
California, Berkeley.

Another promising source of biodiesel is the jatropha
shrub, a plant found in tropical areas of Africa, India, 
and Brazil. The plentiful oil in its golf-ball size fruit can 
be burned without being refined, and the plant grows 
in hot, dry, tropical areas. Jatropha crops are unlikely 
to threaten rain forests, displace food crops, or require 
extensive use of nitrogen fertilizers. In its natural state, 
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mented by yeast into a slurry that is distilled to remove 
its ethanol.

Gasoline mixed with 10–23% pure ethanol makes 
gasohol, which can be burned in conventional gasoline 
engines. Pure ethanol or E85 (a mixture of 85% etha-
nol and 15% gasoline) can be burned in flexible-fuel 
cars, which have engines designed to run on a variety of 
fuels.

Brazil, the Saudi Arabia of sugarcane, is the world’s 
second largest ethanol producer after the United States. 
When burned, ethanol made from bagasse, a residue 
produced when sugarcane is crushed, yields 8 times the 
amount of energy used to produce it. That compares 
with a net energy yield of 4.1 for gasoline (Figure 15-A, 
p. 374). About 45% of Brazil’s motor vehicles run on 
ethanol or ethanol-gasoline mixtures produced from a 
residue of sugar cane grown on only 1% of the coun-
try’s arable land.

Since the 1970s, Brazil has saved almost $50 bil-
lion in imported oil costs—nearly ten times the gov-
ernment’s investment in ethanol production subsidies, 
which are no longer needed. In addition, ethanol pro-
duction has created about 1 million rural jobs. Within 
a decade, Brazil could expand its sugarcane production, 
eliminate all oil imports, and greatly increase ethanol 
exports to other countries.

Brazil plans to greatly expand its production of sug-
arcane to produce ethanol and to grow more soybeans 
to produce biodiesel and cattle feed. However, this 
could threaten some of the country’s biodiversity. To do 
this, Brazil plans to clear larger areas of its rapidly dis-
appearing wooded savanna Cerrado region—one of the 
world’s biodiversity hotspots (Figure 10-26, p 241). This 
area—three times the size of the U.S. state of Texas—is 
the world’s most biodiverse savanna, with 10,000 plant 
species, nearly half of them found nowhere else.

In the United States, most ethanol is made from 
corn. U.S. farmers profit from growing corn to produce 
ethanol because they receive generous government 
subsidies as part of the nation’s energy policy. But stud-
ies indicate that using fossil fuel–dependent industrial-
ized agriculture to grow corn and then using more fossil 
fuel to convert the corn to ethanol provides a net energy 
yield of only about 1.1–1.5 units of energy per unit of 
fossil fuel input (Figure 15-A, p. 374).

A growing number of analysts warn that produc-
ing ethanol from corn will not significantly reduce the 
country’s oil imports or help to slow global warming. Ac-
cording to environmental economist Stephen Polansky, 
processing all of the corn grown in the United States 
into ethanol each year, with high government subsidies, 
would cover only about 12% (or about 30 days worth) 
of the country’s current demand for gasoline, at an ex-
tremely high cost to taxpayers.

A 2008 study by Tim Searchinger at Princeton 
University and other researchers estimated that clearing 
and planting grasslands and forests to grow corn for pro-
ducing ethanol would increase CO2 emissions by 93% 
over those from burning conventional gasoline over a 
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included in market price
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T R A D E - O F F S
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Figure 16-25 General advantages and disadvantages of using 
biodiesel as a vehicle fuel, compared to gasoline. Question: Which 
single advantage and which single disadvantage do you think are 
the most important? Why?

the jatropha shrub needs little water and no fertilizer, 
although this is not the case if it is grown as a mono-
culture crop in large plantations. One problem is that 
the jatropha is an invasive species that could threaten 
native plants in some areas.

Some scientists are looking for ways to produce 
biodiesel from various types of oil-rich algae. Algae grow 
rapidly at any time of the year and can be cultivated in 
seawater or wastewater ponds. The algae remove CO2 
from the atmosphere and convert it to oil, proteins, and 
other useful products and require much less land than 
growing crops requires. The challenge is to cut the very 
high cost of producing oil by this method.

Figure 16-25 lists the advantages and disadvan-
tages of using biodiesel as a vehicle fuel, compared to 
gasoline.

 ■ CASE STUDY

Is Ethanol the Answer?
Ethanol can be made through the fermentation and 
distillation of sugars in plants such as sugarcane, corn, 
and switchgrass, and from agricultural, forestry, and 
municipal wastes. This process involves converting 
starch in plant material to simple sugars that are fer-
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Figure 16-26 Natural capital:
the cellulose in this rapidly grow-
ing switchgrass in Manhattan, 
Kansas (USA) can be converted 
into ethanol. This perennial plant 
can also help to reduce global 
warming by removing carbon 
dioxide from the atmosphere and 
storing it as organic compounds 
in the soil.

30-year period. And extensive use of nitrogen fertilizers 
to grow corn releases large amounts of the greenhouse 
gas nitrous oxide into the atmosphere. If these estimates 
are correct, switching from gasoline to biofuels such as 
ethanol produced from corn will increase global warm-
ing and the resulting climate change.

Ethanol production also requires large amounts of 
water and releases about the same amount of carbon di-
oxide and much higher levels of nitrous oxide than gas-
oline production releases, and it offers little if any reduc-
tion in air pollution. In addition, fewer than 2% of U.S. 
gas stations offer ethanol, and most U.S. vehicles do not 
have flex-fuel engines that can burn ethanol.

Driven by U.S. ethanol production, the price of 
corn has risen sharply, as have the prices of corn-based 
foods—including bread, pasta, tortilla flour, poultry, 
beef, pork, and dairy products. This in turn is increas-
ing the number of hungry and malnourished people 
who can no longer afford to buy enough food, and this 
has led to social unrest. In 2007, there were protests 
in Mexico because of an almost 60% increase in the 
price of corn meal, followed by pasta protests in Italy. 
In 2008, environmental expert Lester Brown estimated 
that filling a 95-liter (25-gallon) tank of an SUV with 
ethanol would use enough corn grain to feed the aver-
age person for a year.

An alternative to corn ethanol is cellulosic ethanol,
which is produced from inedible cellulose that makes up 
most of the biomass of plants (see The Habitable Planet,
Video 10, at www.learner.org/resources/series209
.html). In this process, acids or other processes are 
used to isolate cellulose and lignin from material. Then 
various enzymes convert the cellulose to a variety of 

sugars that can be fermented and distilled to produce 
ethanol. A possible plant that could be used for cellu-
losic ethanol production is switchgrass (Figure 16-26), 
a tall perennial grass native to North American prai-
ries. It grows faster than corn, is disease resistant and 
drought tolerant, and can be grown on land unfit for 
crops without the use of nitrogen fertilizers. According 
to a 2008 article by U.S. Department of Agriculture sci-
entist Ken Vogel and his colleagues, using switchgrass 
to produce ethanol yields about 5.4 times more energy 
than it takes to grow it—a yield much greater than the 
1.1–1.5 net energy yield for corn.

While most corn-based ethanol producers burn fossil 
fuels to provide heat for fermentation, cellulosic ethanol 
producers can reduce such energy inputs by burning 
plant wastes. This and other aspects of cellulosic etha-
nol production and use could reduce net greenhouse gas 
emissions below current levels.

However, researchers have also found that large ar-
eas of land would be needed to produce enough cellu-
losic ethanol to make a significant dent in gasoline con-
sumption and that clearing and planting large areas of 
land with switchgrass would likely increase greenhouse 
gas emissions. Thus scientists differ on how much of a 
net reduction in greenhouse gas emissions would result 
from extensive cellulosic ethanol production.

Other sources for producing cellulosic ethanol in-
clude crop residues, such as leaves and stalks, and 
municipal wastes such as sawdust, cardboard, waste pa-
per, and sewage. But cellulose has properties that make 
it difficult to break down, and affordable chemical pro-
cesses for converting cellulosic material to ethanol are 
still being developed (see The Habitable Planet, Video 10, 
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Getting Energy from the Earth’s 
Internal Heat
Geothermal energy is heat stored in soil, under-
ground rocks, and fluids in the earth’s mantle (Fig-
ure 14-3, p. 346, and Figure 15-2, p. 372). We can tap 
into this stored energy to heat and cool buildings and 
to produce electricity. Scientists estimate that using just 
1% of the heat stored in the uppermost 5 kilometers 
(8 miles) of the earth’s crust would provide 250 times 
more energy than that stored in all the earth’s oil and 
natural gas reserves.

A geothermal heat pump system (Figure 16-28) can 
heat and cool a house by exploiting the temperature 

differences between the earth’s surface and under-
ground, almost anywhere in the world at a depth of 
3–6 meters (10–20 feet). In winter, a closed loop of 
buried pipes circulates a fluid (usually water or an an-
tifreeze solution), which extracts heat from the ground 
and carries it to a heat pump, which transfers the heat 
to a home’s heat distribution system (usually a blower 
and air ducts). In summer, this system works in reverse, 
removing heat from a home’s interior and storing it in 
the ground. These systems can also be modified to pro-
vide hot water.

According to the EPA, after superinsulation, a well-
designed geothermal heat pump system is the most 
energy-efficient, reliable, environmentally clean, and 

16-7 What Are the Advantages and Disadvantages 
of Geothermal Energy?

CONCEPT 16-7 Geothermal energy has great potential for supplying many 
areas with heat and electricity and generally has a low environmental impact, but 
locations where it can be exploited economically are limited.

▲
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Figure 16-27 General advantages and disadvantages of using ethanol as a vehicle fuel, 
compared to gasoline. (Concept 16-6B). Question: Which single advantage and which 
single disadvantage do you think are the most important? Why?

at www.learner.org/resources/series209.html) and 
are probably at least a decade away. 

Figure 16-27 lists the advantages and disadvantages 
of using ethanol as a vehicle fuel, compared to gasoline.

Some scientists are studying the genetic makeup of 
bacteria living in the guts of termites that use enzymes 
to break down the cellulose in wood for their food. And 
California-based Amyris Biotechnologies and several 
other companies are carrying out research to bypass 
some of the problems associated with using plants to 
produce biofuels such as ethanol and biodiesel. These 
scientists are trying to use genetic engineering to de-
velop bacteria that can turn sugar directly into hydrocar-
bon fuels like gasoline, jet fuel, and diesel fuel, which, 
unlike ethanol and biodiesel, can easily be sent through 
existing oil pipelines and burned in any motor vehicle. 
Stay tuned to see if we can learn how to turn bacteria 
into tiny fuel factories.

HOW WOULD YOU VOTE?

Do the advantages of using liquid ethanol as a fuel out-
weigh its disadvantages? Cast your vote online at academic
.cengage.com/biology/miller.

RESEARCH FRONTIER

Developing more energy-efficient, cheaper, and more sustain-
able ways to produce liquid biofuels. See academic.cengage.
com/biology/miller.

www.learner.org/resources/series209.html
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Basement
heat pump
Basement
heat pump

Figure 16-28 Natural capital: a geothermal heat pump system can heat or cool a 
house almost anywhere. It heats the house in winter by transferring heat from the 
ground into the house (shown here). In the summer, it cools the house by transferring 
heat from the house to the ground.

cost-effective way to heat or cool a space. It produces 
no air pollutants and emits no CO2. For more informa-
tion, see www.ghpc.org and www.econar.com. In-
stallation costs are recouped after 3–5 years, and then 
such systems save their owners money.

We have also learned to tap into deeper, more 
concentrated hydrothermal reservoirs of geothermal en-
ergy, as Iceland has done for decades (Figure 16-1, 
Core Case Study). Wells are drilled into these 
reservoirs to extract their dry steam, wet steam, 
or hot water, which are used to heat buildings, provide 
hot water, grow vegetables in greenhouses, raise fish in 
aquaculture ponds, and spin turbines to produce elec-
tricity. Cool water left over can be pumped back into 
the reservoirs to be reheated.

In France, some 70 district geothermal heating 
facilities provide both heat and hot water for about 
200,000 residences. China, Turkey, and Japan also 
have a number of district heating systems that use geo-
thermal energy. Currently, about 40 countries (most 
of them in the developing world) extract enough en-
ergy from hydrothermal reservoirs to produce about 
1% of the world’s electricity, enough to meet the needs 
of 60 million people and equal to the electrical output 
of all 104 nuclear power plants in the United States. 
(See Figure 17, p. S69, in Supplement 10 for a map of 
the global reserves of usable hydrothermal geothermal 
energy.) 

The United States and the Philippines account for 
half of the world’s electricity produced from geothermal 
energy; the Philippines gets one-fourth of its electricity 
from this energy resource. Other countries with a high 
potential for using geothermal energy to produce elec-
tricity are Japan, Indonesia, China, Canada, Mexico, 
and Russia (Figure 17, p. S69, in Supplement 10).

The United States is the world’s largest producer of 
geothermal electricity from hydrothermal reservoirs. 
Most of it is produced in California, Nevada, Utah, 
and Hawaii (see Figure 18, p. S70, in Supplement 10) 
and meets the electricity needs of about 6 million 
Americans. The largest operation, called The Geysers, 
powers about 1 million homes near San Francisco, 
California. California gets about 6% of its electricity 
from geothermal energy and 15 new projects are under 
development.

Using geothermal energy generally has a much 
lower environmental impact than using fossil fuel en-
ergy. At con centrated and accessible hydrothermal sites, 
electricity can be produced at a low cost compared to 
other alternatives (Table 16-1). On average, a geother-
mal power plant releases about one-sixth as much CO2 
as a power plant burning natural gas emits, and one-
tenth the amount emitted by a coal-burning power 
plant. China has a large potential for geothermal power, 
which could help to reduce its dependence on coal-fired 
power plants.

Geothermal energy has two main problems. One is 
that the current cost of tapping large-scale hydrother-

mal reservoirs is too high for all but the most concen-
trated and accessible sources, although new drilling and 
extraction technologies may bring these costs down. 
The other is that some dry- or wet-steam geothermal 
reservoirs could be depleted if their heat is removed 
faster than natural processes can renew it. Recirculat-
ing the water back into the underground reservoirs for 
reheating could slow such depletion.

Another potential source of geothermal energy is 
hot, dry rock that lies 5 or more kilometers (3 or more 
miles) underground almost everywhere. Deep drilling 
and seismic exploration techniques developed by the 
oil industry might be used to tap this source. Water 
could be injected into a deep well and pressurized to 
create fractures in the intensely hot rock and to form a 
reservoir of very hot geothermal fluid. Then other wells 
would be drilled to bring the boiling water and steam 
to the surface for use in generating electricity. 

According to the U.S. Geological Survey, tapping 
just 2% of this hot, dry rock geothermal energy in the 
United States could produce more than 2,000 times the 
country’s current annual use of electricity. The limiting 
factor is cost. Estimates range from 3 to 30 times the 
cost of electricity produced from suitable hydrothermal 
sites. More research and improved technology could 
bring this cost down. Iceland (Core Case Study) 
is drilling deep wells to evaluate this source of 
the earth’s internal heat.

RESEARCH FRONTIER

Finding better and affordable ways to tap different sources of 
geothermal energy. See academic.cengage.com/biology/
miller.

Figure 16-29 (p. 428) lists the advantages and dis-
advantages of using geothermal energy (Concept 16-7). 

www.ghpc.org
www.econar.com
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Hydrogen Is a Promising 
Fuel but There Are Challenges
Many scientists and executives of major oil and au-
tomobile companies say the fuel of the future is hy-
drogen gas (H2)—first envisioned as a fuel in 1874 
by science fiction writer Jules Verne in his book, The 
Mysterious Island. Iceland (Core Case Study) en-
visions hydrogen as an important component 
of the renewable energy economy it hopes to develop 
by 2050–2060.

Most attention has been focused on fuel cells (Fig-
ure 16-30) that combine hydrogen gas (H2) and oxygen 
gas (O2) to produce electricity and emit water vapor 
into the atmosphere.

Widespread use of hydrogen as a fuel would elimi-
nate most of the air pollution problems we face today. It 
would also greatly reduce the threats of global warming 
and climate change, because using it emits no CO2—as 
long as the hydrogen is not produced with the use of 
fossil fuels or other carbon-containing compounds. 

16-8 What Are the Advantages and Disadvantages 
of Hydrogen as an Energy Source?

CONCEPT 16-8 Hydrogen fuel holds great promise for powering cars and 
generating electricity, but to be environmentally beneficial, it would have to be 
produced without the use of fossil fuels.

▲

Hydrogen also provides more energy per gram than 
does any other fuel, making it the ideal aviation fuel.

So what is the catch? There are three challenges in 
turning the vision of widespread use of hydrogen as a 
fuel into reality. First, hydrogen is chemically locked up 
in water and in organic compounds such as methane 
and gasoline, so it takes energy and money to produce 
hydrogen from these compounds. In other words, hy-
drogen is not an energy resource like coal or oil. It is a 
fuel produced by using energy, and thus its net energy 
yield will always be negative. Second, fuel cells are the 
best way to use hydrogen to produce electricity, but 
current versions of such cells are expensive. However, 
progress in the development of nanotechnology (Sci-
ence Focus, p. 362) could lead to improved membranes 
and catalysts that would make fuel cells more efficient 
and cheaper.

Third, whether a hydrogen-based energy system 
produces less air pollution and CO2 than a fossil fuel 
system depends on how the hydrogen is produced. We 
could use electricity from coal-burning and conven-

Scarcity of suitable sites

Can be depleted if used too 
rapidly

Environmental costs not 
included in market price

CO2 emissions

Moderate to high local air 
pollution

Noise and odor (H2S)

High cost except at the most 
concentrated and accessible 
sources

Very high efficiency

Moderate net energy at 
accessible sites

Lower CO2 emissions than 
fossil fuels

Low cost at favorable sites

Low land use and 
disturbance

Moderate environmental 
impact

Advantages Disadvantages

   

T R A D E - O F F S
Geothermal Energy

Figure 16-29 Advantages and disadvantages of 
using geothermal energy for space heating and for 
producing electricity or high-temperature heat for in-
dustrial processes (Concept 16-7). Question: Which 
single advantage and which single disadvantage do 
you think are the most important? Why?

Some analysts see geothermal energy, 
coupled with improvements in energy ef-
ficiency and electricity produced by solar 
cells and wind farms, as keys to a more 
sustainable energy future.

HOW WOULD YOU VOTE?

Should the country where you live greatly 
increase its dependence on geothermal energy 
to provide heat and to produce electricity? 
Cast your vote online at academic.cengage
.com/biology/miller.
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Figure 16-30 A fuel cell takes in hydrogen gas and separates 
the hydrogen atoms’ electrons from their protons. The electrons 
flow through wires to provide electricity, while the protons pass 
through a membrane and combine with oxygen gas to form water 
vapor (2H2 # O2  2H2O # energy). Note that this process is 
the reverse of electrolysis, which is used to produce hydrogen fuel 
(2H2O # energy  2H2 # O2).

tional nuclear power plants to decompose water into 
hydrogen and oxygen gas. But this approach does not 
avoid the harmful environmental effects associated 
with using these fuels (Figure 15-15, p. 385, and Fig-
ure 15-21, p. 391) (Concept 16-8). We can also make 
hydrogen from coal and strip it from organic com-
pounds found in fuels such as gasoline or natural gas. 
However, according to a 2002 study by a team of scien-
tists, producing hydrogen from coal and organic com-
pounds will add much more CO2 to the atmosphere per 
unit of heat generated than does burning these carbon-
containing fuels directly.

Most proponents of hydrogen believe that if we are 
to receive its very low pollution and low CO2 emission 
benefits, the energy used to produce H2 must come 
from low-polluting, renewable sources that emit little or 
no CO2, such as solar cell power plants (Figure 16-19), 
wind farms (Figure 16-22, middle and right), geo-
thermal energy (Figure 16-1), and micro-hydropower 
plants. Also, some naturally occurring bacteria and al-
gae can produce hydrogen by biodegrading almost any 
organic material in a microbiological fuel cell.

Once produced, hydrogen can be stored in a pres-
surized tank as liquid hydrogen or in solid metal hy-
dride compounds and sodium borohydride, which 

when heated release hydrogen gas. Scientists are also 
evaluating ways to store H2 by absorbing it onto the 
surfaces of activated charcoal or carbon nanofibers, 
which release hydrogen gas when heated. Another pos-
sibility is to store it inside nano-size glass microspheres 
that can easily be filled and refilled. More research is 
needed to convert these possibilities into reality.

Metal hydrides, sodium borohydride, charcoal pow-
ders, ammonia borane, carbon nanotubes, and glass 
microspheres containing hydrogen will not explode or 
burn if a vehicle’s fuel tank or system is ruptured in 
an accident. Also, use of ultralight car bodies made of 
composites and energy-efficient aerodynamic design 
would improve fuel efficiency so that large hydrogen 
fuel tanks would not be needed. 

This makes hydrogen stored in such ways a much 
safer fuel than gasoline, diesel fuel, natural gas, and 
concentrated ethanol. Indeed, gasoline is 22 times 
more explosive than hydrogen, and if hydrogen burns, 
the heat produced dissipates much more rapidly than 
it does from gasoline or diesel fires. For 30 years, liq-
uefied hydrogen has been shipped all over the United 
States with no fires reported.

Most automobile companies have developed proto-
type hydrogen-powered cars, trucks, and buses (such as 
those used in Iceland, Core Case Study). More 
than 500 such vehicles are on the road today 
and the number is expected to increase rapidly. Cur-
rently, hydrogen can be produced from natural gas at 
a cost equivalent to $2.50 per gallon of gasoline—less 
than what consumers are paying now. Some analysts 
project that a variety of fuel-cell cars running on af-
fordable hydrogen produced from natural gas could be 
introduced between 2010 and 2020 and take over the 
market by 2030.

In 2007, engineering professor Jerry Woodall in-
vented a new way to produce hydrogen on demand by 
exposing pellets of an aluminum-gallium alloy to wa-
ter, without producing toxic fumes. If this process is 
perfected and proves economically feasible, hydrogen 
could be generated as needed inside a tank about the 
same size as an average gasoline tank, and thus would 
not have to be transported or stored. Merely replac-
ing the gasoline fuel injector with a hydrogen injec-
tor would allow current internal combustion engines 
to run on hydrogen. The engine would then be 25% 
more fuel efficient than it was when burning gasoline, 
and it would emit no pollutants. Stay tuned while this 
possibility is evaluated.

Larger stationary fuel cells can provide electricity 
and heat for commercial and industrial users. A 45-
story office building in New York City gets much of 
its heat from two large fuel-cell stacks. And Japan has 
built a large fuel cell that produces enough electricity 
to run a small town.

Canada’s Toronto-based Stuart Energy is devel-
oping a home fueling unit about the size of a dish-
washer that will allow homeowners to use electricity 
to produce their own hydrogen from tap water. The 
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16-9 How Can We Make a Transition 
to a More Sustainable Energy Future?

CONCEPT 16-9 We can make a transition to a more sustainable energy future if 
we greatly improve energy efficiency, use a mix of renewable energy resources, and 
include environmental costs in the market prices of all energy resources.

▲

Choosing Energy Paths
Energy policies must be developed with the future in 
mind, because experience shows that it usually takes 
at least 50 years and huge investments to phase in new 
energy alternatives. Creating energy policy involves 

trying to answer the following questions for each en-
ergy alternative:

• How much of the energy resource is likely to be 
available in the near future (the next 25 years) and 
the long term (the next 50 years)?

Not found as H2 in nature

Energy is needed to produce fuel

Negative net energy

CO2 emissions if produced from 
carbon-containing compounds

Environmental costs not included 
in market price

Nonrenewable if generated by  
fossil fuels or nuclear power

High costs (that may eventually 
come down)

Will take 25 to 50 years to
phase in 

Short driving range for current 
fuel-cell cars

No fuel distribution system
in place

Excessive H2 leaks may deplete 
ozone in the atmosphere

Can be produced from 
plentiful water

Low environmental impact

Renewable if produced 
from renewable energy 
resources
 
No CO2 emissions if 
produced from water
 
Good substitute for oil
 
Competitive price if 
environmental and social 
costs are included in cost 
comparisons
 
Easier to store than 
electricity
 
Safer than gasoline and  
natural gas

Nontoxic
 
High efficiency (45–65%) 
in fuel cells

Advantages Disadvantages
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Figure 16-31 Advantages and disadvantages of using hydrogen as a fuel for vehicles 
and for pro viding heat and electricity (Concept 16-8). Question: Which single advan-
tage and which single disadvantage do you think are the most important? Why?

produce and store hydrogen fuel for their cars, espe-
cially when solar cells become more affordable or with 
the help of generous government subsidies for such 
installations.

Another promising application is in homes, where 
a fuel-cell stack about the size of a refrigerator could 
provide heat, hot water, and electricity. The extra cost 
involved could be included in the purchase price of the 
home, just as conventional heating and cooling systems 
are, and spread out over the life of the mortgage. These 
systems could also be leased to homeowners. Honda 
has developed a home unit that produces hydrogen 
from the methane in natural gas. In 2007, about 2,200 
Japanese homeowners got their electricity and hot wa-
ter from such units. Japanese government plans call 
for using such fuel cell systems for about one-fourth of 
Japanese households by 2020.

Most current fuel cell units convert natural gas to 
hydrogen, but this releases CO2. A better long-term so-
lution would be to produce H2 using electricity gener-
ated by wind farms, large solar-cell farms, and hydro-
electric and geothermal power plants, and to distribute 
it using upgraded natural gas pipelines. GREEN CAREER: 
Hydrogen energy

RESEARCH FRONTIER

Developing better and more affordable ways to produce hy-
drogen from renewable energy resources and ways to store 
and distribute it. See academic.cengage.com/biology/
miller.

Figure 16-31 lists the advantages and disadvantages 
of using hydrogen as an energy resource (Concept 16-8).

HOW WOULD YOU VOTE?

Do the advantages of producing and burning hydrogen 
as an energy resource outweigh the disadvantages? Cast your 
vote online at academic.cengage.com/biology/miller.

unit could be installed in a garage and used to fuel a 
hydrogen-powered vehicle overnight, when electric-
ity rates are sometimes lower. In sunny areas, home-
owners could install rooftop panels of solar cells to 
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Fossil fuel and nuclear power interests generally 
favor a supply-side or hard-path approach. It is built 
around scouring a country to find more nonrenewable 
oil, natural gas, and coal, and building more energy-
wasting coal-burning and nuclear power plants.

In contrast, many environmental scientists and 
economists favor a demand-side or soft-path approach, 
described in 1977 by Lovins. (See his Guest Essay at 
CengageNOW.) This approach emphasizes reducing 
energy waste and depending more on a mix of renew-
able resources such as solar, wind, geothermal, and 
biomass. Proponents see this energy path as more sus-
tainable than relying on nonrenewable fossil energy 
and nuclear energy resources.

In considering possible energy paths, scientists and 
energy experts who have evaluated energy alternatives 
have come to some general conclusions. First, there will 
be a gradual shift from large, centralized macropower systems 
to smaller, decentralized micropower systems (Figure 16-32) 
such as wind turbines, fuel cells for cars, household 
solar panels, rooftop solar water heaters, small natural 
gas turbines, and stationary fuel cells for houses and 
commercial buildings.

Industrial

Bioenergy power plants
Small solar-cell
power plants

Fuel cells

Small wind
turbine

Transmission
and distribution
system

Residential

Rooftop solar-
cell arrays

Wind farm

Commercial

Solar-cell
rooftop
systems

Microturbines

Figure 16-32 Solutions: decentralized power system in which electricity is produced by a large number of dis-
persed, small-scale micropower systems. Some such systems would produce power on site; others would feed the 
power they produce into an updated electrical distribution system. Over the next few decades, many energy and 
financial analysts expect a shift to this type of power system often based on locally available renewable energy re-
sources. Question: Can you think of any disadvantages of a decentralized power system?

• What is the estimated net energy yield (Science Fo-
cus, p. 374) for the resource?

• How much will it cost to develop, phase in, and use 
the resource?

• What government research and development subsi-
dies and tax breaks will be used to help develop the 
resource?

• How will dependence on the resource affect na-
tional and global economic and military security?

• How vulnerable is the resource to terrorism?
• How will extracting, transporting, and using the re-

source affect the environment, human health, and 
the earth’s climate? Can these harmful costs be in-
cluded in the market price of the resource through 
mechanisms like taxing and reducing environmen-
tally harmful subsidies?

Our energy future depends primarily on which en-
ergy resources the government and private companies 
decide to promote, coupled with political and economic 
pressure from citizens and consumers. Energy expert 
Amory Lovins describes this process as “choosing an 
energy path.”
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Currently, most countries have a centralized and 
geographically concentrated system of large power 
plants, refineries, pipelines, and other infrastructure 
that is vulnerable to disruption from events such as 
terrorist attacks and natural disasters. For example, 
in 2005, Hurricane Katrina crippled about 10% of 
America’s oil and gas producing wells (see Figure 6, 
bottom, p. S62, in Supplement 10) and oil refineries in 
the Gulf of Mexico for more than a year.

This shift from centralized macropower to dispersed 
micropower would be similar to the computer in-
dustry’s shift from large, centralized mainframe com-
puters to increasingly smaller, widely dispersed PCs, 
laptops, and handheld computers. It would improve 
national and economic security, because countries 
would rely on diverse, dispersed, domestic, and renew-
able energy resources instead of on a small number of 
large coal and nuclear power plants, imported oil, and 
oil refineries that are vulnerable to storm damage and 
sabotage.

The second general conclusion of experts is that a 
combination of greatly improved energy efficiency and the use 
of natural gas and sustainably produced biofuels will best help 
us to make the transition to a diverse mix of locally available 
renewable energy resources (Concept 16-9) over the next sev-
eral decades. Natural gas is the most clean-burning fossil 
fuel, and it can be used easily in the short term during 

S O L U T I O N S
Making the Transition to a More Sustainable Energy Future

Improve Energy Efficiency More Renewable Energy

Reduce Pollution and Health Risk 

Greatly increase use of renewable energy 

Provide large subsidies and tax credits for use of renewable energy

Include environmental costs in prices for all energy resources

Encourage government purchase of renewable energy devices

Greatly increase renewable energy research and  development

Increase fuel-efficiency standards for 
vehicles, buildings, and appliances

Mandate government purchases of 
efficient vehicles and other devices

Provide large tax credits or feebates for 
buying efficient cars, houses, and 
appliances

Offer large tax credits for investments 
in energy efficiency

Reward utilities for reducing demand 
for electricity

Greatly increase energy efficiency 
research and development

Cut coal use 50% by 2020

Phase out coal subsidies

Levy taxes on coal and oil use

Phase out nuclear power subsidies, tax breaks, and loan guarantees

Figure 16-33 Suggestions of various energy analysts for helping us to make the transition to a more sustainable 
energy future (Concept 16-9). Question: Which five of these solutions do you think are the most important? Why?

this transition. Instead of depending mostly on nonre-
newable fossil fuels produced elsewhere, people will 
eventually make use of a variety of often locally 
available renewable energy resources, apply-
ing the diversity principle of sustainability by not 
putting all of their “energy eggs” in one basket.

Third, because of their supplies and artificially low prices, 
fossil fuels will continue to be used in large quantities. The 
challenge is to find ways to reduce the harmful envi-
ronmental impacts of widespread fossil fuel use, with 
special emphasis on reducing air pollution and emis-
sions of greenhouse gases and including their harmful 
environmental costs in their market prices, as less envi-
ronmentally harmful alternatives are phased in.

Figure 16-33 summarizes these and other strategies 
for making the transition to a more sustainable energy 
future over the next 50 years (Concept 16-9).

Economics, Politics, and Education 
Can Help Us to Shift to More 
Sustainable Energy Resources
To most analysts, economics, politics, and consumer 
education hold the key to making a shift to a more 
sustainable energy future. It will require maintaining 
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■✓HOW WOULD YOU VOTE?

Should the government of the country where you live greatly 
increase taxes on fossil fuels and offset this by reducing in-
come and payroll taxes and providing an energy safety net 
for the poor and lower middle class? Cast your vote online at 
academic.cengage.com/biology/miller.

Third, governments can emphasize consumer edu-
cation. Even if governments offer generous financial 
incentives for energy efficiency and renewable energy 
use, people will not make such investments if they 
are uninformed—or misinformed—about the avail-
ability, advantages, disadvantages, and relative costs 
of energy resources (Table 16-1). For example, cloudy 
Germany has more solar water heaters and solar cell 
panels than sunny France and Spain, mostly because 
the German government has made the public aware of 
the environmental benefits of these technologies. It has 
also provided consumers with substantial economic in-
centives for using them.

The good news is that we have the technology, cre-
ativity, and wealth to make the transition to a more 
sustainable energy future within your lifetime, as the 
state of California is proving (see following Case Study). 
Making this transition depends primarily on education
and politics—on how well individuals understand eco-
logical and environmental problems, and on how they 
vote and then influence their elected officials. People 
can also vote with their pocketbooks by refusing to 
buy inefficient and environmentally harmful products 
and by letting company executives know about their 
choices. Figure 16-34 (p. 434) lists some ways in which 
you can contribute to making this transition.

 ■ CASE STUDY

California’s Efforts to Improve 
Energy Efficiency
The U.S. state of California has a population of 37 mil-
lion people and is the world’ sixth largest economy. It 
uses less energy per person than any other U.S. state. 
While overall per capita energy use in the United States 
has grown by half since 1974, California’s energy use 
per person has stayed about even. The state has accom-
plished this through a mix of state regulations and high 
electricity prices, and at the same time it has kept its 
economy growing.

Because California promotes the use of cleaner, re-
newable sources of power, state residents pay close to 
the highest rates for electricity anywhere in the United 
States. This helps reduce energy waste and encour-
ages the use of energy-efficient devices. In the long 
run, because of increased efficiency, it also saves peo-
ple money. While the average American uses 12,000 
kilowatt-hours (kWh) of electricity in a year, the av-
erage California resident uses less than 7,000 kWh. 
That translates to about $800 in savings for the average 

consistent and sustained energy policies at the local, 
state, and national levels so that businesses can make 
long-range plans. Governments can use three strategies 
to help stimulate or dampen the short-term and long-
term use of particular energy resources.

First, they can keep the prices of selected energy resources 
artificially low to encourage use of those resources. They do 
this by providing research and development (R&D) 
subsidies and tax breaks to encourage the development 
of those resources, and by enacting regulations to favor 
them. For decades, this approach has been employed to 
stimulate the development and use of fossil fuels and 
nuclear power in the United States and in most other 
developed countries. The U.S. oil industry received al-
most half of the $600 billion in R&D subsidies provided 
by taxpayers between 1950 and 2003, according to 
the U.S. Department of Energy and the Congressional 
Budget Office.

And in 2007, the Department of Energy allocated 
$159 million for solar energy R&D. At the same time, 
it allocated nearly double this amount, $303 million, 
for nuclear energy R&D and $427 million for coal R&D. 
For decades, this sort of policy has created an uneven 
economic playing field that encourages energy waste 
and rapid depletion of nonrenewable energy resources, 
while it discourages improvements in energy efficiency 
and the development of renewable energy resources.

To many energy analysts, one of the most impor-
tant steps governments can take to level the economic 
playing field is to phase out the $250–300 billion in an-
nual subsidies now provided worldwide for fossil fuels 
and nuclear energy—both mature industries that could 
be left to stand on their own, economically. These ana-
lysts call for greatly increasing subsidies for developing 
renewable energy and energy-efficiency technologies. 
If this had been done beginning in 1980, they say, the 
world probably could have greatly increased its energy 
sustainability, sharply decreased its dependence on im-
ported oil, avoided two wars in the Middle East, and be 
well on the way to slowing global warming and pro-
jected climate change.

The second major strategy that governments can use 
is to keep energy prices artificially high for selected resources 
to discourage their use. They can do this by eliminating 
existing tax breaks and other subsidies that favor use of 
the targeted resource, and by enacting restrictive regu-
lations or taxes on its use. Canada, in 2007 introduced 
rebates for hybrid vehicles, a tax on gas-guzzlers, and 
subsidies for development of renewable fuels. China is 
also taxing gas-guzzlers and raising energy-efficiency 
requirements for homes and office buildings. Such 
measures can increase government revenues, encour-
age improvements in energy efficiency, reduce depen-
dence on imported energy, and decrease use of energy 
resources that have limited supplies. To make such 
changes acceptable to the public, analysts suggest that 
governments can offset energy taxes by reducing in-
come and payroll taxes and providing an energy safety 
net for low-income users.
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Iceland and Sustainability

Iceland’s attempt to convert completely to renewable resources 
(Core Case Study) shows that it is possible for a society to run 
at least partly on renewable energy such as geothermal heat 
(Figure 16-1) and hydropower. It also reveals that it is not easy to 
make such a conversion, and that all players—government, indus-
try, financial institutions, and citizens—must make a commitment 
to shifting to a more sustainable energy future.

For example, the use of hydrogen as fuel is neither an easy 
nor an inexpensive solution. But Iceland is tackling this obstacle 
and, within a decade or two, could be using hydrogen as the fuel 
for its transportation sector.

Other countries and cities can follow the lead of Icelanders 
and make the transition to a more sustainable energy future by 

applying the four scientific principles of sustainability. This 
means:

• Relying much more on direct and indirect forms of solar 
energy

• Recycling and reusing materials and thus reducing wasteful 
and excessive consumption of energy and matter

• Mimicking nature’s reliance on biodiversity by using a di-
verse mix of locally and regionally available renewable energy 
resources

• Reducing use and waste of energy and other resources by 
slowing population growth.

R E V I S I T I N G

A transition to renewable energy is inevitable, 
not because fossil fuel supplies will run out—

large reserves of oil, coal, and gas remain in the world—
but because the costs and risks of using these supplies will continue 

to increase relative to renewable energy.
MOHAMED EL-ASHRY

Figure 16-34 Individuals matter: ways to reduce your use and waste of energy. Questions: Which three of 
these items do you think are the most important? Why? Which things in this list do you already do or plan to do?

■ Get an energy audit done for your house or office

■ Drive a car that gets at least 15 kilometers per liter (35 miles 
per gallon)

■ Use a carpool to get to work or to school

■ Walk, bike, and use mass transit

■ Superinsulate your house and plug all air leaks

■ Turn off lights, TV sets, computers, and other electronic equip-
ment when they are not in use

■ Wash laundry in warm or cold water

■ Use passive solar heating

■ For cooling, open windows and use ceiling fans or whole-house 
attic or window fans

■ Turn thermostats down in winter and up in summer

■ Buy the most energy-efficient home, lights, and appliances 
available

■ Turn down the thermostat on water heaters to 43–49 °C
(110–120 °F) and insulate hot water heaters and pipes

Shifting to Sustainable Energy Use

WHAT CAN YOU DO?

Californian, even with the state’s high electricity prices. 
And while U.S. per capita CO2 emissions stayed about 
the same between1974 and 2004, such emissions in 
California fell by 30%.

Actions taken by the state of California to reduce 
energy waste include establishing the nation’s first and 
strictest building standards for energy efficiency, set-
ting stringent appliance efficiency standards, and giv-
ing rebates for purchases of solar energy equipment. 
The state has also created a strategy called decoupling,

in which utility profits were disconnected from the 
amount of electricity sold, and instead, are now tied 
into the amount of energy conserved.

THINKING ABOUT
California’s Strategies for Energy Efficiency

Do you think that California would have the lowest per capita 
energy use in the country if the state government had not 
acted as it did? Explain.



REVIEW

1. Review the Key Questions and Concepts for this chapter 
on p. 400. Describe Iceland’s attempt to develop a renew-
able energy economy by 2050.

2. Distinguish between energy conservation and en-
ergy efficiency. Explain why energy efficiency can be 
thought of as an energy resource. How much of the en-
ergy used in the United States is wasted unnecessarily? 
What are the major advantages of reducing energy waste? 
List three reasons why this source of energy has been 
neglected?

3. What is net energy efficiency and why is it impor-
tant? Describe three ways to save energy and money in 
(a) industry, (b) transportation, and (c) buildings. What is 
cogeneration (combined heat and power or CHP)?
Describe how Dow Chemicals has saved energy and 
money. Describe the trends in fuel efficiency in the United 
States since the 1970s. Explain why the price of gasoline 
is much higher than what consumers pay at the pump. 
What is a feebate? Distinguish among hybrid, plug-in hy-
brid, and fuel-cell motor vehicles. Describe five ways to 
save energy in an existing building.

4. List five advantages of relying more on a variety of renew-
able sources of energy and describe two factors holding 
back such a transition.

5. Distinguish between passive solar heating and active
solar heating and discuss the major advantages and 
disadvantages of such systems. What are three ways to 
cool houses naturally? Discuss the major advantages and 
disadvantages of using solar energy to generate high-
temperature heat and electricity. What is a solar cell 
(photovoltaic or PV cell) and what are the major ad-
vantages and disadvantages of using such cells to produce 
electricity?

6. What are the major advantages and disadvantages of us-
ing flowing water to produce electricity in hydropower 
plants? What is the potential for using tides and waves, to 
produce electricity?

7. What is a wind turbine? What is a wind farm? What are 
the major advantages and disadvantages of using wind 
to produce electricity? What are the major advantages 
and disadvantages of using wood to provide heat and 
electricity? What are biofuels and what are the major 
advantages and disadvantages of using (a) biodiesel and 
(b) ethanol to power motor vehicles? Evaluate the use 
of corn, sugar cane, and cellulose plants to produce 
ethanol.

8. What is geothermal energy and what are three sources 
of such energy? What are the major advantages and dis-
advantages of using geothermal energy as a source of heat 
and to produce electricity? What are the major advantages 
and disadvantages of burning hydrogen gas to provide 
heat, to produce electricity, and to fuel cars?

9. List three general conclusions of energy experts about 
possible future energy paths for the world. List five major 
strategies for making the transition to a more sustainable 
energy future. Describe three roles that governments play 
in determining which energy resources we use. Describe 
what the U.S. state of California has done to improve en-
ergy efficiency and rely more on various forms of renew-
able energy.

10. Describe how Iceland’s pursuit of a renewable en-
ergy economy (Core Case Logo) applies the 
four scientific principles of sustainability.

Note: Key Terms are in bold type.
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CRITICAL THINKING

1. Imagine that the country where you live has completed 
a transition to using only renewable energy, as Iceland 
plans to do (Core Case Study). Do you think that 
you would have to give up any of the conveniences 
you now enjoy? If so, what are they? Describe any adjust-
ments you might have to make in your way of living.

2. List five ways in which you unnecessarily waste energy 
during a typical day, and explain how these ac-
tions violate any of the four scientific principles of 
sustainability (see back cover).

3. Congratulations! You have won $500,000 to build a 
more sustainable house of your choice. With the goal of 

maximizing energy efficiency, what type of house would 
you build? How large would it be? Where would you 
locate it? What types of materials would you use? What 
types of materials would you not use? How would you 
heat and cool the house? How would you heat water? 
What types of lighting, stove, refrigerator, washer, and 
dryer would you use? Which, if any, of these appliances 
could you do without?

 4. A homebuilder installs electric baseboard heat and claims, 
“It is the cheapest and cleanest way to go.” Apply your 
understanding of the second law of thermodynamics 
(Concept 2-4B, p. 40) and net energy (Figure 16-4), to 
evaluate this claim.
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Note: See Supplement 13 (p. S78) for a list of Projects related to this chapter.

ECOLOGICAL FOOTPRINT ANALYSIS

Make calculations to fill in the missing data in this table. Show 
all calculations. (Note: 1 liter " 0.265 gallon; 1 kilogram "
2.20 pounds; 1 hectare " 10,000 square meters " 2.47 acres.)

EPA Size Class/ Compact/ Midsize/  Sports Utility Vehicle (SUV)/
Model Honda Civic Hybrid Toyota Camry Hybrid Hummer H3

Combined highway and city 17.8 (42.0) 14.4 (34.0) 6.4 (15.0)
fuel efficiency in kilometers
per liter (miles per gallon)

Liters (gallons) of gasoline
consumed per year, assuming 
an average mileage of
19,300 kilometers
(12,000 miles)

Kilograms (pounds) of CO2

produced per year, assuming 
combustion of gasoline 
releases 2.3 kilograms per liter 
(19 pounds per gallon)

Hectares (acres) of tropical 
rain forest needed to take
up CO2 produced per year, 
assuming the annual uptake 
of an undisturbed forest is 
0.5 kilograms of CO2 per
square meter

5. Should buyers of energy-efficient motor vehicles re-
ceive large rebates, funded by taxes on gas-guzzlers? 
Explain.

6. Explain why you agree or disagree with the following 
proposals made by various energy analysts:

a. Government subsidies for all energy alternatives 
should be eliminated so that all energy choices can 
compete in a true free-market system.

b. All government tax breaks and other subsidies for 
conventional fossil fuels (oil, natural gas, and coal), 
synthetic natural gas and oil, and nuclear power 
(fission and fusion) should be phased out. They 
should be replaced with subsidies and tax breaks for 
improving energy efficiency and developing solar, 
wind, geothermal, hydrogen, and biomass energy 
alternatives.

c. Development of solar, wind, and hydrogen en-
ergy should be left to private enterprise and should 
receive little or no help from the federal gov-
ernment, but nuclear energy and fossil fuels should 
continue to receive large federal government 
subsidies.

7. Imagine that you are in charge of the U.S. Department of 
Energy (or the energy agency in the country where you 
live). What percentage of your research and development 
budget will you devote to fossil fuels, nuclear power, re-
newable energy, and improving energy efficiency? How 
would you distribute your funds among the various types 
of renewable energy (wind, solar, hydropower, geother-
mal)? Explain your thinking.

8. List three ways in which you could apply Concept 16-9 to 
making your lifestyle more environmentally sustainable.

9. Congratulations! You are in charge of the world. List the 
five most important features of your energy policy.

10. List three questions that you would like to have answered 
as a result of reading this chapter.
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CONCEPT 16-9 437
LEARNING ONLINE

Log on to the Student Companion Site for this book at 
academic.cengage.com/biology/miller, and choose 
Chapter 16 for many study aids and ideas for further read-

1. About how many times as much CO2 per year is produced 
by the SUV as is produced by the compact car?

2. About how many times as much CO2 per year is produced 
by the SUV as is produced by the midsize car?

3. How many hectares (acres) of tropical rain forest are 
needed to take up the CO2 produced annually by 1 mil-
lion SUVs?

4. How many hectares (acres) of tropical rain forest are 
needed to take up the CO2 produced annually by 1 mil-
lion midsize cars?

5. How many hectares (acres) of tropical rain forest are 
needed to take up the CO2 produced annually by 1 mil-
lion compact cars?

ing and research. These include flash cards, practice quiz-
zing, Weblinks, information on Green Careers, and InfoTrac®

College Edition articles.
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In this chapter, we will look at connections between envi-
ronmental hazards and human health and at what we can do 
to reduce the deadly global pandemic of AIDS and other envi-
ronmental health threats from diseases and exposure to harmful 
chemicals.

The Global HIV/AIDS Epidemic

The spread of acquired immune deficiency syndrome (AIDS), 
caused by infection with the human immunodeficiency virus 
(HIV), is a serious global health threat. The virus itself is 
not deadly, but it cripples the immune system and leaves the 
body vulnerable to infections such as tuberculosis (TB) and rare 
forms of cancer such as Kaposi’s sarcoma (Figure 17-1). The virus 
is transmitted from one person to another by unsafe sex, sharing 
of needles by drug users, infected mothers who pass the virus 
on to their offspring before or during birth, and exposure to in-
fected blood.

Since the HIV virus was identified in 1981, this viral infection 
has spread exponentially around the globe. According to the 
World Health Organization (WHO), in 2007, about 33 million 
people worldwide (1.1 million in the United States) were infected 
with HIV. Almost two-thirds of them were in African countries 
located south of the Sahara Desert (sub-Saharan Africa) (see Fig-
ure 14, p. S18, in Supplement 3).

In 2007, about 2.5 million people (58,000 to 63,000 in 
the United States) became infected with HIV—an average of 
6,800 new cases per day—half of them between the ages of 
15 and 24. Within 7–10 years, at least half of all HIV-infected 
people will develop AIDS. This long incubation period means that 
infected people often spread the virus for several years without 
knowing they are infected.

Currently, there is no vaccine to prevent HIV and no 
cure for AIDS. If you get AIDS, you will almost certainly die 
from it. Drugs help some infected people live longer, but 
90% of those suffering from AIDS cannot afford to use these 
drugs.

Between 1981 and 2007, more than 25 million people 
(584,000 in the United States) died of AIDS-related diseases. 
Each year AIDS claims about 2.1 million more lives (17,000 in 
the United States)—a daily average of 5,750 premature 
deaths.

AIDS has reduced the life expectancy of the 750 million peo-
ple living in sub-Saharan Africa from 62 to 47 years—40 years in 
the seven countries most severely affected by AIDS. The prema-
ture deaths of teachers, health-care workers, soldiers, and other 
young productive adults in such countries leads to diminished 
education and health care, decreased food production and eco-
nomic development, and disintegrating families.

This means that countries like Botswana are expected to lose 
half of their adult populations within a decade. Such death rates 
drastically alter a country’s age structure (Figure 17-2). AIDS has 
also left more than 15 million children orphaned—roughly equal 
to the number of children under age 5 in the United States. 
Many of these orphans are forced into child labor or the sex 
trade.

Environmental Hazards and 
Human Health17
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Figure 17-1 
Lesions that are a 
sign of Kaposi’s 
sarcoma, a rare 
form of cancer 
common among 
AIDS patients.

Figure 17-2 Global outlook: Worldwide, AIDS is the leading cause of 
death for people of ages 15–49. This loss of productive working adults 
affects the age structure of a population. In Botswana, more than 24% 
of this age group is infected with HIV. This figure shows the projected 
age structure of Botswana’s population in 2020 with and without AIDS. 
(Data from the U.S. Census Bureau) Question: How might this affect 
Botswana’s economic development?

U.
S.

 N
at

io
na

l C
an

ce
r I

ns
tit

ut
e



Risks Are Usually Expressed 
as Probabilities
A risk is the probability of suffering harm from a haz-
ard that can cause injury, disease, death, economic 
loss, or damage. It is usually expressed in terms of prob-
ability—a mathematical statement about how likely it 
is that harm will be suffered from a hazard. Scientists 
often state a probability in terms such as “The lifetime 
probability of developing lung cancer from smoking 
one pack of cigarettes per day is 1 in 250.” This means 
that 1 of every 250 people who smoke a pack of ciga-
rettes every day will likely develop lung cancer over a 
typical lifetime (usually considered to be 70 years).

It is important to distinguish between possibility and 
probability. When we say that it is possible that a smoker 
can get lung cancer, we are saying that this event could 
happen. Probability gives us an estimate of the likeli-
hood of such an event.

Risk assessment is the scientific process of us-
ing statistical methods to estimate how much harm a 

particular hazard can cause to human health or to the 
environment. Scientists use it to estimate the prob-
ability of a risk, to compare it with the probability of 
other risks, and to establish priorities for avoiding or 
managing risks. Risk management involves deciding 
whether or how to reduce a particular risk to a certain 
level and at what cost. Figure 17-3 (p. 440) summarizes 
how risks are assessed and managed.

A major problem is that most people are not good 
at understanding and comparing risks. Because of sen-
sational news coverage about the latest scare, many 
people worry about the highly unlikely possibility of 
minor risks and ignore the significant probability of 
harm from major risks.

For example, some Americans worry about get-
ting widely publicized avian flu, which by mid-2008 
had killed no one in the United States, but they do 
not get vaccinated for the common flu, which con-
tributes to the deaths of about 36,000 Americans each 
year. Thus, educating people and especially news re-
porters about the meaning of risk assessments and 

Key Questions and Concepts

17-1 What major health hazards do we face?
CONCEPT 17 - 1  People face health hazards from biological, 
chemical, physical, and cultural factors, and from the lifestyle 
choices they make.

17-2 What types of biological hazards do we face?
CONCEPT 17 -2  In terms of death rates, the most serious 
infectious diseases are flu, AIDS, diarrheal diseases, malaria, and 
tuberculosis; most of these deaths occur in developing countries.

17-3 What types of chemical hazards do we face?
CONCEPT 17 -3  There is growing concern about chemicals 
that can cause birth defects and cancers and disrupt the human 
immune, nervous, and endocrine systems.

17-4 How can we evaluate and deal with chemical 
hazards?
CONCEPT 17 -4A  Scientists use live laboratory animals, non-
animal tests, case reports of poisonings, and epidemiological 

studies to estimate the toxicity of chemicals, but these methods 
have limitations.

CONCEPT 17 -4B  Many health scientists call for much greater 
emphasis on pollution prevention to reduce our exposure to 
potentially harmful chemicals.

17-5 How do we perceive risks and how can we avoid 
the worst of them?
CONCEPT 17 -5  We can reduce the major risks we face if we 
become informed, think critically about risks, and make careful 
choices.

Note: Supplements 2 (p. S4), 3 (p. S10), 6 (p. S39), and 13 (p. S78) can be used with 
this chapter.

The dose makes the poison.
PARACELSUS, 1540

17-1 What Major Health Hazards Do We Face?
CONCEPT 17-1 People face health hazards from biological, chemical, physical, and 
cultural factors, and from the lifestyle choices they make.

▲

439Links: refers to the Core Case Study. refers to the book’s sustainability theme. indicates links to key concepts in earlier chapters.
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teaching them how to make risk comparisons is an im-
portant priority.

We Face Many Types of Hazards
All of us take risks every day. Examples include choos-
ing to drive or ride in a car instead of using a bicycle 
or mass transit; eating foods with a high cholesterol or 
fat content that contribute to heart attacks, which kill 
far more people each year than any other risk; drinking 

alcohol; smoking or being in an enclosed space with a 
smoker; lying out in the sun or going to a tanning par-
lor, which increases the risk of getting skin cancer and 
wrinkled skin; and living in a hurricane-prone area. 
The key questions are, how serious are the risks we 
face, and do the benefits of certain activities outweigh 
the risks?

We can suffer harm from five major types of haz-
ards (Concept 17-1):

• Biological hazards from more than 1,400 pathogens 
that can infect humans. A pathogen is a living or-
ganism that can cause disease in another organism. 
Examples are bacteria, viruses, parasites, protozoa, 
and fungi.

• Chemical hazards from harmful chemicals in air, 
water, soil, and food.

• Physical hazards such as fire, earthquakes, volcanic 
eruptions, floods, and storms.

• Cultural hazards such as unsafe working conditions, 
unsafe highways, criminal assault, and poverty.

• Lifestyle choices such as smoking, eating too much, 
drinking too much alcohol, and having unsafe sex.

THINKING ABOUT
Hazards

Think of a hazard from each of these categories that you may 
have faced recently. Which one was the most threatening?

Risk Management

Comparative risk analysis
How does it compare
with other risks?

Risk reduction
How much should
it be reduced?

Risk reduction strategy
How will the risk
be reduced?

Financial commitment
How much money
should be spent?

Risk Assessment

Hazard identification
What is the hazard?

Probability of risk
How likely is the 
event?

Consequences of risk
What is the likely
damage?

Figure 17-3 Science: risk assessment and risk management. 
Question: What is an example of how you have applied this pro-
cess in your daily living?

17-2 What Types of Biological Hazards Do We Face?
CONCEPT 17-2 In terms of death rates, the most serious infectious diseases are flu, 
AIDS, diarrheal diseases, malaria, and tuberculosis; most of these deaths occur in 
developing countries.

▲
tious disease that can be transmitted from one person 
to another. Examples are flu, HIV, tuberculosis, and 
measles.

A bacterial disease such as tuberculosis spreads as 
the bacteria multiply. A viral disease such as flu or HIV 
spreads when a virus takes over a cell’s genetic machin-
ery to copy itself. Figure 17-4 shows the percentages of 
deaths in the world and in the United States in 2005 
caused by cardiovascular diseases (mostly heart attacks 
and strokes), infectious diseases, and cancers.

In 1900, infectious disease was the leading cause of 
death in the world and in the United States. Since then, 
and especially since 1950, the incidences of infectious 
diseases and the death rates from such diseases have 
been greatly reduced. This has been achieved mostly by 
a combination of better health care, the use of antibiot-
ics to treat infectious diseases caused by bacteria, and 
the development of vaccines to prevent the spread of 

Some Diseases Can Spread from 
One Person to Another
A nontransmissible disease is caused by something 
other than a living organism and does not spread from 
one person to another. Such diseases tend to develop 
slowly and have multiple causes. Examples include 
cardiovascular (heart and blood vessel) diseases, most 
cancers, asthma, diabetes, and malnutrition. As aver-
age life expectancy increases, people are more likely to 
suffer and die from nontransmissible diseases such as 
cardiovascular diseases and cancers.

An infectious disease is caused when a pathogen 
such as a bacterium, virus, or parasite invades the body 
and multiplies in its cells and tissues. Examples are flu, 
HIV (Core Case Study), malaria, tuberculosis, 
and measles. A transmissible disease (also 
called a contagious or communicable disease) is an infec-
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some infectious viral diseases. As a result, average life 
expectancy has increased in most countries, the lead-
ing cause of death has shifted to nontransmissible car-
diovascular disease, and the percentage of people dying 
from cancers is increasing in both developed and devel-
oping countries.

Traditionally, health organizations have described 
the state of global and national health by focusing 
mainly on the leading causes of death such as those 
shown in Figure 17-4. But such data do not give us a 

picture of the nonfatal effects of disease and injury like 
prolonged illnesses and forms of disability like blind-
ness, paralysis, and impaired learning ability. Health 
agencies now use disability-adjusted life years (DALYs) as 
a measure of the total disease burden in a population. 
A DALY is a measure designed to assess the amount 
of ill health, including premature death and disability 
due to specific diseases and injuries. However, the use 
of DALYs to make health care decisions has been crit-
icized because of the shortage of reliable data on dis-
abilities, and because of disagreements about how to 
evaluate the severity of various disabilities and how to 
apply them to different age groups.

Infectious Diseases Are Still Major 
Health Threats
Despite the shift in higher risk levels from transmissible 
to nontransmissible diseases, infectious diseases remain 
as serious health threats, especially in developing coun-
tries. Figure 17-5 shows major pathways for infectious 
diseases in humans. Such diseases can then be spread 
through air, water, food, and body fluids such as fe-
ces, urine, blood, and droplets sprayed by sneezing and 
coughing.

A large-scale outbreak of an infectious disease in an 
area or country is called an epidemic and a global epi-
demic, such as AIDS (Core Case Study) is called a 
pandemic. Figure 17-6 (p. 442) shows the annual 

30%
Cardiovascular
disease

World

39%
United
States

30%
Infectious
diseases

World

7%
United
States

17%

Cancers

World

23%
United
States

Figure 17-4 Major causes of death in the world and in the United 
States in 2005. Questions: Why do you think that a higher percent-
age of the people in the United States die of cardiovascular disease 
than in the world? Why do you think that a much higher percent-
age of people in the world die from infectious diseases than in the 
United States? (Data from the World Health Organization and the 
U.S. Centers for Disease Control and Prevention)

Pets Livestock Wild animals Insects

HumansOther humans

Fetus and babies

Food Water Air

Figure 17-5 Science: pathways for infectious disease 
in humans. Question: Can you think of other path-
ways not shown here?
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death toll from the world’s seven deadliest in fectious 
diseases (Concept 17-2). The World Health Organization 
(WHO) is developing a Global Health Atlas, which con-
tains a global database and maps based on health statis-
tics, such as child mortality and the incidence of major 
infectious diseases in the world’s countries (see www
.who.int/GlobalAtlas/).

A growing problem is that many disease-carrying 
bacteria have developed genetic immunity to widely 
used antibiotics (Science Focus, at right). Also, many 
disease-transmitting species of insects such as mosqui-
toes have become immune to widely used pesticides 
that once helped to control their populations.

 ■ CASE STUDY

The Growing Global Threat 
from Tuberculosis
Since 1990, one of the world’s most underreported 
stories has been the rapid spread of tuberculosis (TB). 
According to the WHO, this highly infectious bacterial 
disease strikes about 9.2 million people per year and 
kills 1.7 million—about 84% of them in developing 
countries.

Many TB-infected people do not appear to be sick, 
and about half of them do not know they are infected. 
Left untreated, each person with active TB typically in-
fects 10–15 other people.

Several factors account for the recent increase in TB 
incidence. One is that there are too few TB screening 
and control programs, especially in developing coun-

tries, where 95% of the new cases occur. A second 
problem is that most strains of the TB bacterium have 
developed genetic resistance to the majority of the ef-
fective antibiotics. Also, population growth, urbaniza-
tion, and air travel have greatly increased person-to-
person contacts, and TB has spread, especially in areas 
where large numbers of poor people crowd 
together. In addition, AIDS (Core Case Study) 
greatly weakens its victims’ immune systems, which al-
lows TB bacteria to multiply in AIDS victims.

Slowing the spread of the disease requires early 
identification and treatment of people with active TB, 
especially those with a chronic cough. Treatment with 
a combination of four inexpensive drugs can cure 90% 
of individuals with active TB. To be effective, the drugs 
must be taken every day for 6–8 months. Because the 
symptoms disappear after a few weeks, many patients 
think they are cured and stop taking the drugs, allow-
ing the disease to recur in drug-resistant forms and to 
spread to other people.

In recent years, a deadly and apparently incurable 
form of tuberculosis, known as multidrug-resistant TB 
has been increasing, especially in parts of Africa, China, 
India, and Russia. This form of TB is now found in 45 
countries, and each year, there are about 500,000 new 
cases. Because this disease cannot be treated effectively 
with antibiotics, victims must be permanently quaran-
tined from the rest of society. They also pose a threat to 
health workers and to potentially every person on the 
planet who takes a train or a plane and is exposed to 
undiagnosed people with this incurable form of TB.

THINKING ABOUT
Dealing with Tuberculosis

If you were a public health official, what would you do to 
ensure that people infected with TB received and took the 
treatments necessary to rid themselves of the disease and to 
lessen their chances of spreading it to others?

Some Viral Diseases Kill Large 
Numbers of People
Viruses evolve quickly, are not affected by antibiot-
ics, and can kill large numbers of people. What are the 
world’s three most widespread and dangerous viruses? 
The biggest killer is the influenza or flu virus (Con-
cept 17-2), which is transmitted by the body fluids or 
airborne emissions of an infected person. Easily trans-
mitted and especially potent flu viruses could spread 
around the world in a pandemic that could kill millions 
of people in only a few months (Science Focus, p. 444).

The second biggest viral killer is the human immuno-
deficiency virus (HIV) (Core Case Study and Con-
cept 17-2). On a global scale, HIV infects about 
2.5 million people each year, and the resulting compli-
cations from AIDS kill about 2.1 million people annu-
ally. AIDS is a serious and growing threat, but fortu-
nately it is not as easily spread as is the common flu.

3.2 million

Disease
(type of agent)

Deaths per year

Pneumonia and flu
(bacteria and viruses)

HIV/AIDS
(virus)

1.9 million

2.1 million

Diarrheal diseases
(bacteria and viruses)

1.7 millionTuberculosis
(bacteria)

1 millionMalaria
(protozoa)

1 millionHepatitis B
(virus)

800,000Measles
(virus)

Figure 17-6 Global outlook: The World Health Organization esti-
mates that each year, the world’s seven deadliest infectious diseases 
kill 12.5 million people—most of them poor people in developing 
countries (Concept 17-2). This amounts to an average of about 
34,200 mostly preventable deaths every day. Question: How many 
people, on average, die prematurely from these diseases every 
hour? (Data from the World Health Organization, 2007)

www.who.int/GlobalAtlas/
www.who.int/GlobalAtlas/
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Examine the HIV virus and how it replicates by 
using a host cell at CengageNOW™.

Antiviral drugs can slow the progress of AIDS, but 
they are expensive. With such drugs, an American with 
AIDS, on average, can expect to live about 24 years at a 
cost of about $25,200 a year. Such drugs cost too much 
for extensive use in developing countries with wide-
spread AIDS infections.

According to the WHO, a global strategy to slow the 
spread of AIDS should have six major priorities. First,
reduce the number of new infections below the num-
ber of deaths. Second, concentrate on the groups in a 
society that are most likely to spread the disease, such 
as sex workers, intravenous drug users, and soldiers. 
Third, provide free HIV testing and pressure people 
from high-risk groups to get tested.

Fourth, implement a mass-advertising and educa-
tion program geared toward adults and schoolchildren 

to help prevent the disease, and emphasize abstinence, 
condom use, and male circumcision (which appar-
ently can reduce the transmission of HIV to men from 
infected female partners by up to 60%). Fifth, provide 
free or low-cost drugs to slow the progress of the dis-
ease. Sixth, increase funding for research on the de-
velopment of microbiocides such as a vaginal gel that 
could help women to protect themselves from getting 
HIV/AIDS.

HOW WOULD YOU VOTE?

Should developed and developing nations mount 
an urgent global campaign to reduce the spread of 
HIV (Core Case Study) and to help countries afflicted by the 
disease? Cast your vote online at academic.cengage.com/
biology/miller.

The third largest viral killer is the hepatitis B vi-
rus (HBV), which damages the liver and kills about a 

SCIENCE FOCUS

Genetic Resistance to Antibiotics Is Increasing

In 2005, MRSA infections contributed to the 
premature deaths of 18,650 people in the 
United States (more than the 17,000 who 
died from AIDS).

Ways to reduce the chances of infec-
tion from MRSA include frequent, thorough 
washing of hands; careful cleansing of even 
superficial wounds with soap and water; 
covering all wounds with a clean, dry ban-
dage; and not sharing towels or other 
linens.

Most antibiotics work by crippling key 
proteins inside bacteria. But bacteria often 
develop immunity to such chemicals by modi-
fying their protein receptor sites in ways that 
prevent the antibiotic molecules from enter-
ing their cells. In 2008, University of Pennsyl-
vania scientists developed a compound that 
mimics molecules they identified in frog skin 
that essentially stab staph bacteria to death. 
This has inspired a new approach toward 
killing harmful bacteria by poking thousands 
of tiny holes in the bacterium’s membranes. 
Ironically, at a time when chemical knowl-
edge gained by studying amphibians could 
save millions of human lives, our activities are 
threatening many of the world’s amphibian 
species. (Case Study, p. 93).

Critical Thinking
What are three things that could be done to 
slow the rate at which disease-causing organ-
isms develop resistance to antibiotics?

As a result of these factors acting to-
gether, every major disease-causing bac-
terium now has strains that resist at least 
one of the roughly 160 antibiotics used to 
treat bacterial infections such as tuberculo-
sis (Case Study, at left). Each year, genetic 
resistance to antibiotics plays a role in the 
deaths of at least 90,000 of the 2 million 
people who pick up mostly preventable 
infections while they are in U.S. hospitals, 
according to the U.S. Centers for Disease 
Control and Prevention. This serious problem 
is much worse in hospitals in many other 
countries.

A bacterium known as methicillin-resistant 
staphylococcus aureus, or MRSA, has become 
resistant to most common antibiotics. This 
staph infection first appears on the skin as a 
red, swollen pimple or boil that may be pain-
ful and have pus. Many victims think they 
have a spider bite that will not heal. MRSA 
can cause a vicious type of pneumonia, flesh-
eating wounds, and a quick death if it gets 
into the bloodstream.

This staph germ typically thrives on the 
body (mostly on the skin and in the nose) 
in health care settings where people have 
open wounds and tubes. But in recent 
years, it has been increasingly found in the 
general population. It can be picked up on 
playgrounds, in meeting rooms, and in gyms. 
It can spread through skin contact, tattoo 
needles, and contact with poorly laundered 
clothing items or shared items such as towels. 

e risk falling behind in our 
efforts to prevent infectious 

bacterial diseases because of the astounding 
reproductive rate of bacteria, some of which 
can produce well over 16 million offspring 
in 24 hours. This allows bacteria to become 
genetically resistant to an increasing num-
ber of antibiotics through natural selection 
(Concept 4-2A, p. 80, and Fig-
ure 4-5, p. 83). In addition, some 
drug-resistant bacteria can quickly transfer 
their resistance to nonresistant bacteria by 
exchanging genetic material.

Other factors play a key role in fostering 
such genetic resistance. One is the spread of 
bacteria (some beneficial and some harm-
ful) around the globe by human travel and 
international trade. Another is the overuse 
of pesticides, which increases populations of 
pesticide-resistant insects and other carriers of 
bacterial diseases.

Yet another factor is overuse of antibiotics. 
According to a 2000 study by Richard Wenzel 
and Michael Edward, at least half of all anti-
biotics used to treat humans are prescribed 
unnecessarily. In many countries, antibiotics 
are available without a prescription, which 
promotes unnecessary use. Resistance to 
some antibiotics has increased because of 
their widespread use in livestock and dairy 
animals to control disease and to promote 
growth. Also, the growing use of antibacterial 
hand soaps and other cleansers is probably 
promoting genetic resistance.

W
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million people each year. Like HIV, it is transmitted by 
unsafe sex, sharing of needles by drug users, infected 
mothers who pass the virus to their offspring before or 
during birth, and exposure to infected blood.

In recent years, several other viruses that cause pre-
viously unknown diseases have received widespread 
media coverage. One is the West Nile virus, transmitted 
to humans by the bite of a common mosquito that be-
comes infected by feeding on birds that carry the vi-
rus. Since 1992 when this virus emerged in the United 
States, it has spread from coast to coast. Between 
1999 and 2007, it caused severe illness, including en-
cephalitis and meningitis, in 11,016 people and killed 
1,062 people. Fortunately, the chance of being infected 
and killed by this disease is low (about 1 in 2,500).

A second highly publicized virus is the severe acute 
respiratory syndrome (SARS ) virus, which first appeared 
in humans in China in 2002. SARS, which has flu-like 
symptoms, can quickly turn into life-threatening pneu-
monia and is easily spread from person to person. Dur-
ing 6 months in 2003, the disease began spreading be-
yond China, where it infected at least 8,500 people and 
caused 812 deaths. Swift local action by the WHO and 
other health agencies helped to contain the spread of 
this disease by July 2003. But without careful vigilance, 
it might break out again.

West Nile and SARS are examples of diseases that 
move from animals to humans, a problem that is in-
creasing as more people move into undeveloped ar-
eas to settle and interact with wildlife species (Science 
Focus, p. 446). Health officials are concerned about the 

spread of West Nile virus, SARS, and other emerging vi-
ral diseases, and are working hard to control them. But 
in terms of annual infection rates and deaths, the three 
most dangerous viruses by far are still flu, HIV, and HBV 
(Concept 17-2). In 2007, for example, flu killed about 
36,000 Americans and West Nile virus killed 109.

RESEARCH FRONTIER

Ecological medicine. See academic.cengage.com/biology/
miller.

You can greatly reduce your chances of getting in-
fectious diseases by practicing good, old-fashioned hy-
giene. Wash your hands thoroughly and frequently, 
avoid touching your face, and stay away from people 
who have flu or other viral diseases. Another growing 
hazard is infectious diseases caused by parasites, espe-
cially malaria (see the following Case Study).

 ■ CASE STUDY

Malaria—Death by Parasite-Carrying 
Mosquitoes
About one of every five people in the world—most of 
them living in poor African countries—is at risk from 
malaria (Figure 17-7). This should concern anyone trav-
eling to malaria-prone areas because there is no vaccine 
for this disease.

SCIENCE FOCUS

A Nightmare Flu Scenario

up in chickens that were probably infected 
by wild bird droppings. The virus then spread 
to people in Hong Kong, and since then, has 
spread to chickens and wild birds, including 
migratory birds that can spread the viruses 
far and wide. Between 2003 and 2008, it is 
known to have infected 376 people in at least 
61 countries and killed 238, most of them in 
Vietnam and Indonesia.

Only one genetic mutation hurdle keeps 
this flu from becoming a pandemic: the cur-
rent forms of this virus do not have the ability 
to spread easily from person to person. How-
ever, health officials tracking this virus say it is 
probably only a matter of time before strains 
with such an ability emerge.

Critical Thinking
What would you do to protect yourself if a 
global flu pandemic occurred?

again. Infected people crisscrossing the 
world every day in airliners would hasten its 
spread. Health officials project that within 
a few months, such a flu pandemic could 
infect up to one-fourth of the world’s popula-
tion and kill anywhere from 51–360 million 
people, with the highest death tolls in South 
Asia, East Asia, Sub-Saharan Africa, and the 
Middle East. According to the U.S. Centers 
for Disease Control and Prevention (CDC), a 
worst-case pandemic could kill as many as 1.9 
million and hospitalize 8.5 million Americans.

Pigs, chickens, ducks, and geese are the 
major reservoirs of flu viruses. As these viruses 
move from one animal species to another, 
they can mutate and exchange genetic ma-
terials with other flu viruses to create new flu 
viruses.

In 1997, a new H5N1 avian strain of flu 
virus genetically related to the 1918 killer 
strain emerged in Asia. This strain, commonly 
known as bird flu or avian flu, first showed 

ommon flu viruses kill up to 2% 
of the people they infect, most of 

them very young, old, weak, or sick. Most 
die from secondary infections of bacterial 
pneumonia. Flu viruses regularly contribute to 
the deaths of about 1 million people a year—
36,000 of them in the United States.

Every now and then, an especially potent 
flu virus develops that can kill up to 80% of 
it victims, including healthy young adults. 
The result: a global flu pandemic that can kill 
millions of people within a few months and 
cause economic and social chaos. This hap-
pened in 1918 when a virus called Spanish flu 
spread rapidly around the globe and, within 
a few months, killed 20–50 million people—
including 250,000–500,000 in the United 
States. Some people woke up healthy and 
were dead by nightfall.

Many health scientists believe that, sooner 
or later, a mass infection from a new and 
very potent flu virus will sweep the world 

C
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Malaria is caused by a parasite that is spread by the 
bites of certain mosquito species. It infects and destroys 
red blood cells, causing intense fever, chills, drench-
ing sweats, anemia, severe abdominal pain, headaches, 
vomiting, extreme weakness, and greater susceptibility 
to other diseases. It kills at least 1 million and perhaps 
as many as 2 million people each year—an average of 
2,700–5,400 deaths per day (Concept 17-2). About 90% 
of those dying are children younger than age 5. Many 
of the children who survive suffer brain damage or im-
paired learning ability.

Four species of protozoan parasites in the genus 
Plasmodium cause malaria. Most infections occur when 
an uninfected female of any of about 60 Anopheles mos-
quito species bites a person (usually at night) who is 
infected with Plasmodium parasite, ingests blood that 
contains the parasite, and later bites an uninfected per-
son (Figure 17-8). Plasmodium parasites then move out 
of the mosquito and into the human’s bloodstream and 
liver where they multiply. Malaria can also be trans-
mitted by blood transfusions and by drug users sharing 
needles.

The malaria cycle repeats itself until immunity de-
velops, treatment is given, or the victim dies. Over the 
course of human history, malarial protozoa probably have 
killed more people than all the wars ever fought.

During the 1950s and 1960s, the spread of malaria 
was sharply curtailed when swamplands and marshes 
where mosquitoes were breeding were drained or 
sprayed with insecticides, and drugs were used to kill 

the parasites in victims’ bloodstreams. Since 1970, 
however, malaria has come roaring back. Most spe-
cies of the Anopheles mosquito have become genetically 
resistant to most insecticides. Worse, the Plasmodium 
parasites have become genetically resistant to common 
antimalarial drugs. In addition, clearing and developing 
tropical forests (Figure 10-5, p. 218, and Figure 10-13, 
p. 224) leads to the spread of malaria among workers 
and the settlers who follow. Global warming is also 

Figure 17-7 Global outlook: distribution of malaria. About 40% of the world’s population lives in areas in which 
malaria is prevalent. Malaria kills at least 1 million—and perhaps as many as 2 million—people a year. More than 
80% of these victims live in Sub-Saharan Africa—most of them children under the age of 5 (Concept 17-2). (Data 
from the World Health Organization and U.S. Centers for Disease Control and Prevention)
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Figure 17-8 Science: the life cycle of malaria. Plasmodium 
parasites circulate from mosquito to human and back to mosquito.
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likely to increase cases of malaria as populations of 
malaria-carrying mosquitoes spread to warmer areas.

Malaria and the AIDS virus interact in a vicious cy-
cle because of the weakened condition of people with 
these diseases, especially in parts of Africa where both 
diseases are prevalent. People with HIV (Core
Case Study) are more vulnerable to malaria, 
and people with malaria are more vulnerable to HIV.

Researchers are working to develop new antima-
larial drugs (such as artemisinins, a Chinese remedy de-
rived from the sweet wormwood plant), vaccines, and 
biological controls for Anopheles mosquitoes. But these 

approaches receive too little funding and have proved 
more difficult to implement than they were originally 
thought to be. In 2005, malaria researchers were evalu-
ating the use of two fungi, which are apparently harm-
less to humans and the environment, to kill malaria-
carrying mosquitoes. If effective, they could be sprayed 
on walls or soaked into mosquito nets.

U.S. researchers are also developing mosquitoes 
genetically engineered to resist the malaria parasite and 
outbreed conventional malaria-carrying mosquitoes. 
And biochemist David Schooley and his colleagues are 
looking for a way to kill mos quitoes through dehydra-

SCIENCE FOCUS
Ecological Medicine: Tracking How Humans Can Get Infectious Diseases from 

Ecological Medicine: Tracking the Spread 
of Infectious Diseases to Humans from Other Animals

from kangaroos to iguanas, kinkajous, and 
tropical fish—were legally imported into the 
United States with limited quarantining and 
minimal screening for disease. Each year, 
countless other animals, bush meats, and 
animal parts are smuggled illegally across U.S. 
borders. A backpack carried off a flight from 
Nigeria may contain bush meat that could 
harbor the lethal Ebola virus. Salted duck 
eggs from South Korea could carry the deadly 
bird flu virus. Exotic birds or monkey paws, 
which are often smuggled internationally, 
could harbor various diseases that could jump 
to humans.

Factory meat production and the global 
trade of livestock animals can also increase the 
spread of food-borne infectious diseases to 
humans. For example, a deadly form of E. coli
bacteria sometimes spreads from livestock ani-
mals and animals such as wild boars to people 
when they eat meat contaminated by animal 
manure. Salmonella bacteria, found on animal 
hides and in poorly processed meat can also 
cause food-borne disease. 

Finally, global trade in general contributes 
to the spread of diseases among species. 
Infectious organisms can be transferred in 
shipping crates and containers, agricultural 
products, and ship ballast water. And global 
travel, especially ecotourism in wilderness ar-
eas, can spread infectious organisms around 
the world. GREEN CAREER: Ecological medi-
cine

Critical Thinking
Do you think that air travelers should be 
more carefully monitored and possibly more 
restricted in the face of threats such as the 
Ebola and bird flu viruses? Explain.

that causes this disease lives in the bodies of 
deer and white mice and is passed between 
these two animals and to humans by certain 
types of ticks. 

Lyme disease usually starts with a red 
rash shaped like a bull’s-eye around the 
tick bite. Antibiotics can cure people of the 
disease if they are administered within a 
month after the bite. Left untreated, though, 
Lyme disease can cause debilitating arthritis, 
heart disease, and nervous disorders. A vac-
cine is available, but does not give full protec-
tion. The best defense against the disease 
is to avoid tick bites by using insect repel-
lent and wearing light-color clothing that is 
tucked in.

Expanding suburbs while fragmenting 
woodland areas has led to greatly reduced 
populations of foxes and wildcats, which had 
kept down populations of the white-footed 
mouse, which carries the Lyme bacterium. 
The result: white-footed mouse and tick 
populations have exploded and more sub-
urbanites and hikers are becoming infected. 
Fortunately, the Lyme bacterium does not 
spread from person to person.

Another practice that encourages the 
spread of diseases takes place in parts of 
Africa and Asia where local people kill mon-
keys and other animals for bush meat (Fig-
ure 9-22, p. 206). They come in regular con-
tact with primate blood and can be exposed 
to a simian strain of the HIV virus that causes 
AIDS and has infected 65 million people. 
Some monkeys also carry dangerous viruses 
such as herpes B that can be transferred to 
humans.

Another important factor is the legal 
and illegal international trade in wild species. 
In 2005, some 210 million wild animals—

nfectious diseases are moving from 
one animal species to another and 

from wild and domesticated animal species 
to humans. Examples of infectious diseases 
transmitted from animals to humans in-
clude avian flu (Science Focus, p. 444), HIV 
(Core Case Study), SARS, West Nile 
virus, and Lyme disease. A 2008 study 
by Peter Daszak and other scientists found 
that about 60% of 325 diseases emerging 
between 1940 to 2004 were transmitted 
from animals to humans and the majority 
of those came from wild animals. And most 
people do not realize that pets such as rab-
bits, hamsters and other “pocket pets,” and 
turtles can transfer various infectious diseases 
to humans.

Ecological medicine is a new interdisciplin-
ary field devoted to tracking down these con-
nections between wildlife and humans. Scien-
tists in this new field are looking for ways to 
slow or prevent the spread of such diseases, 
and they have identified several human prac-
tices that encourage the spread of diseases 
from animals to humans.

One is the clearing of forests, which forces 
wild animals to move to other areas. For ex-
ample, cutting down tropical rain forests has 
increased the spread of malaria by increasing 
the range of Anopheles mosquito species, 
which live in sunlit ponds and carry the para-
site that infects humans. There is also concern 
that global warming will expand tropical con-
ditions under which malaria-carrying species 
thrive (Figure 17-7).

Where forests have been cleared and frag-
mented to make way for suburbs in the east-
ern United States, the chances of many sub-
urbanites becoming infected with debilitating 
Lyme disease have increased. The bacterium 
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tion, before they have a chance to bite and infect a hu-
man, by exposing the mosquitoes to a hormone that 
dramatically increases their urination.

Another approach is to provide poor people in ma-
larial regions with free or inexpensive, long-lasting, 
insecticide-treated bed nets (Figure 17-9) and window 
screens. Also, zinc and vitamin A supplements could be 
used to boost resistance to malaria in children. And we 
can greatly reduce the incidence of malaria by spray-
ing the insides of homes with low concentrations of the 
pesticide DDT twice a year at a cost of about $10. Un-
der an international treaty enacted in 2002, DDT and 
five similar pesticides are being phased out in develop-
ing countries. However, in 2006 the WHO supported 
the use of DDT for malaria control.

Columbia University scientist Jeffrey Sachs esti-
mates that spending $2–3 billion a year on preventing 
and treating malaria might save more than a million 
lives a year. Sachs notes, “This is probably the best bar-
gain on the planet.”

RESEARCH FRONTIER

Finding new drugs and other treatments for malaria and 
finding ways to hinder the mosquitoes that transmit the 
malaria parasite. See academic.cengage.com/biology/
miller.

 Watch through a microscope what hap-
pens when a mosquito infects a human with malaria at 
CengageNOW.

Figure 17-9 A boy in Brazil’s Amazon sleeps under an insecticide-
treated mosquito net to reduce the risk of getting bitten by malaria-
carrying mosquitoes. Such nets cost about $5 each and can be 
donated through groups such as www.MalariaNoMore.org.
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S O L U T I O N S
Infectious Diseases

Figure 17-10 Solutions: ways to prevent or reduce the incidence 
of infectious diseases, especially in developing countries. Question: 
Which three of these approaches do you think are the most 
important?

We Can Reduce the Incidence 
of Infectious Diseases
Good news. According to the WHO, the global death rate 
from infectious diseases decreased by about two-thirds 
between 1970 and 2000 and is projected to continue 
dropping. Also, between 1971 and 2000, the percent-
age of children in developing countries immunized 
with vaccines to prevent tetanus, measles, diphtheria, 
typhoid fever, and polio increased from 10% to 84%—
saving about 10 million lives each year. It costs about 
$30 to get a basic package of vaccines to a child—an 
affordable way to save a child’s life for roughly the 
price of a single night out at the movies in a developed 
country.

Figure 17-10 lists measures promoted by health sci-
entists and public health officials to help prevent or re-
duce the incidence of infectious diseases—especially in 
developing countries. An important breakthrough has 
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been the development of simple oral rehydration therapy
to help prevent death from dehydration for victims of 
severe diarrhea, which causes about one-fourth of all 
deaths of children younger than age 5 (Concept 17-2). It 
involves administering a simple solution of boiled wa-
ter, salt, and sugar or rice, at a cost of only a few cents 
per person. It has been the major factor in reducing the 
annual number of deaths from diarrhea from 4.6 mil-
lion in 1980 to 1.9 million in 2006. Few investments 
have saved so many lives at such a low cost. In 2006, 
the WHO estimated that implementing the solutions in 
Figure 17-10 could save the lives of as many as 4 mil-
lion children younger than age 5 each year.

Recall that more than a third of the world’s peo-
ple—2.6 billion—do not have decent bathroom facili-
ties, and more than a billion get their water for drink-
ing, washing, and cooking from sources polluted by 
animal and human feces. A key to reducing sickness 

and premature death from infectious disease is to focus 
on providing people with simple latrines and access to 
safe drinking water. The U.N. estimates that this could 
be done for about $20 billion a year—about what rich 
countries with almost universal access to clean water 
spend each year on bottled water.

Bad news. The WHO estimates that only 10% of 
global medical research and development money goes 
toward preventing infectious diseases in developing 
countries, even though more people worldwide suffer 
and die from these diseases than from all other diseases 
combined. Fortunately, the problem is getting more at-
tention. In recent years, philanthropists including Bill 
and Melinda Gates and Warren E. Buffet have donated 
billions of dollars to improve global health, with pri-
mary emphasis on preventing infectious diseases in 
developing countries. GREEN CAREER: Infectious disease 
prevention

17-3 What Types of Chemical Hazards Do We Face?
CONCEPT 17-3 There is growing concern about chemicals that can cause birth 
defects and cancers and disrupt the human immune, nervous, and endocrine 
systems.

▲

Some Chemicals Can Cause Cancers, 
Mutations, and Birth Defects,
A toxic chemical is one that can cause temporary or 
permanent harm or death to humans and animals. In 
2004, the U.S. Environmental Protection Agency (EPA) 
listed arsenic, lead, mercury, vinyl chloride (used to 
make PVC plastics), and polychlorinated biphenyls 
(PCBs, Case Study, at right) as the five most toxic sub-
stances in terms of threats to human and environmen-
tal health. Note that three of them are metallic chemi-
cal elements.

There are three major types of potentially toxic 
agents. Carcinogens are chemicals, types of radiation, 
or certain viruses that can cause or promote cancer—a
disease in which malignant cells multiply uncontrolla-
bly and create tumors that can damage the body and 
often lead to premature death.

Examples of carcinogens are arsenic, benzene, chlo-
roform, formaldehyde, gamma radiation, nickel, PCBs, 
radon, certain chemicals in tobacco smoke, UV radia-
tion, X-rays, and vinyl chloride. (For a longer list, see 
ntp.niehs.nih.gov/.)

Typically, 10–40 years may elapse between the ini-
tial exposure to a carcinogen and the appearance of 
detectable symptoms. Partly because of this time lag, 
many healthy teenagers and young adults have trou-
ble believing that their smoking, drinking, eating, and 

other lifestyle habits today could lead to some form of 
cancer before they reach age 50.

The second major type of toxic agent, mutagens,
includes chemicals or forms of radiation that cause 
mutations, or changes, in the DNA molecules found in 
cells, or that increase the frequency of such changes. 
Most mutations cause no harm but some can lead to 
cancers and other disorders. For example, nitrous acid 
(HNO2), formed by the digestion of nitrite (NO2

!) pre-
servatives in foods, can cause mutations linked to 
stomach cancer in people who consume large amounts 
of processed foods and wine with such preservatives. 
Harmful mutations occurring in reproductive cells can 
be passed on to offspring and to future generations. 
(For a list of mutagens see www.evol.nw.ru/~spirov/
hazard/mutagen_lst.html.)

Third, teratogens are chemicals that cause harm 
or birth defects to a fetus or embryo. Ethyl alcohol is a 
teratogen. Drinking during pregnancy can lead to off-
spring with low birth weight and a number of physi-
cal, developmental, behavioral, and mental prob-
lems. Other teratogens are angel dust, benzene, cad-
mium, formaldehyde, lead, mercury, mescaline, PCBs, 
phthalates, thalidomide, vinyl chloride, and hundreds 
of other organic compounds. (For a list, see ptcl.chem
.ox.ac.uk/MSDS/teratogens.html.) Between 2001 
and 2006, birth defects in Chinese infants soared by 
nearly 40%. Officials link this to the country’s growing 

www.evol.nw.ru/~spirov/hazard/mutagen_lst.html
www.evol.nw.ru/~spirov/hazard/mutagen_lst.html
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pollution, especially from coal-burning power plants 
and industries.

 ■ CASE STUDY

PCBs Are Everywhere—A Legacy 
from the Past
PCBs are a class of more than 200 chlorine-containing 
organic compounds that are very stable and nonflam-
mable. They exist as oily liquids or solids that can enter 
the air as a vapor. Between 1929 and 1977, PCBs were 
widely used as lubricants, hydraulic fluids, and electri-
cal insulators in transformers and capacitors. They also 
became ingredients in a variety of products including 
paints, fire retardants in fabrics, preservatives, adhe-
sives, and pesticides.

The U.S. Congress banned the domestic production 
of PCBs in 1977 after research showed that they could 
cause liver and other cancers in test animals and, ac-
cording to the EPA, probably can cause cancers in hu-
mans. A 1996 study related exposure of fetuses to PCBs 
in the womb to learning disabilities in children.

Production of PCBs has also been banned in most 
other countries. But the potential health threats from 
these chemicals will be with us for a long time. For de-
cades, PCBs entered the air, water, and soil during their 
manufacture, use, and disposal, as well as from acci-
dental spills and leaks. Because PCBs breakdown very 
slowly in the environment, they can travel long dis-
tances in the air and be deposited far away from where 
they were released. Because they are fat soluble, PCBs 
can also be biologically magnified (Figure 9-19, p. 202) 
in food chains and webs.

As a result, PCBs are now found everywhere—in 
soil, air, lakes, rivers, fish, birds, your body, and the bod-
ies of polar bears and penguins in the Arctic. PCBs are 
present even in the milk of nursing mothers, although 
most scientists say the health benefits of mother’s milk 

outweigh the risk from exposure to trace amounts of 
PCBs in breast milk.

According to the EPA, about 70% of all the PCBs 
made in the United States are still in the environment. 
Figure 17-11 shows potential pathways on which per-
sistent toxic chemicals such as PCBs move through the 
living and nonliving environment.

THINKING ABOUT
PCBs

We are stuck with long-term exposure to trace amounts of 
PCBs with mostly unknown long-term health effects, but 
what environmental lesson can we learn from the widespread 
use of these persistent chemicals?

Some Chemicals May Affect 
Our Immune, Nervous, and 
Endocrine Systems
Since the 1970s, a growing body of research on wildlife 
and laboratory animals, along with some studies of hu-
mans, suggest that long-term exposure to some chemi-
cals in the environment can disrupt the body’s im-
mune, nervous, and endocrine systems (Concept 17-3).

The immune system consists of specialized cells and 
tissues that protect the body against disease and harmful 
substances by forming antibodies that render invading 
agents harmless. Some chemicals such as arsenic, meth-
ylmercury, and dioxins can weaken the human immune 
system and leave the body vulnerable to attacks by aller-
gens and infectious bacteria, viruses, and protozoa.

Some natural and synthetic chemicals in the envi-
ronment, called neurotoxins, can harm the human ner-
vous system (brain, spinal cord, and peripheral nerves). 
Effects can include behavioral changes, learning disabil-
ities, retardation, attention deficit disorder, paralysis, 
and death. Examples of neurotoxins are PCBs, methyl 

mercury (Science Focus, 
pp. 450–451), arsenic, lead, 
and certain pesticides. For 
example, a 2007 study by 
scientists Beate Ritz and 
Caroline Tanner found that 
farm workers exposed to 
the widely used weed killer 
paraquat had two to three 
times the normal risk of 
suffering from Parkinson’s 
disease, a degenerative 
brain disease that eventu-
ally paralyzes victims.

Figure 17-11 Potential pathways on 
which toxic chemicals move through 
the living and nonliving environment. 
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SCIENCE FOCUS

Mercury’s Toxic Effects

river, but generally at levels considered safe for 
people to eat occasionally.

In the atmosphere, some elemental mer-
cury is converted to more toxic inorganic 
and organic mercury compounds that can 
be deposited in aquatic environments. In 
acidic aquatic systems, bacteria can convert 
inorganic mercury compounds to highly toxic 
methylmercury (CH3Hg#), which can be bio-
logically magnified in food chains and webs 
(Figure 17-A). As a result, high levels of meth-
ylmercury are often found in the tissues of 
predatory fishes such as large albacore (white) 
tuna, sharks, swordfish, king mackerel, tilefish, 

ate or crush products containing mercury, 
such as batteries, electronic switches, and 
relays.

Mercury is persistent and, because it is an 
element, cannot be degraded. Therefore this 
global pollutant accumulates in soil, water, 
and the bodies of people and other animals 
that feed high on food chains. This includes 
polar bears, toothed whales, and seals living in 
the Arctic, which is a global mercury hotspot. 
In 2007, scientists from the EPA and Oregon 
State University surveyed 2,707 fish randomly 
collected from 626 rivers in 12 U.S. states. 
They found mercury in every fish and every 

ercury (Hg) is a teratogen 
and a potent neurotoxin that 

interferes with the nervous system and brain 
function. This toxic metal is released into the 
air from rocks, soil, and volcanoes and by 
vaporization from the ocean. Such natural 
sources account for about one-third of the 
mercury reaching the atmosphere each year.

According to the EPA, the remaining two-
thirds come from human sources—mostly 
coal-burning power plants, waste incinera-
tors, and chemical manufacturing plants. 
Other lesser sources gold and silver mines, 
metal ore smelters, and facilities that inciner-

M

Figure 17-A Science: cycling of mercury in aquatic environments, in which mercury is converted from one form to 
another. The most toxic form to humans is methylmercury (CH3Hg#), which can be biologically magnified in aquatic 
food chains and webs. Some mercury is also released back into the atmosphere as mercury vapor.
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before birth. Figure 17-B lists ways to prevent 
or control human exposure to mercury.

In its 2003 report on global mercury pollu-
tion, the U.N. Environment Programme rec-
ommended phasing out coal-burning power 
plants and waste incinerators throughout the 
world as rapidly as possible. In 2007, 16 U.S. 
states filed a lawsuit in federal court against 
the EPA for not requiring sharp reductions in 
mercury emissions from all U.S. coal-burning 
power plants.

Other recommended goals are to reduce 
or eliminate use of mercury in batteries and 
paints and in factories that produce chlorine by 
no later than 2020. Substitute materials and 
processes are available for all of these uses.

Critical Thinking
Should we phase out all coal burning and 
waste incineration as rapidly as possible as 
a way to sharply reduce mercury pollution? 
Explain. How might your lifestyle change if 
this were done?

United States are likely to have such problems 
because of mercury exposure. In addition 
methylmercury can harm the heart, kidneys, 
and immune system in adults.

Since 2004, the U.S. Food and Drug 
Administration (FDA) and the EPA have ad-
vised nursing mothers, pregnant women, 
and women who may become pregnant 
not to eat shark, swordfish, king mackerel, 
or tilefish and to limit their consumption of 
albacore tuna to no more than 170 grams 
(6 ounces) per week. The EPA also warned 
that one-fourth of the nation’s rivers, one-
third of its lakes (including all of the Great 
Lakes), and three-fourths of its coastal waters 
are contaminated with mercury and other 
pollutants.

In 2007, the EPA estimated that one of 
every six women of childbearing age in the 
United States has enough mercury in her 
blood to harm a developing fetus. This means 
that 630,000 of the 4 million babies born 
in the United States each year could suffer 
neurological damage from mercury exposure 

walleye, and marlin, which feed at high trophic 
levels in food chains and webs.

In 2007, two studies identified five mercury 
hotspots in New England, New York, and Nova 
Scotia, apparently related to mercury emis-
sions by coal-burning power plants. Another 
2007 study found unusually high levels of mer-
cury in 178 wild songbirds in New York State, 
which do not live in aquatic settings and never 
eat fish.

Humans are exposed to mercury in two 
ways. First, they may inhale vaporized elemen-
tal mercury (Hg) or particulates of inorganic 
mercury salts, such as HgS and HgCl2. Second, 
they may eat fish contaminated with highly 
toxic methylmercury.

The greatest risk from exposure to low 
levels of methylmercury is brain damage in 
fetuses and young children. Scientists esti-
mate that mercury exposure for a fetus in 
the womb can cause neurological problems, 
which can eventually lead to a lowered IQ and 
poor school performance. Roughly 30,000 to 
60,000 of the children born each year in the 

Sharply reduce mercury emissions from 
coal-burning plants and incinerators

Tax each unit of mercury emitted by 
coal-burning plants and incinerators

Require labels on all  products 
containing mercury

Collect and recycle mercury-containing 
electric switches, relays, and dry-cell 
batteries

Phase out waste incineration

Remove mercury from coal before it 
is burned

Switch from coal to natural gas and 
renewable energy resources such as 
wind, solar cells, and hydrogen

Convert coal to liquid or gaseous fuel

Phase out use of mercury in 
batteries, TVs, compact fluorescent 
lightbulbs, and all other products 
unless they are recycled

Prevention Control

S O L U T I O N S
Mercury Pollution

Figure 17-B Ways to prevent or control inputs of 
mercury into the environment from human sources—
mostly coal-burning power plants and incinerators. 
Question: Which four of these solutions do you think 
are the most important?
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The endocrine system is a complex network of glands 
that release tiny amounts of hormones into the blood-
streams of humans and other vertebrate animals. Low 
levels of these chemical messengers turn on and turn 
off bodily systems that control sexual reproduction, 
growth, development, learning, and behavior. Each 
type of hormone has a unique molecular shape that al-
lows it to attach to certain cells, using a part of the cell 
called a receptor, and to transmit its chemical message 
(Figure 17-12, left). In this “lock-and-key” relationship, 
the receptor is the lock and the hormone is the key.

Certain chemicals, called hormonally active agents 
(HAAs), can mimic hormones. Exposure to low levels of 
HAAs can impair reproductive systems and sexual de-
velopment and cause physical and behavioral disorders. 
Examples of HAAs include aluminum, atrazine and sev-
eral other herbicides, DDT, mercury, PCBs (Case Study, 
p. 449), phthalates, and bisphenol A (Science Focus, at 
right). Natural biological evolution has not equipped us 
to deal with these synthetic hormone imposters.

Some hormone mimics are chemically similar to 
estrogens (female sex hormones). They can disrupt 
the endocrine system by attaching to estrogen recep-
tor molecules (Figure 17-12, center). Others, called 
hormone blockers, disrupt the endocrine system by pre-
venting natural hormones such as androgens (male 
sex hormones) from attaching to their receptors (Fig-
ure 17-12, right).

Estrogen mimics and hormone blockers are some-
times called gender benders because of their possible 
effects on sexual development and reproduction. In 
males, excessive levels of female hormones can cause 
feminization, smaller penises, lower sperm counts, and 
the presence of both male and female sex organs (her-
maphroditism). And there is growing concern about 
still another group of HAAs—pollutants that can act as 

thyroid disrupters—which cause growth, weight, brain, 
and behavioral disorders.

The harmful effects of certain phthalates (pro-
nounced “thall-eights”) are also of concern. These 
chemicals are used to soften polyvinyl chloride (PVC) 
plastic found in a variety of products such as soft vi-
nyl toys, teething rings, and blood storage bags, IV 
bags, and medical tubes used in hospitals. And they are 
used as solvents in many consumer products, includ-
ing perfumes, cosmetics, body lotions, hair sprays, de-
odorants, nail polishes and shampoos. A 2008 study by 
Sheela Sathyanarayana and her colleagues tested urine 
from the diapers of 163 infants aged 2 months to 28 
months. They found that 81% of the urine had mea-
surable amounts of seven or more phthalates contained 
in baby lotions, baby powders, and baby shampoos.

Exposure of laboratory animals to high doses of var-
ious phthalates has caused birth defects, liver cancer, 
kidney and liver damage, premature breast develop-
ment, immune suppression, and abnormal sexual de-
velopment in these animals. The European Union and 
at least 14 other countries have banned phthalates. But 
scientists in the United States are divided on its risks 
to human health and reproductive systems. U.S. toy 
makers say that phthalates, which have been used for 
more than 20 years in baby items, pose no threats. In 
ad dition, they warn that substitutes could make plastic 
toys more brittle and subject to breaking, which could 
lead to harm to children.

Some scientists hypothesize that certain problems 
may be related to increased levels of hormone disrup-
tors in our bodies. Such problems include sharp drops 
in male sperm counts and male sperm mobility occur-
ring in 20 countries on six continents, rising rates of 
testicular cancer and genital birth defects in men, and 
increased breast cancer rates in women.

Hormone

Receptor

Cell

Estrogen-like chemical Antiandrogen chemical

Normal Hormone Process Hormone Mimic Hormone Blocker

Figure 17-12 Hormones are molecules that act as messengers in the endocrine system to regulate various bodily 
processes, including reproduction, growth, and development. Each type of hormone has a unique molecular shape 
that allows it to attach to specially shaped receptors on the surfaces of, or inside, cells and to transmit its chemical 
message (left). Molecules of certain pesticides and other synthetic chemicals have shapes similar to those of natural 
hormones and can disrupt the endocrine systems in humans and other animals (center and right). These molecules 
are called hormonally active agents (HAAs). Because of the difficulty of determining the harmful effects of long-
term exposure to low levels of HAAs, there is uncertainty about their effects on human health.
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Other scientists disagree and point out that there 
have not been enough scientific studies and that we 
lack statistical evidence to link these medical problems 
to HAA levels in humans. They call for doing more 
research before banning or severely restricting HAAs, 
which could cause huge economic losses for compa-
nies that make them. Such research will take decades. 
Meanwhile, some scientists believe that as a precau-
tion, we should sharply reduce our use of potential 
hormone disrupters.

RESEARCH FRONTIER

Evaluating the health effects of HAAs. See academic.cen-
gage.com/biology/miller.

THINKING ABOUT
Hormone Disrupters

Should we ban or severely restrict the use of potential hor-
mone disrupters? What beneficial or harmful effects might 
this have in your life?

SCIENCE FOCUS

Bisphenol A

This controversy may take decades to 
resolve. Meanwhile, some scientists call for 
banning or phasing out many uses of bisphe-
nol A (especially in baby bottles and sipping 
cups used by more vulnerable infants and in 
the plastic lining of baby formula cans) as a 
preventive or precautionary measure and en-
couraging scientists to look for less potentially 
harmful substitutes. Others say we need more 
research before taking such measures that 
would cause huge economic losses for the 
chemical industry.

Critical Thinking
Should we ban or phase out the use of BPA? 
Defend your choice. What beneficial or harm-
ful effects might such a ban have on your life 
or on the lives of future generations?

effects on test animals from exposure to very 
low levels of bisphenol A. These effects in-
clude brain damage, prostrate disease, breast 
cancer, early puberty, reduced sperm count, 
impaired immune function, type 2 diabetes, 
hyperactivity, increased aggressiveness, im-
paired learning, increased addiction to drugs 
such as amphetamines, decreased sex drive 
in males, and obesity in unborn test animals 
exposed to bisphenol A. On the other hand, 
12 studies funded by the chemical industry 
found no evidence or weak evidence for 
adverse effects from low-level exposure to 
bisphenol A on test animals. In recent years, 
two groups of scientists convened by the U.S. 
National Institutes of Health have reached op-
posite conclusions about whether exposure 
to trace amounts of BPA poses a threat to hu-
man health.

widely used estrogen mimic is 
bisphenol A (BPA). It is a chemical 

building block in certain plastics (especially 
polycarbonates) used in a variety of products 
including water and baby bottles, sports drink 
and juice bottles, microwave dishes, food 
storage containers, food and beverage can 
liners (including cans of infant formula), and 
dental fillings.

Studies show that this chemical can leach 
out of many of these products into food and 
water, especially when exposed to heat or 
acidic and basic liquids and foods. Research 
indicates that 95% of Americans and most 
of the citizens in other industrialized coun-
tries have trace levels of bisphenol A in their 
bodies.

Ninety-four studies by independent labo-
ratories have found a number of adverse 

A

17-4 How Can We Evaluate and Deal 
with Chemical Hazards?

CONCEPT 17-4A Scientists use live laboratory animals, non-animal tests, case 
reports of poisonings, and epidemiological studies to estimate the toxicity of 
chemicals, but these methods have limitations.
CONCEPT 17-4B Many health scientists call for much greater emphasis on 
pollution prevention to reduce our exposure to potentially harmful chemicals.

▲
▲

Many Factors Determine the 
Harmful Health Effects 
of a Chemical
We are exposed to small amounts of potentially harm-
ful chemicals every day in the air we breathe, the water 
we drink, and the food we eat. Toxicology is the study 

of the harmful effects of chemicals on humans and 
other organisms. In effect, it is a study of poisons.

Toxicity is a measure of how harmful a substance 
is—its ability to cause injury, illness, or death to a liv-
ing organism. A basic principle of toxicology is that any
synthetic or natural chemical can be harmful if ingested in a 
large enough quantity. But the critical question is this: At



454 CHAPTER 17  Environmental Hazards and Human Health

Predicted level of 
toxicant in people

Lifestyle

Overall
health

Nutritional
health

Food pesticide
levels

Soil/dust
levels

Water pollutant
levels Air pollutant

levels

?

Metabolism

Accumulation

Excretion

Lung, intestine, and
skin absorption rates

Genetic
predisposition

Personal
habits

Scientific
measurements
and modeling

what level of exposure to a particular toxic chemical will the 
chemical cause harm? This is the meaning of the chapter-
opening quote by the Swiss scientist Paracelsus about 
the dose making the poison.

This is a difficult question to answer because of the 
many variables involved in estimating the effects of 
human exposure to chemicals (Figure 17-13). A key 
factor is the dose, the amount of a harmful chemi-
cal that a person has ingested, inhaled, or absorbed 
through the skin.

The effects of a particular chemical can also depend 
upon the age of the person exposed to it. For example, 
toxic chemicals usually have a greater effect on children 
than on adults (Case Study, at right). Toxicity also de-
pends on genetic makeup, which determines an individ-
ual’s sensitivity to a particular toxin. Some individuals 
are sensitive to a number of toxins—a condition known 

as multiple chemical sensitivity (MCS). Another factor is 
how well the body’s detoxification systems (such as the 
liver, lungs, and kidneys) work.

Several other factors can affect the level of harm 
caused by a chemical. One is its solubility. Water-solu-
ble toxins (which are often inorganic compounds) can 
move throughout the environment and get into water 
supplies and the aqueous solutions that surround the 
cells in our bodies. Oil- or fat-soluble toxins (which are 
usually organic compounds) can penetrate the mem-
branes surrounding cells, because the membranes al-
low similar oil-soluble chemicals to pass through them. 
Thus, oil- or fat-soluble toxins can accumulate in body 
tissues and cells.

Another factor is a substance’s persistence, or resis-
tance to breakdown. Many chemicals, such as DDT 
and PCBs (Case Study, p. 449), have been widely used 

Figure 17-13 Science: Estimating 
human exposure to chemicals and 
measuring their effects are very dif-
ficult because of the many and often 
poorly understood variables involved. 
Question: What three of these factors 
might make you more vulnerable to 
the harmful effects of chemicals?
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because they are not easily broken down in the envi-
ronment. This means that more people and wildlife are 
likely to come in contact with them and that they are 
more likely to remain in the body and have long-lasting 
harmful health effects.

Another factor is biological magnification, in which 
the concentrations of some potential toxins in the en-
vironment increase as they pass through the successive 
trophic levels of food chains and webs. Organisms at 
low trophic levels might ingest only small amounts of a 
toxin, but each animal on the next trophic level up that 
eats many of those organisms will take in increasingly 
larger amounts of that toxin (Figure 9-19, p. 202). Ex-
amples of chemicals that can be biomagnified include 
long-lived, fat-soluble, organic compounds, such as 
DDT and PCBs.

The damage to health resulting from exposure to 
a chemical is called the response. An acute effect is an 
immediate or rapid harmful reaction to an exposure—
ranging from dizziness and nausea to death. A chronic 
effect is a permanent or long-lasting consequence (kid-
ney or liver damage, for example) of exposure to a single 
dose or to repeated lower doses of a harmful substance.

 ■ CASE STUDY

Protecting Children from 
Toxic Chemicals
Everyone on the planet is exposed to an array of toxic 
chemicals whose long-term effects are largely un-
known. In 2005, the Environmental Working Group 
analyzed umbilical cord blood from 10 randomly se-
lected newborns in U.S. hospitals. Of the 287 chemicals 
detected, 180 cause cancers in humans or animals, 217 
damage the brain and nervous systems in test animals, 
and 208 cause birth defects or abnormal development 
in test animals. Scientists do not know what harm, if 
any, might be caused by the very low concentrations of 
these chemicals found in infants’ blood.

But infants and young children are more suscepti-
ble to the effects of toxic substances than are adults for 
three major reasons. First, children generally breathe 
more air, drink more water, and eat more food per 
unit of body weight than do adults. Second, they are 
exposed to toxins in dust or soil when they put their 
fingers, toys, or other object in their mouths (as they 
frequently do). Third, children usually have less well-
developed immune systems and body detoxification 
processes than adults have.

In 2003, the U.S. EPA proposed that in determining 
any risk, regulators should assume children face a risk 
10 times higher than that faced by adults. Some health 
scientists contend that these guidelines are too weak. 
They suggest that, to be on the safe side, we should 
assume that this risk for children is 100 times that of 
adults.

THINKING ABOUT
Toxic Chemical Levels for Children

Should environmental regulations require that allowed levels 
of exposure to toxic chemicals for children be 100 times lower 
than for adults? Explain your reasoning.

Scientists Use Live Laboratory 
Animals and Nonanimal Tests 
to Estimate Toxicity
The most widely used method for determining toxicity 
is to expose a population of live laboratory animals to 
measured doses of a specific substance under controlled 
conditions. Laboratory-bred mice and rats are widely 
used because, as mammals, their systems function 
somewhat like humans, they are small, and can repro-
duce rapidly under controlled laboratory conditions.

Animal tests take 2–5 years, involve hundreds to 
thousands of test animals, and cost as much as $2 mil-
lion per substance tested. Such tests can be painful to 
the test animals and can kill or harm them. Animal wel-
fare groups want to limit or ban the use of test animals 
or ensure that they are treated in the most humane 
manner possible.

Scientists estimate the toxicity of a chemical by de-
termining the effects of various doses of the chemical 
on test organisms and then by plotting the results in a 
dose-response curve (Figure 17-14). One approach 
is to determine the lethal dose—the amount needed to 
kill an animal. A chemical’s median lethal dose (LD50 ) is 
the dose that can kill 50% of the animals (usually rats 
and mice) in a test population within an 18-day period.
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Figure 17-14 Science: hypothetical dose-response curve show-
ing determination of the LD50, the dosage of a specific chemical 
that kills 50% of the animals in a test group. Toxicologists use this 
method to compare the toxicities of different chemicals.
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Chemicals vary widely in their toxicity (Table 17-1). 
Some poisons can cause serious harm or death after a 
single exposure at very low dosages. Others cause such 
harm only at dosages so huge that it is nearly impossible 
to get enough into the body to cause injury or death. 
Most chemicals fall between these two extremes.

There are two general types of dose-response curves 
(Figure 17-15). With the nonthreshold dose-response 
model (Figure 17-15, left), any dosage of a toxic chemi-
cal causes harm that increases with the dosage. With 
the threshold dose-response model (Figure 17-15, right), a 
threshold dosage must be reached before any detect-
able harmful effects occur, presumably because the 

body can repair the damage caused by low dosages of 
some substances.

Establishing which model applies at low dosages is 
extremely difficult and controversial. To be on the safe 
side, scientists often assume that even a small dose will 
have an effect, and they choose the nonthreshold dose-
response model. 

In testing, scientists often use fairly high dosages to 
reduce the number of test animals needed, obtain re-
sults quickly, and lower costs. Otherwise, manufactur-
ers would need to run tests on millions of laboratory 
animals for many years, which means they could not 
afford to test most chemicals. For the same reasons, 
scientists usually use mathematical models to extrapo-
late, or estimate the effects of low-dose exposures based 
on the measured results of high-dose exposures. Then 
they extrapolate these results from test organisms to 
humans to estimate LD50 values for acute toxicity (Ta-
ble 17-1).

Some scientists challenge the validity of extrapolat-
ing data from test animals to humans because human 
physiology and metabolism differ from those of the test 
animals. Other scientists say that such tests and models 
work fairly well (especially for revealing cancer risks) 
when the correct experimental animal is chosen or 
when a chemical is toxic to several different test-animal 
species.

More humane methods for carrying out toxic-
ity tests are available and are increasingly being used 
to replace live animal testing. They include computer 
simulations and testing with tissue cultures, chicken 
egg membranes, and individual animal cells, instead of 
with whole, live animals. High-speed robot testing de-
vices can now measure the biological activity of more 
than one million compounds a day to help determine 
their possible toxic effects.

Table 17-1

Toxicity Ratings and Average Lethal Doses for Humans

 LD50 (milligrams per
Toxicity Rating kilogram of body weight)* Average Lethal Dose** Examples

Supertoxic Less than 5 Less than 7 drops Nerve gases, botulism toxin, mushroom toxin,
   dioxin (TCDD)

Extremely toxic 5–50 7 drops to 1 teaspoon Potassium cyanide, heroin, atropine, parathion,
   nicotine

Very Toxic 50–500 1 teaspoon to 1 ounce Mercury salts, morphine, codeine

Moderately toxic 500–5,000 1 ounce to 1 pint Lead salts, DDT, sodium hydroxide, sodium 
   fluoride, sulfuric acid, caffeine, carbon 
   tetrachloride

Slightly toxic 5,000–15,000 1 pint to 1 quart Ethyl alcohol, Lysol, soaps

Essentially nontoxic 15,000 or greater More than 1 quart Water, glycerin, table sugar
*Dosage that kills 50% of individuals exposed.
**Amounts of substances in liquid form at room temperature that are lethal when given to a 70-kilogram (150-pound) human.

Figure 17-15 Science: two types of dose-response curves. The linear and nonlinear 
curves in the left graph apply if even the smallest dosage of a chemical has a harmful 
effect that increases with the dosage. The curve on the right applies if a harmful effect 
occurs only when the dosage exceeds a certain threshold level. Which model is better 
for a specific harmful agent is often uncertain and controversial because of the difficulty 
in estimating the responses to very low dosages.
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In 2008, U.S. government labs began making much 
greater use of such nonanimal testing methods because 
they are faster and cheaper than animals tests and be-
cause of growing public concern over animal testing. 
For example, government toxicity testing labs can run 
between 10 and 100 tests a year using live rodents such 
as rats and mice but can run more than 10,000 tests 
a day using specialized cells and computerized testing 
measurements.

RESEARCH FRONTIER

Computer modeling and other alternatives to animal testing. 
See academic.cengage.com/biology/miller.

There are several problems involved with using 
laboratory experiments to estimate toxicities (Concept
17-4A). In real life, each of us is exposed to a variety of 
chemicals, some of which can interact in ways that de-
crease or enhance their short- and long-term individ-
ual effects. Toxicologists already have great difficulty in 
estimating the toxicity of a single substance. And add-
ing the problem of evaluating mixtures of potentially toxic 
substances, separating out which ones are the culprits, 
and determining how they can interact with one an-
other is overwhelming from a scientific and economic 
standpoint. For example, just studying the interactions 
of three of the 500 most widely used industrial chemi-
cals would take 20.7 million experiments—a physical 
and financial impossibility.

THINKING ABOUT
Animal Testing

Should laboratory-bred mice, rats, and other animals be used 
to determine toxicity and other effects of chemicals? Explain.

There Are Other Ways to 
Estimate the Harmful Effects 
of Chemicals
Scientists use several other methods to get informa-
tion about the harmful effects of chemicals on hu-
man health. For example, case reports, usually made by 
physicians, provide information about people suffer-
ing adverse health effects or death after exposure to a 
chemical. Such information often involves accidental 
or deliberate poisonings, drug overdoses, homicides, or 
suicide attempts.

Most case reports are not reliable sources for estimat-
ing toxicity because the actual dosage and the exposed 
person’s health status are often unknown. But such re-
ports can provide clues about environmental hazards 
and suggest the need for laboratory investigations.

Another source of information is epidemiological
studies, which compare the health of people exposed 
to a particular chemical (the experimental group) with 

the health of a similar group of people not exposed to 
the agent (the control group). The goal is to determine 
whether the statistical association between exposure to 
a toxic chemical and a health problem is strong, mod-
erate, weak, or undetectable.

Four factors can limit the usefulness of epidemio-
logical studies. First, in many cases, too few people have 
been exposed to high enough levels of a toxic agent to 
detect statistically significant differences. Second, they 
usually take a long time. Third, conclusively linking an 
observed effect with exposure to a particular chemical 
is difficult because people are exposed to many different 
toxic agents throughout their lives and can vary in their 
sensitivity to such chemicals. And fourth, we cannot use 
epidemiological studies to evaluate hazards from new 
technologies or chemicals to which people have not yet 
been exposed.

Are Trace Levels of Toxic 
Chemicals Harmful?
Almost everyone is now exposed to potentially harm-
ful chemicals (Figure 17-16, p. 458) that have built up 
to trace levels in their blood and other parts of their 
bodies. Trace amounts of birth control pills, blood pres-
sure medicines, antidepressants, painkillers, and a host 
of other chemicals with largely unknown effects on 
human health are being released into waterways from 
sewage treatment plants or are leaching into ground-
water from home septic sewage systems.

Should we be concerned about trace amounts of 
various synthetic chemicals in air, water, food, and our 
bodies? The honest answer is that, in most cases, we do 
not know, because there is too little data and because 
of the difficulty of determining the effects of low levels 
of these chemicals (Concept 17-4A).

Some scientists view trace amounts of such chemi-
cals with alarm, especially because of their potential 
long-term effects on the human immune, nervous, and 
endocrine systems. Others view the risks from trace 
levels as minor. They point out that average life expec-
tancy has been increasing in most countries, especially 
developed ones, for decades. And many industry offi-
cials contend that the concentrations of such chemicals 
are so low that they are harmless.

Chemists are also able to detect increasingly smaller 
amounts of potentially toxic chemicals in air, water, 
and food. This is good news, but it can give the false 
impression that dangers from toxic chemicals are in-
creasing. In reality, we may simply be uncovering lev-
els of chemicals that have been around for a long time.

RESEARCH FRONTIER

Learning more about the long-term effects of trace amounts 
of potentially harmful chemicals on human health. See 
academic.cengage.com/biology/miller.
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Some people have the mistaken idea that all natu-
ral chemicals are safe and all synthetic chemicals are 
harmful. In fact, many synthetic chemicals, including 
many of the medicines we take, are quite safe if used 
as intended; and many natural chemicals, such as mer-
cury and lead, are deadly.

Why Do We Know So Little about 
the Harmful Effects of Chemicals?
As we have seen, all methods for estimating toxicity 
levels and risks have serious limitations (Concept 17-4A). 
But they are all we have. To take this uncertainty 
into account and to minimize harm, scientists and reg-
ulators typically set allowed levels of exposure to toxic 
substances and ionizing radiation at 1/100 or even 
1/1,000 of the estimated harmful levels.

According to risk assessment expert Joseph V. 
Rodricks, “Toxicologists know a great deal about a few 
chemicals, a little about many, and next to nothing 
about most.” The U.S. National Academy of Sciences 

estimates that only 10% of 100,000 registered synthetic 
chemicals in commercial use have been thoroughly 
screened for toxicity, and only 2% have been ade-
quately tested to determine whether they are carcino-
gens, teratogens, or mutagens. Hardly any of the chemi-
cals in commercial use have been screened for possible 
damage to the human nervous, endocrine, and immune 
systems. Because of insufficient data and the high costs 
of regulation, federal and state governments do not reg-
ulate about 99.5% of the commercially used chemicals 
in the United States.

How Far Should We Go in Using 
Pollution Prevention and the 
Precautionary Principle?
So where does this leave us? We do not know a lot 
about the potentially toxic chemicals around us and in-
side of us, and estimating their effects is very difficult, 
time-consuming, and expensive. Is there a way to deal 
with this problem?
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flame retardants and/or
pesticides

Shampoo
Perfluorochemicals
to add shineNail polish

Perfluorochemicals
and phthalates

Perfume
Phthalates

Hairspray
Phthalates

Sofa
Foam padding contains
flame retardants and
perfluorochemicals

Figure 17-16 Some potentially harmful chemicals found in most homes. Most people have traces of these chemi-
cals in their blood and body tissues. We do not know the long-term effects of exposure to low levels of such chemi-
cals. (Data from U.S. Environmental Protection Agency, Centers for Disease Control and Prevention, and New York 
State Department of Health) Question: Does the fact that we do not know much about long-term harmful effects 
of these chemicals make you more likely or less likely to minimize your exposure to them? Why?
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Some scientists and health officials, especially those 
in European Union countries, are pushing for much 
greater emphasis on pollution prevention (Con-
cept 1-4, p. 16). They say we should not re-
lease into the environment chemicals that we know or 
suspect can cause significant harm. This means looking 
for harmless or less harmful substitutes for toxic and 
hazardous chemicals (Individuals Matter, below). An-
other option is to recycle them within production pro-
cesses to keep them from reaching the environment, as 
the U.S. companies 3M and DuPont have been doing 
(Concept 17-4B).

Pollution prevention is a strategy for implement-
ing the precautionary principle (p. 210). According 
to this principle, when there is reasonable but in-
complete scientific evidence of significant or irrevers-
ible harm to humans or to the environment from a 
proposed or existing chemical or technology, we should 
take action to prevent or reduce the risk instead of 
waiting for more conclusive evidence (Con-
cept 9-4C, p. 206). Note that the precaution-
ary principle is a general guideline that does not spec-
ify what should trigger action, or what specific action 
should be taken.

There is controversy over how far we should go 
in implementing pollution prevention based on the 
precautionary principle. If we applied it strictly, those 
proposing to introduce a new chemical or technology 
would bear the burden of establishing its safety. This 
would require two major changes in the way we evalu-
ate risks. First, new chemicals and technologies would 

be assumed to be harmful until scientific studies could 
show otherwise. Second, existing chemicals and technol-
ogies that appear to have a strong chance of causing sig-
nificant harm would be removed from the market until 
their safety could be established. For example, after de-
cades of research revealed the harmful effects of lead, 
especially in children, lead-based paints and leaded gas-
oline were phased out in most developed countries.

Some movement is being made in this direction, 
especially in the European Union. In 2000, negotiators 
agreed to a global treaty that would ban or phase out 
use of 12 of the most notorious persistent organic pollut-
ants (POPs), also called the dirty dozen (See www.pops
.int/). The list includes DDT and eight other persistent 
pesticides, PCBs, dioxins, and furans. Animal studies 
have shown that the harmful effects of various POPS 
include tumors and cancers, birth defects, compromised 
immune systems, feminization of males and mascu-
linization of females, abnormally functioning thyroid 
glands, and reproductive failure. There is also concern 
that some of these chemicals may play a role in mal-
formed penises in boys, increased testicular cancers, 
and a 50% decline in sperm counts and sperm quality 
in men in a number of countries.

Although such evidence is not clear and is contro-
versial, phasing these chemicals out could be a reason-
able precaution. New chemicals will be added to the list 
when the harm they could potentially cause is seen as 
outweighing their usefulness. This treaty went into ef-
fect in 2004 but has not been ratified and implemented 
by the United States.

INDIVIDUALS MATTER

Ray Turner and His Refrigerator

ing gun to see whether solder would stick to 
the surface of the penny, indicating that the 
film had been cleaned off.

First he tried vinegar. No luck. Then he 
tried some ground-up lemon peel. Another 
failure. Next he tried a drop of lemon juice 
and watched as the solder took hold. The 
rest, as they say, is history.

Today, Hughes Aircraft uses inexpensive, 
CFC-free, citrus-based solvents to clean cir-
cuit boards. This new cleaning technique 
has reduced circuit board defects by about 
75% at the company. And Turner got a 
hefty bonus. Now, other companies clean 
computer boards and chips using acidic 
chemicals extracted from cantaloupes, 
peaches, and plums. Maybe you can find a 
solution to an environmental problem in your 
refrigerator.

ife as we know it could not exist on 
land or in the upper layers of the 

oceans and other bodies of water without 
the thin layer of ozone (O3) found in the 
lower stratosphere (Figure 3-8, p. 56). In 
other words, a basic rule of sustainability re-
lating to pollution prevention is: Do not mess 
with the ozone layer.

However, for decades we violated this 
principle of pollution prevention by releasing 
large amounts of chemicals such as chloro-
fluorocarbons (CFCs) into the troposphere. 
These chemicals have drifted into the strato-
sphere where they react with and destroy 
some of the ozone that protects life from 
harmful UV radiation.

In 1974, scientists alerted the world to 
this threat. After further research and lengthy 
debate, in 1992, most of the world’s nations 

L signed a landmark international agreement to 
phase out the use of CFCs and other ozone-
destroying chemicals. The discovery of these 
chemicals led scientists to use the principle of 
pollution prevention and search for less harm-
ful alternatives.

Ray Turner, a manager at Hughes Aircraft 
in the U.S. state of California, was concerned 
about this. His company was using CFCs as 
cleaning agents to remove films of oxida-
tion from the electronic circuit boards they 
manufactured. Turner’s concern for the 
environment led him to search for a cheap 
and simple substitute for these chemicals. He 
found it in his refrigerator.

Turner decided to put drops of some com-
mon kitchen substances on a corroded penny 
to see whether any of them would remove 
the film of oxidation. Then he used his solder-

www.pops.int/
www.pops.int/
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The Greatest Health Risks Come 
from Poverty, Gender, and Lifestyle 
Choices
Risk analysis involves identifying hazards and evalu-
ating their associated risks (risk assessment; Figure 17-3, 
left), ranking risks (comparative risk analysis), deter-
mining options and making decisions about reducing or 
eliminating risks (risk management; Figure 17-3, right), 
and informing decision makers and the public about 
risks (risk communication).

Statistical probabilities based on past experience, 
animal testing, and other tests are used to estimate 
risks from older technologies and chemicals. To evalu-
ate new technologies and products, risk evaluators use 
more uncertain statistical probabilities, based on mod-
els rather than actual experience and testing.

Figure 17-17 lists the results of a comparative risk 
analysis and summarizes the greatest ecological and 
health risks identified by a panel of scientists acting as 
advisers to the EPA.

The greatest risks many people face today are rarely 
dramatic enough to make the daily news. In terms of the 

number of premature deaths per year (Figure 17-18) 
and reduced life span (Figure 17-19, p. 462), the greatest 
risk by far is poverty. The high death toll ultimately result-
ing from poverty is caused by malnutrition, increased 
susceptibility to normally nonfatal infectious diseases, 
and often-fatal infectious diseases transmitted by unsafe 
drinking water.

After poverty and gender, the greatest risks of pre-
mature death mostly result from lifestyle choices that 
people make (Figures 17-18 and 17-19, p. 462) (Con-
cept 17-1). The best ways to reduce one’s risk of pre-
mature death and serious health problems are to avoid 
smoking and exposure to smoke (Case Study, p. 462), 
lose excess weight, reduce consumption of foods con-
taining cholesterol and saturated fats, eat a variety of 
fruits and vegetables, exercise regularly, drink little or 
no alcohol (no more than two drinks in a single day), 
avoid excess sunlight (which ages skin and can cause 
skin cancer), and practice safe sex (Concept 17-5). A 
2005 study by Majjid Ezzati with participation by 100 
scientists around the world estimated that one-third of 
the 7 million annual cancer deaths could be prevented 
if individuals followed these guidelines.

17-5 How Do We Perceive Risks and How Can 
We Avoid the Worst of Them?

CONCEPT 17-5 We can reduce the major risks we face if we become informed, 
think critically about risks, and make careful choices.

▲

In 2006, the European Union enacted new regula-
tions that require the registration of 30,000 untested 
and unregulated potentially harmful chemicals. The 
most hazardous substances will no longer be approved 
for use if safer alternatives exist. And when there is 
no alternative, producers must present a research plan 
aimed at finding one. Many environmental scientists 
applaud this use of pollution prevention to implement 
the precautionary principle, but some say that the 
regulation does not go far enough and has too many 
loopholes.

Manufacturers and businesses contend that wide-
spread application of this approach would make it too 
expensive and almost impossible to introduce any new 
chemical or technology. They argue that we can never 
have a risk-free society.

Proponents of increased reliance on pollution pre-
vention agree that we can go too far, but argue we have 
an ethical responsibility to reduce known or potentially 

serious threats to human health and to our life support 
system (Concept 17-4B). They also point out that us-
ing the precautionary principle focuses the efforts and 
creativity of scientists, engineers, and businesses on 
finding solutions to pollution problems based on pre-
vention rather than on cleanup. This in turn reduces 
health risks for employees and society, frees businesses 
from having to deal with pollution regulations, reduces 
the threat of lawsuits from harmed parties, increases 
profits, in some cases, from sales of safer products and 
innovative technologies, and improves the public im-
age of businesses operating in this manner.

HOW WOULD YOU VOTE?

Should we rely more on pollution prevention to implement 
the precautionary principle as a way to reduce the potential 
risks from chemicals and technologies? Cast your vote online 
at academic.cengage.com/biology/miller.
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C O M P A R A T I V E
R I S K  A N A L Y S I S

Most Serious Ecological and Health Problems

High-Risk Health Problems
■ Indoor air pollution
■ Outdoor air pollution
■ Worker exposure to industrial or farm chemicals
■ Pollutants in drinking water
■ Pesticide residues on food
■ Toxic chemicals in consumer products

High-Risk Ecological Problems
■ Global climate change
■ Stratospheric ozone depletion
■ Wildlife habitat alteration and destruction
■ Species extinction and loss of biodiversity

Medium-Risk Ecological Problems
■ Acid deposition 
■ Pesticides 
■ Airborne toxic chemicals 
■ Toxic chemicals, nutrients, and sediment in surface waters

Low-Risk Ecological Problems 
■ Oil spills 
■ Groundwater pollution
■ Radioactive isotopes
■ Acid runoff to surface waters
■ Thermal pollution  

Figure 17-17 Science: comparative risk analysis 
of the most serious ecological and health problems, 
according to scientists acting as advisers to the EPA. 
Risks under each category are not listed in rank or-
der. Question: Which two risks in each of the two 
high-risk problem lists do you think are the most 
serious? Why? (Concept 17-5) (Data from Science 
Advisory Board, Reducing Risks, Washington, D.C.: 
Environmental Protection Agency, 1990)

11 million (150)

5.4  million (74)

3.2 million (44)

3 million (41)

2.1 million (29)

1.9 million (26)

1.7 million (23)

1.1 million (15)

1 million (14)

Poverty/malnutrition/
disease cycle

Cause of death Annual deaths

Pneumonia and flu

Tobacco

Air pollution

HIV/AIDS

Diarrhea

Tuberculosis

Work-related
injury and disease

Malaria

800,000 (11)

1 million (14)

Measles

Hepatitis B

1.2 million (16)Automobile accidents

Figure 17-18 Global outlook: number of deaths per year in the world from various causes (Concept 17-5). Num-
bers in parentheses give these deaths in terms of the number of fully loaded 200-passenger jet airplanes crashing 
every day of the year with no survivors. Because of sensational media coverage, most people are misinformed about 
the largest annual causes of death. Question: Which three of these items are most likely to shorten your life span? 
(Data from World Health Organization)
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Poverty

Hazard Shortens average life span
in the United States by

Born male

Smoking

Overweight (35%)

Unmarried

Overweight (15%)

Spouse smoking

Driving

Air pollution

Alcohol

Drug abuse

AIDS

Drowning

Pesticides

Fire

Natural radiation

Medical X rays

Toxic waste

Flying

Hurricanes, tornadoes

Living lifetime near 
nuclear plant

7–10 years

7.5 years

6–10 years

6 years

5 years

2 years

1 year

7 months

5 months

5 months

4 months

3 months

1 month

1 month

1 month

8 days

5 days

Oral contraceptives 5 days

4 days

1 day

1 day

10 hours

4 monthsFlu

Figure 17-19 Global outlook: comparison of risks people face, expressed in terms of shorter aver-
age life span (Concept 17-5). Excepting poverty and gender, the greatest risks people face come 
mostly from the lifestyle choices they make. These are merely generalized relative estimates. Individ-
ual responses to these risks differ because of factors such as genetic variation, family medical history, 
emotional makeup, stress, and social ties and support. Question: Which three of these factors are 
most likely to shorten your life span? (Data from Bernard L. Cohen)

■ CASE STUDY

Death from Smoking
What is roughly the diameter of a 30-caliber bullet, can 
be bought almost anywhere, is highly addictive, and 
kills an average of about 14,800 people every day, or 
about one every 6 seconds? It is a cigarette. Cigarette 
smoking is the world’s most preventable major cause of suffer-
ing and premature death among adults.

In 2007, the WHO estimated that tobacco use 
helped to kill 100 million people prematurely during 
the 20th century and could kill 1 billion people during 
this century unless governments act now to dramati-
cally reduce smoking. The WHO estimates that each 
year, tobacco contributes to the premature deaths of at 
least 5.4 million people (about half from developed and 
half from developing countries) from 25 illnesses in-
cluding heart disease, lung cancer, other cancers, bron-

chitis, emphysema, and stroke. By 2030, the annual 
death toll from smoking-related diseases is projected to 
reach more than 8 million—an average of 21,900 pre-
ventable deaths per day. About 80% of these deaths are 
expected to occur in developing countries, especially 
China, with 30% of the world’s smokers, and India 
with 11% (compared to 4.5% in the United States).

According to the CDC, smoking kills about 442,000 
Americans per year prematurely—an average of 1,210 
deaths per day, or nearly one every minute (Fig-
ure 17-20). This death toll is roughly equivalent to six 
fully loaded 200-passenger jet planes crashing every 
day with no survivors! Yet, this ongoing major human 
tragedy in the United States and throughout the world 
rarely makes the news.

The overwhelming consensus in the scientific com-
munity is that the nicotine inhaled in tobacco smoke 
is highly addictive. Only one in ten people who try to 
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quit smoking succeeds. Smokers suffer about the same 
relapse rate as do recovering alcoholics and those ad-
dicted to heroin or crack cocaine. A British govern-
ment study showed that adolescents who smoke more 
than one cigarette have an 85% chance of becoming 
smokers.

Passive smoking, or breathing secondhand smoke, 
also poses health hazards for children and adults. Chil-
dren who grow up with smokers are more likely to de-
velop allergies and asthma. Among adults, nonsmok-
ing spouses of smokers have a 30% higher risk of both 
heart attack and lung cancer than do spouses of non-
smokers. In 2006, the CDC estimated that each year, 
secondhand smoke causes an estimated 3,000 lung 
cancer deaths and 46,000 deaths from heart disease in 
the United States.

A 50-year study published in 2004 by Richard Doll 
and Richard Peto found that cigarette smokers die, on 
average, 10 years earlier than nonsmokers, but that 
kicking the habit—even at 50 years old—can cut a per-
son’s risk in half. If people quit smoking by the age of 
30, they can avoid nearly all the risk of dying prema-
turely, but again, the longer one smokes, the harder it 
is to quit.

Many health experts urge that a $3–5 federal tax be 
added to the price of a pack of cigarettes in the United 
States (and in other countries). Then users of tobacco 
products—not the rest of society—would pay a much 
greater share of the $158 billion per year (an average 
of $301,000 per minute) in health, economic, and so-
cial costs associated with smoking in the United States.

Analysts also call for classifying and regulating the 
use of nicotine as an addictive and dangerous drug 
under the U.S. Food and Drug Administration, elimi-
nating all federal subsidies and tax breaks to tobacco 
farmers and tobacco companies, and using cigarette tax 
revenues to finance an aggressive antitobacco adver-

tising and education program. After a rally one day in 
2005, activists left 1,210 pairs of empty shoes in front 
of the U.S. capital to remind lawmakers that each day 
tobacco kills that many people in the United States. So 
far, Congress has not enacted such reforms.

Some other countries are enacting smoking bans. In 
2004, Ireland, Norway, and Scotland enacted bans on 
smoking in all indoor workplaces, bars, and restaurants. 
And in 2004, India banned smoking in public places, as 
well as tobacco advertising in the mass media and to-
bacco sales to minors. Studies had shown that smoking 
was killing 2,200 people a day in India. In 2006, France 
banned smoking in public facilities, and Great Britain 
did so in 2007.

There is some encouraging news: the average num-
ber of cigarettes smoked per person in the United States 
declined by 56% between 1976 and 2006 and dropped 
globally by 16% between 1988 and 2004. This decline 
in smoking can be attributed to media coverage of the 
harmful health effects of smoking, sharp increases in 
taxes on cigarette sales, mandatory health warnings on 
cigarette packs, and the banning of smoking in work-
places, bars, restaurants, and public buildings in some 
countries. This is an encouraging trend, but there is 
still a long way to go in dealing with this serious global 
health problem.

HOW WOULD YOU VOTE?

Do you favor classifying and regulating nicotine as an addic-
tive and dangerous drug? Cast your vote online at academic
.cengage.com/biology/miller.

Estimating Risks from Technologies 
Is Not Easy
The more complex a technological system and the 
more people needed to design and run it, the more dif-
ficult it is to estimate the risks of using the system. The 
system’s overall reliability, or the probability (expressed 
as a percentage) that a person or device will complete a 
task without failing, is the product of two factors:

System reliability (%) " Technological reliability $ Human reliability

With careful design, quality control, maintenance, 
and monitoring, a highly complex system such as a nu-
clear power plant or space shuttle can achieve a high 
degree of technological reliability. But human reliabil-
ity usually is much lower than technological reliability 
and is almost impossible to predict: To err is human.

Suppose the technological reliability of a nuclear 
power plant is 95% (0.95) and human reliability is 
75% (0.75). Then the overall system reliability is 71% 
(0.95 $ 0.75 " 71%). Even if we could make the tech-
nology 100% reliable (1.0), the overall system reliabil-
ity would still be only 75% (1.0 $ 0.75 " 75%). The 
crucial dependence of even the most carefully designed 
systems on unpredictable human reliability helps to 

85,000

75,000 (17,000 from AIDS)

55,000

30,600

20,622

Alcohol use

Infectious
diseases

Pollutants/toxins

Suicides

Homicides

Illegal drug use 17,000

Tobacco use 442,000

DeathsCause of Death

Accidents 101,500 (43,450 auto)

Figure 17-20 Annual deaths in the United States from tobacco use 
and other causes in 2004. Smoking is by far the nation’s leading 
cause of preventable death, causing more premature deaths each 
year than all the other categories in this figure combined. (Data 
from U.S. National Center for Health Statistics, the Centers for 
Disease Control and Prevention, and the U.S. Surgeon General)
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explain tragedies that were deemed almost impossible, 
such as the Chernobyl nuclear power plant explosion 
(Case Study, p. 390), the Three Mile Island nuclear 
power accident (Case Study, p. 390), and the Challenger
and Columbia space shuttle accidents.

One way to make a system more foolproof is to 
move more of the potentially fallible elements from the 
human side to the technological side. However, chance 
events such as a lightning strike can knock out an au-
tomatic control system, and no machine or computer 
program can completely replace human judgment. 
Also, the parts in any automated control system are 
manufactured, assembled, tested, certified, and main-
tained by fallible human beings. In addition, computer 
software programs used to monitor and control com-
plex systems can be flawed because of human error or 
can be deliberately caused to malfunction.

Most People Do Not Know How 
to Evaluate Risks
Most of us are not good at assessing the relative risks 
from the hazards that surround us. Many people deny 
or shrug off the high-risk chances of death (or injury) 
from voluntary activities they enjoy, such as motor-
cycling (1 death in 50 participants), smoking (1 in 250 
by age 70 for a pack-a-day smoker), hang gliding (1 in 
1,250), and driving (1 in 3,300 without a seatbelt and 1 
in 6,070 with a seatbelt). Indeed, the most dangerous 
thing that most people in many countries do each day 
is to drive or ride in a car.

Yet some of these same people may be terrified 
about the possibility of being killed by a gun (1 in 
28,000 in the United States), flu (1 in 130,000), nuclear
power plant accident (1 in 200,000), West Nile virus (1 in 
1 million), lightning (1 in 3 million), commercial airplane 
crash (1 in 9 million), snakebite (1 in 36 million), or 
shark attack (1 in 281 million).

Five factors can cause people to see a technology or 
a product as being more or less risky than experts judge 
it to be. First is fear. Research going back 3 decades 
shows that fear causes people to overestimate risks 
and to worry more about unusual risks than they do 
about common everyday risks. Studies show that peo-
ple tend to overestimate the numbers of deaths caused 
by tornadoes, floods, fires, homicides, cancer, and ter-
rorist attacks, and to underestimate numbers of deaths 
from flu, diabetes, asthma, stroke, and automobile ac-
cidents. Many people also fear a new, unknown prod-
uct or technology more than they do an older, more 
familiar one. For example, some people fear genetically 
modified food and trust food produced by traditional 
plant-breeding techniques. Most people have a greater 
fear of nuclear power plants than of more familiar and 
highly polluting coal-fired power plants (Figure 15-22, 
p. 392).

A second factor is the degree of control we have. Most 
of us have a greater fear of things over which we do 

not have personal control. For example, some individu-
als feel safer driving their own cars over long distances 
and through bad traffic than they do traveling the same 
distance on a plane. But look at the numbers. The risk 
of dying in a car accident in the United States while us-
ing a seatbelt is 1 in 6,070 whereas the risk of dying in 
a commercial airliner crash is 1 in 9 million.

Third is whether a risk is catastrophic, not chronic. We 
usually are more frightened by news of a single cata-
strophic accident such as a plane crash than we are of 
a cause of death such as smoking, which has an even 
larger death toll spread out over time.

Fourth, some people suffer from optimism bias, the 
belief that risks that apply to other people do not apply 
to them. Some people get upset when they see some-
one driving erratically while talking on a cell phone. 
But they may believe that their own talking on the cell 
phone does not impair their driving ability.

A fifth factor is that many of the risky things we 
do are highly pleasurable and give instant gratification,
while the potential harm from such activities comes 
later. Examples are smoking cigarettes, eating lots of 
ice cream, and getting a tan.

There is also concern about the unfair distribution 
of risks in some cases. For example, citizens are often 
outraged when government officials decide to put a 
hazardous waste landfill or incinerator in or near their 
neighborhood. Even when the decision is based on 
careful risk analysis, it is usually seen as a political, not 
a scientific, decision. Residents will not be satisfied by 
an estimate putting the lifetime risk of cancer death 
from the facility at no greater than, say, 1 in 100,000. 
Instead, they point out that living near the facility 
means that they will have a much higher risk of dying 
from cancer than will people living farther away.

Several Principles Can Help Us 
to Evaluate and Reduce Risk
Here are some guidelines for evaluating and reducing 
risk (Concept 17-5):

• Compare risks. Is there a risk of getting can-
cer from eating a charcoal-broiled steak once 
or twice a week for a lifetime? Yes, because in 
theory, anything can harm you. The question is 
whether this danger is great enough for you to 
worry about. In evaluating a risk, the question 
is not “Is it safe?” but rather “How risky is it com-
pared to other risks?”

• Determine how much risk you are willing to accept.
For most people, a 1 in 100,000 chance of dying 
or suffering serious harm from exposure to an 
environmental hazard is a threshold for chang-
ing their behavior. However, in establishing stan-
dards and reducing risk, the U.S. EPA generally 
assumes that a 1 in 1 million chance of dying from 
an environmental hazard is acceptable. People 
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The burden of proof imposed on individuals, companies, and institutions 
should be to show that pollution prevention options 

have been thoroughly examined, evaluated, and used 
before lesser options are chosen.

JOEL HIRSCHORN

REVIEW

1. Review the Key Questions and Concepts for this 
chapter on p. 439. Describe how an HIV/AIDs epidemic 
(Core Case Study) in a country can affect the age 
structure of its population.

2. Distinguish among risk, risk assessment, and risk
management. Distinguish between possibility and prob-
ability. What is a pathogen? Give an example of a risk 
from each of the following: biological hazards, chemical 
hazards, physical hazards, cultural hazards, and lifestyle 
choices.

3. Distinguish among a nontransmissible disease, infec-
tious disease, and transmissible disease and give an 

example of each. In terms of death rates, what are the 
world’s four most serious infectious diseases? Distinguish 
between an epidemic and a pandemic of an infectious 
disease. Describe the causes and possible solutions for the 
increasing genetic resistance in microbes to commonly 
used antibiotics.

4. Describe the global threat from tuberculosis. Describe the 
threat from flu and the effects of a global flu pandemic. 
Describe the health threats from the global HIV/AIDS 
pandemic and list six ways to reduce this threat. Describe 
the threats from the hepatitis B, West Nile, and SARS 
viruses. Describe the threat from malaria for 40% of the 
world’s people and how we can reduce this threat.

exposed to such risks believe that this standard is 
too high.

• Determine the actual risk involved. The news media 
usually exaggerate the daily risks we face in order 
to capture our interest and sell newspapers and 
magazines or gain television viewers. As a result, 
most people believe that the world is much more 
risky than it really is.

• Concentrate on evaluating and carefully making impor-
tant lifestyle choices, and you will have a much greater 
chance of living a longer, healthier, happier, and 

less fearful life. When you worry about a risk, the 
most important question to ask is, “Do I have any 
control over this?” There is no point worrying about 
risks over which you have no control. But you do 
have control over risks from heart attack, stroke, 
and many forms of cancer, for example, because 
you can decide whether to smoke, what to eat, and 
how much alcohol to drink. Other factors under 
your control are whether you practice safe sex, how 
much exercise you get, how safely you drive, and 
how often you expose yourself to ultraviolet rays 
from the sun or in tanning booths.

AIDS and Sustainability

In this chapter, we have seen that on a global basis, the greatest 
threat to human health is the tragic poverty-malnutrition-disease 
cycle, followed by the threats from smoking, pneumonia and 
flu, air pollution, and HIV/AIDS (Core Case Study). These five 
global threats prematurely kill about 24.7 million people a year 
(Figure 17-18)—an average of nearly 67,700 a day or 2,820 an 
hour—half of them children younger than age 5.

These major global health risks are largely preventable if 
governments, under pressure from concerned citizens, choose 
to make them global priorities. We can use the four scientific
principles of sustainability (see back cover) to help us reduce 
these and other major risks to human health. One way to do this 
involves shifting from nonrenewable fossil fuels to renewable 

energy, thereby reducing pollution and the threats from global 
warming. Another solution is to cut down on waste of energy 
and matter resources by reusing and recycling them, thereby 
helping to provide enough resources for most people to avoid 
poverty. We can also emphasize the use of diverse strategies for 
solving environmental and health problems, and especially for re-
ducing poverty and controlling population growth.

Is this idealistic? Sure. But if creative and caring people 
throughout human history had not acted to improve the world 
by doing things that others said were impossible or too idealistic, 
we would have accomplished very little on this marvelous planet. 
Each of us can make a difference.

R E V I S I T I N G
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Note: See Supplement 13 (p. S78) for a list of Projects related to this chapter.

Note: Key Terms are in bold type.

CRITICAL THINKING

1. List three ways in which you could apply Concept 17-5
to make your lifestyle more environmentally sustainable 
while reducing the major risks you face.

2. How can changes in the age structure of a human popula-
tion increase the spread of infectious diseases? How can 
the spread of infectious diseases such as HIV/AIDS affect 
the age structure of human populations (Core
Case Study and Figure 17-2)?

3. What are three actions you would take to reduce the 
global threats to human health and life from (a) HIV/
AIDS (Core Case Study), (b) tuberculosis, and 
(c) malaria?

4. Evaluate the following statements:
a. We should not get worked up about exposure to toxic 

chemicals because almost any chemical, at a large 
enough dosage, can cause some harm.

b. We should not worry much about exposure to toxic 
chemicals because, through genetic adaptation, we can 
develop immunity to such chemicals.

c. We should not worry much about exposure to toxic 
chemicals because we can use genetic engineer-
ing to reduce our susceptibility to the effects of toxic 
chemicals.

5. Workers in a number of industries are exposed to higher 
levels of various toxic substances than are the general 
public. Should workplace levels allowed for such chemi-
cals be reduced? What economic effects might this have?

6. Explain why you agree or disagree with the proposals for 
reducing the death toll and other harmful effects of smok-
ing listed in the Case Study on p. 462. Do you believe 
there should be a ban on smoking indoors in all public 
places? Explain.

7. What are the three major risks you face from (a) your 
lifestyle, (b) where you live, and (c) what you do for a 
living? Which of these risks are voluntary and which are 
involuntary? List the three most important things you can 
do to reduce these risks. Which of these things do you 
plan to do?

8. Would you support legislation requiring the use of pol-
lution prevention based on the precautionary principle 
in deciding what to do about risks from chemicals in the 
country where you live? Explain.

9. Congratulations! You are in charge of the world. List the 
three most important features of your program to reduce 
the risks from exposure to (a) infectious disease organ-
isms and (b) toxic and hazardous chemicals.

10. List two questions that you would like to have answered 
as a result of reading this chapter.

5. Give three examples of problems being studied in the new 
field of ecological medicine. What is Lyme disease, and 
how can individuals reduce their chances of getting it? 
List five major ways to reduce the global threat from in-
fectious diseases.

6. What is a toxic chemical? Discuss the threat from PCBs. 
Distinguish among mutagens, teratogens, and carcino-
gens, and give an example of each. Describe the toxic 
legacy from PCBs. Describe the human immune, nervous, 
and endocrine systems and give an example of a chemi-
cal that can threaten each of these systems. Describe the 
toxic effects of the various forms of mercury and ways to 
reduce these threats. What are hormonally active agents, 
what risks do they pose, and how can we reduce these 
risks? Describe the potential threats from bisphenol A.

7. Define toxicology, toxicity, dose, and response. Give 
three reasons why children are more vulnerable to harm 
from toxic chemicals. Describe how the toxicity of a sub-
stance can be estimated by using laboratory animals, and 
discuss the limitations of this approach. What is a dose-
response curve? Describe how toxicities are estimated 

by case reports and epidemiological studies and discuss 
the limitations of these approaches. Why do we know so 
little about the harmful effects of chemicals? Discuss the 
use of pollution prevention and the precautionary prin-
ciple in dealing with health threats from chemicals.

8. What is risk analysis? In terms of premature deaths, 
what are the three greatest threats that humans face? De-
scribe the health threats from smoking and what can be 
done to reduce these threats.

9. How can we reduce the threats from the use of various 
technologies? What five factors can cause people to mis-
judge risks? List five principles that can help us evaluate 
and reduce risk.

10. Discuss how lessening the threats of HIV/AIDS 
and other major infectious diseases (Core
Case Study) can be achieved by applying 
the four scientific principles of sustainability.
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DATA ANALYSIS

The graph below shows the effects of AIDS on life expectancy 
at birth in Botswana from 1950 through 2000 and projects the 
effects to 2050. Answer the questions below.

Year

A
ge

1950–1955
0

10

20

30

40

50

60

70

1955–1960

1960–1965

1965–1970

1970–1975

1975–1980

1980–1985

1985–1990

1990–1995

1995–2000

2000–2005

2005–2010

2010–2015

2015–2020

2020–2025

2025–2030

2030–2035

2035–2040

2040–2045

2045–2050

 1. a.  By what percentage did life expectancy in Botswana 
increase between 1950 and 1995?

  b.  By what percentage is life expectancy in Botswana 
projected to decrease between 1995 and 2015? 

 2. a.  By what percentage is life expectancy in Botswana 
projected to increase between 2015 and 2050?

  b.  By what percentage is life expectancy in Botswana 
projected to decrease between 1995 and 2050?

LEARNING ONLINE

Log on to the Student Companion Site for this book at 
academic.cengage.com/biology/miller, and choose 
Chapter 17 for many study aids and ideas for further read-

ing and research. These include flash cards, practice quizzing, 
Weblinks, information on Green Careers, and InfoTrac® Col-
lege Edition articles.

Source: Data from United Nations and U.S. Census Bureau
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India by about 7% because less sunlight reaches the ground, ac-
cording to a 2008 report by atmospheric scientist Veerabhadran 
Ramanathan, who heads the UNEP’s Atmospheric Brown Cloud 
Project. Acids in the haze fall to the surface and damage crops, 
trees, and aquatic life in lakes.

Instead of blue skies, many of the people living under this 
cloud see brown or gray polluted skies much of the year (Fig-
ure 18-2). UNEP scientists estimate that the pollution in the cloud 
contributes to at least 700,000 premature deaths every year.

Originally, scientists thought that the brown cloud deflected 
sunlight and tended to cool the atmosphere above it. But a study 

of black carbon particles in the 
cloud, done in 2006 and 2008 by 
a team of climate scientists led by 
Ramanathan, found that these parti-
cles helped to warm the atmosphere 
above the cloud by about as much as 
CO2 and other greenhouse gases do.

The Asian Brown Cloud is also 
bad news for other parts of the 
world because it doesn’t stay put. 
In 2006, a U.S. satellite tracked the 
spread of a dense cloud of pollut-
ants from northern China to Seoul, 
South Korea, and then across the 
Pacific Ocean to the United States. 
The U.S. Environmental Protection 
Agency (EPA) estimates that on 
certain days, nearly 25% of the par-
ticulate matter, 77% of the black 
carbon, and 33% of the toxic mer-
cury in the skies above Los Angeles, 
California, can be traced to coal-
fired power plants, smelters, diesel 

trucks, and dust storms caused by drought and 
deforestation in China.

Satellite measurements show that it takes about 
2 weeks for long-lived air pollutants to circle the 
world. Thus, long-lived air pollutants from China, 
India, the United States, or anywhere can affect the 
entire world. Air pollution connects us all.

The history of air pollution control in Europe and 
the United States shows that pollution such as that 
in the Asian cloud can be cleared up fairly quickly by 
setting strict pollution control standards for coal-
burning industries and utilities and by shifting from 
coal to cleaner-burning natural gas in industries and 
homes. China is beginning to take such steps but has 
a long way to go. India’s capital city of Delhi, under 
orders from India’s Supreme Court, has also made 
progress in reducing air pollution.

South Asia’s Massive Brown Cloud

Air pollution is no longer viewed as mostly a localized urban 
problem. Satellite images, along with a 2002 study by the U.N. 
Environment Programme (UNEP), revealed a massive brown cloud 
of pollution—called the Asian Brown Cloud—stretching nearly 
continuously across much of India, Bangladesh, the industrial 
heart of China, and the open sea east of this area (Figure 18-1).

The cloud is about 3 kilometers (2 miles) thick, hangs at an 
elevation of 2–5 kilometers (1–3 miles), and covers an area about 
the size of the continental United States. About a third of it is 
dust, smoke, and ash resulting from drought and the clearing 
and burning of forests for planting crops. The rest is made up 
of acidic compounds, soot, toxic 
metals such as mercury and lead, 
hundreds of organic compounds, 
and fly ash produced by the burn-
ing of coal, diesel, and other fossil 
fuels in industries, motor vehicles, 
and homes.

Beneath the cloud, photo-
synthesis has been reduced in 
China by about 7–10% and in 

Air Pollution18

Figure 18-2 Air pollution in Shanghai, China, in 2004.

Figure 18-1
The Asian Brown 
Cloud. A gigantic 
cloud of dust, 
smoke, soot, and 
other pollutants 
stretches over 
much of Asia, 
visible here over 
eastern China.
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The Atmosphere Consists 
of Several Layers
We live at the bottom of a thin envelope of gases sur-
rounding the earth, called the atmosphere. It is divided 
into several spherical layers (Figure 18-3, p. 470), each 
characterized by abrupt changes in temperature caused 
by differences in the absorption of incoming solar 
energy.

Two other factors that vary throughout the atmo-
sphere are density and atmospheric pressure, both in-
fluenced by gravity, which pulls the gas molecules in 
the atmosphere toward the earth’s surface. Because of 
this, the air we breathe at sea level has a higher den-
sity—more molecules per liter—than the air we would 
inhale on top of the world’s highest mountain. Atmo-
spheric pressure is the force, or mass, per unit area of 
a column of air. This force is caused by the bombard-
ment of a surface such as your skin by air molecules. 

Atmospheric pressure decreases with altitude because 
there are fewer gas molecules at higher altitudes.

Air Movements in the Troposphere 
Play a Key Role in the Earth’s 
Weather and Climate
About 75–80% of the earth’s air mass is found in the 
troposphere, the atmospheric layer closest to the 
earth’s surface. This layer extends only about 17 kilo-
meters (11 miles) above sea level at the equator and 
8 kilometers (5 miles) over the poles. If the earth were 
the size of an apple, this lower layer containing the 
air we breathe would be no thicker than the apple’s 
skin.

Take a deep breath. About 99% of the air you in-
haled consists of two gases: nitrogen (78%) and oxygen 

Key Questions and Concepts

18-1 What is the nature of the atmosphere?
CONCEPT 18 -1  The atmosphere is structured in layers, including 
the troposphere, which supports life, and the stratosphere, which 
contains the protective ozone layer.

18-2 What are the major outdoor air pollution 
problems?
CONCEPT 18 -2  Pollutants mix in the air to form industrial smog,
mostly the result of burning coal, and photochemical smog, caused 
by motor vehicle, industrial, and power plant emissions.

18-3 What is acid deposition and why is 
it a problem?
CONCEPT 18 -3  Acid deposition is caused mainly by coal-
burning power plant and motor vehicle emissions, and in some 
regions, threatens human health, aquatic life and ecosystems, 
forests, and human-built structures.

18-4 What are the major indoor air pollution 
problems?
CONCEPT 18 -4  The most threatening indoor air pollutants are 
smoke and soot from wood and coal cooking fires (a hazard found 
mostly in developing countries) and chemicals used in building 
materials and products.

18-5 What are the health effects of air pollution?
CONCEPT 18 -5  Air pollution can contribute to asthma, chronic 
bronchitis, emphysema, lung cancer, heart attack, and stroke.

18-6 How should we deal with air pollution?
CONCEPT 18 -6  Legal, economic, and technological tools can 
help to clean up air pollution, but much greater emphasis should be 
focused on preventing air pollution.

Note: Supplements 2 (p. S4), 6 (p. S39) and 13 (p. S78) can be used with this chapter.

I thought I saw a blue jay this morning. 
But the smog was so bad that it turned out to be 

a cardinal holding its breath.
MICHAEL J. COHEN

18-1 What Is the Nature of the Atmosphere?
CONCEPT 18-1 The atmosphere is structured in layers, including the troposphere, 
which supports life, and the stratosphere, which contains the protective ozone 
layer.

▲

469Links: refers to the Core Case Study. refers to the book’s sustainability theme. indicates links to key concepts in earlier chapters.
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(21%). The remainder consists of water vapor (vary-
ing from 0.01% at the frigid poles to 4% in the humid 
tropics), 0.93% argon (Ar), 0.038% carbon dioxide 
(CO2), and trace amounts of dust and soot particles and 

other gases including methane (CH4), ozone (O3), and 
nitrous oxide (N2O).

The troposphere is a dynamic system involved 
in the chemical cycling of the earth’s vital nutrients 
(Concept 3-5, p. 65). Its rising and falling air 
currents and winds are largely responsible for 
the planet’s short-term weather and long-term climate 
(Concept 7-1, p. 141).

The Stratosphere Is Our 
Global Sunscreen
The atmosphere’s second layer is the stratosphere, 
which extends from about 17 to about 48 kilometers 
(from 11 to 30 miles) above the earth’s surface (Fig-
ure 18-3). Although the stratosphere contains less mat-
ter than the troposphere, its composition is similar, 
with two notable exceptions: its volume of water vapor 
is about 1/1,000 that of the troposphere, and its con-
centration of ozone (O3) is much higher.

Much of the atmosphere’s small amount of ozone 
(O3) is concentrated in a portion of the stratosphere 
called the ozone layer, found roughly 17–30 kilome-
ters (11–19 miles) above sea level. Stratospheric ozone 
is produced when some of the oxygen molecules there 
interact with ultraviolet (UV) radiation emitted by the 
sun (3 O2 # UV  2 O3). This “global sunscreen” of 
ozone in the stratosphere keeps about 95% of the sun’s 
harmful UV radiation (Figure 3-8, p. 56) from reaching 
the earth’s surface.

The UV filter of ozone in the lower stratosphere 
allows us and other forms of life to exist on land and 
helps to protect us from sunburn, skin and eye cancer, 
cataracts, and damage to our immune systems. It also 
prevents much of the oxygen in the troposphere from 
being converted to photochemical ozone, a harmful air 
pollutant when found near the ground.
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Figure 18-3 Natural capital: The earth’s atmosphere is a dynamic 
system that includes four layers. The average temperature of the at-
mosphere varies with altitude (red line). Most UV radiation from the 
sun is absorbed by ozone (O3), found primarily in the stratosphere 
in the ozone layer 17–26 kilometers (10–16 miles) above sea level. 
Question: Why do you think the temperature falls and rises twice, 
going from lower to higher altitudes?

18-2 What Are the Major Outdoor Air 
Pollution Problems?

CONCEPT 18-2 Pollutants mix in the air to form industrial smog, mostly the result 
of burning coal, and photochemical smog, caused by motor vehicle, industrial, and 
power plant emissions.

▲

Air pollutants come from natural and human 
sources. Natural sources include dust blown by wind 
(Figure 7-1, p. 140), pollutants from wildfires and vol-
canic eruptions, and volatile organic chemicals released 
by some plants. Most natural air pollutants are spread 
out over the globe or removed by chemical cycles, pre-
cipitation, and gravity. However, chemicals emitted 

Air Pollution Comes from Natural 
and Human Sources
Air pollution is the presence of chemicals in the at-
mosphere in concentrations high enough to harm or-
ganisms, ecosystems, or human-made materials. The 
effects of air pollution range from annoying to lethal.
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from volcanic eruptions and some natural forest fires 
can temporarily reach harmful levels in areas where 
they occur.

Human inputs of outdoor air pollutants occur 
mostly in industrialized and urban areas where peo-
ple, cars, and factories are concentrated. Most of these 
pollutants are generated by the burning of fossil fuels 
in power and industrial plants (stationary sources, Fig-
ure 1-11, p. 17) and in motor vehicles (mobile sources).
However, human inputs began long before the indus-
trial era, and have steadily increased. Air pollution is a 
very old problem (see Case Study that follows).

 ■ CASE STUDY

Air Pollution in the Past: 
The Bad Old Days
Modern civilization did not invent air pollution. It prob-
ably began when humans discovered fire and used it to 
burn wood in poorly ventilated caves for warmth and 
cooking, as they inhaled unhealthy smoke and soot.

During the Middle Ages, a haze of wood smoke hung 
over densely packed urban areas. The Industrial Revolu-
tion, starting in the late 1700s, brought even worse air 
pollution as coal was burned to power factories and heat 
homes. As a result, there were great increases in respi-
ratory diseases such as asthma, bronchitis, and allergies. 
Many people died from these ailments, especially chil-
dren and elderly people.

By the 1850s, dense mixtures of coal smoke and 
fog as “thick as pea soup” engulfed London in a sunless 
gloom during winter months. In 1880, a prolonged coal 
fog killed an estimated 2,200 people. In 1905, a physi-
cian used the word smog to describe the deadly mixture 
of smoke and fog that afflicted London. Another epi-
sode in 1911 killed more than 1,100 Londoners.

In December 1952, an even worse yellow fog lasted 
for 5 days and killed 4,000–12,000 Londoners. Visibil-
ity was so low that people walking outside during the 
day could not see their feet. So many people died that 
undertakers ran out of coffins.

This tragedy prompted the British Parliament to 
pass the Clean Air Act of 1956. Before the beneficial 
effects of the law could be realized, additional air pol-
lution disasters in 1956, 1957, and 1962 killed 2,500 
more people. Because of strong air pollution laws, Lon-
don’s air today is much cleaner, and “pea soup” fogs 
are a thing of the past.

The Industrial Revolution, powered by coal, brought 
air pollution to the United States. Large industrial cities 
such as Pittsburgh, Pennsylvania, and St. Louis, Mis-
souri, were known for their smoky air. By the 1940s, 
the air over some cities was so polluted that people had 
to turn their automobile headlights on during the day.

The first documented air pollution disaster in the 
United States occurred in October of 1948, in the 
small industrial town of Donora in Pennsylvania’s 
Monongahela River Valley south of Pittsburgh. Pollut-

ants from the area’s coal-burning factories, steel mill, 
zinc smelter, and sulfuric acid plant became trapped in 
a dense fog that stagnated over the valley for 5 days. 
This killer fog resulted from a combination of moun-
tainous terrain surrounding the valley and weather 
conditions that trapped and concentrated deadly pol-
lutants. About 6,000 of the town’s 14,000 inhabitants 
became sick, and 20 of them died.

In 1963, high concentrations of air pollutants in 
New York City killed about 300 people and injured 
thousands. Incidents like these finally resulted in city, 
state, and federal air pollution control programs in the 
United States, with the U.S. state of California leading 
the way. As a result, air quality has dramatically im-
proved throughout the country.

However, many major urban areas in develop-
ing countries, such as China (Figure 18-2), India (Fig-
ure 15-13, p. 384), and parts of Eastern Europe that de-
pend on burning coal in industries and in some homes 
face air pollution levels similar to those in London, 
England, and in American industrial cities in the 1950s.

THINKING ABOUT
Outdoor Air Pollution—Past and Present

Explain why you agree or disagree with the statement: “Air 
pollution in the United States should no longer be a major 
concern because of the significant progress made in reducing 
outdoor air pollution since 1970.”

Some Pollutants in the Atmosphere 
Combine to Form Other Pollutants
Scientists classify outdoor air pollutants into two cat-
egories. Primary pollutants are harmful chemicals 
emitted directly into the air from natural processes and 
human activities (Figure 18-4, center, p. 472). While 
in the atmosphere, some primary pollutants react with 
one another and with the basic components of air to 
form new harmful chemicals, called secondary pol-
lutants (Figure 18-4, right).

With their high concentrations of cars and factories, 
urban areas normally have higher outdoor air pollution 
levels than rural areas have. But prevailing winds can 
spread long-lived primary and secondary air pollutants 
from urban and industrial areas to the countryside and 
to other urban areas.

Good news. Over the past 30 years, the quality of 
outdoor air in most developed countries has improved 
greatly. This occurred mostly because grassroots pres-
sure from citizens caused governments to pass and en-
force air pollution control laws.

Bad news. According to the World Health Organiza-
tion (WHO), more than 1.1 billion people (one of every 
six people on the earth) live in urban areas where out-
door air is unhealthy to breathe. Most of them live in 
densely populated cities in developing countries where 
air pollution control laws do not exist or are poorly en-
forced. However, the biggest pollution threat to poor 
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people is indoor air pollution caused by their burning of 
wood, charcoal, coal, or dung in open fires or poorly 
designed stoves to heat their dwellings and cook their 
food. Also, they often must work in poorly ventilated 
and highly polluted spaces (Figure 18-5).

Air pollution was once a regional problem limited 
mostly to cities. Now it is a global problem, largely 
due to the sheer volume of pollutants produced. Pollut-
ants entering the atmosphere in India and China now 
find their way across the Pacific 
where they affect the west 
coast of North America (Core 
Case Study). Even in 
arctic regions with vir-
tually no population, air pol-
lutants from northern Eurasia 
flow north and collect to form 
arctic haze. There is no place 
on the planet that has not been 
affected by air pollution.

What Are the Major Outdoor Air 
Pollutants?
Carbon oxides. Carbon monoxide (CO) is a colorless, 
odorless, and highly toxic gas that forms during the in-
complete combustion of carbon-containing materials 
(see Table 18-1). Major sources are motor vehicle ex-
haust, burning of forests and grasslands, tobacco smoke, 
and open fires and inefficient stoves used for cooking.

Primary Pollutants

Sources

Secondary Pollutants
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Most hydrocarbons

Most suspended particles
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SO2 NO NO2
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O3 PANs

Figure 18-5 Indoor air pollution. 
These children are working in a plastic 
factory in an urban slum in Dhaka, 
Bangladesh. They have very long work-
ing days in this highly polluted room 
with little ventilation. Jo
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Figure 18-4 Sources and types of air pollutants. Human inputs of air pollutants come from mobile sources (such 
as cars) and stationary sources (such as industrial and power plants). Some primary air pollutants react with one 
another and with other chemicals in the air to form secondary air pollutants.
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CO reacts with hemoglobin in red blood cells and 
reduces the ability of blood to transport oxygen to body 
cells and tissues. Chronic exposure can trigger heart 
attacks and aggravate lung diseases such as asthma 
and emphysema. At high levels, CO can cause head-
ache, nausea, drowsiness, mental impairment, collapse, 
coma, and death. CO detectors, similar to smoke detec-
tors, can warn people of dangerously high indoor levels 
of CO.

Carbon dioxide (CO2) is a colorless, odorless gas. 
About 93% of the CO2 in the atmosphere is the result 
of the natural carbon cycle (Figure 3-18, p. 68). The 
rest comes from human activities, mostly burning fossil 
fuels and clearing CO2-absorbing forests and grasslands. 
Such emissions have been rising since the industrial 
revolution and especially since 1950 (Figure 20, p. S71, 
in Supplement 10). There is considerable scientific evi-
dence that increasing levels of CO2 from human ac-
tivities are contributing to global warming and climate 
change (Science Focus, p. 33). We discuss this problem 
in detail in Chapter 19.

Nitrogen oxides and nitric acid. Nitric oxide (NO) 
is a colorless gas that forms when nitrogen and oxy-
gen gas in air react at the high-combustion tempera-
tures in automobile engines and coal-burning plants 
(Table 18-1). Lightning and certain bacteria in soil and 
water also produce NO as part of the nitrogen cycle 
(Figure 3-19, p. 69).

In the air, NO reacts with oxygen to form nitrogen
dioxide (NO2), a reddish-brown gas. Collectively, NO 
and NO2 are called nitrogen oxides (NOx). Some of the 
NO2 reacts with water vapor in the air to form nitric
acid (HNO3) and nitrate salts (NO3

!)—components of 
harmful acid deposition, which we discuss later in this 
chapter. Both NO and NO2 play a role in the formation 
of photochemical smog—a mix of chemicals formed un-
der the influence of sunlight in cities with heavy traffic 
(discussed further below). Nitrous oxide (N2O), a green-
house gas, is emitted from fertilizers and animal wastes 
and is produced by burning fossil fuels.

Nitrogen oxides can irritate the eyes, nose, and 
throat; aggravate lung ailments such as asthma and 
bronchitis; and increase susceptibility to respiratory 
infections by impairing the immune system. They can 
also suppress plant growth and reduce visibility when 
they are converted to nitric acid and nitrate salts.

Sulfur dioxide and sulfuric acid. Sulfur dioxide (SO2)
is a colorless gas with an irritating odor. About one-
third of the SO2 in the atmosphere comes from natural 
sources as part of the sulfur cycle (Figure 3-22, p. 72). 
The other two-thirds (and as much as 90% in some ur-
ban areas) come from human sources, mostly combus-
tion of sulfur-containing coal in electric power and in-
dustrial plants (Table 18-1) and oil refining and smelting 
of sulfide ores. Sulfur dioxide emissions feeding 
the Asian Brown Cloud (Core Case Study) have 

increased by over a third in the past decade, according 
to a 2007 U.S. National Academy of Sciences report.

In the atmosphere, SO2 can be converted to aerosols,
which are microscopic suspended droplets of sulfuric
acid (H2SO4) and suspended particles of sulfate (SO4

2!)
salts that return to the earth as a component of acid 
deposition. Sulfur dioxide, sulfuric acid droplets, and 
sulfate particles reduce visibility and aggravate breath-
ing problems. SO2 and H2SO4 can damage crops, trees, 
soils, and aquatic life in lakes. They also corrode metals 
and damage paint, paper, leather, and stone on build-
ings and statues (Figure 18-6).

Table 18-1

Chemical Reactions That Form Major 
Outdoor Air Pollutants

Pollutant Chemical Reaction

Carbon monoxide (CO) 2C # O2 2CO

Carbon dioxide (CO2) C # O2 CO2

Nitric oxide (NO) N2 # O2 2 NO

Nitrogen dioxide (NO2) 2NO # O2 2NO2

Sulfur dioxide (SO2) S # O2 SO2

Figure 18-6 Statue in Newport, Rhode Island (USA), corroded by 
acid deposition and other forms of air pollution.
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Particulates. Suspended particulate matter (SPM) con-
sists of a variety of solid particles and liquid droplets 
small and light enough to remain suspended in the air 
for long periods. About 62% of the SPM in outdoor air 
comes from natural sources such as dust, wild fires, 
and sea salt. The remaining 38% comes from human 
sources such as coal-burning power and industrial 
plants, motor vehicles, plowed fields, road construc-
tion, unpaved roads, and tobacco smoke.

Scientists are increasingly concerned about partic-
ulates. More than 2,000 studies published since 1990 
link SPM with adverse health effects, according to the 
American Lung Association. The most harmful forms 
of SPM are fine particles (PM-10, with an average diam-
eter of less than 10 micrometers) and ultrafine particles
(PM-2.5, with an average diameter of less than 2.5 mi-
crometers, about one-fortieth the diameter of a human 
hair). These particles can irritate the nose and throat, 
damage the lungs, aggravate asthma and bronchitis, 
and shorten life. Toxic particulates, such as lead (Case 
Study, at right), cadmium, and polychlorinated biphe-
nyls (PCBs, Case Study, p. 449), can cause mutations, 
reproductive problems, and cancer. Particulates also re-
duce visibility, corrode metals, and discolor clothes and 
paints. In the United States, particulate air pollution—
mostly from fine and ultrafine particles—is responsible 
for 60,000–70,000 premature deaths a year, according 
to the U.S. Environmental Protection Agency (EPA) 
and the Harvard School of Public Health.

Ozone. Ozone (O3), a colorless and highly reactive gas, 
is a major component of photochemical smog. It can 
cause coughing and breathing problems, aggravate 
lung and heart diseases, reduce resistance to colds and 
pneumonia, and irritate the eyes, nose, and throat. It 
also damages plants, rubber in tires, fabrics, and paints.

Ozone in the troposphere near ground level is often 
referred to as “bad” ozone, whereas we think of ozone 
in the stratosphere as “good” ozone that protects us 
from harmful UV radiation. Both are the same chemi-
cal. Much evidence indicates that some human activi-
ties are decreasing the amount of beneficial ozone in 
the stratosphere and increasing the amount of harmful 
ozone in the troposphere near ground level—especially 
in some urban areas. We examine the issue of strato-
spheric ozone thinning in the next chapter.

Volatile organic compounds (VOCs). Organic com-
pounds that exist as gases in the atmosphere are called 
volatile organic compounds (VOCs). Most are hydrocar-
bons, such as isoprene (C3H8) and terpenes such as C10H15

emitted by the leaves of many plants, and methane
(CH4), a greenhouse gas. About a third of global meth-
ane emissions come from natural sources, mostly plants, 
wetlands, and termites. The rest comes from human 
sources, primarily rice paddies, landfills, oil and natural 
gas wells, and cows (mostly from their belching).

Other VOCs, including benzene, vinyl chloride, 
and trichloroethylene (TCE), are used as industrial sol-
vents, dry-cleaning fluids, and components of gasoline, 
plastics, drugs, synthetic rubber, and other products. 
Benzene (C6H6) is found in motor vehicle and power 
plant emissions and tobacco smoke. Long-term expo-
sure to benzene can cause leukemia, numerous blood 
disorders, and immune system damage. Short-term ex-
posure to high levels can cause dizziness, unconscious-
ness, and death. Scientists use a variety of methods to 
detect the presence and concentrations of air pollutants 
(Science Focus, at right).

 ■ CASE STUDY

Lead Is a Highly Toxic Pollutant
Because it is a chemical element, lead (Pb) does not 
break down in the environment. This potent neurotoxin 
can harm the nervous system, especially in young chil-
dren. Each year, 12,000–16,000 American children un-
der age 9 are treated for acute lead poisoning, and about 
200 die. About 30% of the survivors suffer from palsy, 
partial paralysis, blindness, and mental retardation.

Children under age 6 and unborn fetuses even with 
low blood levels of lead are especially vulnerable to 
nervous system impairment, lowered IQ (by an aver-
age of 7.4 points), shortened attention span, hyperac-
tivity, hearing damage, and various behavior disorders. 
A 1993 study by the U.S. National Academy of Sciences 
and numerous other studies indicate there is no safe 
level of lead in children’s blood.

Good news. Between 1976 and 2000, the percentage 
of U.S. children ages 1–5 with blood lead levels above 
the safety standard dropped from 85% to 2.2%; at least 
9 million childhood lead poisonings were prevented. 
The primary reason for this drop was that government 
regulations banned leaded gasoline in 1976 (with a 
complete phase-out by 1986) and lead-based paints in 
1970 (but illegal use continued until about 1978). This 
is an excellent example of the effectiveness of pollution 
prevention.

But the U.S. Centers for Disease Control and Pre-
vention estimates that at least 310,000 U.S. children 
still have unsafe blood levels of lead caused by expo-
sure to a number of sources. Major sources are particles 
of peeling lead-based paint found in about 38 million 
houses built in the United States before 1960 and lead-
contaminated dust in deteriorating buildings.

In 2007, major U.S. toy companies had to recall vari-
ous toys made in China that contained lead paint. Also 
in 2007, tests revealed that almost two-thirds of the red, 
long-lasting lipsticks manufactured in the United States 
contained surprisingly high levels of lead, although 
none of them listed lead as an ingredient.* Lead can also 

*Here is a way to test a lipstick for lead. Put some on your hand and scratch it 
with a gold ring. If the lipstick color changes to black, it contains lead.
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leach from water pipes and faucets that contain it. And 
in 2008, Brian Schwartz and other researchers at Johns 
Hopkins University reported that high lifetime expo-
sure to lead appears to decrease mental functions, like 
verbal and visual memory and language ability, in older 
people.

Health scientists have proposed a number of ways 
to help protect children from lead poisoning, as listed 
in Figure 18-7 (p. 476). Although the threat from lead 
has been greatly reduced in the United States, this is 
not the case in many developing countries. About 80% 
of the gasoline sold in the world today is unleaded, 
but about 100 countries still use leaded gasoline. The 
WHO estimates that 130 million–200 million children 
around the world are at risk from lead poisoning, and 

15 million–18 million children in developing countries 
have permanent brain damage because of lead poison-
ing—mostly because of the use of leaded gasoline in 
their countries.

Environmental and health scientists call for global 
bans on leaded gasoline and lead-based paints. Some 
good news is that China recently phased out leaded 
gasoline in less than 3 years.

THINKING ABOUT
Reductions in Lead Poisoning

Why do you think the decline in lead poisoning in the United 
States since 1976 is such an excellent example of the power of 
pollution prevention?

SCIENCE FOCUS

Detecting Air Pollutants

tists discovered sulfur dioxide pollution 
on Isle Royale, Michigan (USA) in Lake 
Superior, an island where no car or smoke-
stack has ever intruded. They used Evernia
lichens to point the finger northward to 
coal-burning facilities at Thunder Bay, 
Ontario, Canada.

Critical Thinking
Look for lichens on rocks, trees, and build-
ings in the area where you live or go to 
school. What do they indicate about air 
pollution levels?

continually absorb air as a source of nour-
ishment. A highly polluted area around an 
industrial plant may have only gray-green 
crusty lichens or none at all. An area with 
moderate air pollution may have orange 
crusty lichens on outdoor walls. Walls and 
trees in areas with fairly clean air can support 
leafy lichens.

Some lichen species are sensitive to 
specific air-polluting chemicals. Old man’s 
beard (Usnea trichodea, Figure 18-A, 
left) and yellow Evernia lichens, for ex-
ample, sicken or die in the presence of 
excess sulfur dioxide, even if the pollutant 
originates far away. For example, scien-

he presence of pollutants in 
the air can be detected with 

the use of chemical instruments and satel-
lites. The scientists who discovered the com-
ponents and effects of the Asian 
Brown Cloud (Figure 18-1, Core
Case Study) used small unmanned 
aircraft and miniaturized instruments to 
study the cloud. The aircraft flew in stacked 
formations and measured chemical concen-
trations and temperatures at different 
altitudes.

Aerodyne Research in the U.S. city of 
Boston, Massachusetts, has developed a 
mobile laboratory that uses sophisticated 
instruments to make instant measurements 
of primary and secondary air pollutants from 
motor vehicles, factories, and other sources. 
It also records how their concentrations 
change throughout a day or under different 
weather conditions (see The Habitable Planet,
Video 11, at www.learner.org/resources/
series209.html). In addition to providing 
real-time measurements of key air pollutants, 
the mobile van can measure the effectiveness 
of various air pollution control devices used in 
cars, trucks, and buses.

Scientists are also using nanotechnology 
(Science Focus, p. 362) to try to develop in-
expensive nanodetectors for various air pol-
lutants. Another way to detect air pollutants 
is through biological indicators, including 
lichens (Figure 18-A).

A lichen consists of a fungus and an 
alga living together, usually in a mutually 
beneficial (mutualistic) relationship. These 
hardy pioneer species are good biologi-
cal indicators of air pollution because they 

T

Figure 18-A Natural capital: Old man’s beard (Usnea trichodea) lichen growing on a branch of a larch 
tree in Gifford Pinchot National Park, Washington (USA) (left) and red and yellow crustose lichens growing 
on slate rock in the foothills of the Sierra Nevada near Merced, California (USA) (right). The vulnerability 
of various lichen species to specific air pollutants can help researchers detect levels of these pollutants and 
track down their sources. 
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Burning Coal Produces 
Industrial Smog
Fifty years ago, cities such as London, England, and the 
U.S. cities of Chicago, Illinois, and Pittsburgh, Pennsyl-
vania, burned large amounts of coal in power plants, 
factories, and homes. People in such cities, especially 
during winter, were exposed to industrial smog con-
sisting mostly of sulfur dioxide, suspended droplets of 
sulfuric acid, and a variety of suspended solid particles.

The chemistry of industrial smog is fairly simple. 
When burned, most of the carbon in coal and oil is 
converted to carbon monoxide (CO) and carbon diox-
ide (CO2). Unburned carbon in coal also ends up in the 
atmosphere as suspended particulate matter (soot).

When coal and oil are burned (Figure 18-8), the sul-
fur compounds they contain react with oxygen to pro-
duce sulfur dioxide (SO2) gas, some of which reacts with 
water vapor and is converted to tiny suspended drop-
lets of sulfuric acid (H2SO4). Some of these droplets react 
with ammonia (NH3) in the atmosphere to form solid 
particles of ammonium sulfate [(NH4)2SO4]. The sus-
pended particles of such salts and soot give the result-

ing smog a gray color (Figure 18-2, Core Case 
Study), which is why it is sometimes called gray-
air smog (Concept 18-2).

Today, urban industrial smog is rarely a problem 
in most developed countries where coal and heavy oil 
are burned only in large boilers with reasonably good 
pollution control or with tall smokestacks that trans-
fer the pollutants to downwind rural areas. However, 
industrial smog remains a problem in industrialized 
urban areas of China, India (Figure 15-13, p. 384), 
Ukraine, and some eastern European countries, where 
large quantities of coal are still burned in houses, 
power plants, and factories with inadequate pollution 
controls. This is contributing to the gigantic Asian pol-
lution cloud (Core Case Study).

Because of its heavy reliance on coal, China 
has some of the world’s highest levels of industrial 
smog and 16 of the world’s 20 most polluted cities. In 
2007, China’s State Environmental Protection Admin-
istration (SEPA) reported that 62% of China’s cities 
were plagued by industrial smog and that each year, 
air pollution prematurely kills 358,000 Chinese—an 
average of 981 deaths per day. However, a 2007 study 
by the World Bank puts the annual death toll from 
air pollution in China at about 750,000 people a year, 
about 500,000 of them from outdoor air pollution and 
250,000 from indoor air pollution (mostly from burn-
ing coal for heating and cooking).

Sunlight Plus Cars Equals 
Photochemical Smog
A photochemical reaction is any chemical reaction acti-
vated by light. Photochemical smog is a mixture of 

Replace lead pipes 
and plumbing fixtures 
containing lead solder

Remove leaded paint 
and lead dust from 
older  houses and 
apartments

Sharply reduce lead 
emissions from 
incinerators

Remove lead from TV 
sets and computer 
monitors before 
incineration or land 
disposal

Test for lead in existing 
ceramicware used to 
serve food

Test existing candles 
for lead

Wash fresh fruits and 
vegetables

Phase out 
leaded gasoline 
worldwide

Phase out waste 
incineration

Ban use of lead 
solder 

Ban use of lead 
in computer and 
TV monitors

Ban lead glazing 
for  ceramicware 
used to serve 
food

Ban candles with 
lead cores

Test blood for 
lead by age 1

Prevention Control

S O L U T I O N S
Lead Poisoning

Figure 18-7 Ways to help protect children from lead poisoning. 
Question: Which two of these solutions do you think are the most 
important? Why?

Oxygen (O2)

Water vapor (H2O)

Ammonia (NH3)

Sulfur (S) in
coal and oil

Burning coal and oil

Carbon (C) in
coal and oil

Oxygen (O2)

Sulfur dioxide (SO2)

Carbon monoxide (CO)
and

carbon dioxide (CO2)Sulfur trioxide (SO3)

Sulfuric acid (H2SO4)

Ammonium sulfate [(NH4)2SO4]

Figure 18-8 How pollutants are formed from burning of coal and 
oil. The result is industrial smog (Concept 18-2).
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primary and secondary pollutants formed under the in-
fluence of UV radiation from the sun. In greatly simpli-
fied terms,

     ground level ozone (O3)

  
# other photochemical

 VOCs # NOx # heat # sunlight   oxidants

  
# aldehydes

  
# other secondary

  pollutants

The formation of photochemical smog (Figure 18-9) 
begins when exhaust from morning commuter vehi-
cles releases large amounts of NO and VOCs into the 
air over a city. The NO is converted to reddish-brown 
NO2, explaining why photochemical smog is sometimes 
called brown-air smog. When exposed to ultraviolet ra-
diation from the sun, some of the NO2 reacts in com-
plex ways with VOCs released by certain trees (such 
as some oak species, sweet gums, and poplars), mo-
tor vehicles, and businesses (such as bakeries and dry 
cleaners).

The resulting photochemical smog is a mixture 
of ozone, nitric acid, aldehydes, peroxyacyl nitrates 
(PANs), and other secondary pollutants. Collectively, 
NO2, O3, and PANs in this chemical brew are called pho-
tochemical oxidants because these damaging chemicals 
can react with and oxidize certain compounds in the at-
mosphere or inside your lungs.

Hotter days lead to higher levels of ozone and other 
components of smog. As traffic increases on a sunny 
day, photochemical smog (dominated by ozone) usu-
ally builds up to peak levels by late morning, irritating 
people’s eyes and respiratory tracts.

All modern cities have some photochemical smog, 
but it is much more common in cities with sunny, 
warm, and dry climates and lots of motor vehicles. Ex-
amples are Los Angeles, Denver, and Salt Lake City in 
the United States; Sydney, Australia; São Paulo, Brazil; 
Buenos Aires, Argentina; Bangkok, Thailand; Jakarta, 
Indonesia; Mexico City, Mexico (Photo 12 in the De-
tailed Contents); and Santiago, Chile (Figure 18-10). 
According to a 1999 study, if 400 million people in 
China are driving conventional gasoline-powered cars 
by 2050 (a worst-case scenario projected by some), the 
resulting photochemical smog could regularly cover the 
entire western Pacific, extending to North America.

 See how photochemical smog forms and how it 
affects us at CengageNOW™.

Several Factors Can Decrease 
or Increase Outdoor Air Pollution
Five natural factors help to reduce outdoor air pollution. 
First, particles heavier than air settle out as a result of 
gravitational attraction to the earth. Second, rain and 
snow help cleanse the air of pollutants. Third, salty sea 

Oxygen (O2)

UV radiation

Nitrogen (N) in fossil fuel

Burning fossil fuels

Nitric oxide (NO)

Nitrogen dioxide (NO2)
Peroxyacyl

nitrates
(PANs)

Oxygen (O2)

Water
vapor
(H2O)

Hydrocarbons

Oxygen (O2)

Nitric oxide (NO)
+

Oxygen atom (O)

Ozone (O3)

Volatile organic
compounds (VOCs)

PANS and other pollutants

Figure 18-9 A greatly simplified model of how pollutants that 
make up photochemical smog are formed.

Figure 18-10 Global outlook: photochemical smog in Santiago, Chile. Question: How 
serious is photochemical smog where you live?
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spray from the oceans wash out much of the particulates 
and other water-soluble pollutants from air that flows 
from land over the oceans. Fourth, winds sweep pollut-
ants away, diluting them by mixing them with cleaner 
air, and bringing in fresh air. Fifth, some pollutants are 
removed by chemical reactions. For example, SO2 can re-
act with O2 in the atmosphere to form SO3, which re-
acts with water vapor to form droplets of H2SO4 that 
fall out of the atmosphere as acid precipitation.

Six other factors can increase outdoor air pollution. 
First, urban buildings can slow wind speed and reduce 
dilution and removal of pollutants. Second, hills and 
mountains can reduce the flow of air in valleys below 
them (Figure 18-10) and allow pollutant levels to build 
up at ground level. Third, high temperatures promote 
the chemical reactions leading to photochemical smog 
formation, which means that global warming could in-
crease photochemical smog in many of the world’s cit-
ies. Fourth, emissions of volatile organic compounds (VOCs) 
from certain trees and plants such as some oak species, 
sweet gums, poplars, and kudzu (Figure 9-15, p. 200) 
in heavily wooded urban areas can play a large role in 
the formation of photochemical smog.

A fifth factor—the so-called grasshopper effect—oc-
curs when volatile air pollutants are transported by 
evaporation and winds from tropical and temperate ar-
eas through the atmosphere to the earth’s polar areas, 
where they are deposited. This happens mostly during 
winter. It explains why, for decades, pilots have re-
ported seeing dense layers of reddish-brown haze over 
the Arctic. It also explains why polar bears, sharks, and 
other top carnivores and native peoples in remote arctic 
areas have high levels of toxic pollutants in their bodies.

Sixth, temperature inversions can cause pollutants to 
build to high levels. During daylight, the sun warms 
the air near the earth’s surface. Normally, this warm air 
and most of the pollutants it contains rise to mix and 

disperse the pollutants with the cooler air above it. Un-
der certain atmospheric conditions, however, a layer of 
warm air can temporarily lie atop a layer of cooler air 
nearer the ground. This is called a temperature inver-
sion. Because the cooler air is denser than the warmer 
air above it, the air near the surface does not rise and 
mix with the air above. This allows pollutants to build 
up in the stagnant layer of cool air near the ground.

Two types of areas are especially susceptible to pro-
longed temperature inversions. The first is a town or 
city located in a valley surrounded by mountains where 
the weather turns cloudy and cold during part of the 
year (Figure 18-11, left). In such a case, the surround-
ing mountains and the clouds block much of the winter 
sunlight that causes air to heat and rise, and the moun-
tains block the wind. As long as these stagnant condi-
tions persist, pollutants in the valley below will build 
up to harmful and even lethal concentrations. The 
tragic pollution event in Donora, Pennsylvania (Case 
Study, p. 471), was partly the result of such a tempera-
ture inversion.

The other type of area vulnerable to temperature 
inversions is a city with several million motor vehicles 
in an area with a sunny climate, light winds, moun-
tains on three sides, and an ocean on the other side 
(Figure 18-11, right). Here, the conditions are ideal 
for photochemical smog worsened by frequent ther-
mal inversions, and the surrounding mountains pre-
vent the polluted surface air from being blown away by 
sea breezes. This describes the U.S. state of California’s 
heavily populated Los Angeles basin, which has pro-
longed temperature inversions, mostly during summer 
and fall.

 Learn more about thermal inversions and what 
they can mean for people in some cities at CengageNOW.

Sea breeze

Increasing
altitude

Decreasing temperature

Descending warm air massWarmer air

Inversion layerInversion layer

Figure 18-11 A temperature inversion, in which a warm air layer sits atop a cooler air layer, can take place in either 
of two sets of topography and weather conditions. Air pollutants can build to harmful levels during an inversion, 
which can occur during cold, cloudy weather in a valley surrounded by mountains (left). Frequent and prolonged 
temperature inversions can also occur in an area with a sunny climate, light winds, mountains on three sides, and 
the ocean on the other (right). A layer of descending warm air from a high-pressure system prevents ocean-cooled 
air near the ground from ascending enough to disperse and dilute pollutants. Because of their topography, Los An-
geles, California (USA), and Mexico City, Mexico, have frequent temperature inversions, many of them prolonged, 
during the summer and fall.
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18-3 What Is Acid Deposition and Why Is It a Problem?
CONCEPT 18-3 Acid deposition is caused mainly by coal-burning power plant and 
motor vehicle emissions, and in some regions, threatens human health, aquatic life 
and ecosystems, forests, and human-built structures.

▲

Acid Deposition Is a Serious 
Regional Air Pollution Problem
Most coal-burning power plants, ore smelters, and 
other industrial plants in developed countries use tall 
smokestacks to emit sulfur dioxide, suspended particles, 
and nitrogen oxides high into the atmosphere where 
wind can mix, dilute, and disperse them.

These tall smokestacks reduce local air pollution, 
but can increase regional air pollution downwind. The 
primary pollutants (sulfur dioxide and nitrogen oxides) 
emitted high into the troposphere may be transported 
as far as 1,000 kilometers (600 miles) by prevailing 
winds. During their trip, they form secondary pollut-
ants such as droplets of sulfuric acid (H2SO4), nitric 
acid vapor (HNO3), and particles of acid-forming sulfate 
(SO4

2!) and nitrate (NO3
!) salts.

These acidic substances remain in the atmosphere 
for 2–14 days, depending mostly on prevailing winds, 
precipitation, and other weather patterns. During this 
period, they descend to the earth’s surface in two 
forms: wet deposition consisting of acidic rain, snow, fog, 

and cloud vapor with a pH less than 5.6* and dry deposi-
tion consisting of acidic particles. (See Figure 5, p. S41, 
in Supplement 6.) The resulting mixture is called acid 
deposition (Figure 18-12)—sometimes termed acid 
rain. Most dry deposition occurs within 2–3 days fairly 
near the emission sources, whereas most wet depo-
sition takes place within 4–14 days in more distant 
downwind areas.

Acid deposition has been occurring since the In-
dustrial Revolution. In 1872, British chemist Robert A. 
Smith coined the term acid rain after observing that rain 
was eating away stone in the walls of buildings in ma-
jor industrial areas. Acid deposition occurs when hu-
man activities disrupt the natural nitrogen and sulfur 
cycles (Figures 3-19, p. 69, and 3-22, p. 72) by adding 
excessive amounts of nitrogen oxides and sulfur diox-
ide to the atmosphere.

Acid deposition is a regional air pollution prob-
lem (Concept 18-3) in areas that lie downwind from 
coal-burning facilities and in urban areas with large 

 Active Figure 18-12 Natural capital degradation: acid deposition, which consists of rain, 
snow, dust, or gas with a pH lower than 5.6, is commonly called acid rain. Soils and lakes vary in their ability to 
neutralize excess acidity. See an animation based on this figure at CengageNOW. Question: What are three ways 
in which your daily activities contribute to acid deposition?

Wind

Transformation to
sulfuric acid (H2SO4)
and nitric acid (HNO3)

Wet acid depostion
(droplets of H2SO4 and
HNO3 dissolved in rain
and snow)

Windborne ammonia gas
and some soil particles partially
neutralize acids and form dry
sulfate and nitrate salts

Dry acid deposition
(sulfur dioxide gas
and particles of
sulfate and nitrate salts)

Lakes in deep
soil high in limestone
are buffered

Lakes in shallow soil
low in limestone
become acidic

Sulfur dioxide
(SO2) and NO

Nitric oxide (NO)

Acid fog

* Unpolluted rain is acidic with a pH of about 5.6 because of the reaction of 
CO2 and water to form carbonic acid (H2CO3).
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numbers of motor vehicles. Such areas include the east-
ern United States and other parts of the world shown 
in Figure 18-13. In some areas, soils contain basic com-
pounds (Figure 5, p. S41, in Supplement 6) such as 
calcium carbonate (CaCO3) or limestone that can react 
with and neutralize, or buffer, some inputs of acids. The 
areas most sensitive to acid deposition are those with 
thin, acidic soils that provide no such natural buffer-
ing (Figure 18-13, green and most red areas) and those 
where the buffering capacity of soils has been depleted 
by decades of acid deposition. 

In the United States, older, coal-burning power and 
industrial plants without adequate pollution controls in 
the Midwest emit the largest quantities of sulfur dioxide 
and other pollutants that cause acid deposition. Because 
of these emissions, and those of motor vehicles and 
other urban sources, typical precipitation in the eastern 
United States is at least 10 times more acidic than natu-
ral precipitation is. (Figure 14, p. S9, in Supplement 2 is 
a map of pH values in the continental United States in 
2005.) Some mountaintop forests in the eastern United 
States and east of Los Angeles, California, are bathed in 
fog and dews as acidic as lemon juice—with about 1,000 
times the acidity of normal precipitation.

Many acid-producing chemicals generated in one 
country are exported to other countries by prevailing 
winds. For example, acidic emissions from the United 
Kingdom and Germany blow into Switzerland, Austria, 
Norway, and neighboring countries. Some SO2 and 

other emissions from coal-burning power and indus-
trial plants in the United States end up in southeastern 
Canada.

The worst acid deposition occurs in Asia, especially 
in China, which gets 70% of its total energy and 80% 
of its electricity from burning coal. According to its 
government, China is the world’s top emitter of SO2. 
The resulting acid precipitation is damaging crops and 
threatening food security in China, Japan, and North 
and South Korea. In addition, air pollution that con-
tributes to acid deposition is produced by the greatly 
increased use of cheap diesel generators to provide 
electricity for rural villages and to run irrigation pumps 
in China, India, and other developing countries. All 
of this contributes to the Asian Brown Cloud 
(Core Case Study).

 Learn more about the sources of acid deposi-
tion, how it forms, and what it can do to lakes and soils at 
CengageNOW.

Acid Deposition Has a Number 
of Harmful Effects
Acid deposition causes harm in several ways. It con-
tributes to human respiratory diseases, and damages 
statues (Figure 18-6), national monuments, buildings, 

Potential problem areas because of sensitive soils

Potential problem areas because of air pollution:
emissions leading to acid deposition

Current problem areas (including lakes and rivers)

Figure 18-13 Regions where acid deposition is now a problem and regions with the potential to develop this prob-
lem (Concept 18-3). Such regions have large inputs of air pollution (mostly from power plants, industrial plants, 
and ore smelters) or are sensitive areas with soils and bedrock that cannot neutralize (buffer) inputs of acidic com-
pounds. Question: Do you live in or near an area that is affected by acid deposition or any area that is likely to be 
affected by acid deposition in the future? (Data from World Resources Institute and U.S. Environmental Protection 
Agency)
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metals, and car finishes. Also, acidic particles in the air 
can decrease visibility.

One of the most alarming and often unseen effects 
of acid deposition is that it can leach toxic metals (such 
as lead and mercury) from soils and rocks into lakes 
used as sources of drinking water. These toxic metals 
can accumulate in the tissues of fish eaten by people, 
other mammals, and birds. Currently, 45 U.S. states 
have issued statements warning people (especially 
pregnant women) not to eat fish caught from some of 
their waters because of mercury contamination (Fig-
ure 17-A, p. 450).

THINKING ABOUT
Acid Deposition and Mercury

Do you live in or near an area where government officials 
have warned people not to eat fish caught from waters con-
taminated with mercury? If so, what do you think are the 
specific sources of the mercury pollution?

Acid deposition harms aquatic ecosystems. Most 
fish cannot survive in water with a pH less than 4.5. 
Acid deposition can also release aluminum ions (Al3#), 
which are attached to minerals in nearby soil, into lakes. 
These ions asphyxiate many kinds of fish by stimulating 
excessive mucus formation, which clogs their gills.

Because of excess acidity, several thousand lakes in 
Norway and Sweden contain no fish, and many more 

lakes there have lost most of their acid-neutralizing 
capacity. In Ontario, Canada, at least 1,200 acidified 
lakes contain few if any fish, and fish populations in 
thousands of other lakes are declining because of in-
creased acidity. In the United States, several hundred 
lakes (most in the Northeast) are threatened in this 
way. And scientists are just beginning to study the ef-
fects of the Asian Brown Cloud on oceans (Core 
Case Study). Aerosols in the cloud get pulled 
into thunderstorms that dump acid rain into the Indian 
and Pacific Oceans, possibly harming marine life and 
ecosystems.

Acid deposition (often along with other air pollut-
ants such as ozone) can harm crops, especially when 
the soil pH is below 5.1. It reduces plant productivity 
and the ability of soils to buffer or neutralize acidic 
inputs. An estimated 30% of China’s cropland suffers 
from excess acidity.

Acid deposition can affect forests by leaching es-
sential plant nutrients, such as calcium and mag-
nesium, from soils and releasing ions of aluminum, 
lead, cadmium, and mercury, which are toxic to the 
trees (Figure 18-14). This rarely kills trees directly, 
but it can weaken them and leave them vulnerable to 
stresses such as severe cold, diseases, insect attacks, and 
drought.

Mountaintop forests are the terrestrial areas hard-
est hit by acid deposition (see photo insert in Fig-
ure 18-14). These areas tend to have thin soils without 

Acid
deposition

SO2

H2O2

PANs

NOx

O3

Others

Lake

GroundwaterGroundwater

Emissions

Tree death

Reduced 
photosynthesis 
and growth

Reduced nutrient 
and water uptake

Root 
damage

Increased 
susceptibility to 
drought, extreme 
cold, insects, 
mosses, and 
disease organisms

Release of 
toxic 
metal ions

Soil acidification

Acids
Leaching 
of soil 
nutrients

Direct damage to 
leaves and bark

 Active Figure 18-14 
Natural capital degradation: Air pollu-
tion is one of several interacting stresses 
that can damage, weaken, or kill trees 
and pollute surface and groundwater. 
The photo insert shows air pollution dam-
age to trees at a high elevation in Mount 
Mitchell State Park, North Carolina (USA). 
See an animation based on this figure at 
CengageNOW.
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much buffering capacity. And trees on mountaintops 
(especially conifers such as red spruce and balsam fir) 
are bathed almost continuously in highly acidic fog and 
clouds. However, uncontrolled emissions of sulfur di-
oxide and other pollutants can devastate the vegetation 
in an area.

Examine how acid deposition can harm a pine 
forest and what it means to surrounding land and waters at 
CengageNOW.

Most of the world’s forests and lakes are not being de-
stroyed or seriously harmed by acid deposition. Rather, this 
regional problem is harming forests and lakes that lie 
downwind from large car-dominated cities and from 
coal-burning facilities without adequate pollution con-
trols (Concept 18-3). Also, acid deposition has not re-
duced overall tree growth in the vast majority of for-
ests in the United States and Canada, partly because of 
significant reductions in SO2 and NOx emissions from 
coal-fired power and industrial plants under 1990 
amendments to the U.S. Clean Air Act.

However, acid deposition has accelerated the leach-
ing of plant nutrients from soils in some areas, which 
has hindered tree growth, as researchers found in the 
on-going Hubbard Brook studies (see Science Focus, 
above, and the Chapter 2 Core Case Study, p. 28). Sci-
entists estimate that an additional 80% reduction in 
SO2 emissions from coal-burning power and industrial 

plants in the midwestern United States will be needed 
before northeastern lakes, forests, and streams can re-
cover from past and projected effects of acid deposition.

RESEARCH FRONTIER

Learning more about the extent and effects of acid deposi-
tion throughout the world. See academic.cengage.com/
biology/miller.

We Know How to Reduce 
Acid Deposition
Figure 18-15 summarizes ways to reduce acid deposi-
tion. According to most scientists studying the problem, 
the best solutions are prevention approaches that reduce 
or eliminate emissions of sulfur dioxide, nitrogen ox-
ides, and particulates.

Controlling acid deposition is politically difficult. 
One problem is that the people and ecosystems it affects 
often are quite distant from those who cause the prob-
lem. Also, countries with large supplies of coal (such 
as China, India, Russia, and the United States) have a 
strong incentive to use it as a major energy resource. 
Owners of coal-burning power plants resist taking mea-
sures such as adding the latest pollution control equip-
ment, using low-sulfur coal, or removing sulfur from 
coal before burning it. They argue that these precautions 
would increase the cost of electricity for consumers.

SCIENCE FOCUS

Revisiting Hubbard Brook to Study Effects of Acid Deposition

several years. But in 2003, they found that 
during the winter, red spruce trees in the 
untreated forest lost about three times more 
of their needles than did the red spruce in 
the calcium-treated forest.

These studies support the hypothesis 
that trees do not suffer from direct con-
tact with acid precipitation, but rather 
from in sufficient nutrients in depleted soil 
(Figure 18-14). The researchers also con-
cluded that, in order for damaged forests to 
recover, their soil nutrients must be restored, 
and that it could take decades for natural 
processes to repair the damage to these for-
ests from acid precipitation.

Critical Thinking
Explain why it will take decades for natural 
processes to repair forests damaged by acid 
precipitation? (Hint: think about nutrient 
cycling, see Section 3-5, p. 65.)

The scientists first turned to data they had 
collected since the 1950s and found that, since 
that time, most of the calcium ions (Ca2#) in 
the soils had been leached into streams, which 
carried them away. They hypothesized that 
acid rain and snow had stripped the soils of 
these nutrients, and that, by the 1990s, this 
had essentially stopped the growth of trees 
and other vegetation.

In 1998, Likens and his team began a 
new experiment to further test this hypoth-
esis. For 2 years, they made measurements 
in control and experimental forests (Fig-
ure 2-1, p. 28). Then they used a helicopter 
to drop quantities of a calcium salt into the 
experimental forest to add calcium to the soil. 
Subsequent examination of the soil showed 
that soil nitrate concentrations increased sig-
nificantly, along with soil pH (showing lower 
soil acidity) in the experimental forest. The 
researchers projected that changes to plant 
growth patterns would not be recorded for 

n the Core Case Study for Chapter 2 
(p. 28), we discussed controlled ex-

periments by scientists in the Hubbard 
Brook Experimental Forest in the White 
Mountains of the northeastern U.S. state of 
New Hampshire—an area where forests are 
suffering the effects of acid deposition.

Ecologist Gene Likens and his colleagues 
considered the effects of acid deposition 
on the experimental forest. They noticed 
that after SO2 and particulate levels in the 
atmosphere declined as a result of pollution 
controls mandated by the Clean Air Acts, 
damaged trees in the forest did not recover 
as expected. One hypothesis they considered 
to explain this was that nutrients required 
for tree health and growth—particularly cal-
cium and magnesium—had been stripped 
from the soil by acid precipitation. It takes 
decades for soil to rebuild these nutrients, 
which would explain the lag in recovery of 
the trees.

I
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Environmental scientists counter that affordable and 
much cleaner resources are available to produce elec-
tricity, including wind, hydropower, and natural gas. 
They also point out that the largely hidden health and 
environmental costs of burning coal are up to five times 
its market price (Table 16-1, p. 416). Including these 
costs in the market prices of coal would reduce coal use, 
spur the use of cleaner ways to generate electricity, help 
to prevent acid deposition, and reduce CO2 emissions.

As for technological fixes, large amounts of lime-
stone or lime are used to neutralize some acidified 
lakes and surrounding soil—the only cleanup approach 
now being used. However, this expensive and tempo-
rary remedy usually must be repeated annually. Also, it 
can kill some types of plankton and aquatic plants and 
can harm wetland plants that need acidic water. And 
it is difficult to know how much lime to put where (in 
the water or at selected locations on the ground). In 
2002, researchers in England found that adding a small 
amount of phosphate fertilizer can neutralize excess 
acidity in a lake. The effectiveness of this approach is 
being evaluated.

Air pollution laws in the United States have reduced 
the acidity of rainfall in parts of the northeast, mid-At-
lantic, and midwest regions, but there is still a long way 
to go in reducing emissions from older coal-burning 
power and industrial plants. Some plants have lowered 
SO2 emissions by switching from high-sulfur to low-
sulfur coals. However, this has increased CO2 emissions 
that contribute to global warming, because low-sulfur 
coal has a lower heat value, which means that more coal 
must be burned to generate a given amount of electric-
ity. Low-sulfur coal also has higher levels of toxic mer-
cury and other trace metals, so burning it emits more of 
these hazardous chemicals into the atmosphere.

THINKING ABOUT
Low-Sulfur Coal

Do you think that the advantages of burning low-sulfur 
coal outweigh the disadvantages? Explain. Are there better 
options?

S O L U T I O N S
Acid Deposition

Add lime to neutralize
acidified lakes

Add phosphate
fertilizer to neutralize
acidified lakes

Reduce coal use

Burn low-sulfur coal

Increase natural gas use

Increase use of renewable 
energy resources

Remove SO2 particulates
and NOx from smokestack gases

Remove NOx from motor 
vehicular exhaust

Tax emissions of SO2

Reduce air pollution by 
improving energy efficiency

Prevention Cleanup

Figure 18-15 Methods for reducing acid deposition and its damage. Question: Which 
two of these solutions do you think are the most important? Why?

18-4 What Are the Major Indoor Air Pollution Problems?
CONCEPT 18-4 The most threatening indoor air pollutants are smoke and soot 
from wood and coal cooking fires (a hazard found mostly in developing countries) 
and chemicals used in building materials and products.

Indoor Air Pollution Is a 
Serious Problem
In developing countries, the indoor burning of wood, 
charcoal, dung, crop residues, coal, and other cook-
ing and heating fuels in open fires or in unvented or 
poorly vented stoves exposes people to dangerous lev-
els of particulate air pollution. And workers, including 
children (Figure 18-5), can be exposed to high levels of 
indoor air pollution where there are few if any laws or 
regulations for controlling such pollution. According to 

the WHO and the World Bank, indoor air pollution is, for 
poor people, the world’s most serious air pollution problem. 
This is a glaring example of the relationship between 
poverty, environmental quality, and human health.

Indoor air pollution is also a serious problem in de-
veloped countries. If you live in such a country and are 
reading this book indoors, you may be inhaling more 
air pollutants than you would if you were outside. Fig-
ure 18-16 (p. 484) shows some typical sources of in-
door air pollution in a modern home.

▲
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Indoor air pollution usually poses a much greater 
threat to human health than does outdoor air pollu-
tion. EPA studies have revealed some alarming facts 
about indoor air pollution in the United States and in 
other developed countries. First, levels of 11 common 
pollutants generally are two to five times higher inside 
U.S. homes and commercial buildings than they are 
outdoors, and as much as 100 times higher in some 
cases. Second, pollution levels inside cars in traffic-
clogged urban areas can be up to 18 times higher than 
outside levels. Third, the health risks from exposure to 
such chemicals are magnified because most people in 
developed countries spend 70–98% of their time in-
doors or inside vehicles.

Since 1990, the EPA has placed indoor air pollu-
tion at the top of the list of 18 sources of cancer risk. It 
causes as many as 6,000 premature cancer deaths per 
year in the United States. At greatest risk are smokers, 
children younger than age 5, the elderly, the sick, preg-
nant women, people with respiratory or heart prob-
lems, and factory workers.

Pesticide residues and lead particles brought in on 
shoes can collect in carpets, which is why some people 

remove their shoes after entering a house. According to 
the EPA, three of every four U.S. homes use pesticides 
indoors at least once a year. And many chemicals con-
taining potentially harmful organic solvents are found 
in paints and various sprays.

Living organisms and their excrements can also pol-
lute indoor air. Evidence indicates that exposure to al-
lergens such as dust mites (Figure 18-17) and cockroach 
droppings found in some homes plays an important role 
in the almost threefold increase between 1972 and 
2002 in the number of people suffering from asthma in 
the United States.

Another living source of indoor air pollution is 
toxic airborne spores of molds (fungal growths) and mil-
dew that can cause headaches and allergic reactions and 
aggravate asthma and other respiratory diseases. Some 
evidence suggests that spores from molds and mildew 
growing underneath houses and on inside walls are the 
single greatest cause of allergic reactions to indoor air.

Danish and U.S. EPA studies have linked various 
air pollutants found in buildings to a number of health 
effects, a phenomenon known as the sick-building syn-
drome (SBS). Such effects include dizziness, headaches, 

Tobacco smoke
Source: Cigarettes
Threat: Lung cancer, respiratory
ailments, heart disease

Methylene chloride
Source: Paint strippers and thinners
Threat: Nerve disorders, diabetes

Asbestos
Source: Pipe insulation, vinyl
ceiling and floor tiles
Threat: Lung disease, lung cancer

Particulates
Source: Pollen, pet
dander, dust mites,
cooking smoke particles
Threat: Irritated lungs,
asthma attacks, itchy
eyes, runny nose,
lung disease

Nitrogen oxides
Source: Unvented gas
stoves and kerosene
heaters, woodstoves
Threat: Irritated lungs,
children's colds,
headaches Benzo-α-pyrene

Source: Tobacco smoke,
woodstoves
Threat: Lung cancer

Styrene
Source: Carpets,
plastic products
Threat: Kidney and
liver damage

Formaldehyde
Source: Furniture stuffing,
paneling, particleboard,
foam insulation
Threat: Irritation of eyes,
throat, skin, and lungs;
nausea; dizziness

Tetrachloroethylene
Source: Dry-cleaning
fluid fumes on clothes
Threat: Nerve disorders,
damage to liver and
kidneys, possible cancer

Para-dichlorobenzene
Source: Air fresheners,
mothball crystals
Threat: Cancer

Chloroform
Source: Chlorine-treated water in
hot showers
Possible threat: Cancer

1,1,1-Trichloroethane
Source: Aerosol sprays
Threat: Dizziness,
irregular breathing

Carbon monoxide
Source: Faulty furnaces,
unvented gas stoves and
kerosene heaters,
woodstoves
Threat: Headaches,
drowsiness, irregular
heartbeat, death

Radon-222
Source: Radioactive soil
and rock surrounding
foundation, water supply
Threat: Lung cancer

Figure 18-16 
Some impor-
tant indoor 
air pollutants 
(Concept 18-4). 
Question: 
Which of these 
pollutants are 
you exposed to? 
(Data from U.S. 
Environmen-
tal Protection 
Agency)



manufactured homes for more than 10 years will de-
velop cancer from formaldehyde exposure. In 2008, the 
U.S. Centers for Disease Control and Prevention (CDC) 
measured unhealthy indoor air levels of formaldehyde 
in many of the trailers and mobile homes provided by 
the government to house thousands of people displaced 
from their homes in 2005 by Hurricane Katrina.

RESEARCH FRONTIER

Learning more about indoor air pollutants and how to 
prevent them. See academic.cengage.com/biology/
miller.

 ■ CASE STUDY

Radioactive Radon Gas
Radon-222 is a colorless, odorless, radioactive gas that 
is produced by the natural radioactive decay of urani-
um-238, small amounts of which are contained in most 
rocks and soils. But this isotope is much more concen-
trated in underground deposits of minerals such as ura-
nium, phosphate, granite, and shale.

When radon gas from such deposits seeps upward 
through the soil and is released outdoors, it disperses 
quickly in the air and decays to harmless levels. How-
ever, in buildings above such deposits, radon gas can 
enter through cracks in foundations and walls, open-
ings around sump pumps and drains, and hollow con-
crete blocks (Figure 18-18). Once inside it can build up 
to high levels, especially in unventilated lower levels of 
homes and buildings.

Radon-222 gas quickly decays into solid particles 
of other radioactive elements such as polonium-210, 
which if inhaled, expose lung tissue to large amounts 
of ionizing radiation from alpha particles. This expo-
sure can damage lung tissue and lead to lung cancer 
over the course of a 70-year lifetime. Your chances of 
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coughing, sneezing, shortness of breath, nausea, burn-
ing eyes, sore throats, chronic fatigue, irritability, skin 
dryness and irritation, respiratory infections, flu-like 
symptoms, and depression. EPA and Labor Department 
studies indicate that almost one in five commercial 
buildings in the United States is considered “sick,” ex-
posing employees to these health risks. GREEN CAREER: 
Indoor air pollution specialist

According to the EPA and public health officials, the 
four most dangerous indoor air pollutants in developed 
countries are tobacco smoke (Case Study, p. 462); formal-
dehyde found in many building materials and household 
products; radioactive radon-222 gas, which can seep into 
houses from underground rock deposits (Case Study, 
right); and very small particles. 

The chemical that causes most people in developed 
countries difficulty is formaldehyde (CH2O, a colorless, 
extremely irritating chemical). According to the EPA 
and the American Lung Association, 20–40 million 
Americans suffer from chronic breathing problems, diz-
ziness, rash, headaches, sore throat, sinus and eye ir-
ritation, skin irritation, wheezing, and nausea caused 
by daily exposure to low levels of formaldehyde emit-
ted from common household materials. In 2008, Marc 
Weisskopf at the Harvard School of Public Health, re-
ported on a 15-year study of more than 1,100 people 
exposed to formaldehyde. Those people had a 34% 
higher than normal risk of getting Lou Gehrig’s disease, 
which progressively kills nerve cells that control muscle 
movement.

Formaldehyde is found in building materials (such as 
plywood, particleboard, paneling, and high-gloss wood 
used in floors and cabinets), furniture, drapes, uphol-
stery, adhesives in carpeting and wallpaper, urethane-
formaldehyde foam insulation, fingernail hardener, and 
wrinkle-free coating on permanent-press clothing. The 
EPA estimates that 1 of every 5,000 people who live in 

Figure 18-17 Science: magnified view of a household dust mite 
in a dust ball. This minute eight-legged relative of spiders feeds on 
dead human skin and household dust and lives in materials such as 
bedding and furniture fabrics. Dead dust mites and their excrement 
can cause asthma attacks and allergic reactions in some people. 
Questions: Were you aware that you are exposed to large numbers 
of dust mites? How could you reduce such exposure?

Outlet vents for furnaces and dryers

Furnace
Clothes
dryer

Wood stove

Slab joints

Open
window

Openings
around pipes

Cracks in wall

Slab joints

Open
window

Openings
around pipes

Cracks in wall

Cracks
in floor

Slab

Soil

SumpSump
pump
Sump
pump

Uranium-238

Radon-222 gas

Figure 18-18 
Science: sources 
and paths of 
entry for in-
door radon-222 
gas. Question: 
Have you tested 
the indoor air 
where you live 
for radon-222? 
(Data from U.S. 
Environmental 
Protection Agency)
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getting lung cancer from radon depend mostly on how 
much radon is in your home, how much time you 
spend in your home, and whether you are a smoker or 
have ever smoked. About 90% of radon-related lung 
cancers occur among current or former smokers.

Ideally, radon levels should be monitored continu-
ously in the main living areas (not basements or crawl 
spaces) for 2 months to a year. But less than 10% of 
U.S. households have followed the EPA’s recommenda-
tion to conduct radon tests (most lasting only 2–7 days 
and costing $20–100 per home).

For information about radon testing, visit the EPA 
website at www.epa.gov/iaq/radon. According to the 

EPA, radon control could add $350–500 to the cost of 
a new home, and correcting a radon problem in an ex-
isting house could run $800–2,500. Remedies include 
sealing cracks in the foundation and walls, increasing 
ventilation by cracking a window or installing vents, 
and using a fan to create cross ventilation.

THINKING ABOUT
Preventing Indoor Air Pollution

What are some steps you could take to prevent indoor air 
pollution where you live, especially regarding the four most 
dangerous indoor air pollutants listed above.

18-5 What Are the Health Effects of Air Pollution?
CONCEPT 18-5 Air pollution can contribute to asthma, chronic bronchitis, 
emphysema, lung cancer, heart attack, and stroke.

▲

Your Body’s Natural Defenses 
against Air Pollution Can 
Be Overwhelmed
Your respiratory system (Figure 18-19) has a number 
of mechanisms that help to protect you from air pollu-
tion. Hairs in your nose filter out large particles. Sticky 

mucus in the lining of your upper respiratory tract cap-
tures smaller (but not the smallest) particles and dis-
solves some gaseous pollutants. Sneezing and coughing 
expel contaminated air and mucus when pollutants ir-
ritate your respiratory system.

In addition, hundreds of thousands of tiny mucus-
coated hair-like structures called cilia line your upper 

Nasal cavity

Oral cavity

Pharynx (throat)

Trachea (windpipe)

Bronchus

Right lung

Bronchioles

Bronchioles

Alveolar duct

Alveolar sac
(sectioned)

Alveoli

Mucus

Goblet cell
(secreting
mucus)

Epithelial cell

Cilia

Figure 18-19 Major components of the human respiratory system. Question: Can you think of times when 
pollution might have affected your respiratory system?

www.epa.gov/iaq/radon
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respiratory tract. They continually wave back and forth 
and transport mucus and the pollutants they trap to 
your throat where they are swallowed or expelled.

Prolonged or acute exposure to air pollutants, in-
cluding tobacco smoke, can overload or break down 
these natural defenses. Fine and ultrafine particulates 
get lodged deep in the lungs, contributing to lung can-
cer, asthma attack, heart attack, and stroke. For exam-
ple, in the United States, about 17 million people, 6% 
of the population, suffer from asthma, and about 14 of 
them die each day from asthma attacks. A French study 
found that asthma attacks increased by about 30% on 
smoggy days.

Years of smoking or breathing polluted air can lead to 
other lung ailments such as chronic bronchitis. Another 
such disease is emphysema, in which irreversible damage 
to air sacs or alveoli (Figure 18-19, bottom right) leads 
to abnormal dilation of air spaces, loss of lung elasticity, 
and acute shortness of breath (Figure 18-20).

Air Pollution Is a Big Killer
According to the WHO, at least 3 million people world-
wide (most of them in Asia) die prematurely each year 
from the effects of air pollution—an average of 8,200 
deaths per day. About 2.2 million of these deaths 
(73%) result from indoor air pollution, typically from 
heart attacks, respiratory diseases, and lung cancer re-
lated to daily breathing of polluted air.

In the United States, the EPA estimates that annual 
deaths related to indoor and outdoor air pollution range 
from 150,000 to 350,000 people—equivalent to 2–5 
fully loaded, 200-passenger airliners crashing each day 
with no survivors. Millions more suffer from asthma 
attacks and other respiratory disorders, and they lose 
work time. Studies indicate that 60,000–70,000 of these 

deaths are related to inhalation of very small, fine, and 
ultrafine particulates from coal-burning power plants 
(Figure 18-21).

According to recent EPA studies, each year, more 
than 125,000 Americans (96% of them in urban areas) 
get cancer from breathing soot-laden diesel fumes from 
buses and trucks. Other sources of these fumes include 
tractors, bulldozers and other construction equipment, 
and trains. A large diesel truck emits as much particu-
late matter as 150 cars, and particulate emissions from 
a diesel train engine equal those from 1,500 cars.

The EPA has proposed stricter emission standards 
for diesel-powered vehicles. The agency estimates that 
these standards should reduce diesel-fuel emissions by 
more than 90% and prevent as many as 12,000 prema-

Deaths per 100,000 adults per year

<1 1–5 5–10 10–20 20–30 30+

Figure 18-21 Premature deaths from air pollution in the United 
States, mostly from very small, fine, and ultrafine particles added 
to the atmosphere by coal-burning power plants. Question: What 
is the risk where you live or go to school? (Data from U.S. Environ-
mental Protection Agency)

Figure 18-20 Normal human lungs (left) and the lungs of a person who died of emphysema (right). Prolonged smoking and ex-
posure to air pollutants can cause emphysema in anyone, but about 2% of emphysema cases result from a defective gene that 
reduces the elasticity of the air sacs in the lungs. Anyone with this hereditary condition, for which testing is available, should not 
smoke and should not live or work in a highly polluted area.
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ture deaths. Manufacturers of diesel-powered engines 
and vehicles dispute the EPA findings and hope to re-
lax or delay the standards.

There is also a connection between international 
trade and air pollution. Currently, about 75% of the 
world’s international trade is transported in large rect-
angular aluminum containers carried by increasingly 
larger cargo ships. As they come into harbors, the mas-
sive diesel motors propelling these ships pollute the air. 
Long lines of diesel-powered trucks idling their engines 
while waiting to be loaded with the arriving containers 
emit additional air pollution.

For example, the current average daily emissions of 
PM-10 particulates at California’s Port of Los Angeles 
equal the daily particulate emissions from 500,000 
U.S. cars. In 2005, California’s Air Resources Board 
estimated that diesel fuel emissions from the state’s 
booming cargo shipping industry cause as many as 750 
premature deaths per year. In a 2007 study, a team of 
scientists led by James Corbett and James Winebrake 
estimated that emissions from ocean-going ships are 
responsible for about 60,000 premature deaths per year 
worldwide.

18-6 How Should We Deal with Air Pollution?
CONCEPT 18-6 Legal, economic, and technological tools can help to clean up air 
pollution, but much greater emphasis should be focused on preventing air pollution.

▲

Laws and Regulations Can Reduce 
Outdoor Air Pollution
The United States provides an excellent example of 
how a regulatory approach can reduce pollution (Con-
cept 18-6). The U.S. Congress passed the Clean Air Acts 
in 1970, 1977, and 1990. With these laws, the federal 
government established air pollution regulations that 
are enforced by states and major cities, and that focus on 
key pollutants.

Congress directed the EPA to establish national ambi-
ent air quality standards (NAAQS ) for six outdoor criteria
pollutants—carbon monoxide, nitrogen oxides, sulfur di-
oxide, suspended particulate matter (less than PM-10), 
ozone, and lead. One limit, called a primary standard, is 
set to protect human health. Another limit, called a sec-
ondary standard, is intended to prevent en vironmental
and property damage. Each standard specifies the max-
imum allowable level, averaged over a specific period, 
for a certain pollutant in outdoor (ambient) air.

The EPA has also established national emission 
standards for more than 188 hazardous air pollutants
(HAPs) that may cause serious health and ecological 
effects. Most of these chemicals are chlorinated hydro-
carbons, volatile organic compounds, or compounds of 
toxic metals. An important public source of informa-
tion about hazardous air pollutants is the annual Toxic
Release Inventory (TRI ). The TRI law requires 21,500 re-
fineries, power plants, hard rock mines, chemical man-
ufacturers, and factories to report their releases and 
waste management methods for 667 toxic chemicals. 

The TRI, which is now available on the Internet, 
lists this information by community, which allows in-
dividuals and local groups to evaluate potential threats 
to their health. Since the first TRI report was released 

in 1988, reported emissions of toxic chemicals have 
dropped sharply.

In 2005, the EPA proposed that industries be re-
quired to report their HAP emissions every other year 
and that the thresholds for reporting these chemicals 
be raised tenfold. This means that more than 922 com-
munities would no longer have numerical data on local 
polluters. Environmental and health scientists, emer-
gency responders, and many citizens strongly oppose 
this weakening of the TRI, which has saved many lives 
and stimulated industries to reduce their emissions of 
such chemicals.

The good news is that, according to a 2007 EPA re-
port (see www.epa.gov/air/airtrends/sixpoll.html),
the combined emissions of the six major air pollutants 
decreased 49% between 1980 and 2006, even with sig-
nificant increases during the same period in gross do-
mestic product (up 121%), vehicle miles traveled (up 
101%), population (up 32%), and energy consumption 
(up 29%). The decreases in emissions during this pe-
riod were 97% for lead (Pb), 52% for volatile organic 
compounds (VOCs), 50% for carbon monoxide (CO), 
47% for sulfur dioxide (SO2), 33% for nitrogen oxides 
(NOx), 28% for suspended particulate matter (PM10), 
and 21% for ground-level ozone.

According to the EPA, in 2006, about one of every 
three Americans lived in an area where the air was un-
healthy to breathe during part of the year. This occurred 
mostly because levels of ozone and particulate matter 
exceeded the national air quality standards at various 
times.

An encouraging development in 2006 and 2007 
was the arrival of low-sulfur diesel fuel, mandated by 
a regulation written in the 1990s. With it came a push 
for a new generation of diesel engines that will eventu-

www.epa.gov/air/airtrends/sixpoll.html
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ally cut particulate pollution by up to 95%. The new 
rules added about 5 cents per gallon to diesel prices but 
are projected to result in annual health care cost sav-
ings of $150 billion.

Elsewhere in the world, especially in developing 
countries, pollution levels are much worse. But some 
countries, such as Taiwan, Singapore, Malaysia, South 
Korea, Thailand, and parts of China, are making prog-
ress in improving outdoor urban air quality.

While the U.S. regulatory model has been success-
ful in reducing outdoor air pollution, environmental 
scientists point to areas where it could stand improve-
ment (see the following Case Study).

 ■ CASE STUDY

U.S. Air Pollution Laws Can 
Be Improved
The reduction of outdoor air pollution in the United 
States since 1970 has been a remarkable success story 
that can be attributed to two factors. First, U.S. citizens 
insisted that laws be passed and enforced to improve 
air quality. Second, the country was affluent enough to 
afford such controls and improvements.

Environmental scientists applaud the success of 
U.S. air pollution control laws but point to the follow-
ing deficiencies:

• The United States continues to rely mostly on pollution 
cleanup rather than prevention. The power of preven-
tion is clear (Concept 18-6). In the United States, the 
air pollutant with the largest drop in its atmospheric 
level was lead (97% between 1980 and 2006 and 
99% since 1970), which was largely banned in 
gasoline (Case Study, p. 474). This has prevented a 
generation of children from suffering lead poison-
ing and is viewed as one the country’s greatest en-
vironmental success stories. Despite such success, in 
2007, environmental scientists were shocked that 
the EPA was considering removing lead from the 
list of regulated pollutants.

• For decades, the U.S. Congress failed to increase 
fuel-efficiency standards for cars, sport utility vehicles
(SUVs), and light trucks (Figure 16-5, left, p. 404) 
and is far behind European Union countries, 
Japan, and China (Figure 16-5, right). According 
to environmental scientists, increased fuel ef-
ficiency would reduce air pollution from motor 
vehicles more quickly and effectively than 
any other measure. It would also reduce CO2

emissions, reduce dependence on imported oil, 
save energy, and save consumers enormous 
amounts of money. Many scientists and economists 
believe that a feebate program (p. 405) is the best 
way to encourage the use of fuel-efficient motor 
vehicles.

• Regulation of emissions from motorcycles and two-cycle 
gasoline engines remains inadequate. A 2005 Swiss 
study indicated that motorcycles collectively emit 
16 times more hydrocarbons and three times 
more carbon monoxide than do cars. And two-
cycle engines used in lawn mowers, leaf blow-
ers, chain saws, personal watercraft, outboard 
motors, and snowmobiles emit high levels of 
pollutants (although less-polluting versions are 
becoming available). According to the California 
Air Resources Board, a 1-hour ride on a typi-
cal personal watercraft creates more air pollution 
than the average U.S. car does in a year. And for 
each unit of fuel burned, a 2006-model, gasoline-
powered lawn mower emits 93 times the amount 
of smog-forming pollutants that a 2006 car emits, 
on average. In 2007, the EPA proposed rules to 
cut such emissions from lawn mowers and boat 
motors by 35% to 70%. Manufacturers of two-
cycle engines regularly push for extending legal 
deadlines and for weakening these standards.

• There is little or no regulation of air pollution from 
oceangoing ships in American ports. According to the 
Earth Justice Legal Defense Fund, a single cargo 
ship emits more air pollution than 2,000 diesel 
trucks or 350,000 cars. Ships burn the dirtiest 
grades of diesel fuel and threaten the health of 
millions of dockworkers and other people living 
in port cities. The EPA has proposed regulations to 
cut such diesel emissions by 90% between 2008 
and 2015.

• Airports are exempt from many air pollution regula-
tions. Major U.S. airports in cities such as New York; 
Los Angeles, California; and Chicago, Illinois, are 
among the top polluters in these metropolitan ar-
eas. A study of the health records of people living 
downwind from the airport in Seattle, Washington, 
found that they had significantly higher rates of re-
spiratory diseases, infant mortality, and pregnancy 
complications than people not exposed to pollution 
from the airport.

• The laws do not regulate emissions of the greenhouse 
gas CO2, which can alter climate and cause numer-
ous harmful ecological, health, and economic ef-
fects. This may change, because in 2007, the U.S. 
Supreme Court ruled that the EPA can use the 
Clean Air Act to regulate CO2.

• Ultrafine particulates are not regulated. These ex-
tremely small particles can penetrate the lung’s 
defenses and are a major contributor to premature 
deaths from air pollution.

• Urban ozone levels are still too high in many ar-
eas. Because O3 is a secondary pollutant, the 
only way to reduce its levels is to decrease the 



490 CHAPTER 18  Air Pollution

■✓

■✓

emissions of NOx and VOCs from point and non-
point sources—something that is politically difficult 
to accomplish.

• The laws have failed to deal seriously with indoor air 
pollution, even though it is by far the most serious 
air pollution problem in terms of poorer health, 
premature death, and economic losses due to lost 
work time and increased health costs.

• There is a need for better enforcement of the Clean Air 
Acts. Under the Clean Air Acts, state and local 
officials have primary responsibility for imple-
menting federal clean air standards, with federal 
funding. However, a 2006 study by the Center for 
American Progress found that, since 1993, enforce-
ment has become lax because of a sharp drop in 
federal grants to state and local air quality agencies 
and relaxed federal inspection standards. Accord-
ing to a 2002 government study, more rigorous 
enforcement would save about 6,000 lives and 
prevent 140,000 asthma attacks each year in the 
United States.

Executives of companies that would be affected 
by implementing stronger air pollution regulations 
claim that correcting these deficiencies would cost too 
much and would harm economic growth. But his-
tory has shown that most industry estimates of the 
costs of implementing U.S. air pollution control stan-
dards have been many times higher than the actual 
costs. In addition, implementing such standards has 
boosted economic growth and created jobs by stimulat-
ing companies to develop new technologies for reduc-
ing air pollution emissions—many of which can be sold 
in the global marketplace. Without intense pressure 
from citizens, it is unlikely that the U.S. Congress will 
strengthen the Clean Air Acts.

HOW WOULD YOU VOTE?

Should the 1990 U.S. Clean Air Act be strengthened? Cast 
your vote online at academic.cengage.com/biology/
miller.

We Can Use the Marketplace 
to Reduce Outdoor Air 
Pollution
Allowing producers of air pollutants to buy and sell 
government air pollution allotments in the market-
place can help reduce emissions (Concept 18-6). To help 
reduce SO2 emissions, the Clean Air Act of 1990 au-
thorizes an emissions trading, or cap-and-trade, program,
which enables the 110 most polluting power plants 
in 21 states (primarily in the midwestern and eastern 
United States, Figure 14, p. S9, in Supplement 2) to 

buy and sell SO2 pollution rights. Each of these coal-
burning plants is annually given a number of pollution 
credits, which allow it to emit a certain amount of SO2.
A utility that emits less than its allotment of SO2 has 
a surplus of pollution credits. It can use these credits 
to avoid reductions in SO2 emissions at another of its 
plants, keep them for future plant expansions, or sell 
them to other utilities, private citizens, or environmen-
tal groups.

Proponents argue that this approach is cheaper and 
more efficient than having the government dictate how 
to control air pollution. Critics of this plan contend that 
it allows utilities with older, dirtier power plants to buy 
their way out of their environmental responsibilities 
and continue polluting. This approach also can encour-
age cheating, because it is based largely on self-report-
ing of emissions.

The ultimate success of any emissions trading ap-
proach depends on how low the initial cap is set and 
then on the lowering of the cap every few years, which 
should promote continuing innovation in air pollution 
prevention and control. Without these two provisions, 
emissions trading programs mostly move air pollutants 
from one area to another without achieving any over-
all reduction in air quality.

Good news. Between 1990 and 2006, the emissions 
trading system helped to reduce SO2 emissions from 
electric power plants in the United States by 53% at a 
cost of less than one-tenth the cost projected by indus-
try. By 2010, the EPA estimates that this approach will 
annually generate health and environmental benefits 
that are 60 times higher than the annual cost of the 
program.

Emissions trading is also being tried for NOx and 
perhaps will be used in the future for other air pol-
lutants. However, environmental and health scientists 
strongly oppose the cap-and-trade program set to begin 
in 2010 for controlling emissions of mercury by coal-
burning power plants and industries. They note that 
mercury is highly toxic and does not break down in the 
environment, and that coal-burning plants choosing to 
buy permits instead of sharply reducing their mercury 
emissions will create toxic hotspots with unacceptably 
high levels of mercury.

The jury is still out for emissions trading programs 
in general. In 2002, the EPA reported results from the 
country’s oldest and largest emissions trading program, 
in effect since 1993 in southern California. According 
to the EPA, this cap-and-trade model fell far short of 
projected emissions reductions. The same study also 
found accounting abuses. This highlights the need for 
more careful monitoring of all cap-and-trade programs.

HOW WOULD YOU VOTE?

Should emissions trading be used to help control emis-
sions of all major air pollutants? Cast your vote online at
academic.cengage.com/biology/miller.
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There Are Many Ways to Reduce 
Outdoor Air Pollution
Figure 18-22 summarizes ways to reduce emissions of 
sulfur oxides, nitrogen oxides, and particulate matter 
from stationary sources such as electric power plants 
and industrial plants that burn coal.

Between 1980 and 2006, emissions of SO2 from 
U.S. electric power plants were decreased by 66%, 

S O L U T I O N S
Stationary Source Air Pollution

Disperse emissions above 
thermal inversion layer with 
tall smokestacks

Remove pollutants after 
combustion

Tax each unit of pollution 
produced

Burn low-sulfur coal

Remove sulfur from coal

Convert coal to a liquid or 
gaseous fuel

Shift to less polluting 
energy sources

Prevention Dispersion or
Cleanup

S O L U T I O N S
Motor Vehicle Air Pollution

Require emission 
control devices

Inspect car 
exhaust systems 
twice a year

Set strict emission 
standards

Use mass transit

Walk or bike

Use less polluting fuels

Improve fuel efficiency

Get older, polluting 
cars off the road

Give large tax write-
offs or rebates for 
buying low-polluting, 
energy efficient 
vehicles

Prevention Cleanup

Figure 18-22 Methods for reducing emissions 
of sulfur oxides, nitrogen oxides, and particulate 
matter from stationary sources such as coal-
burning electric power plants and industrial plants 
(Concept 18-6). Question: Which two of these 
solutions do you think are the most important? 
Why?

Figure 18-23 Methods for reducing emissions 
from motor vehicles (Concept 18-6). To find out 
what and how much your car emits, go to www
.cleancarsforkids.org. Question: Which two of 
these solutions do you think are the most impor-
tant? Why?

emissions of NOx by 41%, and particu-
late (PM10) emissions by 28%, mostly 
through use of output cleanup methods 
(Figure 18-22, right). However, approxi-
mately 20,000 older coal-burning plants, 
industrial plants, and oil refineries in the 
United States have not been required to 

meet the air pollution standards required for new facil-
ities under the Clean Air Acts. Officials of states subject 
to pollution from such plants have been trying to get 
Congress to correct this shortcoming since 1970. But 
they have not been successful because of strong lobby-
ing efforts by U.S. coal and electric power industries.

HOW WOULD YOU VOTE?

Should older coal-burning power and industrial plants 
in the country where you live have to meet the same air 
pollution standards that new facilities have to meet? Cast 
your vote online at academic.cengage.com/biology/
miller.

Figure 18-23 lists ways to reduce emissions from 
motor vehicles, the primary factor in the formation of 
photochemical smog.

Unfortunately, the already poor air quality in urban 
areas of many developing countries is worsening as 
the number of motor vehicles in these countries rises. 
Many of these vehicles are 10 or more years old, have 
no pollution control devices, and burn leaded gasoline.

www.cleancarsforkids.org
www.cleancarsforkids.org
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The good news is that because of the Clean Air Acts, a 
new car today in the United States emits 75% less pollu-
tion than did pre-1970 cars. Over the next 10–20 years, 
technology will bring more gains through improved en-
gine and emission systems, conventional hybrid-electric 
vehicles and plug-in hybrids (Figure 16-6, p. 405), and 
vehicles powered by hydrogen fuel cells (Figure 16-30, 
p. 429).

Reducing Indoor Air Pollution 
Should Be a Priority
Little effort has been devoted to reducing indoor air 
pollution, even though it poses a much greater threat 
to human health than does outdoor air pollution. Air 
pollution experts suggest several ways to prevent or re-
duce indoor air pollution, as shown in Figure 18-24.

In developing countries, indoor air pollution from 
open fires and leaky and inefficient stoves that burn 
wood, charcoal, or coal could be reduced. People could 
use inexpensive clay or metal stoves that burn bio fuels 
more efficiently, while venting their exhaust to the out-
side. They could use stoves that run on biogas (mostly 
methane) produced in biodigesters from animal and 
other organic wastes, or they could use stoves that use 
solar energy to cook food (Figure 16-16, p. 414). This 
would also reduce deforestation by cutting demand for 
fuelwood and charcoal.

In developed countries, where VOCs present the 
greatest indoor air pollution threats, houseplants may 
provide some relief. Scientists have found that some 
common houseplants—such as the Boston fern, peace 
lily, rubber plant, and bamboo palm—absorb VOCs and 
use them as nutrients.

Figure 18-25 lists some ways in which you can re-
duce your exposure to indoor air pollution.

S O L U T I O N S
Indoor Air Pollution

Use adjustable 
fresh air vents for 
work spaces

Increase intake of 
outside air

Change air more 
frequently

Circulate a  
building’s air 
through rooftop 
greenhouses

Use efficient  
venting systems for 
wood-burning 
stoves

Use exhaust hoods 
for stoves and 
appliances burning 
natural gas

Clean ceiling tiles 
and line AC ducts 
to prevent release 
of mineral fibers

Ban smoking or 
limit it to 
well-ventilated 
areas

Set stricter 
formaldehyde 
emissions standards 
for carpet, 
furniture, and 
building materials

Prevent radon 
infiltration

Use office machines 
in well-ventilated 
areas

Use less polluting 
substitutes for 
harmful cleaning 
agents, paints, and 
other products 

Prevention Cleanup or
Dilution

Figure 18-24 Ways to prevent and reduce indoor air pollution 
(Concept 18-6). Question: Which two of these solutions do you 
think are the most important? Why?

Figure 18-25 Individuals matter: ways to reduce your exposure to indoor air pollution. Question: Which three of 
these actions do you think are the most important? Why?

■  Test for radon and formaldehyde inside your home and take 
corrective measures as needed

■ Do not buy furniture and other products containing 
formaldehyde

■ Remove your shoes before entering your house to reduce 
inputs of dust, lead, and pesticides

■ Test your house or workplace for asbestos fiber levels, and check 
for any crumbling asbestos materials if it was built before 1980

■ Do not store gasoline, solvents, or other volatile hazardous 
chemicals inside a home or attached garage

■ If you smoke, do it outside or in a closed room vented to 
the outside

■  Make sure that wood-burning stoves, fireplaces, and kerosene- 
and gas-burning heaters are properly installed, vented, and 
maintained

■ Install carbon monoxide detectors in all sleeping areas

Indoor Air Pollution

WHAT CAN YOU DO?
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S O L U T I O N S
Air Pollution

Reduce poverty

Distribute cheap 
and efficient 
cookstoves or 
solar cookers to 
poor families in 
developing 
countries

Reduce or ban 
indoor smoking

Develop simple 
and cheap tests 
for indoor 
pollutants such 
as particulates, 
radon, and 
formaldehyde

Improve energy 
efficiency to reduce 
fossil fuel use

Rely more on 
lower-polluting 
natural gas

Rely more on 
renewable energy 
(especially solar 
cells, wind, and 
solar-produced 
hydrogen)

Transfer energy 
efficiency, 
renewable energy, 
and pollution 
prevention 
technologies to 
developing 
countries

Outdoor Indoor

Figure 18-26 Ways to prevent outdoor and in-
door air pollution over the next 30–40 years (Con-
cept 18-6). Question: Which two of these solutions 
do you think are the most important? Why?

We Need to Put More Emphasis on 
Pollution Prevention
Since 1970, most of the world’s developed countries 
have enacted laws and regulations that have signifi-
cantly reduced outdoor air pollution. Most of these 
laws emphasize controlling outdoor air pollution by 
using output approaches. To environmental and health 
scientists, the next step is to shift to preventing air pollu-
tion (Concept 1-4, p. 16). With this approach, 
the question is not ”What can we do about the 
air pollutants we produce?” but rather ”How can we avoid 
producing these pollutants in the first place?”

Figure 18-26 shows ways to prevent outdoor and 
indoor air pollution over the next 30–40 years (Con-
cept 18-6). Like the shift to controlling outdoor air pollu-
tion between 1970 and 2007, this new shift to preventing 
outdoor and indoor air pollution will not take place unless 
individual citizens and groups put political pressure on 
elected officials and economic pressure on companies 
through their purchases.

The Asian Brown Cloud and Sustainability

The Asian Brown Cloud (Core Case Study) is a striking example 
of how bad air pollution can get. It results from large and dense 
populations of people relying mostly on fossil fuels (especially 
coal) for their energy, and wasting too many resources, rather 
than recycling and reusing products. It is an example of what can 
happen when people violate all four scientific principles of sus-
tainability (see back cover) on a massive scale. 

However, we can use these four principles to help reduce air 
pollution. We can reduce inputs of conventional air pollutants 
into the atmosphere by relying more on direct and indirect forms 

of solar energy than on fossils fuels; reducing the waste of matter 
and energy resources and recycling and reusing matter resources; 
mimicking biodiversity by using a diversity of nonpolluting or low-
polluting renewable energy resources; and reducing human popu-
lation growth and wasteful resource consumption.

A key strategy for solving air pollution problems is to focus on 
preventing or sharply reducing outdoor and indoor air pollution at 
global, regional, national, local, and individual levels. Each of us 
has an important role to play in protecting the atmosphere that 
sustains life and supports our economies.

R E V I S I T I N G

The atmosphere is the key symbol of global interdependence. 
If we can’t solve some of our problems in the face of threats to this global commons, 

then I can’t be very optimistic about the future of the world.
MARGARET MEAD

REVIEW

 1. Review the Key Questions and Concepts for this chapter on 
p. 469. Describe the nature and harmful effects of 
the massive Asian Brown Cloud (Core Case Study).

 2. Define density, atmospheric pressure, troposphere, 
stratosphere, and ozone layer. Describe how the tropo-
sphere and stratosphere differ.
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3. What is air pollution? Summarize the history of air pol-
lution. Distinguish between primary pollutants and 
secondary pollutants and give an example of each. List 
the major outdoor air pollutants and their harmful effects. 

4. Describe the effects of lead as a pollutant and how we can 
reduce our exposure to this chemical. Describe a chemi-
cal method and a biological method for detecting air 
pollutants.

5. Distinguish between industrial smog and photochemi-
cal smog in terms of their chemical composition and 
formation. List and briefly describe five natural factors 
that help to reduce outdoor air pollution and six natural 
factors that help to worsen it. What is a temperature in-
version and how can it affect air pollution levels?

6. What is acid deposition and how does it form? Briefly 
describe its major environmental impacts on vegetation, 
lakes, human-build structures, and human health. List 
three major ways to reduce acid deposition.

7. What are the top four indoor air pollutants in the United 
States? What is the major indoor air pollutant in many 
developing countries? Describe indoor air pollution by 
radon-222 and what can be done about it.

8. Briefly describe the human body’s defenses against air 
pollution, how they can be overwhelmed, and illnesses 
that can result. About how many people die prematurely 
from air pollution each year?

9. Describe air pollution laws in the United States. Summa-
rize the accomplishments of such laws and discuss how 
they can be improved. List the advantages and disadvan-
tages of using an emissions trading program. Summarize 
the major ways to reduce emissions from power plants 
and motor vehicles. What are four ways to reduce indoor 
air pollution?

10. Discuss the relationship between the Asian Brown 
Cloud (Core Case Study) and the ways in 
which people have violated the four scien-
tific principles of sustainability.

Note: Key Terms are in bold type.

CRITICAL THINKING

1. The Asian Brown Cloud (Core Case Study) exists 
mainly in southern and eastern Asia, and some 
people blame Asians for its existence. Others argue that its 
causes, as well as its effects, are global in nature. What is 
your position on this? Explain your reasoning.

2. Investigate rocks, trees, and buildings in the area 
where you live for the presence of various lichens. Use 
their presence, color, and type to identify high- and 
low-pollution areas, and explain your reasoning.

3. China relies on coal for 70% of its commercial energy 
usage, partly because the country has abundant supplies 
of this resource. Yet China’s coal burning has caused in-
numerable and growing problems for China and neigh-
boring countries, and now, because of the Asian Brown 
Cloud (Core Case Study), for the Pacific Ocean and 
west coast of North America. Do you think China 
is justified in developing this resource to the maximum, 
as other countries including the United States have done 
with their coal resources? Explain. What are China’s 
alternatives?

4. Photochemical smog is largely the result of motor vehicle 
emissions. Considering your use, now and in the future, 
of motor vehicles, what are three ways in which you 
could reduce your contribution to photochemical smog?

5. Should all tall smokestacks be banned in an effort to pro-
mote greater emphasis on preventing air pollution and 
acid deposition? Explain.

6. Explain how sulfur impurities in coal can increase the 
acidity of rainwater and deplete soil nutrients.

7. List three important ways in which your life would be dif-
ferent today if grassroots actions by U.S. citizens between 
the 1970s and 1990s had not led to the Clean Air Acts of 
1970, 1977, and 1990, despite strong political opposition 
by the affected industries. List three important ways in 
which your life in the future might be different if grass-
roots actions now do not lead to strengthening of the 
U.S. Clean Air Act or a similar act in the country where 
you live. Do you think the U.S. Clean Air Act should be 
strengthened? Explain.

8. List three ways in which you could apply Concept 18-6 to 
making your lifestyle more environmentally sustainable.

9. Congratulations! You are in charge of the world. List 
your three most important strategies for dealing with the 
problems of (a) outdoor air pollution and (b) indoor air 
pollution.

10. List two questions that you would like to have answered 
as a result of reading this chapter.

Note: See Supplement 13 (p. S78) for a list of Projects related to this chapter.
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DATA ANALYSIS

Coal often contains sulfur (S) as an impurity that is released 
as gaseous SO2 during combustion. SO2 is one of six primary 
air pollutants monitored by the U.S. Environmental Protection 
Agency. The U.S. Clean Air Act limits sulfur emissions from 

large coal-fired boilers to 0.54 kilograms (1.2 pounds) of sul-
fur per million Btus of heat generated. (Note: 1 metric ton "
1,000 kilograms " 2,200 pounds " 1.1 ton; 1 kilogram "
2.20 pounds)

1. Given that coal used by electric power plants has a heat-
ing value of 27.5 million Btus per metric ton (25 million 
Btus per ton), determine the number of kilograms (and 
pounds) of coal needed to produce 1 million Btus of heat.

2. Assuming that all of the sulfur in the coal is released to 
the atmosphere during combustion, what is the maximum 
percentage of sulfur the coal can contain and still allow 
the utility to meet the standards of the U.S. Clean 
Air Act?

3. About 10,000 Btus of heat input are required for an 
electric utility to produce 1 kilowatt-hour (kwh) of 
electrical energy. How many metric tons (and how 
many tons) of coal must be supplied each hour to pro-
vide the input heat requirements for a 1,000-megawatt 
(1 million-kilowatt) power plant? 

LEARNING ONLINE

Log on to the Student Companion Site for this book at 
academic.cengage.com/biology/miller, and choose 
Chapter 18 for many study aids and ideas for further read-

ing and research. These include flash cards, practice quiz-
zing, Weblinks, information on Green Careers, and InfoTrac®

College Edition articles.
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Besides killing many people, the eruption of Mount Pinatubo 
destroyed homes and farmland, and caused hundreds of millions 
of dollars in damage. At the same time, it enabled scientists to 
test whether they understood the global climate well enough 
to estimate how the eruption would affect temperatures on the 
earth.

By the late 1980s, most of the world’s climate scientists had 
become concerned that human actions, especially fossil fuel 
use, were enhancing the world’s natural greenhouse effect and 

contributing to a rise in the average temperature of 
the atmosphere, which in turn would begin changing 
the earth’s climate. Some stated publicly that climate 
change from such global warming was very likely to oc-
cur and could have disastrous ecological and economic 
effects. Their concerns were based in part on results 
from computer models of the global climate. But were 
these models reliable?

Although their complex global climate models 
mimicked past and present climates well, Mount 
Pinatubo provided them with an opportunity to per-
form a more rigorous test of such models. Soon after 
the volcano erupted, James Hansen, a leading U.S. 
National Aeronautics and Space Administration (NASA) 
scientist, estimated that the Pinatubo explosion would 
probably cool the average temperature of the earth by 
0.5 C° (1 F°) over a 19-month period. The earth would 
then begin to warm, Hansen said, and by 1995 would 
return to the temperatures observed before the explo-
sion. His projections turned out to be correct.

To make his forecasts, Hansen added the esti-
mated amount of sulfur dioxide released by the volca-
no’s eruption to a global climate model and then used 
the model to forecast how the earth’s temperature 
would change. His model passed the test with flying 
colors. Its success helped to convince most scientists 
and policy makers that climate model projections—
including those relating to the impact of human 
actions—should be taken seriously.

Hansen’s model and 18 other climate models indi-
cate that global temperatures are likely to rise several 
degrees during this century—mostly because of human 
actions—and to affect global and regional climates and 
economies and human ways of life. To many scientists 
and a growing number of business executives, global 
climate change represents the biggest challenge that 
humanity faces during this century. The primary ques-
tion is, “What should we do about it?”

Studying a Volcano to Understand 
Climate Change

In June of 1991, after 600 years of slumber, Mount Pinatubo 
in the Philippines exploded (Figure 19-1). A huge amount 
of volcanic material blasted out of the mountain, sending a 
cloud of air pollutants and ash to a height of 35 kilometers 
(22 miles). Avalanches of hot gases and ash roared down the 
sides of the mountain, killing hundreds of people and filling val-
leys with volcanic deposits. It was the second-largest volcanic 
eruption of the 20th century. (The largest took place in Alaska 
in 1912.)

Climate Change and 
Ozone Depletion19

Figure 19-1 An enormous cloud of air pollutants and ash rises above Mount Pinatubo 
in the Philippines on June 12, 1991. The volcano exploded in a catastrophic eruption, 
killing hundreds. Sulfur dioxide and other gases emitted into the atmosphere by the 
eruption circled the globe, polluted the air, reduced sunlight reaching the earth’s sur-
face, and cooled the atmosphere for 15 months.
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Global Warming and Global Cooling 
Are Not New
Changes in the earth’s climate are neither new nor un-
usual. Over the past 4.5 billion years, the planet’s climate 
has been altered by volcanic emissions (Core
Case Study), changes in solar input, continents 
moving slowly atop shifting tectonic plates 
(Figure 4-6, p. 85, and Concept 4-3, p. 84), im-
pacts by large meteors, and other factors.

Over the past 900,000 years, the atmosphere has 
experienced prolonged periods of global cooling and 
global warming (Figure 19-2, top left, p. 498). These al-
ternating cycles of freezing and thawing are known as 
glacial and interglacial (between ice ages) periods.

For roughly 10,000 years, we have had the good 
fortune to live in an interglacial period characterized by 
a fairly stable climate and a fairly steady average global 
surface temperature (Figure 19-2, bottom left). These 
conditions allowed agriculture, and then cities to flour-
ish, as the human population grew.

For the past 1,000 years, the average temperature 
of the atmosphere has remained fairly stable but be-
gan rising during the last century (Figure 19-2, bottom 
right) when people began clearing more forests and 
burning more fossil fuels. Figure 19-2, top right, shows 
that most of the recent increase in temperature has 
taken place since 1975.

Past temperature changes such as those depicted in 
Figure 19-2 are estimated by analysis of radioisotopes in 

Key Questions and Concepts

19-1 How might the earth’s temperature and climate 
change in the future?
CONCEPT 19-1 The overwhelming scientific consensus is that the 
earth’s atmosphere is warming rapidly, mostly because of human 
activities, and that this will lead to significant climate change during 
this century.

19-2 What are some possible effects of a warmer 
atmosphere?
CONCEPT 19-2 The projected rapid change in the atmosphere’s 
temperature during this century is very likely to increase drought 
and flooding, shift areas where food can be grown, raise sea levels, 
result in intense heat waves, and cause the premature extinction of 
many species.

19-3 What can we do to slow climate change?
CONCEPT 19-3A To slow the rate of global warming and 
climate change, we can increase energy efficiency, sharply reduce 

greenhouse gas emissions, rely more on renewable energy 
resources, and slow population growth.

CONCEPT 19-3B Governments can subsidize energy efficiency 
and renewable energy use, tax greenhouse gas emissions, set 
up cap-and-trade emissions reduction systems, and help to slow 
population growth.

19-4 How have we depleted ozone in the stratosphere 
and what can we do about it?
CONCEPT 19-4A Widespread use of certain chemicals has 
reduced ozone levels in the stratosphere, which allows for more 
harmful ultraviolet radiation to reach the earth’s surface.

CONCEPT 19-4B To reverse ozone depletion, we must 
stop producing ozone-depleting chemicals and adhere to the 
international treaties that ban such chemicals.

Note: Supplements 2 (p. S4), 3 (p. S10), 4 (p. S20), 6 (p. S39), 8 (p. S47), 10 (p. S59), 
and 13 (p. S78) can be used with this chapter.

Civilization has evolved during a period of remarkable climate stability, 
but this era is drawing to a close. We are entering a new era, 

a period of rapid and often unpredictable climate change. 
The new climate norm is change.

LESTER R. BROWN

19-1 How Might the Earth’s Temperature 
and Climate Change in the Future?

CONCEPT 19-1 The overwhelming scientific consensus is that the earth’s 
atmosphere is warming rapidly, mostly because of human activities, and that this 
will lead to significant climate change during this century.

▲

497Links: refers to the Core Case Study. refers to the book’s sustainability theme. indicates links to key concepts in earlier chapters.
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Figure 19-2 Science: estimated changes in the average global temperature of the atmosphere near the earth’s 
surface over different periods of time. The graphs in this figure are rough estimates of global average temperatures 
and temperature changes based on limited evidence, but they do indicate general trends. Question: Assuming 
these estimates are correct, what are two conclusions you can draw from these diagrams? (Data from Goddard 
Institute for Space Studies, Intergovernmental Panel on Climate Change, National Academy of Sciences, National 
Aeronautics and Space Agency, National Center for Atmospheric Research, and National Oceanic and Atmospheric 
Administration)

Figure 19-3 Science: Ice cores are extracted by drilling deep holes 
in ancient glaciers at various sites such as this one in Antarctica (the 
South Pole). Scientists analyze tiny air bubbles, layers of soot, and 
other materials trapped in different segments of such ice cores to 
uncover information about past composition of the lower atmo-
sphere, temperature trends such as those shown in Figure 19-2, 
greenhouse gas concentrations, solar activity, snowfall, and forest 
fire frequency.

rocks and fossils; plankton and radioisotopes in ocean 
sediments; tiny bubbles of ancient air found in ice cores 
from glaciers (Figure 19-3); temperature measure-
ments taken at different depths from boreholes drilled 
deep into the earth’s surface; pollen from the bottoms 
of lakes and bogs; tree rings; historical records; insects, 
pollen, and minerals in different layers of bat dung de-
posited in caves over thousands of years; and tempera-
ture measurements taken regularly since 1861. Such 
measurements have limitations, but they show gen-
eral changes in temperature, which in turn can affect 
the earth’s climate. See The Habitable Planet, Video 12, 
at www.learner.org/resources/series209.html for a 
discussion of how scientists are analyzing ice cores from 
mountain glaciers to understand past climate change.

Our Climate, Lives, and Economies 
Depend on the Natural Greenhouse 
Effect
Along with solar energy, a natural process called the 
greenhouse effect warms the earth’s lower atmosphere and 
surface (Figure 3-8, p. 56). It occurs when some of the 
solar energy absorbed by the earth radiates into the at-
mosphere as infrared radiation (heat). About 1% of the 
earth’s lower atmosphere is composed of greenhouse 
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gases, primarily water vapor (H2O), carbon dioxide 
(CO2), methane (CH4), and nitrous oxide (N2O). Heat 
radiated into the atmosphere by the earth causes mol-
ecules of these greenhouse gases to vibrate and release 
infrared radiation with an even longer wavelength into 
the lower atmosphere. As this radiation interacts with 
molecules in the air, it increases their kinetic energy 
and warms the lower atmosphere and the earth’s sur-
face, which in turn affects the earth’s climate.

Swedish chemist Svante Arrhenius first recognized 
the natural greenhouse effect in 1896. Since then, nu-
merous laboratory experiments and measurements of 
temperatures at different altitudes have confirmed this 
effect—now one of the most widely accepted theories 
in the atmospheric sciences.

Life on the earth and the world’s economies are totally de-
pendent on the natural greenhouse effect—one of the plan-
et’s most important forms of natural capital. Without 
this natural greenhouse effect, the world would be a 
cold, uninhabitable place.

See how greenhouse gases trap heat in 
the lower atmosphere and raise the earth’s temperature at 
CengageNOW™.

Human Activities Emit Large 
Quantities of Greenhouse Gases
Since the beginning of the Industrial Revolution about 
275 years ago, human actions have led to significant 
increases in the concentration of earth-warming, and 
thus climate-changing, CO2, CH4, and N2O in the lower 
atmosphere. These increases came mainly from agri-
culture, deforestation, and burning of fossil fuels. Mea-
surements of CO2 and CH4 in bubbles at various depths 
in ancient glacial ice (Figure 19-3) indicate that changes 
in the levels of CO2 and CH4 in the lower atmosphere 
correlate fairly closely with changes in the average 
global temperature near the earth’s surface during the 
past 400,000 years, and with changes in the global sea 
level (Figure 19-4, p. 500).

Carbon dioxide levels are increasing exponentially 
at a rapid rate. For example, the atmospheric con-
centration of carbon dioxide emitted largely by burn-
ing fossil fuels has risen from a level of 280 parts per 
million at the start of the Industrial Revolution about 
275 years ago to 384 parts per million in 2007 (see Fig-
ure 20, p. S71, in Supplement 10) and is increasing by 
about 2 parts per million each year. 

According to a 2007 study by scientists Christopher 
Field and Gregg Marland, if CO2 emissions continue to 
increase at the current exponential rate of about 3.3% 
a year, levels in the atmosphere will rise to 560 ppm by 
2050 and soar to 1,390 ppm by 2100, bringing about 
significant changes in the earth’s climate and causing 
major ecological and economic disruption in the lat-
ter half of this century. Scientific studies and models 

indicate that we should try to prevent CO2 levels from 
exceeding 450 ppm—an estimated threshold, or irre-
versible tipping point, that could set into motion large-
scale climate changes for hundreds to thousands of 
years. And according to climate expert James Hansen 
(Core Case Study), ideally we need to reduce 
the atmospheric concentration of CO2 to 350 
parts per million—which is below current levels—to 
help stabilize the earth’s climate.

In 2007, the largest CO2 emitting countries were, 
in order, the United States, China, the European Union 
(with 27 countries), Indonesia, Russia, Japan, and 
India. The United States has been responsible for 25% 
of the world’s cumulative CO2 emissions, compared to 
China’s 5% contribution. A 2007 study by Tao Wang 
and Jim Watson estimated that about one-fourth of 
China’s rapidly rising CO2 emissions are a result of its 
export trade to Europe and the United States. With-
out this demand for goods from industrialized nations, 
China’s economy would not have developed so rapidly 
and its CO2 emissions would not have risen so sharply.

In 2008, U.S. economists Maximillian Auffhammer 
and Richard Carson found that China’s growth in emis-
sions of CO2 and other air pollutants was much greater 
than previously estimated. They found that some of 
China’s more affluent provinces were building cleaner 
and more efficient coal-burning power plants. How-
ever, other provinces with fewer financial resources 
have been building polluting and less efficient coal-
burning power plants by replicating inefficient 1950s 
Soviet technology. The problem is that once they are 
built, China and the rest of the world are stuck with 
these polluting plants throughout their 40- to 75-year 
lifetimes.

It is also important to compare the per capita emis-
sions of CO2 emitted by various countries, as shown in 
Figure 21, p. S71, in Supplement 10. Although China’s 
total CO2 emissions are high and growing rapidly, its 
per capita emissions are low. The United States emits 
about five times more CO2 per person than China.

Ice core analysis also reveals that about 60% of 
methane emissions during the last 275 years are the 
result of human activities such as extracting fossil fu-
els, creating landfills, raising cattle and sheep (which 
belch methane), and constructing reservoirs behind 
large dams in tropical countries. Some good news is 
that methane emissions have leveled off since 1990, 
but they are expected to rise in the future as the atmo-
sphere warms and melts some of the permafrost in the 
arctic tundra, which will release more methane into 
the atmosphere.

Nitrous oxide levels have risen about 20% during 
the last 275 years, mostly as a result of increased use of 
nitrogen fertilizers. A given volume of N2O traps 3–10 
times more heat than the same amount of CO2 traps 
and accounts for about 9% of greenhouse gas emissions 
from human activities. Fertilizers and other sources of 
nitrogen have greatly increased nitrogen inputs into 
the environment (Figure 3-20, p. 70).
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Scientific Consensus: The 
Atmosphere Is Warming Mostly 
Because of Human Activities
In 1988, the United Nations and the World Meteoro-
logical Organization established the Intergovernmental 
Panel on Climate Change (IPCC) to document past cli-
mate changes and project future changes. The IPCC 

network includes more than 2,500 climate experts from 
more than 130 countries. Its 2007 report was based on 
more than 29,000 sets of data, much of it collected since 
2002. In this report, the IPCC listed a number of findings 
indicating that it is very likely (a 90–99% probability) 
that the lower atmosphere is getting warmer (Science 
Focus, p. 502) (Concept 19-1) and that human activi-
ties are responsible for most of the recent temperature 
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Figure 19-4 Science: atmospheric levels of carbon dioxide (CO2) and methane (CH4), changes in average global 
temperature of the atmosphere near the earth’s surface, and changes in average sea level over the past 400,000 
years. These data were obtained by analysis of ice cores removed at Russia’s Vostok Research Station in Antarctica. 
More recent ice core analyses from Antarctica in 2007 indicate that current levels of CO2 in the atmosphere are 
higher than at any time during the past 800,000 years. Carbon dioxide remains in the atmosphere for about 120 
years compared to 15 years for methane. However, each molecule of methane can warm the atmosphere 23 times 
more than a molecule of carbon dioxide. Question: What are two conclusions that you can draw from these data? 
(Data from Intergovernmental Panel on Climate Change, National Center for Atmospheric Research, and F. Vimeux, 
et al. 2002. Earth and Planetary Science Letters, vol. 203: 829–843)
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increase and will be responsible for most of the larger 
increase projected for this century.

In 2007, former U.S. Vice President Al Gore shared 
the Nobel Peace Prize with the IPCC for alerting the 
world to the reality and dangers of global warming 
and its effects on the world’s climate. In his acceptance 
speech he said, “ . . . the Earth has a fever. And the fever 
is rising. . . . We are what is wrong, and we must make 
it right.”

RESEARCH FRONTIER

Computer modeling of climate change. See academic
.cengage.com/biology/miller.

Here is some of the evidence that supports the ma-
jor conclusions of the 2007 IPCC report:

• Between 1906 and 2005, the average global surface 
temperature has risen by about 0.74 C° (1.3 F°). 
Most of this increase has taken place since 1980 
(Figure 19-2, top right).

• Annual greenhouse gas emissions from human ac-
tivities rose 70% between 1970 and 2005 and aver-
age CO2 concentrations are higher than they have 
been in 650,000 years (and 800,000 years, accord-
ing to a 2007 study).

• Over the past 50 years, arctic temperatures have 
risen almost twice as fast as average temperatures 
in the rest of the world have risen.

• In some parts of the world, glaciers (Figure 19-5) 
and floating sea ice (Figure 19-6) are melting and 
shrinking at increasing rates, rainfall patterns are 
changing, and extreme and prolonged drought is 
increasing.

• During the last century, the world’s average sea 
level rose by 10–20 centimeters (4–8 inches), 
mostly because of runoff from melting land-based 
ice and the expansion of ocean water as its tem-
perature increased.

Figure 19-5 Melting of Alaska’s Muir Glacier in the popular Glacier Bay National Park 
and Preserve between 1948 and 2004. Mountain glaciers are now melting almost ev-
erywhere in the world. Question: How might melting glaciers in Alaska and other parts 
of the world affect your lifestyle?
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Figure 19-6 The big melt. Each summer, some of the floating sea ice in the Arctic Sea melts. But in recent years, 
rising atmospheric and ocean temperatures have caused more and more ice to melt. Satellite data show a large 
drop in the average cover of summer arctic sea ice between 1979 and 2007. In 2007 alone, the sea ice shrank 
by an area equal to that of six Californias or two Alaskas, much more than in any year since 1979 when scien-
tists began taking satellite measurements. Such summer ice may be gone by 2030, and perhaps by as early as 
2013, according to an estimate made by NASA climate scientist Jay Zwally in 2007. Question: Do you think that 
the increased melting of floating arctic sea ice is part of a positive or negative feedback loop (p. 45)? Explain? (Data 
U.S. Goddard Space Flight Center, NASA, National Snow and Ice Data Center)
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SCIENCE FOCUS

gives a greatly simplified summary of some 
of the interactions in the global climate 
system.

Such models provide scenarios or projec-
tions of what is very likely (90–99% level 
of confidence) or likely (66–89% level of 
confidence) to happen to the average tem-
perature of the lower atmosphere. How well 
the results correspond to the real world de-
pends on the validity of the assumptions and 

sunlight, clouds, landmasses, oceans, ocean 
currents, concentrations of greenhouse 
gases and pollutants, and positive and nega-
tive feedback loops (Figures 2-11 and 2-12, 
p. 45) within the climate system. Then they 
run these continually improving models on 
supercomputers and compare the results to 
known past climate changes, from which 
they project future changes in the atmo-
sphere’s average temperature. Figure 19-A 

o project the effects of increas-
ing levels of greenhouse gases on 

average global temperatures, scientists de-
velop complex mathematical models, which 
simulate interactions among the earth’s 

T

CO2 emissions from
land clearing,
fires, and decay

CO2 removal
by plants and
soil organisms

Land and soil biota

Ice and snow cover

Greenhouse
gasesAerosols

Natural and human emissions

Heat and
CO2 emissions

Heat and
CO2 removal

Deep ocean

Shallow ocean

Long-term
storage

Troposphere

Warming
from
decrease

Cooling
from
increase

Sun

Figure 19-A Science: simplified model of some major processes that interact to determine the average tempera-
ture and greenhouse gas content of the lower atmosphere and thus the earth’s climate. Red arrows show processes 
that warm the atmosphere and blue arrows show those that cool the atmosphere. Question: Why do you think a 
decrease in snow and ice cover would increase global warming?

What Is the Scientific Consensus about Future 
Temperature Change?
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variables built into the models and on the ac-
curacy of the data used.

In 1990, 1995, 2001, and 2007, the IPCC 
published reports on how global tempera-
tures have changed in the past (Figure 19-2) 
and made forecasts of how they are likely 
to change during this century and how 
such changes can affect the earth’s climate. 
According to the 2007 report, based on 
analysis of past climate data and use of 19 
climate models, it is very likely (a 90–99% 
probability) that human activities, especially 
the burning of fossil fuels, have been the 
main cause of the observed atmospheric 
warming during the past 50 years.

The 2007 report and recent runs of 19 dif-
ferent climate models suggest that it is very 
likely that the earth’s mean surface tempera-
ture will increase by 2–4.5 C° (3.6–8.1 F°) 
between 2005 and 2100 (Figure 19-B), with 
about 3 C° (5.4 F°) the most likely rise, unless 
the world halts deforestation and makes dras-
tic cuts in greenhouse gas emissions from fos-
sil fuel burning power plants, factories, and 
cars. The lower temperature in this range is 
likely only if global greenhouse gas emissions 
fall 50–85% by 2050.

There is an overwhelming consensus 
among the world’s climate scientists that 
global warming is occurring at a rapid rate, 

that human activities are the major factor in 
this temperature increase since 1950, and that 
human activities will play an even greater role 
in the warming projected to take place during 
this century and thus in the re sulting changes 
to the earth’s climate (Concept 19-1).

Figure 19-B Science: comparison 
of measured changes in the average 
temperature of the atmosphere at 
the earth’s surface between 1860 
and 2007 and the projected range 
of temperature increase during the 
rest of this century (Concept 19-1). 
(Data from U.S. National Academy of 
Sciences, National Center for Atmo-
spheric Research, Intergovernmental 
Panel on Climate Change, and Hadley 
Center for Climate Prediction and 
Research)

Critical Thinking
If projected temperature increases shown in 
Figure 19-B take place, what are some major 
ways in which this will affect your lifestyle 
and that of any children or grandchildren you 
might have?
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Data reveal that the melting of ice in the Arctic 
(Figure 19-6) has accelerated since the 2007 IPCC re-
port. According to climate scientist Allan Robock, “the 
climate is changing even faster than the current models 
said. In fact, arctic sea ice is melting much faster than 
any models predicted, and sea level is rising faster than 
the IPCC previously predicted.”

HOW WOULD YOU VOTE?

Do you think that we will experience significant global warm-
ing and climate change during this century? Cast your vote 
online at academic.cengage.com/biology/miller.

Scientists have identified several natural and 
human-influenced factors that might amplify (give pos-
itive feedback to) or dampen (give negative feedback to) 
the projected changes in the average temperature of 
the atmosphere shown in Figure 19-B.

Recall that a positive feedback loop occurs when 
a small change leads to an even larger change of the 
same type and the spiral of change keeps growing (Fig-
ure 2-11, p. 45). The earth’s complex climate system 

has both positive (harmful or amplifying) and negative 
(corrective) feedback loops (Figure 19-A), but positive 
feedback loops are more common than negative feed-
back loops. Let us look more closely at a few factors 
that could affect the atmospheric temperature projected 
in Figure 19-B.

Is a Hotter Sun the Culprit?
The energy output of the sun affects the earth’s temper-
ature, and this output has varied over millions of years. 
However, in 2007, Swiss, British, and American climate 
researchers (Claus Froelich, Mike Lockwood, and Ben 
Santer, respectively) concluded that the rapid rise in 
global mean temperatures since 1980 (Figure 19-2, top 
right, and Figure 19-B) could not be the result of in-
creased solar output.

According to satellite and weather balloon mea-
surements, since 1975, the lower atmosphere, or tropo-
sphere, has warmed while the stratosphere has cooled. 
This is not what a warmer sun would do. According to 
researcher Ben Santer, “If you increase output from 
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the sun, you increase the amount of energy that arrives 
at the top of the Earth’s atmosphere and get heating 
throughout the atmosphere.” Instead, the atmosphere 
is now heating from the bottom up, which indicates 
that inputs at the earth’s surface (from human activi-
ties) are the main cause.

Can the Oceans Save Us?
The world’s oceans have absorbed about half of all the 
carbon dioxide released to the atmosphere since the be-
ginning of the Industrial Revolution. Today, the oceans 
help to moderate the earth’s average surface tempera-
ture and thus its climate by removing about 25–30% of 
the CO2 pumped into the lower atmosphere by human 
activities. Some of this carbon is converted to insoluble 
carbonate salts that are buried in bottom sediments for 
several hundred million years, as part of the carbon cy-
cle (Figure 3-18, p. 68).

The solubility of CO2 in ocean water decreases 
with increasing temperature. Thus, as the oceans heat 
up, some of their dissolved CO2 could be released into 
the lower atmosphere—like CO2 bubbling out of a 
warm carbonated soft drink. This could amplify global 
warming and speed up climate change through a posi-
tive feedback loop. Scientific measurements show that 
the upper portion of the ocean warmed by 0.32–0.67 C° 
(0.6–1.2 F°) during the last century—an astounding in-
crease considering the huge volume of water involved.

According to a 2007 report of a study carried out 
for 10 years by a team of researchers, led by Corinne 
Le Quere, and a 2008 report by European Union sci-
entists, some of the world’s oceans now appear to be 
absorbing less CO2 from the atmosphere as they have 
started to warm. The 2007 study found that the rate 
of CO2 absorption in the Southern Ocean around Ant-
arctica—the world’s largest sink for removing CO2—
has been dropping in every decade since 1981 and had 
dropped by half between the mid-1990s and 2005. This 
could help to accelerate the rise of CO2 levels in the at-
mosphere, causing it to warm more rapidly in another 
positive feedback loop. 

The 2008 study confirmed the findings about a de-
crease in CO2 uptake by Antarctica’s Southern Ocean. 
It also found a decrease in CO2 uptake in the North 
Atlantic Ocean. But it will take at least another 20 years 
of data to establish the drop in CO2 uptake as a trend.

In 2008, oceanographer Jeffrey Polovin and his col-
leagues reported that between 1998 and 2007, the net 
primary productivity (NPP) of the least productive 
open ocean areas (Figure 3-16, p. 64) in the Atlantic 
and Pacific oceans increased by about 15%. This repre-
sented an increase in phytoplankton, and the research-
ers hypothesized that it was the result of warmer ocean 
water temperatures. It could increase the absorption of 
CO2 from the atmosphere. But the authors cautioned 
that the study covered just nine years, too short a time 
to determine any relationship between the NPP increase 
and long-term climate change caused by human activi-

ties. And it is possible that the change may be due to a 
shorter, natural cycle.

In 2005, the U.K. Royal Society reported that higher 
levels of CO2 in the ocean have increased the acidity of 
the ocean surface by 30% since preindustrial times and 
could reach dangerous levels before 2050. This hap-
pens because much of the CO2 absorbed by the ocean 
reacts with water to produce carbonic acid (H2CO3)—
the same weak acid found in carbonated drinks. The 
increased acidity could decrease the ability of corals 
and other organisms to make calcium carbonate shells 
and bodies, and it could dissolve these shells. You can 
see this effect by dropping a piece of chalk (made of 
calcium carbonate) in a glass of vinegar (a weak acid) 
and watching it rapidly dissolve. 

Increasing acidity also reduces the ability of the 
oceans to help regulate atmospheric warming and cli-
mate change by removing CO2 from the lower atmo-
sphere and storing it in bottom sediments. It thus can 
accelerate global warming and climate change in an-
other positive feedback loop.

In 2007, a report by Ken Calderia and 16 other sci-
entists warned that warmer and more acidic oceans 
threaten to destroy much of the world’s ecologically 
important coral reef ecosystems before the end of this 
century. This would expose more people to coastal 
flooding, increase coastal erosion, reduce yields and 
revenues for reef-based fisheries and tourism, and 
greatly decrease aquatic biodiversity.

In 2006, satellite tracking by NASA found that as 
ocean water temperatures increased between 1999 and 
2004, there was a sharp drop in populations of phyto-
plankton, which serve as the base of ocean food webs 
and, through photosynthesis, remove CO2 from the 
atmosphere. In addition to disrupting food webs, re-
duced phytoplankton populations would remove less 
CO2 from the atmosphere, leading to amplified global 
warming and more rapid climate change in yet another 
positive feedback loop. However, a preliminary study 
in 2008 by a team of British scientists led by M. Debora 
Iglesias-Rodríguez found that the populations of cocco-
lithophore algae increased as the acidity of ocean water 
increased. More research is needed to understand the 
effects of acidity on populations of various phytoplank-
ton species.

Bottom line: Temperature, acidity, the ability to ab-
sorb CO2 from the atmosphere, and other properties of 
the oceans are changing as a result of human activities, 
and if these trends continue, they are likely to intensify 
and accelerate global warming and climate change.

There Is Uncertainty about 
the Effects of Cloud Cover 
on Global Warming
A major unknown in global climate models is the effect 
that changes in the global distribution of clouds might 
have on the temperature of the atmosphere. Warmer 
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temperatures increase evaporation of surface water and 
create more clouds. Depending on their content and 
reflectivity, these additional clouds could have two ef-
fects. An increase in thick and continuous light-colored 
clouds at low altitudes could decrease surface warming 
by reflecting more sunlight back into space. But an in-
crease in thin and discontinuous cirrus clouds at high 
altitudes could warm the lower atmosphere.

In addition, infrared satellite images indicate that 
the wispy condensation trails (contrails) left behind by 
jet planes might have a greater impact on atmospheric 
temperatures than scientists once thought. Although 
air travel is responsible for less than 2% of global 
greenhouse gas emissions, NASA scientists found that 
jet contrails expand and turn into large cirrus clouds 
that tend to release heat into the upper troposphere. If 
these preliminary results are confirmed, emissions from 
jet planes could be responsible for as much as half of 
the warming of the lower atmosphere in the northern 
hemisphere. Air travel is increasing rapidly and there is 
no technological fix for this problem unless hydrogen 
is phased in as a fuel for planes. Much more research 
is needed to evaluate the effects of clouds on global 
warming and climate change.

Outdoor Air Pollution 
Can Temporarily Slow 
Global Warming
Aerosols (suspended microscopic droplets and solid 
particles) of various air pollutants are released or 
formed in the troposphere by volcanic eruptions 
(Core Case Study) and human activities (Fig-
ure 18-8, p. 476). They can either warm or cool 

the air and hinder or enhance cloud formation depend-
ing on factors such as their size and reflectivity.

Most aerosols, such as light-colored sulfate par-
ticles produced by fossil fuel combustion, tend to 
reflect incoming sunlight and cool the lower atmo-
sphere. Sulfate particles also cool the lower atmosphere 
by serving as condensation nuclei that form cooling 
clouds. Scientists estimate that sulfate particles played 
a roll in slowing global warming between 1880 and 
1970. However, a 2008 study by atmospheric scientist 
V. Ramanathan and his colleagues found that the black 
carbon particulate matter emitted into the air by die-
sel exhaust, burning forests (Figure 10-16, p. 226) and 
grasslands, and cooking with solid fuels (such as coal, 
wood, charcoal, and cow dung) has a warming effect 
on the atmosphere four times greater than was esti-
mated earlier.

Climate scientists do not expect aerosol and soot 
pollutants to counteract or enhance projected global 
warming and the resulting climate change very much 
in the next 50 years for two reasons. First, aerosols and 
soot fall back to the earth or are washed out of the 
lower atmosphere within weeks or months, whereas 
CO2 remains in the lower atmosphere for about 
120 years. Second, aerosol and soot inputs into the lower 
atmosphere are being reduced because of their harmful 
impacts on plants and human health—especially in de-
veloped countries. 

According to the IPCC, the fall in sulfate concen-
trations in most developed countries since 1970 has 
played a role in the warming of the atmosphere, espe-
cially since 1990. This trend will allow further increased 
global warming as sulphate concentrations continue to 
drop because of improved air pollution regulations.

19-2 What Are Some Possible Effects of a 
Warmer Atmosphere?

CONCEPT 19-2 The projected rapid change in the atmosphere’s temperature 
during this century is very likely to increase drought and flooding, shift areas where 
food can be grown, raise sea levels, result in intense heat waves, and cause the 
premature extinction of many species.

▲

Enhanced Global Warming Could 
Have Severe Consequences: Some 
Worst-Case Scenarios
So what is the big deal? Why should we worry about 
the projected rise of only a few degrees in the earth’s 
average surface temperature? We often have that much 
change between May and July, or between yesterday 
and today. The key distinction is that we are not con-
sidering normal swings in local weather (see pp. S47–S48 

in Supplement 8), but a projected, very rapid, global
change in climate—weather measurements averaged 
over decades, centuries, and millennia (Concept 19-2).

Climate scientists are concerned not only about how 
much the temperature changes, but also about how 
rapidly it occurs. Most past changes in the temperature 
of the lower atmosphere took place over thousands to 
hundreds of thousands of years (Figure 19-2, top left). 
The key problem we face is a projected rapid increase in the 
average temperature of the lower atmosphere during this cen-
tury (Figure 19-B).
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Climate models indicate that we must deal with a 
rapidly changing climate that will determine where food 
can be grown and how much food can be grown; which 
areas will suffer from increased drought and which will 
experience increased flooding; and where people and 
many forms of wildlife will live. And we must deal with 
this within this century—warp speed, in terms of the 
earth’s overall climate history (Figure 19-2).

A 2003 U.S. National Academy of Sciences report 
laid out a nightmarish worst-case scenario in which hu-
man activities, alone or in combination with natural 
factors, trigger new and abrupt climate and ecological 
changes. At that point, the global climate system would 
reach an irreversible tipping point after which it would 
be too late to reverse catastrophic changes for tens of 
thousands of years. The report describes ecosystems 
suddenly collapsing, low-lying cities being flooded, 
forests being consumed in vast wildfires, and grass-
lands drying out from prolonged drought and turning 
into dust bowls. It speculates on rivers that now supply 
drinking and irrigation water drying up as mountain 
glaciers that feed them melt. And it describes prema-
ture extinction of up to half of the world’s species, pro-
longed heat waves and droughts, increased flooding, 
more destructive storms, and tropical infectious dis-
eases spreading rapidly beyond their current ranges. 

Climate change already threatens peace and eco-
nomic and military security, as changing patterns 
of rainfall are increasing competition for water and 
food resources, especially in Africa. The much greater 
changes in climate projected for this century could 
cause migrations of tens of millions of people, and lead 
to extensive economic and social disruption.

These possibilities were supported by a 2003 analy-
sis carried out by Peter Schwartz and Doug Randall for 
the U.S. Department of Defense. They concluded that 
global warming and the resulting climate change “must 
be viewed as a serious threat to global stability and 
should be elevated to a U.S. national security concern.” 
In 2004, the United Kingdom’s chief science adviser, 
David A. King, wrote, “In my view, climate change is 
the most severe problem we are facing today—more 
serious even than the threat of terrorism.”

In 2007, the International Institute for Strategic 
Studies, a military security think-tank, warned that if 
the emission of greenhouse gases is allowed to con-
tinue, “the effects will be catastrophic—on the level of 
nuclear war.” In 2007, International Alert, a London-
based conflict resolution group, identified 102 coun-
tries with a high risk of becoming failed states during 
this century. (See Figure 17, p. S19, Supplement 3 for 
a list of current failed states.) These failures would stem 
partly from violent conflict and political instability re-
sulting from shrinking supplies of key resources such as 
food, water, and land, due largely to climate change.

Figure 19-7 summarizes some of the projected ef-
fects of global warming and the resulting changes in 
global climate. These projected changes will affect parts 

of the world differently, as summarized in the maps in 
Figures 22 and 23 on pp. S72–S73 in Supplement 10.

According to the IPCC, a 2 C° (3.6 F°) warming ap-
pears to be inevitable because we have waited too long 
to prevent it, ignoring warnings from a number of pres-
tigious committees of climate scientists for more than 
25 years. Such a temperature increase is probably man-
ageable. But as temperatures increase beyond this level, 
the projected harmful effects and costs of the resulting 
irreversible climate change will escalate rapidly (Fig-
ure 19-7, middle and right). Climate scientists warn that 
a 4 C° (7.2 F°) warming will threaten human civiliza-
tion as we know it and much of the earth’s biodiversity. 
If we do little or nothing, the projected warming could 
be 5 C° (9 F°) by the end of this century. Scientists warn 
that the resulting irreversible changes in global climate 
could lead to a 33–50% decrease in global food produc-
tion, a significant drop in the human population, and 
widespread loss of biodiversity.

It is very important to distinguish between short-
term daily and annual changes in the weather in an 
area and long-term changes in an area’s climate, based 
mostly on temperature and precipitation. Climate is 
described by an area’s weather factors averaged over 
several decades to thousands of years. It is clear that 
the average temperature of the lower atmosphere has 
increased during the last 35 years (Figure 19-B). But 
this does not necessarily mean that the area where you 
live is getting hotter each year. Some years the weather 
will be warmer, and some years it will be cooler. 

Thus, a warmer-than-average year cannot necessar-
ily be attributed to climate change from global warm-
ing, and a cooler-than-average year is not necessarily a 
sign of global cooling or a sign that global warming is 
not taking place. The latter is a common misconception 
that people get when they do not distinguish between 
weather and climate. Nevertheless, average atmo spheric
temperatures are clearly on the rise.

The good news is that we can avoid or sharply re-
duce the projected harmful effects of global warming 
and the resulting climate change if the world takes 
strong global emergency action, beginning now, to 
sharply decrease greenhouse gas emissions and to sta-
bilize greenhouse gas concentrations in the 450–550 
ppm range, and thus to slow the rate of climate change. 
Climate scientists urge immediate emergency action, 
because if we exceed certain tipping points, we will set 
into motion irreversible climate change that will last for 
hundreds to thousands of years. 

In 2007, economist and climate change expert 
Nicholas Stern prepared a report for the British govern-
ment that formed the basis for much of the information 
in Figure 19-7. In 2008, Stern said that he had under-
estimated the threat from global warming. According 
to Stern, 

Emissions are growing much faster than we’d thought, the 
absorptive capacity of the planet is less than we thought, 
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the risks of greenhouse gases are potentially bigger than 
more cautious estimates, and the speed of climate change 
seems to be faster.

Let us look more closely at some of the current 
signs of, and projected effects, of global warming on 
the earth’s climate.

THINKING ABOUT
Weather and Climate

In 2008, some radio talk show hosts said that a colder winter 
in parts of the United States was evidence that all the talk 
about global warming and climate change was wrong. How 
would you respond to such reasoning?

Severe Drought Is Increasing: 
The Browning of the Earth
Recall that drought occurs when evaporation from in-
creased temperatures greatly exceeds precipitation for a 
prolonged period. According to a 2005 study by Aiguo 

Dai and his colleagues, between 1979 and 2002, the 
area of the earth’s land (excluding Antarctica) expe-
riencing severe drought increased from about 15% to 
30%—a total area about the size of Asia.

Prolonged drought over several decades is caused 
by a combination of natural changes and cycles in the 
earth’s climate system and human activities such as 
widespread deforestation and increased greenhouse gas 
emissions. According to the 2007 IPCC report, these 
human influences are very likely to increase through-
out this century.

As this browning of the land increases, in the af-
fected areas, there will be less moisture in the soil; 
stream flows and available surface water will decline; 
net primary productivity will fall; growth of trees and 
other plants will slow, which will reduce CO2 removal 
from the atmosphere and intensify global warming; 
forest and grassland fires will increase, which will 
add CO2 to the atmosphere; water tables will fall with 
more evaporation and irrigation; some lakes and seas 
will shrink or disappear; more rivers will fail to reach 
the sea; 1–3 billion people will face a severe shortage 
of water; biodiversity will decrease; and the area of 
dry climate biomes, such as savannas, chaparral, and 

2°C (3.6°F) Warming with 450 ppm
CO2 (now unavoidable effects)

■ Forest fires worsen

■ Prolonged droughts intensify

■ Deserts spread

■ Major heat waves more common

■ Fewer winter deaths in higher latitudes

■ Conflicts over water supplies increase

■ Modest increases in crop production in  
 temperate regions

■ Crop yields fall by 5–10% in tropical  
 Africa

■ Coral reefs affected by bleaching

■ Many glaciers melt faster and threaten  
 water supplies for up to 100 million  
 people

■ Sea levels rise enough to flood low- 
 lying coastal areas such as Bangladesh

■ More people exposed to malaria

■ High risk of extinction for Arctic  
 species such as the polar bear

3°C (5.4°F) Warming with 550 ppm
CO2 (potentially avoidable effects)

4°C (7.2°F) Warming with 650 ppm
CO2 (potentially avoidable effects)

■ Forest fires and drought increase  
 sharply

■ Water shortages affect almost all  
 people

■ Crop yields fall sharply in all regions  
 and cease in some regions

■ Tropical diseases spread even faster  
 and further

■ Water wars, environmental refugees,  
 terrorism, and economic collapse  
 increase sharply

■ Methane emissions from melting  
 permafrost accelerate

■ Ecosystems such as coral reefs, tropical  
 forests, alpine and Arctic tundra, polar  
 seas, coastal wetlands, and high- 
 elevation mountaintops begin   
 collapsing

■ Glaciers and ice sheets melt faster

■ Sea levels rise faster and flood many   
 low-lying cities and agricultural areas

■ At least half of plant and animal  
 species face premature extinction

■ Forest fires get much worse

■ Prolonged droughts get much worse

■ Deserts spread more

■ Major heat waves and deaths from  
 heat increase

■ Irrigation and hydropower decline

■ 1.4 billion people suffer water   
 shortages

■ Water wars, environmental refugees,  
 and terrorism increase

■ Malaria and several other tropical  
 diseases spread faster and further

■ Crop pests multiply and spread

■ Crop yields fall sharply in many areas,  
 especially Africa

■ Coral reefs severely threatened

■ Amazon rainforest may begin   
 collapsing

■ Up to half of Arctic tundra melts

■ Sea levels continue to rise

■ 20–30% of plant and animal species  
 face premature extinction

Figure 19-7 Some projected effects of global warming and the resulting changes in global climate, based on the 
extent of warming and the total atmospheric concentrations of greenhouse gases in parts per million. According 
to the IPCC, a warming of 2 C° (3.6 F°) over 2005 levels is unavoidable, and an increase of at least 3 C° (5.4 F°) 
is likely sometime during this century (Figure 19-B). (Data from 2007 Intergovernmental Panel on Climate Change 
Report and Nicolas Stern, The Economics of Climate Change: The Stern Report, Cambridge University Press, 2006)
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deserts, will increase. In other words, some of the ef-
fects of prolonged drought over several decades create 
conditions that, through positive feedback, accelerate 
global warming and climate change and lead to even 
more drought.

Ice and Snow Are Melting
Climate models predict that global warming will be the 
most severe in the world’s polar regions, the Arctic and 
Antarctica. Light colored ice and snow in the polar re-
gions help to cool the earth by reflecting incoming so-
lar energy. The melting of such ice and snow exposes 
much darker land and sea, which absorb more solar 
energy. This will likely cause polar regions to warm 
faster than lower latitudes, which will further acceler-
ate global warming and the resulting climate change, 
which in turn will melt more sea ice, which will raise 
atmospheric temperatures more, and faster, in a run-
away positive feedback loop.

The world is losing ice in mountain glaciers and 
in the vast polar ice sheets much faster than scientists 
thought possible only a few years ago. Over the past 

30 years, snow cover in the Arctic has declined by about 
10%, and mountain glaciers are melting and retreating 
(Figure 19-5) in many parts of the world. In 2006, the 
U.S. National Oceanic and Atmospheric Administration 
issued a State of the Arctic report in which researchers 
predicted arctic summers without floating sea ice (Fig-
ure 19-6) by 2040, and perhaps as early as 2013 ac-
cording to some recent studies.

So why should we care if arctic sea ice is melt-
ing? The answer is that this sea ice plays an impor-
tant role in the earth’s climate by affecting the average 
amount of precipitation that falls in certain areas to the 
south over several decades or centuries. For example, 
a loss of arctic sea ice could reduce long-term aver-
age rainfall and snowfall in the already arid American 
West (Figure 13-5, p. 318), thereby affecting food pro-
duction by reducing the availability of irrigation water. 
A loss of arctic sea ice could also increase long-term av-
erage precipitation and flooding in western and south-
ern Europe.

Some good news is that because sea ice floats, it 
does not contribute to a rising sea level when it melts. 
The Arctic’s contribution to a rising sea level will come 

SCIENCE FOCUS

Melting Ice in Greenland

Critical Thinking
List three ways in which the rapid melting of 
ice in Greenland over the next few decades 
could affect your lifestyle or that of any chil-
dren or grandchildren you might have.

the summer of 2007 was equivalent to two 
times all of the ice in the Alps of south-central 
Europe. If this trend continues throughout 
much of this century, more of Greenland’s 
land-based ice will melt, helping to raise the 
world’s average sea level.

reenland, the world’s largest 
island, has a population of about 

60,000 people. Glaciers as deep as 3.2 
k ilometers (2 miles) cover about 80% of this 
mountainous island, which is roughly one-
fourth the size of the continental United 
States.

Greenland’s ice is a result of the last 
ice age and survives only because of its 
huge mass. Its glaciers contain about 10% 
of the world’s freshwater—enough water 
to raise the global sea level by as much as 
7 meters (23 feet) if the glaciers all melt. 
This would flood many coastal cities and 
much of the earth’s farmland. The large 
moving ice mass in a glacier scrapes along 
very slowly, but it can pick up speed when 
meltwater flowing downward through its 
crevices lubricates its bottom, which sits 
on bedrock. As the thickness of the glacier 
decreases, its grip on the land weakens, 
further accelerating its movement toward 
the sea.

Recent satellite measurements show 
that Greenland’s net loss of ice more than 
doubled between 1996 and 2007 and is 
not being replaced by increased snowfall 
(Figure 19-C). According to glacial ice expert 
Konrad Steffen, the record amount of ice 
melted from Greenland’s ice sheet during 
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Figure 19-C Areas of glacial ice 
melting in Greenland during sum-
mer increased dramatically between 
1982 and 2007. If this net melting 
of Greenland’s land-based ice con-
tinues over a number of decades, 
the world’s average sea level will 
rise sharply. (Data from Konrad 
Steffen and Russell Huff, University 
of Colorado, Boulder)
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from land-based ice that melts and runs into the sea 
faster than new ice forms. This is especially true of 
Greenland (Science Focus, at left).

Mountain glaciers are affected by two climatic fac-
tors: average snowfall, which adds to their mass dur-
ing the winter, and average warm temperatures, 
which spur their melting during the summer. These 
high-elevation reservoirs play a vital role in the water 
cycle (Figure 3-17, p. 66) by storing water as ice during 
cold wet seasons and releasing it slowly as meltwater 
during warmer dry seasons. Such glaciers are a major 
source of water for large rivers such as the Ganges, 
which provides water for 407 million people in India 
and Bangladesh, and the Yangtze and Yellow Rivers in 
China. In 2004, Yao Tandong, a leading Chinese gla-
ciologist, predicted that by 2060, two-thirds of China’s 
glaciers will be gone, a development that “will eventu-
ally lead to an ecological catastrophe.”

During the last 25 years, many of the world’s 
mountain glaciers have been melting and shrinking at 
accelerating rates. For example, climate models predict 
that by 2070, Glacier National Park in the United States 
will have no glaciers for the first time in at least 7,000 
years.

In 2007, scientists projected that at their current 
rate of melting, most glaciers will disappear from Eu-
rope’s Alps somewhere between 2037 and 2059. Other 
scientists estimate that 80% of the mountain glaciers in 
South America will be gone by 2025. As these moun-
tain glaciers disappear, millions of people in countries 
such as Bolivia, Peru, and Ecuador, who rely on melt-
water from the glaciers for irrigation and hydropower, 
could face severe water, power, and food shortages.

Since 2006, veteran glaciologists and ice watch-
ers have been amazed and alarmed at how fast ice in 
the polar regions and on the world’s mountaintops 
is melting. According to a 2008 survey of more than 
100 leading climate scientists, the two irreversible cli-
mate tipping points most likely to be exceeded during 
this century are the disappearance of floating ice in the 
Arctic Ocean during the Arctic summers and the accel-
erating loss of ice from the Greenland ice sheet (Science 
Focus, at left) and from many of the world’s mountain-
top glaciers.

Sea Levels Are Rising
According to the 2007 IPCC report, the world’s aver-
age sea level is very likely (with 90–99% certainty) to 
rise 18–59 centimeters (0.6–1.9 feet) during this cen-
tury, and to keep rising for centuries. About two-thirds 
of the increase will result from expansion of water as it 
warms, and the other third from the melting of land-
based ice, especially from the melting of thousands of 
small mountaintop glaciers.

Newer models developed in 2008 suggest that sea 
levels could rise as much as 1–2 meters (3.3–6.6 feet) 
sometime between 2050 and 2100, if glaciers in 
Greenland (Figure 19-C) reach an irreversible tipping 

point and continue melting at their current or higher 
rates as the atmosphere warms. The total area of land 
threatened by rising sea levels increases significantly 
when we factor in storm surges of 6 meters (20-feet) 
or higher, which can accompany tropical cyclones and 
tsunamis. Figure 19-8 shows areas of the U.S. state of 
Florida that would be flooded with an average sea level 
rise of 1 meter (3.2 feet).

According to the IPCC, the projected rise in sea lev-
els during this century (excluding the additional effects 
of storm surges) could cause the following essentially 
irreversible effects:

• Degradation or destruction of at least one third of 
the world’s coastal estuaries, wetlands, and coral 
reefs.

• Disruption of many of the world’s coastal fisheries.

• Flooding of low-lying barrier islands and erosion 
and retreat of gently sloping coastlines (espe-
cially on the U.S. Eastern and Gulf Coasts). U.S. 
states that would loose the most land to flood-
ing are Louisiana (Figure 8-19, p. 178), Florida 
(Figure 19-8), North Carolina, Texas, and South 
Carolina.

• Flooding of agricultural lowlands and deltas in 
coastal areas where much of the world’s rice is 
grown.

• Contamination of freshwater coastal aquifers with 
saltwater and brackish water and decreased sup-
plies of groundwater currently used for irrigation, 
drinking, and cooling power plants in such areas.

• Submergence of low-lying islands in the Pacific 
Ocean, the Caribbean Sea, and the Indian Ocean 
(Figure 19-9, p. 510), which are home to 1 of every 
20 of the world’s people.
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Figure 19-8 Areas of the U.S. state of Florida that will be flooded 
(red) if the average sea level rises by 1 meter (3.2 feet). (Data from 
Jonathan Overpeck and Jeremy Weiss based on U.S. Geological 
Service Data) 
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• Flooding of coastal areas, including some of the 
world’s largest cities, and displacement of at least 
100 million people, especially in China, India, 
Bangladesh, Vietnam, Indonesia, Japan, Egypt, 
the United States, Thailand, and the Philippines. 
A 2007 study by the Organization for Economic 
Cooperation and Development (OECD) estimated 
that, by 2070, coastal flooding from a sea level 
rise of 0.5 meter (1.6 feet) would affect 150 mil-
lion people and cause property and other dam-
ages of $35 trillion (roughly equal to the current 
global world product). The United States would 
suffer the highest estimated monetary loss—over 

$3.5 trillion. The study projected that the following 
cities, in order, as most likely to suffer serious dam-
ages from such flooding: Calcutta (India), Mumbai 
(India), Dhaka (Bangladesh), Guangzhou (China), 
Ho Chi Minh City (Vietnam), Shanghai (China), 
Bangkok (Thailand), Rangoon (Myanmar), Miami 
(USA), and Hai Phong (Vietnam). See The Habitable 
Planet, Video 5, at www.learner.org/resources/
series209.html for a discussion of the effects of 
projected rising sea levels on densely populated, 
low-elevation coastal areas in Vietnam, and on 
New York City in the United States.

Such changes are unlikely to take place soon. But 
climate scientists warn that they are very likely to occur 
during your lifetime, unless the world takes immediate 
emergency action to slow or prevent such irreversible 
changes. Many scientists argue that our most urgent 
priority is to do all we can to avoid any and all irreversible 
climate or ecological tipping points. Once we reach such a 
point, there is no going back. It is like going over a cliff.

Permafrost Is Likely to Melt: 
Another Dangerous Scenario
The amount of carbon locked up as methane in perma-
frost soils is 50–60 times the amount emitted as carbon 
dioxide from burning fossil fuels each year. If the per-
mafrost in soil and lake bottoms in parts of the rapidly 
warming Arctic melts, significant amounts of methane 
(CH4) and carbon dioxide (CO2) will be released into 
the atmosphere, and this will accelerate global warm-
ing and the resulting climate change.

According to the 2004 Arctic Climate Impact Assess-
ment, 10–20% of the Arctic’s current permafrost might 
thaw during this century, decreasing the total area of 
arctic tundra (Figure 19-10). The resulting increase in 
emissions of CH4 and CO2 would cause more warming, 
which would in turn melt more permafrost and cause 
still more warming and climate change in yet another 
positive feedback loop.

Ocean Currents Are Changing 
but the Threat Is Unknown
Shallow and deep ocean currents are connected and 
move like a gigantic conveyor belt, transferring CO2 
and warm and cool water between the surface and 
the depths and between the tropics and the poles (Fig-
ure 7-5, p. 143).

Scientists are concerned that melting of land-
based glaciers (especially in Greenland) and increased 
rain in the North Atlantic, both due to global warm-
ing, could add enough freshwater to the ocean in the 
arctic area to slow or disrupt this conveyor belt. Reach-
ing this irreversible tipping point would drastically alter 
the climates of northern Europe, northeastern North 

Figure 19-9 For a low-lying island nation like the Maldives in the Indian Ocean, even a 
small rise in sea level could spell disaster for most of its 295,000 people. About 80% of 
the 1,192 small islands that make up this country lie less than 1 meter (3.2 feet) above 
sea level. Rising sea levels and higher storm surges during this century could flood most 
of these islands and their coral reefs.

Boreal
Forest

Boreal
Forest

RUSSIA RUSSIAARCTIC
TUNDRA

Current 2090–2100

Figure 19-10 Projected decline in arctic tundra (Figure 7-12, bottom, p. 151) in por-
tions of eastern Russia between 2004 and 2100 as a result of global warming. The 
melting of permafrost in such tundra soils could release the greenhouse gases CH4 and 
CO2 and accelerate global warming, which would melt more tundra. This loss of arctic 
tundra could reduce grazing lands for caribou and breeding areas for a number of 
tundra-dwelling bird species. Shrubs and small trees and eventually boreal, or northern 
coniferous, forests (Figure 7-15, bottom, p. 154) would gradually replace the lost tun-
dra. (Data from Intergovernmental Panel on Climate Change and 2004 Arctic Climate 
Impact Assessment)
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America, and probably Japan (Concept 19-2). Most cli-
mate scientists do not see this as a threat in the near 
future, based on projected temperature increases (Fig-
ure 19-B). But we still have much to learn about this 
pattern of ocean circulation, and ice in land-based gla-
ciers is melting faster than most scientists expected.

Extreme Weather Will Increase 
in Some Areas
According to the IPCC, global warming will increase the 
incidence of extreme weather such as heat waves and 
droughts in some areas, which could kill large numbers 
of people, reduce crop production, and expand deserts. 
At the same time, because a warmer atmosphere can 
hold more moisture, other areas will experience in-
creased flooding (especially flash floods) from heavy 
and prolonged precipitation. (See Figures 22 and 23, 
pp. S72 and S73, in Supplement 10 for maps of how 
different parts of the world may be affected by pro-
jected global warming.)

There is controversy over the question of whether 
global warming will increase the frequency and inten-
sity of tropical storms and hurricanes (Figure 9, p. S51, 
Supplement 8). In 2008, climatologists Mark Saunders 
and Adam Lea analyzed data collected since 1950 and 
found that for every increase of about 0.8 C° (1 F°) in 
the water temperature of the Atlantic Ocean, the over-
all number of hurricanes and tropical storms increased 
by about a third. The number of intense hurricanes, 
with winds over 177 kilometers per hour (110 miles 
per hour), increased by 45%.

An example of such increasing hurricane inten-
sity was Hurricane Katrina, which occurred in 2005, 
a year when Atlantic water temperatures were espe-
cially warm. With an 8.5-meter-(28-foot-) high storm 
surge, Katrina caused massive damage and flooding in 
New Orleans, Louisiana (USA) (Figure 8-18, p. 177) 
and the surrounding area and killed more than 1,500 
people. The 2005 hurricane season was the most active 
on record.

Satellite imaging revealed that wind and long-
term exposure to water from hurricanes Katrina and 
Rita in 2005 killed or severely damaged more trees in 
Mississippi and Louisiana than any recorded forestry di-
saster in U.S. history. This contributed to global warm-
ing, according to a 2007 study by Jeffrey Q. Chambers 
and his colleagues. They found that the estimated 
loss of over 320 million big trees sharply reduced the 
amount of CO2 removed from the atmosphere. In ad-
dition, the researchers estimated that as the dead and 
damaged trees decayed, they emitted CO2 equal to the 
total amount that all forest trees in the United States 
absorb in a year.

A 2005 statistical analysis by MIT climatologist 
Kerry Emmanuel and six other peer-reviewed stud-
ies published in 2006 also indicated that global warm-
ing, on average, could increase the size and strength 

of Atlantic storms and their storm surges by warming 
the ocean’s surface water. However, some researchers 
blame the ups and downs in ferocity of tropical Atlan-
tic hurricanes on natural climate cycles that can change 
ocean circulation patterns. And in 2007, NASA climate 
researchers hypothesized that warmer water in the 
Atlantic could increase vertical wind shear—the differ-
ence in wind direction or speed at different altitudes—
which can help to inhibit hurricane formation. More 
research is needed to resolve the scientific controversy 
over the effects of global warming on hurricane fre-
quency and intensity.

Global Warming Is a Major Threat 
to Biodiversity
According to the 2007 IPCC report, changes in climate 
resulting from global warming are now affecting physi-
cal and biological systems on every continent and are 
altering ecosystem services (Figure 1-3, p. 8) in some 
areas. A warmer climate could expand ranges and 
populations of some plant and animal species that can 
adapt to warmer climates, including certain weeds; in-
sect pests, such as cockroaches, fire ants, and ticks; and 
some disease-carrying organisms.

According to the 2007 IPCC study, approximately 
30% of the land-based plant and animal species as-
sessed so far could disappear if the average global 
temperature change exceeds 1.5–2.5 C° (2.7–4.5 F°).
This percentage could grow to 70% if the tempera-
ture change exceeds 3.5 C° (6.3 F°) (Concept 19-2). The 
hardest hit will be plant and animal species in colder 
climates, such as the polar bear in the Arctic and pen-
guins in Antarctica; species at higher elevations; plant 
and animal species with limited ranges, such as some 
amphibians (Figure 4-9, p. 87); and those with limited 
tolerance for temperature change.

A 2007 study by the Convention on Migratory 
Species warned that global warming could also disrupt 
the biological clocks of birds, whales, and other migra-
tory species. This could put many of them in the wrong 
places at the wrong times and make them more vulner-
able to food shortages, heat waves, droughts, or cold 
snaps that would accompany climate change in various 
parts of the world.

The ecosystems most likely to suffer disruption 
and species loss from climate change are coral reefs 
(Figure 19-11, p. 512), polar seas, coastal wetlands, 
high-elevation mountaintops, and alpine and arctic 
tundra (Figure 19-10). Some types of forests unable to 
migrate fast enough to keep up with climate shifts will 
decline, and others, such as oak–pine and oak–hickory 
forests in the United States, may expand northward. 
Mostly because of drier conditions, forest fires may in-
crease in some areas such as the southeastern and west-
ern United States. This would severely degrade some 
forest ecosystems, add more CO2 to the atmosphere, re-
duce total CO2 uptake by plants, and accelerate global 
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warming and climate change through still another posi-
tive feedback loop.

A warmer climate can also greatly increase popu-
lations of insects and fungi that damage trees. In the 
Canadian province of British Columbia, for exam-
ple, warmer winters have led to surges in mountain 
pine beetle populations that have infected huge areas 
of lodgepole pine forests, which are now dying (Fig-
ure 19-12). Pine beetles have also damaged about 60% 
of the lodgepole pines in the U.S. state of Colorado, 
which has been experiencing warmer winters. In 
Yellowstone Park in the United States, global warming 
has increased beetle infestations of white bark pine trees 
that grow at high altitudes. This threatens the park’s 
grizzly bears, which feed on white bark pine seeds.

Shifts in regional climate would also threaten many 
existing parks, wildlife reserves, wilderness areas, and 
wetlands—wiping out more biodiversity. In other 
words, slowing global warming and the resulting cli-
mate change would help to sustain the earth’s biodi-
versity, which in turn supports us and our economies 
(Science Focus, p. 218).

Climate Change Will Shift Areas 
Where Crops Can Be Grown
Farming, probably more than any other human activ-
ity, depends on a stable climate. Thus, farmers will face 
dramatic changes due to shifting climates and a faster 
hydrologic cycle, if global warming continues as pro-
jected (Figure 19-B).

Agricultural productivity may increase in some ar-
eas and decrease in others. According to the 2007 IPCC 
report, crop productivity is projected to increase slightly 
at middle to high latitudes if global temperatures rise 
by 1–3 C° (1.8–5.4 F°), but productivity would likely 
decrease at higher temperatures (Figure 22, p. S72, 
in Supplement 10). Models project that moderately 
warmer temperatures and increased precipitation at 
northern latitudes may lead to a northward shift of 
some agricultural production to parts of midwestern 
Canada, Russia, and Ukraine. But overall food produc-
tion could decrease because of unsuitable soils in these 
northern regions. There could be a 10–15% drop in 
rainfall in the United States and several other parts of 
the world. But as long as the temperature does not rise 
by more than 3 C° (5.4 F°), scientists hope that new 
genetically modified varieties of key food crops could 
tolerate this drier climate.

Climate change models predict a decline in agricul-
tural productivity in tropical and subtropical regions, 
especially in Southeast Asia and Central America, 
where many of the world’s poorest people live. In ad-
dition, flooding of river deltas due to rising sea levels 
could reduce crop and fish production in these produc-

Figure 19-12 With warmer winters, exploding populations of mountain pine beetles 
have munched their way through large areas of lodgepole pine forest (orange colored 
trees) in the Canadian province of British Columbia. Foresters are trying to reduce the 
threat by planting a mix of trees less susceptible to the pest—an example of applying 
the biodiversity principle of sustainability.
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Figure 19-11 Changes in average temperatures of ocean water, relative to the coral bleaching threshold, past 
and projected, 1860–2100. As temperatures consistently remain above the bleaching threshold, global losses of 
coral reefs due to coral bleaching (Figure 8-1, right, p. 162) are projected to increase dramatically. Other threats to 
reefs are increasing ocean acidity and the spread of infectious diseases as ocean temperatures rise due to projected 
global warming. However, a 2007 study by researchers at the Australian Institute of Marine Science suggested that 
some reefs store several types of algae, including heat-resistant types that can cope with warmer water. Neverthe-
less, this would not help to prevent disintegration of some coral reefs caused by the increasing acidity of ocean 
water. (Data from Intergovernmental Panel on Climate Change)
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tive agricultural lands and nearby coastal aquaculture 
ponds. Food production could also decrease in farm 
regions dependent on rivers fed by snowmelt and gla-
cier melt; arid and semiarid areas where prolonged 
drought will increase; and humid areas in southeastern 
Asia that are vulnerable to changes in monsoon pat-
terns, which could bring more devastating storms and 
heavier flooding.

According to the IPCC, for a time, food will be plen-
tiful because of the longer growing season in northern 
regions. But by 2050, the IPCC warns that some 200–
600 million of the world’s poorest and most vulnerable 
people could face starvation and malnutrition from the 
effects of climate change.

Climate Change Will Threaten 
the Health of Many People
According to the IPCC and a 2006 study by U.S Na-
tional Center for Atmospheric Research, heat waves in 
some areas will be hotter, more frequent and longer. 
This will increase the number of deaths and illnesses, 
especially among older people, those with poor health, 
and the urban poor who cannot afford air condition-
ing. During the summer of 2003, a major heat wave 
killed about 52,000 people in Europe (an estimate 
based on a detailed analysis in 2006 by the Earth Policy 
Institute)—almost two-thirds of them in Italy and 
France.

On the other hand, in a warmer world, fewer peo-
ple will die from cold weather. However, a 2007 study 
by Mercedes Medin-Ramon and his colleagues suggests 
that increased numbers of heat-related deaths will be 
greater than the projected drop in cold-related deaths 
in a warmer world.

A warmer, CO2-rich world will be a great place for 
rapidly multiplying insects, microbes, toxic molds, and 
fungi that make us sick, and for plants that produce 

allergenic pollens. Longer and more intense pollen 
seasons will mean more itchy eyes, runny noses, and 
asthma attacks. Insect pests and weeds will likely mul-
tiply, spread, and reduce crop yields.

In a warmer world, microbes that cause tropical 
infectious diseases such as dengue fever, yellow fever, 
and malaria (Figure 17-7, p. 445) are likely to expand 
their ranges and their prevalence, if mosquitoes that 
carry them spread to temperate and higher elevation 
areas that are getting warmer. And while more fre-
quent prolonged droughts would sharply reduce popu-
lations of mosquitoes, populations of their predators, 
such as dragonflies and damselflies would also decline. 
In addition, hunger and malnutrition will increase in 
areas where agricultural production drops.

Higher atmospheric temperatures will also increase 
some forms of air pollution. The greatest effect will 
be to speed up the rate of the chemical reactions that 
produce ozone and other harmful chemicals in photo-
chemical smog in urban areas (Figure 18-10, p. 477).

Increasing illness, hunger, flooding, and drought 
will likely lead to forced migrations of tens of millions 
of people. Environmental scientist Norman Myers says 
that climate change during this century could produce 
at least 150 million, and perhaps 250 million, environ-
mental refugees. The higher estimate would be equal 
to about four-fifths of the current U.S. population. (See 
Myers’s Guest Essay on this topic on the website for 
this chapter.)

A 2005 WHO study estimates that each year, climate 
change already contributes to the premature deaths of 
more than 150,000 people—an average of 410 people a 
day—and that this number could double by 2030. Most 
of these deaths are the result of increases in malaria, 
diarrhea, malnutrition, and floods that can be traced to 
climate change. In addition, the WHO estimates that 
climate change causes 5 million sicknesses each year. 
By the end of this century, the annual death toll from 
climate change could be in the millions.

19-3 What Can We Do to Slow Climate Change?
CONCEPT 19-3A To slow the rate of global warming and climate change, we can 
increase energy efficiency, sharply reduce greenhouse gas emissions, rely more on 
renewable energy resources, and slow population growth.
CONCEPT 19-3B Governments can subsidize energy efficiency and renewable 
energy use, tax greenhouse gas emissions, set up cap-and-trade emissions reduction 
systems, and help to slow population growth.

▲
▲

Dealing with Climate Change 
Is Difficult
It is becoming increasingly clear that addressing climate 
change could be one of the most urgent scientific, polit-
ical, economic, and ethical issues that humanity faces. 

But the following characteristics of this complex prob-
lem make it difficult to tackle:

• The problem is global. Dealing with this threat will 
require unprecedented and prolonged international 
cooperation.
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• The effects will last a long time. Carbon dioxide mole-
cules emitted by burning coal for the past 120 years 
are still in the atmosphere and those we emit today 
will also be around for about 120 years. Once set 
into motion, irreversible climate change due to ex-
cessive emissions of greenhouse gases will last hun-
dreds to thousands of years.

• The problem is a long-term political issue. Voters and 
elected officials generally respond well to short-
term problems but have difficulty acknowledging 
and coping with long-term threats. Most of the 
people who will suffer the most serious harm from 
projected climate change during the latter half of 
this century, caused by our failure to act, have yet 
to be born.

• The harmful and beneficial impacts of climate change 
are not spread evenly. There will be winners and 
losers in the event of moderate climate change. 
Higher latitude nations such as Canada, Russia, 
Scandinavia, Greenland, and New Zealand, could 
have higher crop yields [with temperature in-
creases no greater than 3 C° (5.4 F°)], fewer deaths 
in winter, lower heating bills, and more tourism. 
The catch: We will not know who will benefit and 
who will suffer until it is too late to avoid harm-
ful effects. And at some temperature threshold 
(Figure 19-7), essentially everyone will be harmed 
directly or indirectly.

• Many proposed actions that might reduce the threat of 
climate change, such as phasing out use of fossil fuels, 
are controversial because they would disrupt economies 
and lifestyles. But waiting too long to slow climate 
change would also disrupt economies and lifestyles, 
probably to an even greater extent, according to a 
2008 study by the OECD.

RESEARCH FRONTIER

Predicting the effects of climate change caused mostly by 
global warming in different parts of the world. See academic
.cengage.com/biology/miller.

What Are Our Options?
There are two basic approaches to dealing with the pro-
jected harmful effects of global climate change. One is 
to drastically reduce greenhouse gas emissions to slow 
down the rate of warming in time to prevent major 
climate changes. The other is to recognize that some 
warming is unavoidable and to devise strategies to re-
duce its harmful effects. Most analysts believe we need 
a mix of both approaches.

In 2006, NASA climate scientist, James Hansen 
(Core Case Study), warned that we probably 
have no longer than a decade to mount a mas-
sive global effort to prevent an irreversible change in 

the earth’s climate that will fundamentally alter the 
planet, cause ecological and economic havoc, and 
threaten civilization as we know it. He and other prom-
inent climate scientists urge policymakers and business 
leaders to mount an unprecedented crash program 
to cut global carbon dioxide emissions by 50–85% by 
2050 in an effort to slow down or avoid major climate 
change and its harmful effects (Figure 19-7).

The question is, will enough individuals exert suf-
ficient bottom up political pressure and consumer pres-
sure (through their purchases) to reach a political tipping 
point? At that point, such pressure could force elected 
officials and business leaders to implement well-known 
solutions on an urgent basis to avoid reaching various 
irreversible climate change tipping points.

HOW WOULD YOU VOTE?

Should we take serious action now to help slow climate 
change resulting from human activities? Cast your vote online 
at academic.cengage.com/biology/miller.

Avoiding Catastrophe: 
We Can Reduce the Threat 
of Climate Change
The good news is that we know a number of ways to 
slow the rate and degree of global warming and the re-
sulting climate change caused by our activities, as sum-
marized in Figure 19-13.

These solutions come down to three major input
or prevention strategies: improve energy efficiency to reduce 
fossil fuel use; shift from nonrenewable carbon-based fossil 
fuels to a mix of carbon-free renewable energy resources; and 
stop cutting down tropical forests (Concept 19-3A). A fourth 
strategy—which is an output strategy—is to keep burning 
fossils fuels but to capture and store as much CO2 as possible 
in soil, in vegetation, underground, and in the deep ocean and 
to hope that it will never leak out. If a substantial amount 
of stored CO2 somehow leaked into the environment, it 
would rapidly increase global warming and accelerate 
global climate change. 

The effectiveness of these strategies would be en-
hanced by reducing population, which would decrease 
the number of fossil fuel consumers and CO2 emit-
ters. It would also help to reduce poverty, which would 
decrease the need of the poor to clear more land for 
crops and fuelwood. The three input strate-
gies and the population control strategy follow 
the four scientific principles of sustainability (see 
back cover).

U.S. scientists Robert Socolow and Stephen Pacala 
at Princeton University have outlined a plan for hold-
ing 2057 CO2 levels to those in 2007 in order to help us 
avoid harmful effects such as those shown in the mid-
dle section of Figure 19-7. They have identified 15 dif-
ferent strategies, which they call climate stabilization 
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wedges (Figure 19-14). Phasing in each wedge would 
reduce CO2 emissions by roughly the same amount 
during the coming 50-year period. They estimate that 
getting CO2 emissions to 2007 levels by 2057, and 
holding them there would require implementing any 8 
of the 15 wedges during the next 5 decades or phasing 
in amounts of all 15 wedges sufficient to be the equiva-
lent of implementing 8 wedges. 

Socolow and Pacala have turned their proposals into 
a role-playing wedges game that is being adapted and 
used in some schools. A 2007 study by the American 
Solar Energy Association showed how implementing 
just the energy efficiency and renewable energy wedge 
strategies alone could lead to a 60–80% reduction in 
greenhouse gas emissions by 2050.

HOW WOULD YOU VOTE?

Should we drastically reduce the use of fossil fuels over the 
next 50 years? Cast your vote online at academic.cengage
.com/biology/miller.

Environmental expert Lester R. Brown, believes 
that the CO2 reductions proposed by Socolow and 
Pacala are not enough. In his 2008 book, Plan B 3.0: Mo-
bilizing to Save Civilization (Norton), he outlines a global 
emergency plan to cut CO2 emissions by 80% by 2020. 
Brown argues that such a course is necessary in order 
to keep climate change from spiraling out of control 
and threatening human civilization as we know it.

We have looked at several ways to reduce the re-
lease of greenhouse gases to the atmosphere in order 
to slow climate change, involving energy efficiency, 
renewable energy, nuclear power, synfuels from coal, 
stopping or sharply reducing tropical deforestation, 

S O L U T I O N S
Global Warming

Remove CO2 from 
smokestack and 
vehicle emissions

Store (sequester) 
CO2 by planting 
trees

Sequester  CO2  

deep underground 
(with no leaks 
allowed)

Sequester CO2 in 
soil by using no-till 
cultivation and 
taking cropland out 
of production

Sequester CO2 in 
the deep ocean 
(with no leaks 
allowed)

Repair leaky natural 
gas pipelines and 
facilities

Use animal feeds 
that reduce CH4  

emissions from cows 
(belching)

Cut fossil fuel use 
(especially coal)

Shift from coal to 
natural gas

Improve energy 
efficiency

Shift to renewable 
energy resources

Transfer energy 
efficiency and 
renewable energy 
technologies to 
developing countries

Reduce deforestation

Use more sustainable 
agriculture and 
forestry

Limit urban sprawl

Reduce poverty

Slow population 
growth 

Prevention Cleanup

Figure 19-13 Methods for slowing atmospheric warming and the 
resulting climate change during this century (Concept 19-3A). 
Question: Which five of these solutions do you think are the most 
important? Why?

Increase the average fuel economy of the 2 billion cars projected to 
exist by 2057 to 26 kpl (60 mpg).

Cut the average distance traveled by all cars in 2057 to no more 
than 8,000 kilometers (5,000 miles) per year.

Cut electricity use in homes, offices, and stores by 25%.

Increase efficiency of 1,600 large coal-fired power plants from 40% 
to 60%.

Energy Efficiency and Conservation

Increase solar power 700-fold to displace coal-fired plants.

Increase wind power 25-fold to displace coal-fired plants.

Increase wind power 50-fold to make hydrogen for fuel-cell cars. 

Renewable Energy

Increase ethanol biofuel production 50-fold by growing crops on 
one-sixth of the world’s cropland.

Replace 1,400 coal-fired plants with natural-gas-fired plants.

Displace coal-fired plants by tripling electricity production from 
nuclear power plants. 

Stop all deforestation.

Use conservation tillage on all cropland.

Install Carbon Capture and Storage (CCS) at 800 large coal-fired plants

Install CCS at enough large coal-fired plants to produce hydrogen for 
1 million fuel-cell cars.

Install CSS at enough coal-to-syngas plants to produce 30 million 
barrels of synfuels per day.

Lower Carbon Emitting Fuels

Forestry and Agriculture

Carbon Capture and Storage (CCS)

Figure 19-14 Fifteen ways to cut CO2 emissions. Each strategy, called a climate 
stabilization wedge, cuts CO2 emissions by roughly the same amount. Princeton 
University scientists, Robert Socolow and Stephen Pacala, who developed this strat-
egy, estimate that to keep global CO2 emissions from doubling as projected between 
2007 and 2057, the world would have to phase in eight of these wedges or the 
equivalent of that by 2057. Wedges based on other technologies or strategies could 
also be used. Questions: Which of these wedges are input strategies that prevent or re-
duce CO2 emissions and which are output strategies that try to deal with CO2 after it is 
produced? Which eight of these wedges would you choose to implement over the next 
50 years? Explain. (Data from Robert H. Socolow and Stephen W. Pacala, 2006, 2007)
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and using no-till soil cultivation. Let us now look more 
closely at some of the output solutions shown in Figure 
19-15—strategies for removing some of the CO2 from 
the atmosphere or from smokestacks and storing (se-
questering) it in other parts of the environment.

One way to increase the uptake of CO2 is by imple-
menting a massive global tree-planting program, espe-
cially on degraded land in the tropics, on an emergency 
basis. The 2007 global campaign to plant a billion trees, 
inspired by Nobel laureate Wangari Maathai (Individ-
uals Matter, p. 230), is a start. China and Africa each 
have a program to plant a Great Green Wall of Trees to 
stop the spread of desertification.

However, according to estimates by Lester R. Brown 
and the Swedish energy firm Vattenfall, to effectively 
slow global warming and the resulting climate change, 
the world must plant at least 4 billion trees, assuming 
that half of them will survive. This will cost about $200 
billion or $20 billion a year for a decade. Tree planting 
would have to continue to a lesser degree, indefinitely, 
because trees decrease their CO2 uptake as they mature 
and release their stored CO2 back into the atmosphere 
when they die and decompose or are burned.

A second output approach is to plant large areas 
of degraded land with fast-growing perennial plants 
such as switchgrass (Figure 16-26, p. 425), which 
remove CO2 from the air and store it in the soil and 
can be harvested to produce biofuels such as ethanol. 

This approach would not involve clearing forests. (See 
The Habitable Planet, Video 10, at www.learner.org/
resources/series209.html for a discussion of how sci-
entists are using an outdoor grassland as a laboratory to 
measure the carbon uptake of plants.)

In 2007, biologist Renton Righelato and climate 
scientist Dominick Spracklen analyzed a number of 
strategies for reducing or avoiding CO2 emissions. They 
concluded that the amount of carbon that could be se-
questered by restoring forests is greater than the amount 
of carbon in CO2 emissions that would be avoided 
by the use of biofuels, such as ethanol and biodiesel 
(pp. 423–426). The Case Study that follows explores 
another output approach.

■ CASE STUDY

Is Capturing and Storing CO2 
the Answer?
A third output approach is carbon capture and stor-
age (CCS). It involves removing CO2 from the smokestacks 
of coal-burning power and industrial plants and then storing 
it somewhere. CO2 gas could be pumped deep under-
ground into coal beds and abandoned oil and gas fields. 
(See The Habitable Planet, Video 10, at www.learner
.org/resources/series209.html for a discussion of 
how scientists are evaluating this form of CCS.) Or the 

Tree plantationCoal power
plant

Tanker delivers
CO2 from plant
to rig

Oil rig

CO2 is pumped
down from rig for
disposal in deep
ocean or under
seafloor sediments

Abandoned
oil field

Crop fieldCrop field

CO2 is pumped
underground

SwitchgrassSwitchgrass

= CO2 pumping

= CO2 deposit

CO2 is pumped
underground

Spent oil or
natural gas
reservoir

Deep, saltwater-filled cavern

Spent coal
bed cavern

Spent oil or
natural gas
reservoir

Deep, saltwater-filled cavern

Spent coal
bed cavern

Figure 19-15 Solutions: some out-
put methods for removing carbon 
dioxide from the atmosphere or from 
smokestacks and storing it in plants, 
soil, deep underground reservoirs, or 
the deep ocean. Question: Which 
two of these solutions do you think 
are the most important? Why?

www.learner.org/resources/series209.html
www.learner.org/resources/series209.html
www.learner.org/resources/series209.html
www.learner.org/resources/series209.html
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gas could be liquefied and injected into thick sediments 
under the sea floor (Figure 19-15).

Analysts point to several problems with this ap-
proach. One is that power plants using CCS are much 
more expensive to build and operate than conventional 
coal-burning plants and thus would sharply raise the 
price of electricity for consumers. Without strict govern-
ment regulation of CO2 emissions, carbon taxes to bring 
coal prices in line with environmental costs, or gener-
ous subsidies and tax breaks, coal-burning utilities and 
industries have no incentive to build such plants. Ac-
cording to the U.S. Department of Energy, the current 
costs of CCS systems will have to be reduced by a factor 
of ten before these systems will be widely used.

A second problem is that CCS is an unproven tech-
nology that would remove only part (perhaps 25–35%) 
of the CO2 from smokestack emissions. No plants us-
ing CCS exist, and building and testing them could take 
20–30 years and huge amounts of money with no guar-
anteed successes. A third problem is that this process 
requires large inputs of energy, which could increase 
CO2 emissions and cancel out some of the gains made 
from collecting and storing some of the CO2.

A fourth problem is that CCS promotes the contin-
ued use of coal, which should probably be phased out. 
Coal companies talk about a future based on greatly 
increased use of clean coal technologies, such as coal-to-
synfuels. But even with successful CCS and cleaner coal 
technologies, coal is by far the world’s dirtiest fuel to dig 
up and burn (Figures 15-15, right, p. 385, and 15-16, 
right, p. 386). And if coal’s harmful environmental 
costs were included in its price, burning coal would be 
a very costly way to produce electricity compared to 
most other alternatives (Table 16-1, p. 416).

It is not surprising that coal companies are pushing 
for a shift to CCS coal-fired plants to be funded with 
the help of generous taxpayer subsidies and tax breaks. 
Indeed, without CCS, the conventional coal industry 
probably will not survive in the long term. And because 
converting coal to synfuels produces twice as much 
CO2 per volume of fuel as burning gasoline, CCS also 
helps to make the coal-to-synfuels industry more fea-
sible. This helps to assure a future for the coal industry, 
which will ensure continued increasing CO2 emissions.

A fifth problem is that providing huge government 
subsidies and taxbreaks for developing and testing CCS 
technology would divert or reduce the huge subsidies 
and taxbreaks needed for the rapid development of so-
lar, wind, geothermal, and other forms of renewable 
energy that reduce rather than attempt to deal with 
CO2 emissions.

A sixth very serious potential problem with CCS is 
that essentially no leaks are allowed. In effect, the stored 
CO2 would have to remain sealed from the atmosphere 
forever. Any large-scale leaks due to earthquakes, other 
geological events, or wars, as well as any number of 
smaller continuous leaks from storage sites around the 
world, could dramatically increase global warming and 
the resulting climate change in a very short time. 

According to a 2007 estimate by environmental 
scientist Peter Montague, if 25% of the carbon in the 
world’s estimated remaining fossil fuels were seques-
tered, any leakage greater than 0.16% of the total 
amount stored per year could eventually result in run-
away global warming and climate change. And if 75% 
of the world’s estimated remaining carbon in fossil fu-
els were sequestered, it would take a leakage of only 
0.05% of the amount stored per year to lead to the 
same result. Montague contends that we cannot bury 
several trillion tons of CO2 in the ground or under the 
sea with complete confidence that leaks totaling 0.05% 
of the total amount stored per year will not occur at 
any time in the future.

According to the precautionary principle 
(Concept 9-4C, p. 206), we should not rely on 
a technology that commits us to an essentially 
irreversible threat. Reliance on nuclear power commits 
human societies to fail-safe storage of dangerous radio-
active wastes for up to 240,000 years. But Montague 
points out that relying on CCS to store much of the 
CO2 we produce commits human societies to fail-safe 
storage of the CO2 forever.

To coal companies, CCS is the wave of the future 
that will help to keep them in business. To scientists 
like Peter Montague, CCS is an extremely risky output 
solution to a serious problem that can be dealt with by 
using a variety of cheaper, quicker, and safer input ap-
proaches (Figure 19-13, left). To these scientists, when 
we face a problem such as CO2 coming out of a smoke-
stack or exhaust pipe, the most important question to 
ask is not what do we do with it, but how do we avoid 
producing the CO2 in the first place?

THINKING ABOUT
Carbon Capture and Storage

Are you in favor of relying on carbon capture and storage 
to deal with some of the carbon dioxide that we produce by 
burning coal? Explain.

Should We Use Geo-Engineering 
Schemes to Help Slow Climate 
Change?
Carbon capture and storage (CCS) is one proposed geo-
engineering scheme for helping us to slow global warm-
ing and the resulting climate change. Most scientists 
oppose using such large-scale solutions, because the 
long-term effects of such projects on the earth’s energy 
flow, chemical cycling processes, and vital biodiversity 
are unknown.

However, in recent years, some scientists have be-
come discouraged by the glacially slow response of 
governments to what they see as the global emergency 
of climate change with its projected serious harmful ef-
fects. Some of these scientists are suggesting that we at 
least look at the possible implications and costs of using 



518 CHAPTER 19  Climate Change and Ozone Depletion

large-scale geo-engineering schemes as a last resort, if 
humanity fails to deal with the world’s climate change 
emergency soon enough.

For example, some scientists have suggested us-
ing balloons, large jet planes, or giant cannons to in-
ject sulfate particles into the stratosphere where they 
might reflect some of the incoming sunlight into space 
and thus cool the troposphere. It is thought that the ef-
fect would be similar to the cooling effect that lasted 
about 15 months after the 1991 volcanic eruption of 
Mt. Pinatubo (Core Case Study, Figure 19-1). 
Huge amounts of SO2 would have to be in-
jected into the stratosphere about every 2 years.

Other scientists reject this idea as being too risky 
because of our limited knowledge about possible un-
known effects. In addition, such a scheme could ac-
celerate ozone depletion by boosting levels of ozone-
destroying chlorine in the stratosphere; it could also 
increase acid rain in the troposphere (Figure 18-12, 
p. 479). This short-term technological fix would also 
allow CO2 levels in the lower atmosphere to continue 
rising, which would increase the acidity of the oceans, 
thereby decreasing their ability to absorb CO2 and dis-
rupting ocean life (p. 504). This could then accelerate 
global warming and climate change. 

Some scientists would deal with this problem by 
building a global network of thousands of chemical 
plants that would remove hydrochloric acid from sea-
water to reduce ocean acidity. But this also could have 
unpredictable and possibly harmful ecological effects.

THINKING ABOUT
Tinkering with the Stratosphere

Would you support the proposal to inject large quantities of 
sulfate particles into the stratosphere every 2 years to help 
cool the troposphere? Explain.

Scientist James Lovelock has suggested that we 
anchor huge vertical pipes in the sea as part of a sys-
tem that would allow wave motion to pump nutrient-
rich water up from the deep ocean to fertilize algae 
on the ocean surface. He contends that the resulting 
algal blooms would remove CO2 from the atmosphere 
and emit dimethyl sulfide (Figure 3-22, p. 72), which 
would contribute to the formation of low clouds that 
would reflect sunlight.

Another scheme is to tow 8,000 ice-making barges 
to the Arctic each year to re-ice the Arctic Sea. And an-
other is to wrap large areas of glaciers with insulating 
blankets to slow down their melting and to help pre-
serve ski resort businesses.

The major problem with these techno fixes is that 
if they ever fail while we continue adding CO2 to the 
atmosphere, the rebound effects could be calamitous. 
Geo-engineering schemes all depend on complex ma-
chinery running constantly and flawlessly, and essen-
tially forever, mostly to pump something from one place 

to another in the environment. Once the machines 
break down, natural processes would overwhelm such 
a system, and atmospheric temperatures would soar at 
a rapid rate and accelerate climate change.

Critics of large-scale geo-engineering schemes ar-
gue for slowing climate change by using prevention ap-
proaches, such as improving energy efficiency, replac-
ing fossil fuels with already available renewable energy 
resources, and drastically reducing tropical deforesta-
tion. They say this makes more sense than gambling on 
large-scale, costly changes to the global environment 
that could have unknown and potentially long-lasting 
harmful effects.

How Much Will It Cost 
to Slow Climate Change?
Estimates of the financial costs of damages from pro-
jected global warming and the resulting climate change 
vary widely, based on different economic assump-
tions and on differing rates and degrees of temperature 
change. In 2007, the IPCC estimated that by the year 
2030, the global economic cost of stabilizing green-
house gas emissions to keep the global temperature 
from rising more than 2 C° (3.6 F°) (Figure 19-7, left) 
would cost only about 0.12% of the projected 2030 
gross world product.

Other economists dispute these estimates and pro-
ject that preventing average atmospheric tempera-
tures from increasing more than 2 C° (3.6 F°) would 
reduce the gross world product by as much as 3% in 
2030. However, there is considerable agreement that 
the short-term costs of slowing climate change will be 
much lower than the long-term costs of climate change 
caused largely by human activities. A number of 
economic studies indicate that implementing the strat-
egies listed in Figures 19-13 and 19-14 would boost 
global and national economies, provide millions of 
much-needed jobs, and cost much less than struggling 
with the harmful effects that these problems would ul-
timately cost.

Governments Can Help 
Reduce the Threat of 
Climate Change
Governments can use four major methods to promote 
the solutions listed in Figures 19-13 and 19-14 (Con-
cept 19-3B).

One is to strictly regulate carbon dioxide and methane as 
pollutants. Second, governments could phase in carbon
taxes on each unit of CO2 or CH4 emitted by fossil fuel 
use, or they could levy energy taxes on each unit of fossil 
fuel that is burned. Decreasing taxes on income, wages, 
and profits to offset such taxes could help make such a 
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strategy more politically acceptable. In other words, tax
pollution, not payrolls and profits. Some European coun-
tries are phasing in such a tax shift.

A related approach is to place a cap on total human-
generated CO2 and CH4 emissions in a country or re-
gion, issue permits to emit these pollutants, and then 
let polluters trade their permits in the marketplace. 
This cap-and-trade approach has a political advantage 
over taxes, but it would be difficult to manage because 
there are so many emitters of greenhouse gases, includ-
ing industries, power plants, motor vehicles, buildings, 
and homes. And according to a 2008 study by Goldman 
Sachs, one of the world’s largest investment banks, a 
cap-and-trade strategy is an important way to cut CO2

emissions, but by itself would not be enough to achieve 
the desired drop in such emissions.

Environmental economists argue that, regardless 
of whether governments use taxes or a cap-and-trade 
system, the most important goal is to get all emitters 
to pay the full environmental and social costs of their 
carbon emissions. The resulting higher costs for fossil 
fuels would spur innovation in finding ways to reduce 
carbon emissions, improve energy efficiency, and phase 
in noncarbon renewable energy alternatives.

A third strategy is to level the economic playing field
by greatly increasing government subsidies to busi-
nesses and individuals to encourage their use of en-
ergy-efficiency technologies, carbon-free renewable 
energy sources, and more sustainable agriculture. This 
would also include phasing out or sharply reducing 
subsidies and tax breaks that encourage use of fos-
sil fuels and nuclear power, unsustainable agriculture, 
and clearing of forests. In other words, we could shift 
from environmentally-degrading to environmental-
ly-sustaining subsidies and tax breaks.

A fourth strategy would focus on technology transfer.
Governments of developed countries could help to fund 
the transfer of the latest green technologies to develop-
ing countries so that they could bypass older, energy-
wasting and polluting technologies. Helping poorer 
countries to deal with the harmful effects of climate 
change would make sense, because these are the coun-
tries that will suffer the most from these effects, which 
have been caused mostly by developed countries. In-
creasing the current tax on each international currency 
transaction by a quarter of a penny could finance this 
technology transfer, which would then generate wealth 
for developing countries and help to stimulate a more 
environmentally sustainable global economy.

Governments Can Enter into 
International Climate Negotiations: 
The Kyoto Protocol
In December 1997, more than 2,200 delegates from 
161 nations met in Kyoto, Japan, to negotiate a treaty 

to slow climate change. The first phase of the result-
ing Kyoto Protocol went into effect in February 2005 
with 174 of the world’s 194 countries (but not the 
United States) ratifying the agreement by mid-2008. 
It requires 36 participating developed countries to cut 
their emissions of CO2, CH4, and N2O to an average of 
at least 5.2% below their 1990 levels by 2012. Devel-
oping countries were excluded from having to reduce 
greenhouse gas emissions in this first phase, because 
such reductions would curb their economic growth. In 
2005, countries began negotiating a second phase that 
is supposed to go into effect after 2012.

The protocol also allows trading of greenhouse gas 
emissions among participating countries. For example, 
a country or business that reduces its CO2 emissions or 
plants trees receives a certain number of credits. It can 
use these credits to avoid having to reduce its emissions 
in other areas, or it can bank them for future use or sell 
them to other countries or businesses. 

In 2005, the European Union instituted such a cap-
and-trade system for carbon emissions. However, in 
2007, critics pointed out that the system was not work-
ing well because the caps were set too high and thus 
have been encouraging greenhouse gas emissions. En-
vironmental economists warn that the success of any 
cap-and-trade emissions system depends on setting 
caps low enough to increase the value of the tradable 
allowances and periodically reducing the caps to en-
courage further innovation in reducing emissions. They 
also advise that such a system by itself will not achieve 
the desired reductions in greenhouse gas emissions.

Some analysts praise the Kyoto agreement as a 
small but important step in attempting to slow pro-
jected global warming. They hope that rapidly devel-
oping nations such as China, Brazil, India, and 
Indonesia will agree to reduce their greenhouse gases 
in the second phase of the protocol. Others see the 
agreement as a weak and slow response to an urgent 
global problem.

In 2001, President George W. Bush withdrew the 
United States from participation in the Kyoto Protocol, 
arguing that it would harm the U.S. economy. He 
also objected to the agreement because it did not re-
quire emissions reductions by rapidly developing 
countries such as China, India, Brazil, and Indone-
sia, which were producing large and increasing emis-
sions of greenhouse gases. Most analysts, and 59% of 
Americans responding to a 2007 poll, believe that the 
United States, which has the world’s highest overall 
and per capita CO2 emissions, should use its influence 
to improve the treaty rather than to weaken and aban-
don it.

HOW WOULD YOU VOTE?

Should the United States participate in the Kyoto Protocol 
and try to strengthen it? Cast your vote online at academic
.cengage.com/biology/miller.
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We Can Move Beyond 
the Kyoto Protocol
In 2004, environmental law experts Richard B. Stewart 
and Jonathan B. Wiener proposed that countries work 
together to develop a new strategy for slowing climate 
change. They concluded that the Kyoto Protocol would 
have little effect on future global warming without 
support and action by the United States and by China, 
India, Brazil, and other developing countries, which 
will soon be emitting more than half of the world’s 
greenhouse gases.

Stewart and Wiener urge the development of a new 
climate treaty among the United States, China, India, 
Russia, Australia, Japan, South Korea, Brazil, Indonesia, 
the European Union, and other major greenhouse 
gas emitters. The treaty would create a cap-and-trade 
emissions program that includes developing countries 
omitted from the trading plan under the first phase of 
the Kyoto Protocol. In addition, it would set achievable 
10-year goals for reducing emissions over the next 40 
years. It would include evaluation of global and na-
tional strategies for adapting to the harmful ecologi-
cal and economic effects of climate change caused by 
a warmer atmosphere. Stewart and Wiener call for the 
United States to lead in developing such a treaty and to 
take strong steps to drastically cut its own greenhouse 
gas emissions.

Some Governments Are 
Leading the Way
Some nations are leading the way. Costa Rica aims to 
be the first country to become carbon neutral by cutting 
its net carbon emissions to zero by 2030. The country 
generates 78% of its electricity with renewable hydro-
electric power and another 18% from renewable wind 
and geothermal energy. In 2007, Norway announced 
that it aims to become carbon neutral by 2050.

Some analysts are urging rapidly developing coun-
tries such as China and India to shift toward more 
sustainable, low-carbon economic development by 
leapfrogging over the traditional forms of economic de-
velopment that have led to the global warming prob-
lem. If China and India continue their massive coal 
burning and other high-carbon activities, the world 
will not be able to avoid the projected harmful effects 
of climate change set in motion by global warming 
(Figure 19-7, middle and right). And such effects will 
be especially severe for China and India. Both coun-
tries can benefit economically by becoming leaders in 
designing, manufacturing, and selling cleaner power 
systems, appliances, cars, and homes. Such green tech-
nologies will make up much of the world’s global in-
dustry during this century.

Growing weary of waiting for the federal govern-
ment to get serious about slowing projected climate 

change, some U.S. states have taken action. By 2007, 
21 states and the District of Columbia had required util-
ities to increase their reliance on renewable energy re-
sources, especially solar and wind power. California has 
led the way (Case Study, below).

Since 1990, local governments in more than 650 
cities around the world (including 453 U.S. cities) have 
established programs to reduce their greenhouse gas 
emissions. The first major U.S. city to do this was Port-
land, Oregon. Between 1993 and 2005, the city cut its 
greenhouse gas emissions back to 1990 levels, while 
national levels rose by 16%. The city promotes energy-
efficient buildings and the use of electricity from wind 
and solar sources. It has also built bicycle trails and has 
greatly expanded its mass transit system. Far from hurt-
ing Portland’s economy, these strategies have produced 
an economic boom and have saved the city $2 million 
a year on its energy bills.

Other U.S. cities striving to be more sustainable and 
to reduce their greenhouse gas emissions are Seattle, 
Washington; San Francisco, California; New York City; 
Chattanooga, Tennessee (Case Study, p. 21); Boulder, 
Colorado; Chicago, Illinois; Minneapolis, Minnesota; 
and Salt Lake City, Utah.

■ CASE STUDY

Reducing Greenhouse 
Gas Emissions in California
The U.S. state of California, where one of every eight 
Americans lives, is the world’s sixth largest economy 
and twelfth largest producer of greenhouse gases. Many 
of the most important advances in reducing air pollution 
and improving energy efficiency started in California, 
spread across the United States, and eventually were 
enacted into federal legislation and regulations. Until 
these federal regulations went into effect, many busi-
nesses lost money trying to comply with a patchwork of 
different standards imposed by various states.

California has set increasingly higher standards for 
the energy efficiency of appliances and buildings and 
has created incentives for utilities to encourage con-
sumers to use less power (Case Study, p. 433). This 
has helped to slow CO2 emissions and saved California 
from having to build 24 large power plants.

In 2006, California passed a law to cut its green-
house gas emissions to 25% below its 1990 levels by 
2020 and to 80% below its 1990 levels by 2050. Its 
approach is to set fuel efficiency and carbon emission 
standards and let the free market find the best ways to 
meet the standards. However, in 2008, the EPA refused 
California’s request to lead the way in setting tougher 
CO2 emission standards than those enacted by other 
states, even though it had approved such requests in 
the past for setting tougher standards for other air pol-
lutants. California and 17 other states are suing the fed-
eral government to overturn this decision and lobbying 
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Congress to amend the Clean Air Act so that it allows 
California and other states to set tougher CO2 emission 
standards.

THINKING ABOUT
What States and Localities Can Do

What are three steps that you think the state or locality where 
you live should take to help slow climate change from global 
warming caused mostly by human actions?

Some Companies and 
Schools Are Reducing Their 
Carbon Footprints
A growing number of major global companies, in-
cluding Alcoa, DuPont, IBM, Toyota, General Electric, 
Johnson & Johnson, Volvo, and British Petroleum 
(BP), have established targets for reducing their green-
house gas emissions to 10–65% below 1990 levels by 
2010. Between 1990 and 2006, DuPont slashed its en-
ergy usage and cut its greenhouse emissions by 72%. 
In the process, it saved $3 billion while increasing its 
business by 30%.

Wal-Mart has become the world’s largest seller of 
energy-saving, more climate-friendly, compact fluores-
cent lightbulbs. It saves $12 million a year using en-
ergy-efficient LED bulbs in its refrigeration units. The 
company, which has the country’s second largest cor-
porate truck fleet, saved $22 million in 2006 by install-
ing auxiliary power units that allow drivers to operate 
their trucks’ electrical systems without idling their mo-
tors. In 2007, the company ordered its truck manufac-
turers to double the gas mileage of its entire truck fleet 
by 2015. In 2007, Wal-Mart also announced a partner-
ship with the Carbon Disclosure Project to measure 
the energy used to create and transport the products it 
sells (many of them from China) and the resulting CO2

emissions. It plans to use the data to find suppliers that 
are more energy efficient and that produce lower CO2

emissions.
These and many other major companies see an 

enormous profit opportunity in developing or using 
energy-efficient and cleaner-energy technologies, such 
as fuel-efficient cars, wind turbines, and solar cells. 
They understand that there is gold in going green. A 
2006 study found that companies lagging behind in 
these efforts are putting their stockholders at risk of 
losses and lawsuits for failure to take advantage of the 
rapidly growing international marketplace for green 
technologies.

Some colleges and universities are also taking ac-
tion. Students and faculty at Oberlin College in Ohio 
(USA) have asked their board of trustees to reduce 
the college’s CO2 emissions to zero by 2020 by buy-
ing or producing renewable energy. In the U.S. state of 

Pennsylvania, 25 colleges have joined to purchase wind 
power and other forms of mostly carbon-free, renew-
able energy. In 2005, the president of Yale University 
committed the school to cutting its considerable green-
house gas emissions by 44% by 2020.

In February 2008, the United States had the larg-
est teach-in in its history, with more than 1,500 col-
leges focusing on educating their students and local 
citizens about climate change and sustainability. If you 
are interested in finding out more about how to help 
your school cut its CO2 emissions, see the 2008 National 
Wildlife Federation report on this topic, which can 
be found at www.nwf.org/campusecology/Business
Case/index.cfm.

To calculate your carbon footprint, the amount of car-
bon dioxide generated by your lifestyle, you can go to 
sites like the following:

nature.org/climatecalculator

epa.gov/climatechange/emissions/ind_
calculator.html

carbonfootprint.com

climatecrisis.net/takeaction/
carboncalculator

gocarbonzero.org

Most of these websites and others suggest ways for 
you to reduce, or offset, some of your carbon dioxide 
emissions by helping to fund or participate in projects 
such as forest restoration and renewable energy devel-
opment. Other sites are

nativeenergy.com

my-climate.com

conservationfund.org/gozero

climatecare.org

carbon-clear.com

epa.gov/climatechange/wycd/
actionsteps.html

But buyers need to do their homework, because 
some carbon offset programs are not real and do not 
actually produce emissions cuts. For evaluations of 
carbon-offset providers, go to cleanair-coolplanet
.org and tufts.edu/tie/tci/carbonoffsets. The non-
profit Consumers Union also has a website (Greener
Choices.org/calculators.cfm) to help consumers eval-
uate conflicting claims of travel agencies over the green-
est way to travel.

Critics of such carbon-offset schemes say that most 
of them primarily offer a way for consumers to ease 
their guilt. Some critics argue that such programs ac-
tually encourage people to continue producing green-
house gases, instead of making carbon-cutting lifestyle 
changes, such as driving less, using public transit, and 
using less electricity.

Figure 19-16 (p. 522) lists some ways in which you 
can cut your CO2 emissions. Taking each of these steps 

www.nwf.org/campusecology/BusinessCase/index.cfm
www.nwf.org/campusecology/BusinessCase/index.cfm
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the larger policy changes needed to deal with climate 
change and other urgent environmental problems.

We Can Prepare for 
the Harmful Effects of 
Climate Change
According to the latest global climate models, the world 
needs to make a 50–85% cut in emissions of green-
house gases by 2050 to stabilize concentrations of these 
gases in the atmosphere and prevent the planet from 
heating up more than 2C° (3.6F°) (Figures 19-B). This 
will be necessary in order to prevent rapid climate 
changes and the resulting projected harmful effects 
(Figure 19-7).

However, because of the difficulty of making such 
large reductions, many analysts believe that, while we 
work to slash emissions, we should also begin to pre-
pare for the projected harmful effects of essentially ir-
reversible climate change. Figure 19-17 shows some 
ways to implement this strategy.

Some analysts and religious leaders call for the 
world’s richer nations to increase technological and 
monetary aid to poorer regions at risk from climate 
change in order to help them deal with the changes. 
Emphasis could be on developing genetically engi-
neered crops that could thrive in a warmer world and 
constructing flood defenses in low-lying coastal areas 
of countries such as India, Indonesia, and Bangladesh, 
which may experience more severe flooding due to 
global warming.

Figure 19-16 Individuals matter: ways to reduce your annual emissions of CO2. 
Question: Which of these steps, if any, do you take now or plan to take?

■ Drive a fuel-efficient car, walk, bike, carpool, and use mass transit

■ Use energy-efficient windows

■ Use energy-efficient appliances and lights

■ Heavily insulate your house and seal all air leaks

■ Reduce garbage by recycling and reusing more items

■ Insulate your hot water heater

■ Use compact fluorescent lightbulbs

■ Plant trees to shade your house during summer

■ Set your water heater no higher than 49°C (120°F)

■ Wash laundry in warm or cold water

■ Use a low-flow showerhead

■ Buy products from, or invest in, companies that are trying to reduce their 
impact on climate

Reducing CO2 Emissions

WHAT CAN YOU DO?

Move people away
from low-lying
coastal areas

Stockpile 1- to 5-year
supply of key foods

Move hazardous material storage
tanks away from coast

Connect wildlife
reserves with corridors

Prohibit new construction
on low-lying coastal areas
or build houses on stilts

Develop crops that
need less water

Waste less water

Expand existing
wildlife reserves
toward poles

Figure 19-17 
Solutions: ways 
to prepare for 
the possible 
long-term harm-
ful effects of 
climate change. 
Question: 
Which three of 
these adapta-
tion solutions 
do you think are 
the most impor-
tant? Why?

makes a small contribution to reducing greenhouse gas 
emissions. But when millions of people take such steps, 
the cumulative result is quite large. In addition, politi-
cal scientists estimate that it would take only 5–10% 
of the public exerting political pressure to bring about 
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Relief organizations, including the International 
Red Cross and Oxfam are turning their attention to 
projects such as expanding mangrove forests as buf-
fers against storm surges, building shelters on high 
ground, and planting trees on slopes to help prevent 
landslides. Sea wall design and construction will be a 
major growth industry. And low-lying countries such 
as Bangladesh are trying to figure out what to do with 
millions of environmental refuges who would be dis-
placed by rising sea levels. Some cities plan to establish 
cooling centers to shelter residents during increasingly 
intense heat waves.

Some U.S. cities, including New York City and 
Seattle, Washington, have developed adaptation plans, 
as have some states, including California, Alaska, 
Maryland, Washington, and Oregon. Alaska has plans 

to relocate coastal villages at risk from rising sea levels 
and storm surges. California is beefing up its forest fire-
fighting capabilities and is proposing desalination plants 
to help relieve projected water shortages, which will 
worsen as mountain glaciers melt. And some coastal 
communities require that new houses and other new 
buildings be built high enough off of the ground to sur-
vive projected higher storm surges; others are prohibit-
ing new construction in especially vulnerable areas.

Some people fear that emphasizing these adapta-
tion approaches will distract us from the more urgent 
need to reduce greenhouse gas emissions. However, to 
some analysts, projected climate change is already such 
a serious threat that we have no alternative but to im-
plement both prevention and adaptation strategies, and 
we have no time to lose.

19-4 How Have We Depleted Ozone in the Stratosphere 
and What Can We Do about It?

CONCEPT 19-4A Widespread use of certain chemicals has reduced ozone levels in 
the stratosphere, which allows for more harmful ultraviolet radiation to reach the 
earth’s surface.
CONCEPT 19-4B To reverse ozone depletion, we must stop producing ozone-
depleting chemicals and adhere to the international treaties that ban such 
chemicals.

▲
▲

Our Use of Certain Chemicals 
Threatens the Ozone Layer
A layer of ozone in the lower stratosphere keeps about 
95% of the sun’s harmful ultraviolet (UV-A and UV-B) 
radiation from reaching the earth’s surface (Figure 18-3, 
p. 470). But measurements taken by meteorologists us-
ing weather balloons, aircraft, and satellites show con-
siderable seasonal depletion (thinning) of ozone con-
centrations in the stratosphere above Antarctica and 
the Arctic. Similar measurements reveal a lower over-
all thinning everywhere except over the tropics. Fig-
ure 19-18 shows the average global concentrations of 
ozone in the stratosphere between 1979 and 2005.

In 1984, researchers analyzing satellite data dis-
covered unexpectedly that each year, 40–50% of the 
ozone in the upper stratosphere over Antarctica (100% 
in some places) disappears during October and Novem-
ber. This observed loss of ozone has been called an ozone 
hole. A more accurate term is ozone thinning because the 
ozone depletion varies with altitude and location. Fig-
ure 19-19 (p. 524) shows a colorized satellite image of 
ozone thinning over Antarctica in 2007.

When the seasonal thinning ends each year, huge 
masses of ozone-depleted air above Antarctica flow 
northward, and these masses linger for a few weeks 
over parts of Australia, New Zealand, South America, 

and South Africa. This raises biologically damaging 
UV-B levels in these areas by 3–10% and in some years 
as much as 20%.

In 1988, scientists discovered that similar but usu-
ally less severe ozone thinning occurs over the Arctic 
from February to June, resulting in a typical ozone loss 
of 11–38% (compared to a typical 50% loss above Ant-
arctica). When this mass of air above the Arctic breaks 
up each spring, large masses of ozone-depleted air flow 
south to linger over parts of Europe, North America, 
and Asia.
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Figure 19-18 Global average total ozone values in the stratosphere 
at a certain latitude, 1979–2005 (Data from National Oceanic and 
Atmospheric Administration)
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stratosphere by space shuttles), and cleaning solvents 
such as carbon tetrachloride, methyl chloroform, n-propyl 
bromide, and hexachlorobutadiene.

Models indicate that the Arctic is unlikely to de-
velop the large-scale ozone thinning found over the 
Antarctic. They also project that ozone depletion over 
the Antarctic and Arctic will be at its worst between 
2010 and 2019.

Why Should We Worry 
about Ozone Depletion?
Why should we care about ozone loss? Figure 19-20 
lists some of the expected effects of decreased levels of 
ozone in the stratosphere. One effect is that more bio-

NATURAL CAPITAL
DEGRADATION

Effects of Ozone Depletion

Human Health

■ Worse sunburns

■ More eye cataracts

■ More skin cancers

■ Immune system suppression

Food and Forests

■ Reduced yields for some crops

■ Reduced seafood supplies from reduced phytoplankton

■ Decreased forest productivity for UV-sensitive tree species

Wildlife

■ Increased eye cataracts in some species

■ Decreased populations of aquatic species sensitive to 
 UV radiation

■ Reduced populations of surface phytoplankton

■ Disrupted aquatic food webs from reduced phytoplankton

Air Pollution and Materials

■ Increased acid deposition

■ Increased photochemical smog

■ Degradation of outdoor paints and plastics

Global Warming

■ While in troposphere, CFCs act as greenhouse gases

Figure 19-20 Science: expected effects of decreased levels of 
ozone in the stratosphere (Concept 19-4A). Question: Which three 
of these effects do you think are the most threatening? Why?

110

Total ozone (Dobson units)

220 330 440 550

Figure 19-19 
Natural capital 
degradation: 
massive ozone 
thinning over 
Antarctica in 
2007. The deep 
blue in this col-
orized satellite 
image shows a 
large area where 
the concentra-
tion of ozone 
has decreased by 
50% or more. 
(NASA)

Based on these measurements and mathematical 
and chemical models, the overwhelming consensus of 
researchers in this field is that ozone depletion in the 
stratosphere poses a serious threat to humans, other 
animals, and some primary producers (mostly plants) 
that use sunlight to support the earth’s food webs (Con-
cept 19-4A).

This problem began when Thomas Midgley, Jr., a 
General Motors chemist, discovered the first chloro-
fluorocarbon (CFC) in 1930. Chemists soon devel-
oped similar compounds to create a family of highly 
useful CFCs, known by their trade name as Freons. 
These chemically unreactive, odorless, nonflammable, 
nontoxic, and noncorrosive compounds seemed to be 
dream chemicals. Inexpensive to manufacture, they 
became popular as coolants in air conditioners and re-
frigerators, propellants in aerosol spray cans, cleaners 
for electronic parts such as computer chips, fumigants 
for granaries and ship cargo holds, and gases used to 
fill tiny bubbles in plastic foam used for insulation and 
packaging.

It turned out that CFCs were too good to be true. 
Starting in 1974 with the work of chemists Sherwood 
Rowland and Mario Molina (Science Focus, at right), 
scientists demonstrated that CFCs are persistent chemi-
cals that destroy protective ozone in the stratosphere. 
Measurements and models indicate that 75–85% of the 
observed ozone losses in the stratosphere since 1976 
resulted from people releasing CFCs and other ozone-
depleting chemicals into the atmosphere, beginning in 
the 1950s.

CFCs are not the only ozone-depleting chemicals. 
Others are halons and hydrobromoflurocarbons (HBFCs) 
(used in fire extinguishers), methyl bromide (a widely 
used fumigant), hydrogen chloride (emitted into the 
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logically damaging UV-A and UV-B radiation will reach 
the earth’s surface (Concept 19-4A). This will give peo-
ple more eye cataracts, worse sunburns, and more skin 
cancers (Science Focus, p. 526).

The most serious threat from ozone depletion is 
that the resulting increase in UV radiation could im-
pair or destroy phytoplankton, especially in Antarctic 
waters (Figure 3-14, p. 63). These tiny marine plants 

play a key role in removing CO2 from the atmosphere. 
They also form the base of ocean food webs. Destroy-
ing them would eliminate the vital ecological services 
they provide. Global warming could make this problem 
worse by slowing down the upwelling of nutrients that 
support these populations of phytoplankton. This in 
turn would accelerate global warming and lead to an-
other runaway positive feedback loop.

SCIENCE FOCUS
Sherwood Rowland and Mario Molina—A Scientific Story of Courage and 

Critical Thinking
How does the problem of ozone depletion in 
the stratosphere differ from the problem of 
global warming?

In 1995, Rowland and Molina received 
the Nobel Prize in chemistry for their work on 
CFCs. In awarding the prize, the Royal Swed-
ish Academy of Sciences said that the two 
scientists contributed to “our salvation from 
a global environmental problem that could 
have catastrophic consequences.”

n 1974, calculations by chemists 
Sherwood Rowland and Mario Molina 

at the University of California–Irvine indicated 
that chlorofluorocarbons (CFCs) were lower-
ing the average concentration of ozone in the 
stratosphere. They shocked both the scientific 
community and the $28-billion-per-year CFC 
industry by calling for an immediate ban of 
CFCs in spray cans, for which substitutes 
were available.

The research of these two scientists led 
them to four major conclusions. First, once 
injected into the atmosphere, these persistent 
CFCs remain there. Second, over 11–20 years, 
these compounds rise into the stratosphere 
through convection, random drift, and 
the turbulent mixing of air in the lower 
atmosphere.

Third, once they reach the stratosphere, 
the CFC molecules break down under the 
influence of high-energy UV radiation. This 
releases highly reactive chlorine atoms (Cl), 
as well as atoms of fluorine (F) and bromine 
(Br), all of which accelerate the breakdown of 
ozone (O3) into O2 and O in a cyclic chain of 
chemical reactions, one of which is shown in 
Figure 19-D. As a consequence, ozone is de-
stroyed faster than it forms in some parts of 
the stratosphere.

Fourth, each CFC molecule can last in the 
stratosphere for 65–385 years, depending on 
its type. During that time, each chlorine atom 
released during the breakdown of CFC can 
convert hundreds of O3 molecules to O2.

The CFC industry (led by DuPont), a pow-
erful, well-funded adversary with a lot of 
profits and jobs at stake, attacked Rowland’s 
and Molina’s calculations and conclusions. 
The two researchers held their ground, ex-
panded their research, and explained their re-
sults to other scientists, elected officials, and 
the media. After 14 years of delaying tactics, 
DuPont officials acknowledged in 1988 that 
CFCs were depleting the ozone layer and they 
agreed to stop producing them.

I

Figure 19-D Simplified summary of how chlorofluorocarbons (CFCs) and other chlorine-contain-
ing compounds can destroy ozone in the stratosphere faster than it is formed. Note that chlorine 
atoms are continuously regenerated as they react with ozone. Thus, they act as catalysts—chem-
icals that speed up chemical reactions without being used up by the reactions. Bromine atoms 
released from bromine-containing compounds that reach the stratosphere also destroy ozone by a 
similar mechanism.

Summary of Reactions
CFCl3 + UV       Cl + CFCl2
Cl + O3       ClO + O2
ClO + O       Cl + O2

Sun

UV radiation

Ultraviolet light hits a
chlorofluorocarbon (CFC)
molecule, such as CFCl3,
breaking off a chlorine
atom and leaving CFCl2.

The chlorine atom attacks
an ozone (O3) molecule,
pulling an oxygen atom off
it and leaving an oxygen 
molecule (O2).

Once free, the chlorine
atom is off to attack another
ozone molecule and begin
the cycle again.

A free oxygen atom pulls 
the oxygen atom off 
the chlorine monoxide 
molecule to form O2.

The chlorine atom and the oxygen atom join
to form a chlorine monoxide molecule (ClO).

Repeated 
many times
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Sherwood Rowland and Mario Molina—A Scientific Story 
of Courage and Persistence
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SCIENCE FOCUS

Skin Cancer

esearch indicates that exposure 
to the UV-B ionizing radiation in 

sunlight is the primary cause of squamous cell 
(Figure 19-E, left) and basal cell (Figure 19-E, 
center) skin cancers. Together, these two 
types account for 95% of all skin cancers. 
Typically, a 15- to 40-year lag separates 
excessive exposure to UV-B and the develop-
ment of these cancers.

Caucasian children and adolescents who 
experience only a single severe sunburn 

R

Thin layer of
dead cells

This long-wavelength (low-energy) form of UV
radiation causes aging of the skin, tanning, and
sometimes sunburn. It penetrates deeply and
may contribute to skin cancer.

This shorter-wavelength (high-energy) form
of UV radiation causes sunburn, premature
aging, and wrinkling. It is largely responsible
for basal and squamous cell carcinomas
and plays a role in malignant melanoma.

Squamous
cells

Basal layer

Melanocyte
cells

Basal cell
Blood
vessels

Epidermis

Sweat
gland

Dermis

Hair

Ultraviolet
A

Ultraviolet
B

Arising from cells in the upper layer 
of the epidermis, this cancer is also 
caused by exposure to sunlight or 
tanning lamps. It is usually curable 
if treated early. It grows faster than 
basal cell carcinoma and can spread 
to other parts of the body 
(metastasize).

This deadliest of skin cancers 
involves melanocyte cells, which 
produce pigment. It can develop 
from a mole or on blemished skin, 
grows quickly, and can spread to 
other parts of the body 
(metastasize).

The most common skin 
malignancy usually is caused by 
excessive exposure to sunlight or 
tanning lamps. It develops slowly, 
rarely metastasizes and is nearly 
100% curable if diagnosed early 
and treated properly.

Basal Cell CarcinomaSquamous Cell Carcinoma Melanoma

Figure 19-E Structure of 
the human skin and the 
relationships between ul-
traviolet (UV-A and UV-B) 
radiation and the three 
types of skin cancer. (Data 
and photos from the Skin 
Cancer Foundation)

double their chances of getting these two 
types of cancers. Some 90–95% of these 
types of skin cancer can be cured if detected 
early enough, although their removal may 
leave disfiguring scars. These cancers kill 
1–2% of their victims, which, in the United 
States, amounts to about 2,300 deaths 
each year.

A third type of skin cancer, malignant 
melanoma (Figure 19-E, right), occurs in 
pigmented areas such as moles. Within a 

few months, this type of cancer can spread 
to other organs. Melanoma kills about one-
fourth of its victims (most of them younger 
than age 40) within 5 years, despite surgery, 
chemotherapy, and radiation treatments. 
Each year, it kills about 100,000 people (in-
cluding 7,700 Americans), mostly Caucasians, 
and the number of cases and deaths is rising 
in many countries.

A 2003 study found that women who 
visited tanning parlors once a month or 
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more increased their chances of develop-
ing malignant melanoma by 55%. The risk 
was highest for young adults. A 2004 study 
by Dartmouth College scientists found that 
people using tanning beds were also more 
likely to develop basal cell and squamous cell 
skin cancers.

People (especially Caucasians) who experi-
ence three or more blistering sunburns before 
age 20 are five times more likely to develop 
malignant melanoma than are those who 
have never had severe sunburns. About 10% 
of all people who get malignant melanoma 
have an inherited gene that makes them es-
pecially susceptible to the disease.

Figure 19-F lists ways for you to protect 
yourself from harmful UV radiation.

Critical Thinking
Which three of the measures listed in Figure 
19-F do you think are the most important? 
Why? Which ones do you take?

Figure 19-F Individuals matter: ways to reduce your exposure to harmful UV radiation as suggested by 
dermatologists (skin experts).

■ Stay out of the sun, especially between 10 A.M. and 3 P.M.

■ Do not use tanning parlors or sunlamps.

■ When in the sun, wear protective clothing and sunglasses that protect against UV-A and UV-B 
radiation.

■ Be aware that overcast skies do not protect you.

■ Do not expose yourself to the sun if you are taking antibiotics or birth control pills.

■ When in the sun, use a sunscreen with a protection factor of at least 15.

■ Examine your skin and scalp at least once a month for moles or warts that change in size, shape, 
or color and sores that keep oozing, bleeding, and crusting over. If you observe any of these signs, 
consult a doctor immediately.

Reducing Exposure to UV Radiation

WHAT CAN YOU DO?

We Can Reverse Stratospheric 
Ozone Depletion
According to researchers in this field, we should im-
mediately stop producing all ozone-depleting chemi-
cals (Concept 19-4B). However, models indicate that 
even with immediate and sustained action, it will take 
about 60 years for the earth’s ozone layer to recover 
the levels of ozone it had in 1980, and it could take 
about 100 years for recovery to pre-1950 levels. Sci-
entists have also discovered an important connection 
between warming of the troposphere and repair of the 
ozone layer. Warming of the troposphere makes the 
stratosphere cooler, which slows down the rate of its 
ozone repair.

In 1987, representatives of 36 nations met in 
Montreal, Canada, and developed the Montreal Proto-
col. This treaty’s goal was to cut emissions of CFCs (but 
not other ozone-depleting chemicals) by about 35% 
between 1989 and 2000. After hearing more bad news 
about seasonal ozone thinning above Antarctica in 
1989, representatives of 93 countries met in London 
in 1990 and then in Copenhagen, Denmark, in 1992. 
They adopted the Copenhagen Protocol, an amendment 
that accelerated the phase-out of key ozone-depleting 
chemicals. These landmark international agreements, 
now signed by 191 countries, are important examples of 
global cooperation in response to a serious global envi-
ronmental problem. If nations continue to follow these 

agreements, ozone levels should return to 1980 levels by 
2068 (18 years later than originally projected) and to 
1950 levels by 2108 (Concept 19-4B).

The ozone protocols set an important precedent 
by using prevention to solve a serious environmental 
problem (Concept 1-4, p. 16). Nations and 
companies agreed to work together to solve 
this global problem for three reasons. First, there was 
convincing and dramatic scientific evidence of a serious 
problem. Second, CFCs were produced by a small num-
ber of international companies. Third, the certainty 
that CFC sales would decline over a period of years 
unleashed the economic and creative resources of the 
private sector to find even more profitable substitute 
chemicals.

Good news. Substitutes are available for most uses of 
CFCs, and others are being developed (see Individuals 
Matter, p. 459). However, the most widely used substi-
tutes, such as HCFC-22, cause some ozone depletion. 
In 2007, delegates from 191 nations met in Montreal, 
Canada, and agreed to phase out the production of 
HCFCs by 2020 in developed countries and by 2030 
in developing nations—10 years earlier than they had 
agreed to under the 1992 Copenhagen Protocol. On its 
trip to the stratosphere, a typical HCFC molecule helps 
warms the troposphere by as much as 10,000 times 
more than does a molecule of CO2. Thus, phasing out 
HCFCs to help protect the stratosphere will also help us 
to reduce global warming in the troposphere.
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Volcanic Eruptions, Climate Change, Ozone 
Depletion and Sustainability

In this chapter, we have seen that humans play a major role 
in changing the earth’s climate by emitting huge quantities of 
chemicals that warm the troposphere and deplete ozone in the 
stratosphere. Occasional large volcanic eruptions also emit CO2

and other pollutants into the lower atmosphere (Core Case 
Study). But about three-fourths of current emissions of CO2

come from human activities, especially the burning of fossil fuels. 
Thus, energy policy (Figure 16-33, p. 432) and climate policy (Fig-
ures 19-13, 19-14, and 19-17) are closely connected.

The four scientific principles of sustainability (see back 
cover) can be applied to help reduce the harmful effects of 
global climate change and stratospheric ozone depletion. We 
can reduce inputs of greenhouse gases and ozone-depleting 
chemicals into the atmosphere by relying more on direct and 

indirect forms of solar energy than on fossils fuels; reducing the 
waste of matter and energy resources and recycling and reus-
ing matter resources; mimicking biodiversity by using a variety 
of carbon-free renewable energy resources determined partly by 
local and regional availability; and reducing human population 
growth and wasteful resource consumption. We can also find 
substitutes for ozone-depleting chemicals and emphasize pollu-
tion prevention.

According to the scientific consensus, we need to implement 
known solutions to the problems of climate change and ozone 
depletion, and we must do this globally and on an emergency 
basis. Each of us has an important role to play in protecting the 
atmosphere—an irreplaceable resource that sustains all life on 
earth.

R E V I S I T I N G 

The atmosphere is the key symbol of global interdependence. 
If we can’t solve some of our problems 

in the face of threats to this global commons, 
then I can’t be very optimistic 
about the future of the world.

MARGARET MEAD

REVIEW

1. Review the Key Questions and Concepts for this chapter 
on p. 497. Describe how a major volcanic eruption 
(Core Case Study, Figure 19-1) allowed scientists to 
test the validity of climate models.

2. Describe global warming and cooling over the past 
900,000 years and during the last century. How do sci-
entists get information about past temperatures and 
climates? What is the greenhouse effect and why is it so 
important to life on the earth? What is the scientific con-
sensus about global temperature change during the last 
half of the 20th century and about projected temperature 
changes during this century?

3. How can positive feedback loops affect future tempera-
ture changes and thus global climate? Give two examples 
of such loops. Describe the role played by oceans in the 
regulation of atmospheric temperatures. What are three 
factors that could decrease its effect in moderating tem-
perature increases?

4. Describe how each of the following might affect global 
warming and its resulting effects on global climate: 
(a) cloud cover and (b) air pollution. Briefly describe 
the projections of scientists on how global warm-

ing is likely to affect: drought; ice cover; flooding; sea 
levels; permafrost; ocean currents; extreme weather; 
biodiversity; crop yields; and human health during this 
century.

5. What are five reasons for the fact that it is difficult to deal 
with the problem of climate change due to global warm-
ing caused mostly by human activities? What are four 
major strategies for slowing projected climate change? 
What is carbon capture and storage (CCS)? Describe 
six problems associated with capturing and storing carbon 
dioxide emissions.

6. List four things that governments could do to help slow 
projected climate change. What are the pros and cons of 
the Kyoto Protocol? What have the U.S. state of California 
and the U.S. city of Portland, Oregon, done to help reduce 
their greenhouse gas emissions?

7. Give two examples of what some major corporations 
and some schools have done to reduce their carbon 
footprints. List five ways in which you can reduce your 
carbon footprint. List five ways in which we can pre-
pare for the possible long-term harmful effects of climate 
change.
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Note: Key Terms are in bold type.

CRITICAL THINKING

1. What might happen to the earth’s climate if several large-
scale eruptions like the one on Mount Pinatubo in 1991 
(Core Case Study) took place at the same time?

2. A top U.S. presidential economic adviser once 
gave a speech in Williamsburg, Virginia (USA), to repre-
sentatives of governments from a number of countries. 
He told his audience not to worry about global warming 
because the average global temperature increases pre-
dicted by scientists were much less than the temperature 
increase he had experienced that day in traveling from 
Washington, D.C., to nearby Williamsburg. What was the 
flaw in his reasoning? Write an argument that you could 
use to counter his claim.

3. How might the earth’s climate change if the land area of 
the planet were larger than the planet’s ocean area?

4. List three ways in which you could apply Concept 19-3A to 
making your lifestyle more environmentally sustainable.

5. Explain why you agree or disagree with each of the pro-
posals listed in Figure 19-13 for slowing projected climate 
change caused by atmospheric warming.

6. What changes might occur in (a) the global hydrologic 
cycle (Figure 3-17, p. 66) and (b) the global carbon cycle 

(Figure 3-18, p. 68) if the atmosphere experiences signifi-
cant warming? Explain.

7. One way to slow the rate of CO2 emissions is to reduce 
the clearing of forests—especially in tropical develop-
ing countries where intense deforestation is taking place. 
Should the United States and other developed countries 
pay poorer countries to stop cutting their forests? 
Explain.

8. What are three consumption patterns or other aspects 
of your lifestyle that directly add greenhouse gases to 
the atmosphere? Which, if any, of these habits would 
you be willing to give up to help slow projected climate 
change?

9. Congratulations! You are in charge of the world. List 
your three most important strategies for dealing with the 
problems of (a) global climate change due to atmospheric 
warming caused mostly by human activities and (b) de-
pletion of ozone in the stratosphere.

10. List two questions that you would like to have answered 
as a result of reading this chapter.

Note: See Supplement 13 (p. S78) for a list of Projects related to this chapter.

ECOLOGICAL FOOTPRINT ANALYSIS

Largely because of the intense use of fossil fuels, per capita CO2

emissions for the United States are nearly five times the world 
average. According to a recent report from the International 
Energy Agency, the average American is responsible for adding 
19.6 metric tons (21.6 tons) of CO2 per year to the atmosphere, 
compared with a world average of 4.23 metric tons (4.65 tons). 
The table on p. 530 is designed to help you understand the 
sources of your personal inputs of CO2 into the atmosphere 
and how you can reduce your inputs. 

Some typical data are provided in the “Typical Quantity per 
Year” column of the table. However, the calculations will be 
more accurate if you can substitute for these typical values in-
formation based on your own personal lifestyle, which you can 
enter in the blank “Personal Quantity” column.  For example, 

you could add up your monthly utility bills for a year and di-
vide the total by the number of persons in your household to 
determine your utility use, and you could analyze your driv-
ing habits to determine how much fuel you use in automobile 
transportation.

After completing the table, you can compare your emissions 
against the per capita U.S. average. Your answer should be con-
siderably less—roughly half  the per capita value, because this 
computation only accounts for direct emissions. For instance, 
CO2 resulting from driving a car is included, but the CO2 emit-
ted in manufacturing or disposing of the car is not. 

Finally, you can check your result against the greenhouse 
gas calcu lator provided on the web by the EPA at epa.gov/
climatechange/emissions/ind_calculator.html.

8. Describe how human activities have depleted ozone in the 
stratosphere, and list five harmful effects of such deple-
tion. Describe how scientists Sherwood Roland and Mario 
Molina helped to awaken the world to this threat. Describe 
the relationships between higher UV levels and three types 
of skin cancer. What has the world done to help reduce 
the threat from ozone depletion in the stratosphere?

9. Describe how the four scientific principles 
of sustainability can be applied to deal with 
the problems of climate change (Core Case 
Study) and ozone depletion.
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1. Calculate your carbon footprint. To calculate your emis-
sions, first complete the blank “Personal Quantity” col-
umn using your personal information (for a more ac-
curate outcome) or using data from a typical utility bill 
and from other personally known information. If your 
information is not available, use the data listed in the 
“Typical Quantity” column. Then, for each activity, cal-
culate your annual consumption (using the units speci-
fied in the “Units per Year” column), and multiply your 
annual consumption by the associated number in the 
“Multiplier” column to obtain an estimate of the pounds 

of CO2 resulting from that activity. Finally, add the num-
bers in the “Emissions” column to find your carbon foot-
print, and express the final CO2 result in both pounds and 
tons (1 ton " 2,000 lbs) and in kilograms and metric tons 
(1 kilogram " 2.2 pounds and 1 metric ton " 1.1 tons). 

2. Compare your emissions with the per capita U.S. average 
of 19.6 metric tons (21.6 tons) of CO2 per person per year 
and with those of your classmates. 

3. Consider what actions you might take to reduce your car-
bon footprint by 20%. 

LEARNING ONLINE

Log on to the Student Companion Site for this book at 
academic.cengage.com/biology/miller, and choose 
Chapter 19 for many study aids and ideas for further read-

ing and research. These include flash cards, practice quiz-
zing, Weblinks, information on Green Careers, and InfoTrac®

College Edition articles.

  Units Personal Quantity Typical Quantity  Emissions per Year
  per Year per Year per Year Multiplier (lbs. CO2)

 Residential Utilities     

Electricity kwh  4,500 1.5

 Heating oil gallons  37 22

 Natural gas hundreds of  400 12
  cubic feet (ccf)

 Propane gallons  8 13

 Coal tons  – 4,200

Transportation    

 Automobiles gallons  600 19

 Air travel miles  2,000 0.6

 Bus, urban miles  12 0.07

 Bus, intercity miles  0 0.2

 Rail or subway miles  28 0.6

Taxi or limousine miles  2 1

 Other motor fuel gallons  9 22

Household Waste    

 Trash pounds  780 0.75

 Recycled Items pounds  337 !2

     Total (pounds)

     Total (tons)

     Total (kilograms)

     Total (metric tons)

Source: This CO2 calculator was developed by Thomas B. Cobb, Bowling Green State University, Bowling Green, Ohio (USA).
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wrote letters and articles to educate the general public about the 
nature of Lake Washington’s pollution and its likely sources.

The researchers’ public education efforts paid off. Within 
3 years, citizen pressure on elected officials led to the develop-
ment of a scheme to divert nutrient-rich effluents from Seattle’s 
sewage treatment plants into the nearby Puget Sound (Fig-
ure 20-1), where tides would mix and dilute them with ocean 
water. This diversion was completed by 1968, and by 1976, the 
blue-green algae were virtually gone. The clarity of the lake wa-
ter improved dramatically, fish populations in the lake recovered, 
and recreationists returned to Lake Washington (Figure 20-2).

However, with the increasing popularity of the Seattle area, 
the human population has steadily grown. This is posing new 
challenges to the lake and to the sound, as we discuss through-
out this chapter.

The U.S. city of Seattle, Washington, was founded on the west-
ern shore of Puget Sound (Figure 20-1). As it grew in the early 
20th Century, it expanded eastward toward Lake Washington, 
which became a popular recreation site for its citizens.

The lake also became attractive to growing suburban mu-
nicipal governments as a place to dispose of wastewater. By the 
mid-1950s, Seattle’s suburbs surrounded the lake, and ten sew-
age treatment plants were operating near its shores, dumping 
huge amounts of treated wastewater into the lake every day. In 
1955, researchers working with the late Dr. W. T. Edmondson of 
the University of Washington discovered the presence in the lake 
of a species of cyanobacteria, commonly called blue-green algae.

Masses of these algae quickly grew and darkened the lake’s 
waters. Dead algae accumulated on the lakeshores where they 
rotted and fouled the air. The water became cloudy and popula-
tions of desirable fish declined. Edmondson, who spent decades 
studying the biochemistry of Lake Washington, hypoth-
esized that the chief nutrient feeding the algae was 
phosphorus coming from the area’s sewage treatment 
plants.

Edmondson and his colleagues wrote a technical 
paper for use by sewage treatment plant managers but 
did not get much attention from these officials. So they 

Lake Washington

Water Pollution 20

Figure 20-1 The Seattle, 
Washington (USA) area. 
Seattle was founded on the 
shore of Puget Sound and 
quickly expanded eastward 
toward Lake Washington.

Figure 20-2 With 
the city of Seattle 
in the background, 
this kayaker enjoys 
the waters of Lake 
Washington. Although 
the once badly polluted 
lake has recovered, 
population pressures 
now threaten it again.
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Water Pollution Comes from Point 
and Nonpoint Sources
Water pollution is any chemical, biological, or physi-
cal change in water quality that harms living organisms 
or makes water unsuitable for desired uses.

Water pollution can come from single (point) 
sources, or from larger and dispersed (nonpoint) 
sources. Point sources discharge pollutants at specific 
locations through drain pipes (Figure 20-3), ditches, or 
sewer lines into bodies of surface water. Examples in-
clude factories, sewage treatment plants (which remove 
some, but not all, pollutants), underground mines, and 
oil tankers.

Because point sources are located at specific places, 
they are fairly easy to identify, monitor, and regulate. 
Most developed countries have laws that help to con-
trol point-source discharges of harmful chemicals into 
aquatic systems. In most developing countries, there is 
little control of such discharges.

Nonpoint sources are broad, and diffuse areas, 
rather than points, from which pollutants enter bod-
ies of surface water or air. Examples include runoff of 
chemicals and sediments from cropland (Figure 20-4), 
livestock feedlots, logged forests, urban streets, park-
ing lots, lawns, and golf courses. We have made little 
progress in controlling water pollution from nonpoint 
sources because of the difficulty and expense of iden-

Key Questions and Concepts

20-1 What are the causes and effects of water 
pollution?
CONCEPT 20-1A  Water pollution causes illness and death in 
humans and other species and disrupts ecosystems.

CONCEPT 20-1B  The chief sources of water pollution are 
agricultural activities, industrial facilities, and mining, but growth in 
population and resource use makes it increasingly worse.

20-2 What are the major water pollution problems in 
streams and lakes?
CONCEPT 20-2A  While streams are extensively polluted 
worldwide by human activities, they can cleanse themselves of 
many pollutants if we do not overload them or reduce their flows.

CONCEPT 20-2B  Addition of excessive nutrients to lakes from 
human activities can disrupt lake ecosystems, and prevention of 
such pollution is more effective and less costly than cleaning it up.

20-3 What are the major pollution problems affecting 
groundwater and other drinking water sources?
CONCEPT 20-3A  Chemicals used in agriculture, industry, 
transportation, and homes can spill and leak into groundwater and 
make it undrinkable.

CONCEPT 20-3B  There are simple ways and complex ways 
to purify drinking water, but protecting it through pollution 
prevention is the least expensive and most effective strategy.

20-4 What are the major water pollution problems 
affecting oceans?
CONCEPT 20-4A  The great majority of ocean pollution 
originates on land and includes oil and other toxic chemicals and 
solid wastes, which threaten aquatic species and other wildlife and 
disrupt marine ecosystems.

CONCEPT 20-4B  The key to protecting the oceans is to reduce 
the flow of pollutants from land and air and from streams emptying 
into these waters.

20-5 How can we best deal with water pollution?
CONCEPT 20-5  Reducing water pollution requires preventing 
it, working with nature to treat sewage, cutting resource use and 
waste, reducing poverty, and slowing population growth.

Today everybody is downwind or downstream from somebody else.
WILLIAM RUCKELSHAUS

20-1 What Are the Causes and Effects of Water Pollution?
CONCEPT 20-1A Water pollution causes illness and death in humans and other 
species and disrupts ecosystems.
CONCEPT 20-1B The chief sources of water pollution are agricultural activities, 
industrial facilities, and mining, but growth in population and resource use makes it 
increasingly worse.

▲
▲

Note: Supplements 2 (p. S4), 6 (p. S39), and 13 (p. S78) can be used with this chapter.

532 Links: refers to the Core Case Study. refers to the book’s sustainability theme. indicates links to key concepts in earlier chapters.
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tifying and controlling discharges from so many diffuse 
sources.

Agricultural activities are by far the leading cause of 
water pollution. Sediment eroded from agricultural 
lands (Figure 20-4) is the largest source. Other major 
agricultural pollutants include fertilizers and pesticides, 
bacteria from livestock and food processing wastes, and 
excess salt from soils of irrigated cropland. Industrial
facilities, which emit a variety of harmful inorganic and 
organic chemicals, are a second major source of water 
pollution. Mining is the third biggest source. Surface 
mining disturbs the land (Figures 14-18, p. 357, and 
14-19, p. 358), creating major erosion of sediments and 
runoff of toxic chemicals (Chapter 14 Core Case Study, 
p. 344).

A 2007 study by Purdue University (Indiana, USA) 
researchers found that parking lots are a major source 
of nonpoint pollution for rivers and lakes because of 
grease, toxic metals, and sediments that collect on their 
impervious surfaces. Because parking lots also disrupt 
the hydrologic cycle by preventing rain from soaking 
into the ground, they can worsen local flooding and 
erosion.

Another relatively new form of water pollution is 
caused by the widespread use of human-made materials 
such as plastics that make up millions of products, all 
of which eventually end up in the environment. The 
polymers that make up the plastics break down very 
slowly and, in the process, pollute many waterways 
where they have been discarded improperly. Plastics 
products can also harm various forms of wildlife (Fig-
ures 11-5, p. 254, and 11-10, p. 260).

Climate change from global warming will also con-
tribute to water pollution in some areas. In a warmer 
world, some regions will get more precipitation and 
other areas will get less. Intense downpours will flush 
more harmful chemicals, plant nutrients, and microor-
ganisms into waterways. Prolonged drought will reduce 
river flows that dilute wastes.

Figure 20-3
Point source of 
polluted wa-
ter in Gargas, 
France.

Figure 20-4 Nonpoint sediment from unprotected farmland flows into streams and 
sometimes changes their courses or dams them up. As measured by weight, it is the 
largest source of water pollution. Question: What do you think the owner of this farm 
could have done to prevent such sediment pollution?

Major Water Pollutants Have 
Harmful Effects

Table 20-1 (p. 534) lists the major types of water 
pollutants along with examples of each and their harm-
ful effects and sources (Concept 20-1A).

One of the major water pollution problems people 
face is exposure to infectious disease organisms (patho-
gens) mostly through contaminated drinking water. 
Scientists have identified more than 500 types of dis-
ease-causing bacteria, viruses, and parasites that can 
be transferred into water from the wastes of humans 
and animals. Table 20-2 (p. 534) lists some common 
diseases that can be transmitted to humans through 
drinking water contaminated with infectious agents 
(Concept 20-1A). Various methods are used to measure 
water quality (Science Focus, p. 535).

The World Health Organization (WHO) esti-
mates that 3.2 million people—most of them children 
younger than age 5—die prematurely every year from 
infectious diseases that they get by drinking contami-
nated water or by not having enough clean water 
for adequate hygiene. This amounts to an average of 
almost 8,700 premature deaths a day. The WHO also 
estimates that about 1.2 billion people—one of every 
six in the world—have no access to clean drinking wa-
ter. Each year, diarrhea alone kills about 1.9 million 
people—about 90% of them children under age 5—in 
developing countries. This means that diarrhea, caused 
mostly by exposure to polluted water, on average, kills 
a young child every 18 seconds.
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Table 20-1 

Major Water Pollutants and Their Sources

Type and Effects Examples Major sources 

Infectious agents (pathogens) Bacteria, viruses, protozoa, parasites Human and animal wastes
Cause diseases

Oxygen-demanding wastes Biodegradable animal wastes Sewage, animal feedlots, food processing
Deplete dissolved oxygen needed and plant debris facilities, pulp mills
by aquatic species

Plant nutrients Nitrates (NO3
!) and phosphates (PO4

3!) Sewage, animal wastes, inorganic fertilizers
Cause excessive growth of algae
and other species  

Organic chemicals Oil, gasoline, plastics, pesticides,  Industry, farms, households
Add toxins to aquatic systems cleaning solvents 

Inorganic chemicals Acids, bases, salts, metal compounds Industry, households, surface runoff
Add toxins to aquatic systems

Sediments Soil, silt Land erosion
Disrupt photosynthesis, food webs, 
other processes

Heavy metals Lead, mercury, arsenic Unlined landfills, household chemicals, 
Cause cancer, disrupt immune and   mining refuse, industrial discharges
endocrine systems

Thermal Heat Electric power and industrial plants
Make some species vulnerable to disease

Table 20-2

Common Diseases Transmitted to Humans through Contaminated 
Drinking Water 

Type of Organism Disease Effects

Bacteria Typhoid fever Diarrhea, severe vomiting, enlarged spleen, inflamed intestine; often 
  fatal if untreated

 Cholera Diarrhea, severe vomiting, dehydration; often fatal if untreated

 Bacterial dysentery Diarrhea, bleeding; rarely fatal except in infants without proper treatment

 Enteritis Severe stomach pain, nausea, vomiting; rarely fatal

Viruses Infectious hepatitis (Type B) Fever, severe headache, loss of appetite, abdominal pain, jaundice, 
  enlarged liver; rarely fatal but may cause permanent liver damage

 Poliomyelitis Fever, diarrhea, backache, sore throat, aches in limbs; can infect spinal 
  chord and cause paralysis and muscle weakness

Parasitic protozoa Amoebic dysentery Severe diarrhea, headache, abdominal pain, chills, fever; if not treated 
  can cause liver abscess, bowel perforation, and death

 Giardiasis Diarrhea, abdominal cramps, flatulence, belching, fatigue

 Cryptosporidum Severe diarrhea, cramps for up to 3 weeks, and possible death for people 
  with weakened immune systems

Parasitic worms Schistosomiasis Abdominal pain, skin rash, anemia, chronic fatigue, and chronic general
   ill health

 Ancylostomiasis Severe anemia and possible symptoms of bronchial infection
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SCIENCE FOCUS

Testing Water for Pollutants

Scientists measure the amount of sedi-
ment in polluted water by evaporating the 
water in a sample and weighing the resulting 
sediment. They also use instruments such as 
colorimeters and turbidimeters to measure 
the color and turbidity, or cloudiness, of wa-
ter samples containing sediment.

Critical Thinking
Runoff of fertilizer into a lake such as Lake 
Washington (Core Case Study) from 
farm fields, lawns, and sewage treat-
ment plants can overload the water with 
nitrogen and phosphorus plant nutrients that 
can cause algae population explosions. How 
could this process lower the dissolved oxygen 
level of the water and lead to fish kills?

specific organic chemicals in polluted water. 
They can also monitor water pollution by 
using living organisms as indicator species. 
For example, they remove aquatic plants 
such as cattails from areas contaminated 
with fuels, solvents, and other organic chemi-
cals, and analyze them to determine the exact 
pollutants contained within them. Scientists 
also determine water quality by analyzing 
bottom-dwelling species such as mussels, 
which feed by filtering water through their 
bodies.

Genetic engineers are working to de-
velop bacteria and yeasts (single-celled fungi) 
that glow in the presence of specific pollut-
ants such as toxic heavy metals in the ocean, 
toxins in the air, and carcinogens in food.

cientists use a variety of methods to 
measure water quality. For example, 

Dr. Edmondson and his students tested 
samples of water from Lake Washington 
(Core Case Study) for the presence 
of various infectious agents such as 
certain strains of coliform bacteria Escheri-
chia coli, or E. coli, which live in the colons 
and intestines of humans and other animals 
and thus are present in their fecal wastes. 
Although most strains of coliform bacteria do 
not cause disease, their presence indicates 
that water has been exposed to human or an-
imal wastes that are likely to contain disease-
causing agents.

To be considered safe for drinking, a 
100-milliliter (about 1/2 cup) sample of water 
should contain no colonies of coliform bacte-
ria. To be considered safe for swimming, such 
a water sample should contain no more than 
200 colonies of coliform bacteria. By contrast, 
a similar sample of raw sewage may contain 
several million coliform bacterial colonies.

Another indicator of water quality is its 
level of dissolved oxygen (DO). Excessive 
inputs of oxygen-demanding wastes can de-
plete DO levels in water. Figure 20-A shows 
the relationship between dissolved oxygen 
content and water quality.

Scientists can use chemical analysis to de-
termine the presence and concentrations of 

S Water
Quality DO (ppm) at 20°C

Good

Slightly
polluted

Moderately
polluted

Heavily
polluted

Gravely
polluted

8–9

6.7–8

4.5–6.7

4–4.5

Below 4

Figure 20-A Water quality as 
measured by dissolved oxygen 
(DO) content in parts per million 
(ppm) at 20 °C (68 °F). Only a few 
fish species can survive in water 
with less than 4 ppm of dissolved 
oxygen at this temperature. Some 
warmer water species have evolved 
ways to tolerate low DO levels 
better than cold water species can. 
Question: Would you expect the 
dissolved oxygen content of pol-
luted water to increase or decrease 
if the water is heated? Explain.

Streams Can Cleanse Themselves 
If We Do Not Overload Them
Flowing rivers and streams can recover rapidly from 
moderate levels of degradable, oxygen-demanding 
wastes through a combination of dilution and bio-
degradation of such wastes by bacteria. But this natural 
recovery process does not work when streams become 

overloaded with such pollutants or when drought, 
damming, or water diversions reduce their flows 
(Concept 20-2A). Also, while this process can remove 
biodegradable wastes, it does not eliminate slowly de-
gradable and nondegradable pollutants.

In a flowing stream, the breakdown of biodegrad-
able wastes by bacteria depletes dissolved oxygen and 
creates an oxygen sag curve (Figure 20-5, p. 536). This 

20-2 What Are the Major Water Pollution Problems 
in Streams and Lakes?

CONCEPT 20-2A While streams are extensively polluted worldwide by human 
activities, they can cleanse themselves of many pollutants if we do not overload 
them or reduce their flows.
CONCEPT 20-2B Addition of excessive nutrients to lakes from human activities can 
disrupt lake ecosystems, and prevention of such pollution is more effective and less 
costly than cleaning it up.

▲
▲
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reduces or eliminates populations of organisms with 
high oxygen requirements until the stream is cleansed 
of oxygen-demanding wastes, at which place or time, 
such populations can recover. Similar oxygen sag curves 
can be plotted when heated water from industrial and 
power plants is discharged into streams, because heat-
ing water decreases its levels of dissolved oxygen.

 Learn more about how pollution affects the wa-
ter in a stream and the creatures living there at CengageNOW™.

Stream Pollution in Developed 
Countries
Water pollution control laws enacted in the 1970s have 
greatly increased the number and quality of waste-
water treatment plants in the United States and most 
other developed countries. Such laws also require in-
dustries to reduce or eliminate their point-source dis-
charges of harmful chemicals into surface waters. This 
has enabled the United States to hold the line against 
increased pollution by disease-causing agents and 
oxygen-demanding wastes in most of its streams. This 
is an impressive accomplishment given the country’s 
increased economic activity, resource consumption, 
and population growth since passage of these laws.

One success story is the cleanup of Ohio’s Cuyahoga 
River. It was so polluted with flammable chemi-
cals that it caught fire several times in the 1950s and 
1960s as it flowed through the U.S. city of Cleveland. 
A highly publicized photo of this burning river in 1969 
prompted elected officials to enact laws that limited the 
discharge of industrial wastes into the river and into lo-
cal sewage systems and provided funds to upgrade sew-
age treatment facilities. Today, the river is cleaner, no 
longer flammable, and is widely used by boaters and 
anglers. This accomplishment illustrates the power of 
bottom-up pressure by citizens, who prodded elected 
officials to change a severely polluted river into an eco-
nomically and ecologically valuable public resource.

Another spectacular cleanup occurred in Great 
Britain. In the 1950s, the Thames River was little more 
than a flowing, smelly sewer. Now, after 50 years of 
effort and large inputs of money from British taxpayers 
and private industry, the Thames has made a remarkable 
recovery. Commercial fishing is thriving and the num-
ber of fish species has increased 20-fold since 1960. In 
addition, many species of waterfowl and wading birds 
have returned to their former feeding grounds.

Large fish kills and drinking water contamination 
still occasionally occur in parts of developed countries. 
One cause of such problems is accidental or deliberate 
releases of toxic inorganic and organic chemicals by in-
dustries or mines (Chapter 14 Core Case Study, p. 344). 

Normal clean water organisms

(Trout, perch, bass,

mayfly, stonefly)

Normal clean water organisms

(Trout, perch, bass,

mayfly, stonefly)
Pollution-

tolerant fishes

(carp, gar)

Pollution-

tolerant fishes

(carp, gar)
Fish absent,

fungi, sludge

worms,
bacteria

(anaerobic)

Clean Zone

Clean Zone

Decomposition

Zone

Septic Zone Recovery
Zone

Types of

organisms

Dissolved
oxygen
(ppm)

Biochemical

oxygen
demand

8 ppm

8 ppm

Point source

 Active Figure 20-5 Natural capital: dilution and decay of degradable, oxygen-demanding 
wastes (or heated water) in a stream, showing the oxygen sag curve (blue) and the curve of oxygen demand (red). 
Depending on flow rates and the amount of biodegradable pollutants, streams recover from oxygen-demanding 
wastes and from injection of heated water if they are given enough time and are not overloaded (Concept 20-2A). 
See an animation based on this figure at CengageNOW™. Question: What would be the effect of putting another 
biodegradable waste discharge pipe to the right of the one in this picture?
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See The Habitable Planet, Video 6, at www.learner.org/
resources/series209.html for discussion of how scien-
tists measure water pollution that includes toxic heavy 
metals from mining wastes and abandoned under-
ground mines. Another cause of such pollution is mal-
functioning sewage treatment plants. A third cause is 
nonpoint runoff of pesticides and excess plant nutrients 
from cropland and animal feedlots.

Still, streams can recover if given the chance (Con-
cept 20-2A). Stream restoration can be done on a large 
scale, as in the cases of the Cuyahoga and the Thames, 
or on a smaller scale, as in the case of Hamm Creek 
(Individuals Matter, below). In either case, anyone and 
everyone can play a role.

Global Outlook: Stream Pollution 
in Developing Countries
In most developing countries, stream pollution from 
discharges of untreated sewage and industrial wastes 
is a serious and growing problem. According to a 2003 
report by the World Commission on Water in the 21st 
Century, half of the world’s 500 rivers are heavily pol-
luted, and most of them run through developing coun-
tries. Most of these countries cannot afford to build 
waste treatment plants and do not have, or do not en-
force, laws for controlling water pollution.

According the Global Water Policy Project, most cit-
ies in developing countries discharge 80–90% of their 
untreated sewage directly into rivers, streams (Fig-
ure 20-6), and lakes whose waters are then used for 
drinking water, bathing, and washing clothes.

Industrial wastes and sewage pollute more than 
two-thirds of India’s water resources (Case Study, 
p. 538) and 54 of the 78 rivers and streams monitored 
in China (Figure 20-7, p. 538). One-third of China’s 
rivers are judged unfit for agricultural use, and even for 

Figure 20-6 A girl sits on the edge of a road beside a stream loaded with raw sewage, 
near her home in Baghdad, Iraq.

INDIVIDUALS MATTER

The Man Who Planted Trees to Restore a Stream

the restoration project brought more 
volunteers.

The creek’s water now runs clear, its 
vegetation has been restored, and salmon 
have returned to spawn. His reward is the 
personal satisfaction he feels about hav-
ing made a difference for Hamm Creek 
and his community. His dedication to mak-
ing the world a better place is an outstand-
ing example of stewardship based on the 
idea that all sustainability is local.

n 1980, heart problems forced John 
Beal, an engineer with the Boeing 

Company, to take some time off. To im-
prove his health, he began taking daily 
walks. His strolls took him by Hamm Creek, 
a smallstream that flows from the southwest 
hills of Seattle, Washington (USA), 
into the Duwamish River, which 
empties into Puget Sound (Figure 20-1, 
Core Case Study). He remembered 
when the stream was a spawning 
ground for salmon and when evergreen 
trees lined its banks. By 1980, the polluted 

I stream had no fish and the trees were 
gone.

Beal decided to restore Hamm Creek. 
He persuaded companies to stop polluting 
the creek, and he hauled out many truck-
loads of garbage. Then he began a 15-year 
project of planting thousands of trees along 
the stream’s banks. He also restored natural 
waterfalls and ponds and salmon spawning 
beds.

At first he worked alone, but word 
spread and other people joined him. TV 
news reports and newspaper articles about 

industrial uses. According to a 2007 report by Chinese 
officials, more than half of China’s 1.3 billion people, 
including those in 278 cities, live without any form 
of sewage treatment. And 300 million Chinese—an 
amount almost equal to the entire U.S. population—do 
not have access to drinkable water. In Latin America 
and Africa, most streams passing through urban or in-
dustrial areas suffer from severe pollution. Garbage is 
also dumped into rivers in some places (Figure 20-8, 
p. 538).
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 ■ CASE STUDY

India’s Ganges River: Religion, 
Poverty, Population Growth, 
and Health
To India’s Hindu people, the Ganges is a holy river. Each 
day, large numbers of Hindus bathe, drink from, or take 
a dip in the river for religious reasons (Figure 20-9).

But the Ganges is highly polluted. About 350 mil-
lion people—almost one-third of the country’s popula-
tion—live in the Ganges River basin. Very little of the 
sewage produced by these people and by the industries 
and 29 large cities in the basin is treated.

This situation is complicated by the Hindu belief in 
cremating the dead to free the soul and in throwing the 
ashes into the holy Ganges to increase the chances of 
the soul getting into heaven. Traditionally, wood fires 
are used to burn most bodies. This creates air pollution 
and helps deplete India’s forests.

It also causes water pollution. Because many peo-
ple cannot afford enough wood for cremation, many 
unburned or partially burnt bodies are dumped into 
the river where they mingle with large numbers of 
livestock corpses. Decomposition of these bodies de-
pletes dissolved oxygen and adds disease-carrying 
bacteria and viruses to the water. This problem is ex-
pected to get worse as India’s population grows; about 
18 million people are added to the population each 
year—about a third of them to the Ganges River basin.

To help clean up the river, the Indian government 
plans to build waste treatment plants in the basin’s 29 
large cities and construct along the banks of the river 
32 electric crematoriums, which can burn bodies more 
efficiently and at a cost lower than that of wood-fired 
cremation. The government also introduced 25,000 
snapping turtles to devour corpses.

But most of the sewage treatment plants are not yet 
completed or do not work very well, and only a few of 
the crematoriums are in operation. There is also con-
cern that many Hindus will not abandon the traditional 
ritual of wood-fired cremation or will not be able to af-
ford any type of cremation.

Another religious custom involves throwing viv-
idly painted small statues into the river. These create 
another source of pollution, because paints and coat-
ings on these objects often contain toxic metals, such 
as lead and mercury, and various potentially harmful 
organic compounds.

Global warming is almost certain to make this situ-
ation worse. About 70% of the water flowing into the 
Ganges comes from the country’s Gangotri Glacier, 
which is now melting at an accelerating rate. If this 
continues, within decades, the Ganges will become a 
seasonal river that flows only during the rainy season. 
The resulting loss of water poses a severe threat to the 
more than 400 million people living within the Ganges 
basin in India and Bangladesh.Figure 20-8 Trash truck disposing of garbage into a river in Peru.

Figure 20-7 Natural capital degradation: highly polluted river 
in China. Water in many of central China’s rivers is greenish-black 
from uncontrolled pollution by thousands of factories. Water in 
some rivers is too toxic to touch, much less drink. The cleanup of 
some modernizing Chinese cities such as Beijing and Shanghai is 
forcing polluting refineries and factories to move to rural areas 
where two-thirds of China’s population resides. Liver and stomach 
cancer, linked in some cases to water pollution, are among the 
leading causes of death in the countryside. Farmers too poor to buy 
bottled water must often drink polluted well water.
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THINKING ABOUT
Ancient Rituals and Water Pollution

What arguments would you use to convince someone to use 
a newer, cleaner technology for observing an ancient religious 
ritual in order to help protect the Ganges River?

Low Water Flow and Too Little 
Mixing Makes Lakes Vulnerable 
to Water Pollution
Lakes and reservoirs are generally less effective at dilut-
ing pollutants than streams are, for two reasons. First,
lakes and reservoirs often contain stratified layers (Fig-
ure 8-15, p. 175) that undergo little vertical mixing. 
Second, they have little or no flow. The flushing and 
changing of water in lakes and large artificial reservoirs 
can take from 1 to 100 years, compared to several days 
or weeks for streams.

As a result, lakes and reservoirs are more vulner-
able than streams are to contamination by runoff or 
discharge of plant nutrients, oil, pesticides, and nonde-
gradable toxic substances, such as lead, mercury, and se-
lenium. These contaminants can kill bottom life and fish 
and birds that feed on contaminated aquatic organisms. 
Many toxic chemicals and acids also enter lakes and res-
ervoirs from the atmosphere (Figure 18-12, p. 479).

As they pass through food webs in lakes, the con-
centrations of some harmful chemicals are biologically 
magnified. Examples include DDT (Figure 9-19, p. 202), 
PCBs (Case Study, p. 449), some radioactive isotopes, 
and some mercury compounds (Figure 17-A, p. 450).

Cultural Eutrophication Is 
Too Much of a Good Thing
Eutrophication is the name given to the natural nu-
trient enrichment of a shallow lake, estuary, or slow-
moving stream, mostly from runoff of plant nutrients 
such as nitrates and phosphates from surrounding 
land. In the case of Lake Washington (Core
Case Study), the major nutrient was phospho-
rous in treated wastewater that was dumped into the 
lake from all sides.

An oligotrophic lake is low in nutrients and its wa-
ter is clear (Figure 8-16, left, p. 175). Over time, some 
lakes become more eutrophic (Figure 8-16, right) as 
nutrients are added from natural and human sources 
in the surrounding watersheds.

Near urban or agricultural areas, human activities 
can greatly accelerate the input of plant nutrients to 
a lake—a process called cultural eutrophication in-
volving mostly nitrate- and phosphate-containing ef-
fluents from various sources. These sources include 
runoff from farmland, animal feedlots, urban areas, 
chemically fertilized suburban yards, and mining sites, 

and discharges of treated and untreated municipal sew-
age. Some nitrogen also reaches lakes by deposition 
from the atmosphere.

During hot weather or drought, this nutrient over-
load produces dense growths or “blooms” of organisms 
such as algae and cyanobacteria (Figure 8-16, right, 
p. 175) and thick growths of water hyacinth (Fig-
ure 11-4, p. 252), duckweed, and other aquatic plants. 
These dense colonies of plant life can reduce lake pro-
ductivity and fish growth by decreasing the input of so-
lar energy needed for photosynthesis by phytoplankton 
that support fish (Concept 20-2B).

When the algae die, they are decomposed by swell-
ing populations of aerobic bacteria, which deplete dis-
solved oxygen in the surface layer of water near the 
shore and in the bottom layer. This can kill fish and 
other aerobic aquatic animals. This is what was hap-
pening to Lake Washington (Figure 20-1) before sci-
entists and citizens worked together to clean it up 
(Core Case Study). If excess nutrients continue 
to flow into a lake, anaerobic bacteria take over 
and produce gaseous products such as smelly, highly 
toxic hydrogen sulfide and flammable methane.

According to the U.S. Environmental Protection 
Agency (EPA), about one-third of the 100,000 medium 
to large lakes and 85% of the large lakes near major 
U.S. population centers have some degree of cultural 
eutrophication. And the International Water Associa-
tion estimates that more than half of the lakes in China 
suffer from cultural eutrophication.

Figure 20-9 India’s Ganges River. Each day more than 1 million Hindus in India bathe, 
drink from, or carry out religious ceremonies in the highly polluted Ganges River, which 
flows from the southern slopes of the Himalayas through India and into the Bay of 
Bengal. This photo shows people engaging in a Hindu Puja ritual ceremony in the river.
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There are several ways to prevent or reduce cultural 
eutrophication. We can use advanced (but expensive) 
waste treatment to remove nitrates and phosphates be-
fore wastewater enters lakes. In Lake Washington, this 
approach, plus diversion of lake water to nearby Puget 
Sound (Figure 20-1, Core Case Study), were 
used to reduce eutrophication. We can also use 
a preventive approach by banning or limiting the use of 
phosphates in household detergents and other cleaning 
agents and by employing soil conservation and land-
use control to reduce nutrient runoff (Concept 20-2B).

There are several ways to clean up lakes suffering 
from cultural eutrophication. We can mechanically re-
move excess weeds, control undesirable plant growth 
with herbicides and algicides, and pump air through 
lakes and reservoirs to prevent oxygen depletion, all of 
which are expensive and energy-intensive methods.

As usual, pollution prevention is more effective and 
usually cheaper in the long run than cleanup. The good 
news is that a lake usually can recover from cultural 
eutrophication, if excessive inputs of plant nutrients 
are stopped.

Revisiting Lake Washington 
and Puget Sound
We can learn two lessons from the story of Lake 
Washington (Core Case Study), both related to 
themes we explore throughout this book. First,
severe water pollution can be reversed in a fairly short 
time, if pollutant inputs are sharply reduced. Second,
citizen action combined with scientific research works.

However, recall that the wastewater treatment plant 
effluents that had been flowing into Lake Washington 
were diverted to the Puget Sound (Figure 20-1). Today, 
mostly because of continued population and economic 
growth in the Seattle area, the sound is becoming over-
loaded with these effluents. There is growing concern 
also about overflows of increased urban runoff and raw 
sewage during storms and about large inputs of toxic 
materials into the sound.

Despite the ecological and political success story of 
Lake Washington, the relentless growth of population, 
resource use, and urbanization are again overwhelm-
ing the lake, as well as the sound. This brings a third 
lesson to the Lake Washington story: Even good solu-
tions to environmental problems cannot work indefi-
nitely if we keep overwhelming the natural sys-
tems involved. Ultimately, scientific principles of 
sustainability (see back cover) require reducing 
population growth and resource use.

In 2007, the Washington state government ap-
pointed the Puget Sound Partnership to determine 
the condition of the sound and to develop strategies 
for meeting the state’s goal of having a healthy Puget 
Sound by 2020.

 ■ CASE STUDY

Pollution in the Great Lakes
The five interconnected Great Lakes of North America 
(Figure 20-10) contain at least 95% of the fresh surface 
water in the United States and one-fifth of the world’s 
fresh surface water. At least 38 million people in the 
United States and Canada obtain their drinking water 
from these lakes.

Despite their enormous size, these lakes are vulner-
able to pollution from point and nonpoint sources. One 
reason is that less than 1% of the water entering these 
lakes flows out to the St. Lawrence River each year, 
meaning that pollutants can take as long as 100 years 
to be flushed out to sea.

By the 1960s, many areas of the Great Lakes were 
suffering from severe cultural eutrophication, huge fish 
kills, and contamination from bacteria and a variety of 
toxic industrial wastes. The impact on Lake Erie was 
particularly intense because it is the shallowest of the 
Great Lakes and has the highest concentrations of peo-
ple and industrial activity along its shores.

Since 1972, Canada and the United States have 
joined forces and spent more than $20 billion on a 
Great Lakes pollution control program. This program 
has decreased algal blooms, increased dissolved oxy-
gen levels and sport and commercial fishing catches 
in Lake Erie, and allowed most swimming beaches to 
reopen. These improvements occurred mainly because 
of new or upgraded sewage treatment plants, better 
treatment of industrial wastes, and bans on use of de-
tergents, household cleaners, and water conditioners 
that contain phosphates—all instituted mostly because 
of bottom-up citizen pressure.

Despite this important progress, many problems re-
main. In 2006, Canadian scientists reported that cities 
around the lakes were releasing, on average, the equiv-
alent of more than 100 Olympic swimming pools of raw 
sewage into the lakes each day. Dozens of municipal 
sewage systems combine storm water with wastewater 
and allow emergency overflows into the lakes. These 
systems overflow far too easily and too often, according 
to the scientists. Cities that use systems that separate 
sewage from storm water, which include Green Bay, 
Wisconsin, and Duluth, Minnesota, contribute the least 
to this problem.

Increasing nonpoint runoff of pesticides and fertil-
izers resulting from urban sprawl, fueled by population 
growth, now surpasses industrial pollution as the great-
est threat to the lakes. Sediments in 26 toxic hotspots 
remain heavily polluted. And biological pollution in the 
form of invasions by zebra mussels and more than 
180 other alien species, threaten some native species 
and cause billions of dollars in damages (Case Study, 
p. 269).

Air quality over the Great Lakes has generally im-
proved, according to the 2007 State of the Great Lakes 
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report, but about half of the toxic compounds enter-
ing the lakes still come from atmospheric deposition of 
pesticides, mercury from coal-burning plants, and other 
toxic chemicals from as far away as Mexico and Russia. 
A survey by Wisconsin biologists found that one fish in 
four taken from the Great Lakes is unsafe for human 
consumption. Despite ongoing pollution problems, EPA 
funding for cleanup of the Great Lakes has dropped 
80% since 1992.

The 2007 State of the Great Lakes report also notes:

• New pollutants found in the lakes include toxic 
polybrominated diphenyl ethers used in flame re-
tardants and various pharmaceutical and personal 
care products.

• Continuing wetland loss and degradation is shrink-
ing the habitats of birds, amphibians, and some 
fishes.

• Populations of native species near the base of the 
food web, such as some plankton, are declining in 
some of the lakes.

• Native populations of carnivorous fish species, such 
as lake trout, are declining in most of the lakes.

Some environmental and health scientists call for 
taking a prevention approach and banning the use of 
toxic chlorine compounds, such as bleach used in the 
pulp and paper industry, which is prominent around 
the Great Lakes. They would also ban new incinerators, 
which can release toxic chemicals into the atmosphere, 
and they would stop the discharge into the lakes of 70 
toxic chemicals that threaten human health and wild-
life. So far, officials in the industries involved have suc-
cessfully opposed such bans.

In 2007, a group of economists estimated that im-
proving the health of the Great Lakes, by rebuilding 
antiquated sewer systems, restoring degraded wetlands, 
dealing with the invasive species, and cleaning up con-
taminated lake and tributary sediment, would cost $26 
billion. They also argued that the estimated resulting 
gain of $50 billion in real estate values would justify 
the investment.

THINKING ABOUT
Pollution in the Great Lakes

What are three steps you would take to sharply reduce 
pollution in the Great Lakes?
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Figure 20-10 The Great Lakes of North America. Two Canadian provinces to the north and eight U.S. states to the 
south surround these five lakes, which make up the world’s largest freshwater system. Dozens of growing cities lie 
on their shores, and water pollution is a growing problem. (Provided by the SeaWiFS project, NASA/Goddard Space 
Flight Center, and ORBIMAGE)
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20-3 What Are the Major Pollution Problems Affecting 
Groundwater and Other Drinking Water Sources?

CONCEPT 20-3A Chemicals used in agriculture, industry, transportation, and 
homes can spill and leak into groundwater and make it undrinkable.
CONCEPT 20-3B There are simple ways and complex ways to purify drinking 
water, but protecting it through pollution prevention is the least expensive and 
most effective strategy.

▲
▲

Once a pollutant from a leaking underground stor-
age tank or other source contaminates ground water, 
it fills the aquifer’s porous layers of sand, gravel, or 
bedrock like water saturates a sponge. This makes re-
moval of the contaminant difficult and costly. The 
slowly flowing groundwater disperses the pollutant in 
a widening plume of contaminated water. If the plume 
reaches a well used to extract groundwater, the toxic 
pollutants can get into drinking water and into water 
used to irrigate crops (Figure 20-12).

When groundwater becomes contaminated, it can-
not cleanse itself of degradable wastes as quickly as flow-
ing surface water does. Groundwater flows so slowly—
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Figure 20-11 
Natural capital 
degradation: 
principal sources 
of groundwater 
contamination 
in the United 
States (Concept 
20-3A). Another 
source is salt-
water intrusion 
from excessive 
groundwater 
withdrawal in 
coastal areas. 
(Figure is not 
drawn to scale.) 
Question: 
What are three 
sources shown 
in this picture 
that might 
be affecting 
groundwater in 
your area?

Groundwater Cannot Cleanse Itself 
Very Well
Drinking water for about half of the U.S. population 
and 95% of those who live in rural areas comes from 
groundwater. According to many scientists, groundwa-
ter pollution is a serious threat to human health.

Common pollutants such as fertilizers, pesticides, 
gasoline, and organic solvents can seep into ground-
water from numerous sources (Figure 20-11). People 
who dump or spill gasoline, oil, and paint thinners and 
other organic solvents onto the ground also contami-
nate groundwater (Concept 20-3A).
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Figure 20-12 Natural capital degradation: groundwater contamination from a leaking gasoline tank. As the 
contaminated water spreads from its source in a widening plume, it can be extracted by wells used to provide water 
for drinking and irrigation.

China has limited water resources for its huge 
population. Groundwater is crucial because it pro-
vides about 70% of the country’s drinking water. In 
2006, the Chinese government reported that aquifers 
in about nine of every ten Chinese cities are polluted 
or overexploited, and could take hundreds of years to 
recover.

In the United States, an EPA survey of 26,000 in-
dustrial waste ponds and lagoons found that one-
third of them had no liners to prevent toxic liquid 
wastes from seeping into aquifers. One-third of these 
sites are within 1.6 kilometers (1 mile) of a drink-
ing water well. In addition, almost two-thirds of 
America’s liquid hazardous wastes are injected into 
deep disposal wells underground, some of which 
leak water into aquifers used as sources of drinking 
water.

By 2006, the EPA had completed the cleanup of 
about 350,000 of the more than 460,000 underground 
tanks in the United States that were leaking gasoline, 
diesel fuel, home heating oil, or toxic solvents into 
groundwater. During this century, scientists expect 
many of the millions of such tanks, which have been 

usually less than 0.3 meter (1 foot) per day—that con-
taminants are not diluted and dispersed effectively. In 
addition, groundwater usually has much lower con-
centrations of dissolved oxygen (which helps to de-
compose many contaminants) and smaller populations 
of decomposing bacteria. Also, the usually cold temper-
atures of groundwater slow down chemical reactions 
that decompose wastes.

Thus, it can take decades to thousands of years for 
contaminated groundwater to cleanse itself of slowly de-
gradable wastes (such as DDT). On a human time scale, 
nondegradable wastes (such as toxic lead and arsenic) re-
main in the water permanently.

Groundwater Pollution Is 
a Serious Hidden Threat
On a global scale, we do not know much about ground-
water pollution because few countries go to the great 
expense of locating, tracking, and testing aquifers. But 
the results of scientific studies in scattered parts of the 
world are alarming.
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installed around the world, to corrode, leak, contami-
nate groundwater, and become a major global health 
problem. Determining the extent of a leak from a 
single underground tank can cost $25,000–250,000, 
and cleanup costs range from $10,000 to more than 
$250,000. If the chemical reaches an aquifer, effective 
cleanup is often not possible or is too costly. Bottom line:
Wastes that we think we have thrown away or stored 
safely can escape and come back to haunt us.

Another problem in the United States is groundwa-
ter pollution by MTBE (methyl tertiary butyl ether)—a 
gasoline additive used since 1979. MTBE is a suspected 
carcinogen. By the time this was discovered in the 
1990s, about 250,000 leaking gasoline tanks had con-
taminated aquifers in many parts of the country. Use of 
MTBE is being phased out, but plumes of contaminated 
groundwater will move through aquifers for decades. 
Oil companies may face thousands of lawsuits from 
health problems related to this chemical.

Groundwater used as a source of drinking water 
can also be contaminated with nitrate ions (NO3

!), es-
pecially in agricultural areas where nitrates in fertilizer 
are often leached into groundwater. Nitrite ions (NO2

!)
in the stomach, colon, and bladder can convert some 
of the nitrate ions in drinking water to organic com-
pounds that have been shown to cause cancer in more 
than 40 test animal species. The conversion of nitrates 
in tap water to nitrites in infants under 6 months old 
can cause a potentially fatal condition known as “blue 
baby syndrome,” in which a baby’s blood cannot carry 
sufficient oxygen to body cells.

 ■ CASE STUDY

A Natural Threat from Arsenic 
in Groundwater
Toxic arsenic contaminates drinking water when a well 
is drilled into aquifers where soils and rock are natu-
rally rich in arsenic. Some rivers used for drinking wa-
ter also are contaminated naturally, having originated 
in springs that have high levels of arsenic. Human ac-
tivities such as mining and ore processing can also re-
lease arsenic into drinking water supplies. The accepted 
standard for safe levels of arsenic is 10 parts per billion 
(ppb). But according to a 2007 study by the WHO, more 
than 140 million people in 70 countries are drinking 
water with arsenic concentrations of 5–100 times that 
level. Levels are especially high in parts of Bangladesh 
and China and India’s state of West Bengal.

The WHO estimates that long-term exposure to 
nondegradable arsenic in drinking water is likely to 
cause hundreds of thousands of premature deaths from 
cancer of the skin, bladder, and lung. In 2007, research-
ers reported that bladder and lung cancer death rates in 
a part of northern Chile were 3 to 14 times higher than 
normal. People there had been exposed to high levels 
of arsenic in their drinking water for decades.

There is also concern over arsenic levels in drinking 
water in parts of the United States. According to the 
EPA, some 13 million people in several thousand com-
munities, mostly in the western half of the country, 
have arsenic levels of 3–10 ppb in their drinking water. 
Scientists from the WHO and other organizations warn 
that even the 10 ppb standard is not safe. At that level, 
say EPA scientists, the lifelong cancer risk from ingest-
ing arsenic is 30 times as high as that for any carcino-
gen regulated by the EPA. Many scientists call for low-
ering the standard to 3–5 ppb, but it would be costly to 
comply with such a lower standard.

In 2006, researchers from Rice University in Hous-
ton, Texas (USA), reported that transforming a com-
mon mineral similar to rust into a powder of tiny 
nanocrystals (see p. S45 in Supplement 6) and using it 
to purify drinking water could greatly reduce the threat 
of arsenic in the water at a cost of a few cents a day for 
families. Stay tuned while this process is evaluated.

THINKING ABOUT
Preventing Arsenic Pollution

Would you be willing to pay more for drinking water if the 
higher price was necessary to guarantee arsenic concentra-
tions lower than 5 ppb? How much more (expressed as a per-
cent over what is paid now) would you pay? Explain.

Pollution Prevention Is 
the Only Effective Way to Protect 
Groundwater
Treating a contaminated aquifer involves eliminating 
the source of pollution and drilling monitoring wells 
to determine how far, in what direction, and how fast 
the contaminated plume is moving. Then a computer 
model is used to project future dispersion of the con-
taminant in the aquifer. The final step is to develop and 
implement a strategy to clean up the contamination. 
Pumping polluted groundwater to the surface, cleaning 
it up, and returning it to the aquifer is very expensive.

Figure 20-13 lists ways to prevent and clean up 
groundwater contamination (Concept 20-3B). Because 
of the difficulty and expense of cleaning up a contami-
nated aquifer, preventing contamination is the least expen-
sive and most effective way to protect groundwater resources
(Figure 20-13, left, and Concept 20-3B).

There Are Many Ways to Purify 
Drinking Water
Most developed countries have laws establishing drink-
ing water standards, but most developing countries do 
not have such laws or, if they do have them, they do not 
enforce them. There are many simple ways and many 
complex ways to purify drinking water (Concept 20-3B).
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In developed countries, wherever people depend 
on surface water, it is usually stored in a reservoir for 
several days. This improves clarity and taste by increas-
ing dissolved oxygen content and allowing suspended 
matter to settle. The water is then pumped to a purifi-
cation plant and treated to meet government drinking 
water standards. In areas with very pure groundwater 
or surface water sources, little treatment is necessary. 
Some cities have found that protecting watersheds that 
supply their drinking water is a lot cheaper than build-
ing water purification plants (see Case Study, p. 546).

Japan and several other countries are beginning 
to develop plants that process sewer water into drink-
ing water. El Paso, Texas (USA), gets 40% of its drink-
ing water from recycling and purifying wastewater. 
In 2007, Orange County, California, completed the 
world’s largest plant devoted to making sewer water as 
pure as distilled water. If it receives approval by state 
health officials, it will be used to supply drinking wa-
ter and to recharge aquifers. We have the technology 
to convert sewer water into pure drinking water and 
to help reduce water shortages. However, using such 
toilet-to-tap systems is expensive. And it faces opposi-
tion from citizens and health officials who are unaware 
of the advances in this technology.

Simpler measures can be used to purify drinking 
water. In tropical countries that lack centralized wa-
ter treatment systems, the WHO urges people to purify 
drinking water by exposing a clear plastic bottle filled 
with contaminated water to intense sunlight. The sun’s 
heat and UV rays can kill infectious microbes in as little 

as 3 hours. Painting one side of the bottle 
black can improve heat absorption in this 
simple solar disinfection method, 
which applies one of the four sci-
entific principles of sustainability 
(see back cover). Where this measure has 
been used, incidence of dangerous child-
hood diarrhea has decreased by 30–40%.

Researchers are also developing 
nanofilters to clean contaminated water. 
The goal is to develop a low-cost water 
filter that can be cleaned and reused. 
Vermont-based Seldon Technologies, for 
example, is developing a hand-held, car-
bon, nanotube filter that can quickly pu-
rify water from any source—a river, mud 
puddle, or sample of groundwater.

Vestergaard Frandsen, a Danish com-
pany, has developed the LifeStraw, a sim-
ilar inexpensive, portable water filter that 

eliminates many viruses and parasites from water drawn 
into it (Figure 20-14). It has been particularly useful in 
Africa, where aid agencies are distributing it.

S O L U T I O N S
Groundwater Pollution

Pump to surface, clean, 
and return to aquifer  
(very expensive)

Inject microorganisms to 
clean up contamination 
(less expensive but still 
costly)

Pump nanoparticles of 
inorganic compounds to 
remove pollutants (still 
being developed)

Find substitutes for toxic 
chemicals

Keep toxic chemicals out of 
the environment

Install monitoring wells near 
landfills and underground 
tanks

Require leak detectors on 
underground tanks

Ban hazardous waste disposal 
in landfills and injection wells

Store harmful liquids in 
aboveground tanks with leak 
detection and collection 
systems

Prevention Cleanup

Figure 20-13 Methods for preventing and cleaning 
up contamination of groundwater (Concept 20-3B). 
Question: Which two of the preventive solutions 
(left) do you think are the most important? Why?

Figure 20-14 The LifeStraw, designed by Torben Vestergaard Frandsen, is a personal 
water purification device that gives many poor people access to safe drinking water. 
Question: Do you think the development of such devices should make prevention of 
water pollution less of a priority? Explain.
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 ■ CASE STUDY

Protecting Watersheds Instead of 
Building Water Purification Plants
Several major U.S. cities have avoided building ex-
pensive water treatment facilities by investing in pro-
tection of the forests and wetlands in the watersheds 
that provide their water (Concept 20-3B). Examples are 
New York City, N.Y; Boston, Massachusetts; Seattle, 
Washington; and Portland, Oregon.

New York City’s drinking water is known for its pu-
rity. The city gets 90% of the water for its 9 million 
residents from reservoirs in New York State’s Catskill 
Mountains. Forests cover more than three-fourths of 
this watershed. Underground tunnels transport the wa-
ter to the city.

To continue providing quality drinking water for its 
citizens, the city faced spending $6 billion to build water 
purification facilities. Instead, the city decided to nego-
tiate an agreement with towns, farmers, the state, and 
other interests in the Catskills watershed. The city would 
pay this diverse group of governments and private citi-
zens $1.5 billion over 10 years for protecting and restor-
ing the forests, wetlands, and streams in the watershed.

After many years of negotiations, this historic agree-
ment was signed in 1997. The $1.5 billion to be spent 
on watershed protection will save New York City the 
$6 billion cost of building water purification facilities 
plus $300 million a year in filtration costs. This is an 
excellent example of working with nature to provide a 
sustainable supply of clean drinking water.

THINKING ABOUT
Protecting the Sources of Drinking Water

Where does the community in which you live get its drinking 
water? Could it save money and help to protect biodiversity 
by finding ways to protect its watershed or the aquifers that 
supply this water?

Using Laws to Protect Drinking 
Water Quality
About 54 countries, most of them in North America 
and Europe, have standards for safe drinking water. 
The U.S. Safe Drinking Water Act of 1974 requires the 
EPA to establish national drinking water standards, 
called maximum contaminant levels, for any pollutants 
that may have adverse effects on human health. But 
such laws do not exist or are not enforced in most de-
veloping countries.

Despite passage of the Clean Water Act in 1972, the 
United Nations estimates that 5.6 million Americans 
drink water that does not meet EPA safety standards 
for one or more contaminants. And according to the 
EPA, one in five Americans drinks water supplied by 
a water treatment plant that has violated one or more 
safety standards during part of a year.

Health scientists call for strengthening the U.S. 
Safe Drinking Water Act in several ways. One way is 
to combine many of the drinking water treatment sys-
tems that serve fewer than 3,300 people with nearby 
larger systems to make it cheaper for small systems to 
meet federal standards. Another is to strengthen and 
enforce public notification requirements about viola-
tions of drinking water standards. Scientists also call for 
banning all toxic lead in new plumbing pipes, faucets, 
and fixtures. Current law allows for fixtures with up to 
10% lead content to be sold as lead-free. According to 
the Natural Resources Defense Council (NRDC), such 
improvements would cost each U.S. household an av-
erage of about $30 a year.

However, water-polluting industries are pressuring 
elected officials to weaken the Safe Drinking Water Act. 
One proposal is to eliminate national tests of drinking 
water and public notification requirements about viola-
tions of drinking water standards. Another such pro-
posal is to allow states to give waivers to drinking water 
providers, allowing them a permanent right to violate 
the standard for a given contaminant if they claim 
they cannot afford to comply. Another suggestion is to 
eliminate the requirement that water systems use af-
fordable, feasible technology to remove cancer-causing 
contaminants. Finally, there are suggestions to greatly 
reduce the EPA’s already low budget for enforcing the 
U.S. Safe Drinking Water Act.

HOW WOULD YOU VOTE?

Should the U.S. Safe Drinking Water Act be strengthened? 
Cast your vote online at academic.cengage.com/biology/
miller.

Is Bottled Water the Answer?
Despite some problems, experts say the United States 
has some of the world’s cleanest drinking water. Mu-
nicipal water systems in the United States are required 
to test their water regularly for a number of pollutants 
and to make the results available to citizens. Yet about 
half of all Americans worry about getting sick from tap 
water contaminants, and many drink bottled water 
or install expensive water purification systems. Some 
other countries rely on bottled water wherever their 
tap water is too polluted to drink.

Between 1976 and 2006, average bottled water 
consumption per person in the United States increased 
from 7.5 liters (2 gallons) to 113 liters (30 gallons) a 
year. Studies reveal that in the United States, bot-
tled water costs 240 to 100,000 times more than tap 
water. Yet studies also indicate that about one-fourth 
of it is ordinary tap water in a bottle, and that bacte-
ria or fungi contaminate about 40% of bottled water. 
And the government testing standards for bottled wa-
ter in the United States are not as high as those for tap 
water.
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Each year, consumers worldwide spend about $100 
billion on bottled water ($1–2 billion in the United 
States). Compare this to the cost of providing access to 
safe drinking water for the 1.1 billion people who now 
lack it, which the U.N. estimates to be $11.9 billion.

Use of bottled water also causes environmental 
problems, according to a 2007 study by the Worldwatch 
Institute. Each year, the number of plastic water bottles 
thrown away, if lined up end-to-end, could circle the 
earth’s equator eight times. Toxic gases and liquids are 
released during the manufacture of plastic water bot-
tles, and greenhouse gases and other air pollutants are 
emitted by the fossil fuels burned to make them and to 
deliver bottled water to suppliers. For example, a bottle 
of Fiji water used in the United States travels on aver-
age about 8,900 kilometers (5,500 miles). According to 
the Pacific Institute, the oil used to produce the plastic 
for the nearly 30 billion water bottles used in the United 
States each year would fuel 100,000 cars for a year. If 
we include the energy used to pump, process, transport, 
and refrigerate the water, it would be enough to run 
3 million cars a year. And withdrawing water for bot-
tling is helping to deplete some underground aquifers.

Because of these harmful environmental impacts 
and the high cost of bottled water, there is a growing 
back-to-the-tap movement based on boycotting bottled 
water. From San Francisco to New York to Paris, city 

governments, high-class restaurants, schools, religious 
groups, and many consumers are refusing to buy bot-
tled water as this trend picks up steam.

Health officials suggest that, before drinking expen-
sive bottled water or buying costly home water purifiers, 
consumers have their water tested by local health de-
partments or private labs (but not by companies trying 
to sell water purification equipment). The goals for such 
testing are to identify what contaminants (if any) must 
be removed and to determine the type of purification 
needed to remove such contaminants. Independent ex-
perts contend that unless tests show otherwise, for most 
urban and suburban people served by large municipal 
drinking water systems, home water treatment systems 
are not worth the expense and maintenance hassles.

Buyers should check out companies selling water 
purification equipment and be wary of claims that the 
EPA has approved a treatment device. Although it does 
register such devices, the EPA neither tests nor approves 
them.

HOW WOULD YOU VOTE?

Should we establish standards for bottled water that are 
as strict as those for water from public tap water systems? 
Cast your vote online at academic.cengage.com/biology/
miller.

20-4 What Are the Major Water Pollution Problems 
Affecting Oceans?

CONCEPT 20-4A The great majority of ocean pollution originates on land and 
includes oil and other toxic chemicals and solid wastes, which threaten aquatic 
species and other wildlife and disrupt marine ecosystems.
CONCEPT 20-4B The key to protecting the oceans is to reduce the flow of 
pollutants from land and air and from streams emptying into these waters.

▲
▲

Ocean Pollution Is a Growing 
and Poorly Understood Problem
Coastal areas—especially wetlands, estuaries, coral reefs, 
and mangrove swamps—bear the brunt of our enor-
mous inputs of pollutants and wastes into the ocean 
(Concept 20-4A) (Figure 20-15, p. 548). This is not sur-
prising, because about 40% of the world’s population 
(53% in the United States) lives on or near the coast. 
See The Habitable Planet, Video 5, at www.learner.org/
resources/series209.html to learn how scientists are 
studying the effects of population growth and develop-
ment on nitrogen pollution of coastal aquatic systems 
in Cape Cod, Massachusetts (USA). Of the world’s 15 

largest metropolitan areas (each with 10 million people 
or more), 14 are near coastal waters. Coastal popula-
tions are expected to double by 2050.

According to a 2006 State of the Marine Environment
study by the U.N. Environment Programme (UNEP), 
an estimated 80% of marine pollution originates on 
land (Concept 20-4A), and this percentage could rise 
significantly by 2050 if coastal populations double as 
projected. The report says that 80–90% of the munici-
pal sewage from most coastal developing countries and 
from some coastal developed countries is dumped into 
oceans untreated. This dumpting often overwhelms 
the ability of some coastal waters to biodegrade such 
wastes.

www.learner.org/resources/series209.html
www.learner.org/resources/series209.html


548 CHAPTER 20  Water Pollution

This problem is much worse than what we ex-
perienced in Lake Washington (Core Case 
Study), and its effects are equally apparent. 
Lake Washington had the potential to recover and had 
a larger body of water nearby that could dilute and 
help degrade such wastes. But the coastline of China, 
for example, is so choked with algae growing on the 
nutrients provided by sewage, that some scientists be-
lieve large areas of China’s coastal waters can no longer 
sustain marine ecosystems.

In deeper waters, the oceans can dilute, disperse, 
and degrade large amounts of raw sewage and other 
types of degradable pollutants. Some scientists suggest 
that it is safer to dump sewage sludge and most other 
harmful wastes into the deep ocean than to bury them 
on land or burn them in incinerators. Other scientists 
disagree, pointing out that we know less about the 
deep ocean than we do about the moon. They add that 
dumping harmful wastes into the ocean would delay 

urgently needed pollution prevention measures and 
promote further degradation of this vital part of the 
earth’s life-support system.

Scientists also point to a little known problem of 
cruise ship pollution. A cruise liner can carry as many as 
2,000 passengers and 1,000 crew members and gener-
ate as much waste as a small city produces. Much of this 
waste, including perchloroethylene from dry-cleaning 
and benzene from paint and solvents, is highly toxic. 
Cruise ships also generate huge amounts of plastic gar-
bage and waste oil. For decades, cruise ships and other 
ocean vessels, which often sail through fragile ecosys-
tems such as Florida’s coral reefs, have been dumping 
their wastes at sea.

In U.S. waters, such dumping is illegal, but some 
ships continue dumping secretively, usually at night. 
Ship owners can save large amounts of money by such 
illegal dumping. However, since 2002, a few of these 
companies have been caught in the act of illegal dump-

Oxygen-depleted
zone

Closed
beach

Closed
shellfish beds

Industry
Nitrogen oxides
from autos and
smokestacks,
toxic chemicals,
and heavy metals in
effluents flow into
bays and estuaries.

Cities
Toxic metals and
oil from streets and
parking lots pollute
waters; sewage
adds nitrogen and
phosphorus.

Urban sprawl
Bacteria and viruses from
sewers and septic tanks
contaminate shellfish beds
and close beaches; runoff of
fertilizer from lawns adds
nitrogen and phosphorus.

Construction sites
Sediments are washed into
waterways, choking fish and plants,
clouding waters, and blocking sunlight.

Farms
Runoff of pesticides, manure, and
fertilizers adds toxins and excess
nitrogen and phosphorus.

Red tides
Excess nitrogen causes
explosive growth of toxic
microscopic algae,
poisoning fish and
marine mammals.

Toxic sediments
Chemicals and toxic metals
contaminate shellfish beds,
kill spawning fish, and
accumulate in the tissues
of bottom feeders.

Oxygen-depleted zone
Sedimentation and algae
overgrowth reduce sunlight,
kill beneficial sea grasses, use
up oxygen, and degrade habitat.

Healthy zone
Clear, oxygen-rich
waters promote growth
of plankton and sea grasses,
and support fish.

Figure 20-15 Natural capital degradation: residential areas, factories, and farms all contribute to the pollution 
of coastal waters and bays. According to the U.N. Environment Programme, coastal water pollution costs the world 
$16 billion annually—more than $30,000 a minute—due to ill health and premature death. Question: What are 
three changes you could make in your lifestyle that might help to prevent this pollution?
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ing and fined millions of dollars. And some vacation-
ers are refusing to go on cruise ships that do not have 
sophisticated systems for dealing with the wastes they 
produce.

THINKING ABOUT
Ocean Pollution

Should we dump sewage sludge and other harmful pollutants 
into the deep ocean? Explain.

Recent studies of some U.S. coastal waters have 
found vast colonies of viruses thriving in raw sewage 
and in effluents from sewage treatment plants (which 
do not remove viruses) and leaking septic tanks. Ac-
cording to one study, one-fourth of the people using 
coastal beaches in the United States develop ear infec-
tions, sore throats, eye irritations, respiratory disease, 
or gastrointestinal disease.

In its 2005 report on the environmental health of 
coastal areas in the 48 continental U.S. states, the EPA 
classified four of five estuaries as threatened or im-
paired. It found one in four coastal sites unsuitable for 
swimming, and one in five of the sites had fish contam-
inated with unsafe levels of mercury and various other 
pollutants.

Runoffs of sewage and agricultural wastes into 
coastal waters introduce large quantities of nitrate 
(NO3

!) and phosphate (PO4
3!) plant nutrients, which 

can cause explosive growths of harmful algae. These 
harmful algal blooms are called red, brown, or green 
toxic tides (Figure 20-16). They release waterborne 
and airborne toxins that damage fisheries, kill some 

fish-eating birds, reduce tourism, and poison seafood. 
Each year, harmful algal blooms lead to the poisoning 
of about 60,000 Americans who eat shellfish contami-
nated by the algae.

Each year, because of harmful algal blooms, at least 
200 oxygen-depleted zones form in coastal waters around 
the world, according to a 2006 report by the UNEP 
They occur mostly in temperate coastal waters and 
in landlocked seas such as the Baltic and Black Seas. 
About 43 of these zones occur in U.S. waters (Science 
Focus, p. 550).

These zones are incorrectly called dead zones. Be-
cause of low oxygen levels (hypoxia), they contain few 
oxygen-consuming fish and bottom-dwelling organ-
isms, but they abound with decomposing bacteria. The 
low oxygen levels are caused by the rapid growth of al-
gae in nutrient-rich waters, which are decomposed by 
colonies of oxygen-consuming bacteria. Evidence in-
dicates that oxygen-depleted zones result mostly from 
excessive inputs of nitrates and phosphates from runoff 
of fertilizers and animal wastes, and also deposition of 
nitrogen compounds from the atmosphere.

Ocean Oil Pollution Is 
a Serious Problem
Crude petroleum (oil as it comes out of the ground) and 
refined petroleum (fuel oil, gasoline, and other processed 
petroleum products, Figure 15-4, p. 375) reach the 
ocean from a number of sources and become highly 
disruptive pollutants (Concept 20-4A).

In 1989, the Exxon Valdez oil tanker went off course, 
hit rocks, and released 40.8 million liters (10.8 million 
gallons) of oil into Alaska’s Prince William Sound—an 
accident that ended up costing Exxon Mobil billions of 
dollars in cleanup costs, fines, and damages to 34,000 
fishers and other Alaskans. The oil killed large num-
bers of seabirds, fish, and sea otters. The cleanup cost 
around $2.5 billion and the estimated total cost, includ-
ing claims settlements and fines, was $4 billion.

In 2002, the oil tanker Prestige sank off the coast of 
Spain and, during the next 2 years, leaked about twice 
as much oil as the Exxon Valdez had lost. This and other 
spills also killed and harmed large numbers of seabirds 
(Figure 15-7, p. 379).

Tanker accidents and blowouts at offshore drill-
ing rigs (when oil escapes under high pressure from a 
borehole in the ocean floor) get most of the publicity 
because of their high visibility. But studies show that the 
largest source of ocean oil pollution is urban and industrial 
runoff from land, much of it from leaks in pipelines and 
oil-handling facilities.

At least 37%—and perhaps even half—of the oil 
reaching the oceans is waste oil, dumped, spilled, or 
leaked onto the land or into sewers by cities, indus-
tries, and people changing their own motor oil. Some 
good news: according to a 2006 UNEP study, since 
the mid-1980s the amount of oil entering the marine 

Figure 20-16 A brown tide. This harmful algal bloom off the cost 
of Mexico contains organisms that give the water a reddish brown 
tint. They make the water unappealing to tourists and can be toxic 
to fish, wildlife, people, and their pets. Question: What are two 
ways in which this sort of pollution could be prevented?
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environment from oil tanker accidents has decreased 
75% and oil discharges from industry and cities have 
dropped by nearly 90%.

Volatile organic hydrocarbons in oil immediately kill 
many aquatic organisms, especially in their vulnerable 
larval forms. Other chemicals in oil form tar-like globs 
that float on the surface and coat the feathers of birds 

(especially diving birds) and the fur of marine mam-
mals. This oil coating destroys their natural heat insula-
tion and buoyancy, causing many of them to drown or 
die of exposure from loss of body heat.

Heavy oil components that sink to the ocean floor 
or wash into estuaries can smother bottom-dwelling 
organisms such as crabs, oysters, mussels, and clams, 

SCIENCE FOCUS

Oxygen Depletion in the Northern Gulf of Mexico

In 2007, scientists projected that the 15% 
increase in the size of the heavily fertilized U.S. 
corn crop, resulting from increased demand 
for corn to make ethanol fuel for cars (Fig-
ure 16-27, p. 426), would cause the zone to 
grow in size. They later found that the zone 
was larger that summer than it had been in the 
previous 22 years. Thus, despite a commitment 
in 2001 by state and federal governments and 
Native American tribes to reduce the size of 
the zone by 75% by 2015, it is still growing.

Because of the size and agricultural impor-
tance of the Mississippi River basin, there are 
no easy solutions to the severe cultural eutro-
phication of this overfertilized coastal zone. 
Preventive measures include applying less 
fertilizer, injecting fertilizer below the soil sur-
face, using controlled-release fertilizers that 
have water-insoluble coatings, planting strips 
of forests and grasslands along waterways to 
soak up excess nitrogen, and restoring and 
creating wetlands between crop fields and 
streams emptying into the Mississippi River.

Other measures involve improving flood 
control, to prevent the release of nitrogen 
from floodplains during major floods, and 
upgrading sewage treatment to reduce 
discharges of nitrates into waterways. In ad-
dition, deposition of nitrogen compounds 
from the atmosphere could be reduced by 
requiring lower emissions of nitrogen oxides 
from motor vehicles and phasing in forms of 
renewable energy to replace the burning of 
fossil fuels.

Some scientists who have studied this 
problem fear that it could reach a tipping 
point where many of the organisms living 
in this part of the gulf simply can no longer 
move far enough away to avoid the oxygen-
depletion or to enable their populations to 
recover.

Critical Thinking
How do you think each of the preventive 
measures described above would help to 
prevent pollution in the Gulf of Mexico? 
Can you think of other possible preventive 
solutions?

more than half of all U.S. croplands; it is one 
of the world’s most productive agricultural 
regions.

According to a 2005 study of sediment 
cores by geologist Lisa Osterman, seasonal 
oxygen-depleted zones in the northern Gulf of 
Mexico existed as long ago as the 1800s. But 
since 1950, when fertilizer use began increas-
ing sharply, the sizes of the zones and levels 
of oxygen-depletion have been increasing on 
average, even though it shrank in some years. 
In many years, it covers an area larger than the 
U.S. state of Connecticut.

he world’s third largest oxygen-
depleted zone (after those in the 

Baltic Sea and the northwestern Black Sea) 
forms every spring and summer in a narrow 
stretch of the northern Gulf of Mexico off the 
mouth of the Mississippi River (Figure 20-B). 
The low oxygen levels suffocate fish, crabs, 
and shrimp that cannot move to less polluted 
areas.

The Mississippi River basin drains all or 
parts of 31 U.S. states and two Canadian 
provinces. Its watershed contains almost two-
thirds of the continental U.S. land area and 

T

Figure 20-B Natural capital degradation: a large zone of oxygen-depleted water (containing less than 
2 ppm dissolved oxygen) forms each year during the spring and summer in the Gulf of Mexico as a result 
of oxygen-depleting algal blooms. Evidence indicates that it is created mostly by huge inputs of nitrate 
(NO3

!) plant nutrients from farms, cities, factories, and sewage treatment plants in the vast Mississippi 
River basin. The drawing (bottom left) based on a satellite image, shows the inputs of such nutrients into 
the Gulf of Mexico during the summer of 2006. In the image, reds and greens represent high concen-
trations of phytoplankton and river sediment. This problem was worsened by losses of wetlands, which 
would have filtered out some of these plant nutrients. Question: Can you think of a product you used 
today that was directly connected to this sort of pollution? (NASA)
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or make them unfit for human consumption. Some oil 
spills have killed coral reefs. See The Habitable Planet, 
Video 9, at www.learner.org/resources/series209
.html for discussion of how scientists measure the ef-
fects of oil spills on coral reefs and fish populations.

Research shows that populations of many forms of 
marine life recover from exposure to large amounts of 
crude oil within about 3 years. But recovery from ex-
posure to refined oil, especially in estuaries and salt 
marshes, can take 10–20 years. Oil slicks that wash onto 
beaches can have a serious economic impact on coastal 
residents, who lose income normally gained from fish-
ing and tourist activities. In 2006, some 17 years after 
the Exxon Valdez spill, researchers found patches of oil 
remaining on some parts of the shoreline of Prince Wil-
liam Sound. These areas continue to be hazardous for 
sea otters, shore birds, and other wildlife.

If they are not too large, oil spills can be partially 
cleaned up by mechanical means including floating 
booms, skimmer boats, and absorbent devices such as 
large pillows filled with feathers or hair. Chemical, fire, 
and natural methods, such as using bacteria to speed 
up oil decomposition, are also used.

But scientists estimate that current cleanup meth-
ods can recover no more than 15% of the oil from a 
major spill. Thus, preventing oil pollution is the most ef-
fective and, in the long run, the least costly approach 
(Concept 20-4B). One of the best ways to prevent tanker 
spills is to use only oil tankers with double hulls. After 
the Exxon Valdez accident, oil companies promised that 
they would do so. But 19 years later, in 2008, about 
half of the world’s 10,000 oil tankers still had the older 
and more vulnerable single hulls. 

Figure 20-17 lists ways to prevent and reduce pol-
lution of coastal waters. The key to protecting the 
oceans is to reduce the flow of pollution from land 
and air and from streams emptying into these waters 

(Concept 20-4B). Thus, ocean pollution control must 
be linked with land-use and air pollution control poli-
cies, which in turn are linked to energy policies (Figure 
16-33, p. 432) and climate policies (Figures 19-13 and 
19-14, p. 515).

S O L U T I O N S
Coastal Water Pollution

Improve oil-spill cleanup 
capabilities

 

Use nanoparticles on 
sewage and oil spills to 
dissolve the oil or sewage 
(still under development)

Require secondary treatment 
of coastal sewage

Use wetlands, solar-aquatic, 
or other methods to treat 
sewage

Reduce input of toxic 
pollutants

 

Separate sewage and 
storm lines

 

Ban dumping of wastes 
and sewage by ships in 
coastal waters

Ban ocean dumping of 
sludge and hazardous 
dredged material

 

Regulate coastal 
development, oil drilling, 
and oil shipping

  

Require double hulls for 
oil tankers

Prevention Cleanup

Figure 20-17 Methods for preventing and cleaning up excessive pollution of coastal 
waters (Concept 20-4B). Question: Which two of these solutions do you think are the 
most important? Why?

20-5 How Can We Best Deal with Water Pollution?
CONCEPT 20-5 Reducing water pollution requires preventing it, working with 
nature to treat sewage, cutting resource use and waste, reducing poverty, and 
slowing population growth.

▲

We Need to Reduce Surface Water 
Pollution from Nonpoint Sources
There are a number of ways to reduce nonpoint-source 
water pollution, most of which comes from agricul-
ture. Farmers can reduce soil erosion by keeping crop-
land covered with vegetation. They can also reduce 
the amount of fertilizer that runs off into surface wa-
ters and leaches into aquifers by using slow-release 
fertilizer, using no fertilizer on steeply sloped land, 

and planting buffer zones of vegetation between cul-
tivated fields and nearby surface water. See The Habit-
able Planet, Video 7, at www.learner.org/resources/
series209.html to learn how scientists have reduced 
excessive nitrogen runoff from fertilizers to decrease 
their harmful impacts on aquatic systems.

Organic farming techniques also offer ways to pre-
vent water pollution. For example, organic farmers 
use manure for fertilizer, in which nitrogen is con-
tained within organic matter that clings to the soil. 

www.learner.org/resources/series209.html
www.learner.org/resources/series209.html
www.learner.org/resources/series209.html
www.learner.org/resources/series209.html
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Industrialized agriculture applies fertilizer as granules 
to cropland, which can more easily wash into streams.

Applying pesticides only when needed and relying 
more on integrated pest management (p. 300) can re-
duce pesticide runoff. Farmers can control runoff and 
infiltration of manure from animal feedlots by plant-
ing buffers and locating feedlots and animal waste sites 
away from steeply sloped land, surface water, and flood 
zones.

Tougher pollution control regulations for U.S. live-
stock operations are spurring scientists to come up 
with better ways to deal with animal waste. They are 
exploring techniques for converting it to natural gas, 
recycling undigested nutrients in manure back into 
animal feed, and extracting valuable chemicals from 
manure to make plastics or even cosmetics. For ex-
ample, Smithfield Foods, a large pork producer, plans 
to build a facility in the state of Utah to convert the 
wastes from 500,000 hogs into renewable biodiesel fuel 
for vehicles.

HOW WOULD YOU VOTE?

Should we greatly increase efforts to reduce water pollu-
tion from nonpoint sources even though this could be quite 
costly? Cast your vote online at academic.cengage.com/
biology/miller.

Laws Can Help Reduce Water 
Pollution from Point Sources
The Federal Water Pollution Control Act of 1972 (re-
named the Clean Water Act when it was amended in 
1977) and the 1987 Water Quality Act form the basis 
of U.S. efforts to control pollution of the country’s sur-
face waters. (See Case Study at right.) The Clean Water 
Act sets standards for allowed levels of key water pol-
lutants and requires polluters to get permits limiting 
how much of various pollutants they can discharge 
into aquatic systems.

The EPA is experimenting with a discharge trading 
policy, which uses market forces to reduce water pollu-
tion (as has been done with sulfur dioxide for air pol-
lution control, p. 490) in the United States. Under this 
program, a permit holder can pollute at higher levels 
than allowed in its permit if it buys credits from permit 
holders who are polluting below their allowed levels.

Environmental scientists warn that the effective-
ness of such a system depends on how low the cap on 
total pollution levels in any given area is set, along with 
how regularly the cap is lowered. They also warn that 
discharge trading could allow pollutants to build up 
to dangerous levels in areas where credits are bought. 
They call for careful scrutiny of the cap levels and for 
gradual lowering of the caps to encourage prevention 
of water pollution and development of better pollution 
control technology. Neither adequate scrutiny of the 
cap levels nor gradual lowering of caps is a part of the 
current EPA discharge trading system.

 ■ CASE STUDY

The U.S. Experience with Reducing 
Point-Source Pollution
According to the EPA, the Clean Water Act of 1972 led 
to numerous improvements in U.S. water quality. Be-
tween 1992 and 2002 (the latest figures available):

• The number of Americans served by community 
water systems that met federal health standards in-
creased from 79% to 94%.

• The percentage of U.S. stream lengths found to be 
fishable and swimmable increased from 36% to 
60% of those tested.

• The amount of topsoil lost through agricultural 
runoff was cut by about 1.1 billion metric tons 
(1 billion tons) annually.

• The proportion of the U.S. population served by 
sewage treatment plants increased from 32% to 
74%.

• Annual wetland losses decreased by 80%.

These are impressive achievements given the in-
creases in the U.S. population and per capita consump-
tion of water and other resources since 1972. But there 
is more work to be done. In 2006, the EPA, found that 
45% of the country’s lakes and 40% of the streams 
surveyed were still too polluted for swimming or fish-
ing, and that runoff of animal wastes from hog, poul-
try, and cattle feedlots and meat processing facilities 
pollutes seven of every ten U.S. rivers.

Even where sewage treatment plants are in place, 
treated wastewater can serve as a nutrient leading to 
algal blooms as it did in Lake Washington (Core
Case Study). Population growth and increasing 
levels of resource use and waste can overwhelm these 
sewage treatment systems.

Fish caught in more than 1,400 different waterways 
and more than a fourth of the nation’s lakes are un-
safe to eat because of high levels of pesticides, mercury, 
and other toxic substances. Also, a 2003 study by the 
EPA found that at least half of the country’s 6,600 larg-
est industrial facilities and municipal wastewater treat-
ment plants have illegally discharged toxic or biological 
wastes into waterways for years without government 
enforcement actions or fines. And according to a 2007 
study by the U.S. Public Interest Research Group, more 
than half of the country’s industrial and wastewater 
facilities exceeded the limits of their Clean Water Act 
pollution permits one or more times in 2005, with the 
average facility discharging close to four times its legal 
limit of water pollutants.

Finally, the U.S. government reported in 2007 that 
tens of thousands of gasoline storage tanks are leak-
ing (Figure 20-12), possibly affecting groundwater, 
and cleanup of most of these leaks has yet to begin. In 
43 states, these numbers are expected to increase by 
thousands before 2020. The estimated cost of cleanup is 



■✓

 CONCEPT 20-5 553

$12 billion, but the government in 2007 was planning 
to spend about 3% of that amount on the problem.

Some environmental scientists call for strengthen-
ing the Clean Water Act. Suggested improvements in-
clude shifting the emphasis to water pollution preven-
tion instead of focusing mostly on end-of-pipe removal 
of specific pollutants. One EPA inspector general’s re-
port called for increased funding and authority to con-
trol nonpoint sources of pollution, greatly increased 
monitoring for compliance with the law, much larger 
mandatory fines for violators, and stronger programs to 
prevent and control toxic water pollution.

Other suggestions include providing more fund-
ing and authority for integrated watershed and airshed 
planning to protect groundwater and surface water 
from contamination, and regulating irrigation water 
quality, for which there is no federal regulation. An-
other suggestion is to expand the rights of citizens to 
bring lawsuits to ensure that water pollution laws are 
enforced. Studies have shown that many violators of 
federal water pollution standards receive no fines or 
only small ones. The National Academy of Sciences has 
called for prohibiting the destruction of wetlands, in-
stituting higher standards for wetland restoration (Fig-
ure 11-13, p. 267), and requiring that before any natu-
ral wetland is destroyed, a new one be created.

Many people oppose these proposals, contending 
that the Clean Water Act’s regulations and government 
wetlands regulations are already too restrictive and 
costly. Farmers and developers see these laws as limita-
tions on their rights as property owners to fill in wet-
lands. They also believe they should be compensated 
for any property value losses due to federal wetland 
protection.

In 2006, the EPA weakened its application of the 
Clean Water Act by ruling that pesticides can be applied 
over or near bodies of water without a permit, if the 
application is needed to control aquatic weeds, mosqui-
toes or other pests. Critics fear that this ruling will re-
sult in more toxic pollutants winding up in streams and 
lakes. Funding cuts have also weakened the act.

Also among critics of the Clean Water Act are some 
state and local officials who want more discretion in 
testing for and meeting water quality standards. They 
argue that in many communities, it is unnecessary and 
too expensive to test for all the water pollutants as re-
quired by federal law. In this and other areas, federal 
laws require states and localities to spend a great deal 
of money to meet federal water pollution standards 
without reimbursing them for most of the costs from 
federal tax revenues. Many local officials object to these 
so-called “unfunded mandates” from Congress. Many 
small cities cannot afford such costs.

HOW WOULD YOU VOTE?

Should the U.S. Clean Water Act be strengthened? Cast 
your vote online at academic.cengage.com/biology/
miller.

Sewage Treatment Reduces Water 
Pollution
In rural and suburban areas with suitable soils, sew-
age from each house usually is discharged into a septic 
tank with a large drainage field (Figure 20-18). In this 
system, household sewage and wastewater is pumped 
into a settling tank, where grease and oil rise to the 
top and solids fall to the bottom and are decomposed 
by bacteria. The resulting partially treated wastewa-
ter is discharged in a large drainage (absorption) field 
through small holes in perforated pipes embedded in 
porous gravel or crushed stone just below the soil’s 
surface. As these wastes drain from the pipes and per-
colate downward, the soil filters out some potential 
pollutants and soil bacteria decompose biodegradable 
materials.

Every few years, when the settling tank becomes 
full, it must be pumped out into a tank truck and taken 
to a municipal sewage treatment plant for proper dis-
posal. About one-fourth of all homes in the United 
States are served by septic tanks.

Figure 20-18 
Solutions: 
septic tank 
system used for 
disposal of do-
mestic sewage 
and wastewater 
in rural and sub-
urban areas.
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Primary Secondary

Grit chamberBar screen Settling tank Aeration tank Settling tank
Chlorine
disinfection tank

Raw sewage
from sewers

Sludge (kills bacteria)

To river, lake,
or ocean

Air pump

Sludge digester

Sludge drying bed

Disposed of in
landfill or ocean or
applied to cropland,
pasture, or rangeland

Activated sludge

Figure 20-19 Solutions: primary and secondary sewage treatment. 
Question: What do you think should be done with the sludge pro-
duced by sewage treatment plants?

If these systems are not installed correctly or main-
tained properly, they can cause sewage to backup into 
homes or to pollute nearby groundwater and surface 
water. Chlorine bleaches, drain cleaners, and antibacte-
rial soaps should not be used in these systems, because 
they can kill the bacteria that decompose the wastes. 
Kitchen sink garbage disposals should not be used ei-
ther, because they can overload septic systems.

In urban areas in the United States and most devel-
oped countries, most waterborne wastes from homes, 
businesses, and storm runoff flow through a network 
of sewer pipes to wastewater or sewage treatment plants. 
Raw sewage reaching a treatment plant typically un-
dergoes one or two levels of wastewater treatment. The 
first is primary sewage treatment—a physical process 
that uses screens and a grit tank to remove large float-
ing objects and to allow solids such as sand and rock 
to settle out. Then the waste stream flows into a pri-
mary settling tank where suspended solids settle out 
as sludge (Figure 20-19, left). By itself, primary treat-
ment removes about 60% of the suspended solids and 
30–40% of the oxygen-demanding organic wastes from 
sewage. It removes no pathogens, phosphates, nitrates, 
salts, radioisotopes, or pesticides.

The second level is secondary sewage treat-
ment—a biological process in which aerobic bacteria 
remove as much as 90% of dissolved and biodegrad-
able, oxygen-demanding organic wastes (Figure 20-19, 
right). A combination of primary and secondary treat-
ment removes 95–97% of the suspended solids and 
oxygen-demanding organic wastes, 70% of most toxic 
metal compounds and nonpersistent synthetic organic 
chemicals, 70% of the phosphorus, and 50% of the ni-
trogen. But this process removes only a tiny fraction of 

long-lived radioactive isotopes and persistent organic 
substances such as some pesticides, and it does not kill 
pathogens.

A third level of cleanup, advanced or tertiary sew-
age treatment, uses a series of specialized chemical and 
physical processes to remove specific pollutants left in 
the water after primary and secondary treatment. Its 
most common form makes use of special filters to re-
move phosphates and nitrates from wastewater before 
it is discharged into surface waters to help reduce nu-
trient overload from nitrates and phosphates. Because 
of its high costs it is not widely used.

Before discharge, water from sewage treatment 
plants usually undergoes bleaching to remove water col-
oration and disinfection to kill disease-carrying bacteria 
and some (but not all) viruses. The usual method for 
accomplishing this is chlorination. But chlorine can react 
with organic materials in water to form small amounts 
of chlorinated hydrocarbons. Some of these chemicals 
cause cancers in test animals, can increase the risk of 
miscarriages, and may damage the human nervous, 
immune, and endocrine systems. Use of other disinfec-
tants, such as ozone and ultraviolet light, is increasing, 
but they cost more and their effects do not last as long 
as those of chlorination.

Officials in Peru decided to stop chlorinating the 
country’s drinking water because of concern over the 
increased risk of cancer from organic compounds that 
form during chlorination. However, the country re-
sumed chlorinating its drinking water after a 1991 
cholera outbreak infected more than 300,000 people 
and caused at least 3,500 deaths.

U.S. federal law requires primary and secondary 
treatment for all municipal sewage treatment plants, 
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but exemptions from secondary treatment are possible 
when the cost of installing such treatment poses an 
excessive financial burden. And according to the EPA, 
at least two-thirds of the country’s sewage treatment 
plants have sometimes violated water pollution regula-
tions. Also, 500 cities have failed to meet federal stan-
dards for sewage treatment plants, and 34 East Coast 
cities simply screen out large floating objects from their 
sewage before discharging it into coastal waters.

Some cities have a separate network of pipes for 
carrying runoff of storm water from streets and park-
ing lots. But 1,200 U.S. cities have combined the sewer 
lines for these two systems because it is cheaper. Heavy 
rains or too many users hooked up to such combined 
systems can cause them to overflow and discharge 
untreated sewage directly into surface waters such as 
the Great Lakes (Case Study, p. 540). According to the 
EPA, at least 40,000 such overflows occur each year in 
the United States.

The EPA estimates that each year, 7.1 million peo-
ple get sick from swimming in waters contaminated by 
sewage overflows and storm-water runoff. These num-
bers may increase. In 2005, the EPA authorized sewage 
treatment plants to bypass secondary treatment, blend 
the partially treated sewage with fully treated waste-
water, and dump the mixture into waterways anytime 
it rains or snows. Before 2005, they could do this only 
under the most extreme emergency circumstances, 
such as during hurricanes and tropical storms.

Research by health and environmental scientists in-
dicates that the health risks from swimming in waters 
containing blended sewage wastes will be 100 times 
greater than they would be if the wastewater were fully 
treated. They say that this new policy may save sewage 
treatment plants money, but it will cause more illnesses, 
close more beaches, kill more fish, destroy more shell-
fish beds, and hurt the fishing and tourism industries.

THINKING ABOUT
Sewage Treatment

Should the EPA rule allowing U.S. sewage treatment plants to 
blend partially treated sewage with fully treated sewage and 
to dump it into waterways anytime it rains or snows be over-
turned? Explain.

We Can Improve Conventional 
Sewage Treatment
Environmental scientist Peter Montague calls for re-
designing the conventional sewage treatment system 
shown in Figure 20-19. The idea is to prevent toxic 
and hazardous chemicals from reaching sewage treat-
ment plants and thus from getting into sludge and wa-
ter discharged from such plants (Concept 1-4,
p. 16).

Montague suggests several ways to do this. One is to 
require industries and businesses to remove toxic and 

hazardous wastes from water sent to municipal sewage 
treatment plants. Another is to encourage industries to 
reduce or eliminate use and waste of toxic chemicals.

HOW WOULD YOU VOTE?

Should we ban the discharge of toxic chemicals into pipes 
leading to sewage treatment plants? Cast your vote online at 
academic.cengage.com/biology/miller.

Another suggestion is to require or encourage more 
households, apartment buildings, and offices to elimi-
nate sewage outputs by switching to waterless, odorless 
composting toilet systems, to be installed, maintained, and 
managed by professionals. These systems, pioneered 
several decades ago in Sweden, convert nutrient-rich 
human fecal matter into a soil-like humus that can be 
used as a fertilizer supplement. About once a year, ven-
dors collect the humus and sell it as a soil conditioner. 
This process returns plant nutrients in human 
waste to the soil and thus mimics the natural 
chemical cycling principle of sustainability. It 
also reduces the need for energy-intensive commercial 
inorganic fertilizers.

Such systems would be cheaper to install and main-
tain than current sewage systems are, because they do 
not require vast systems of underground pipes con-
nected to centralized sewage treatment plants. They 
also save large amounts of water, reduce water bills, 
and decrease the amount of energy used to pump and 
purify water. The EPA lists several brands of dry com-
posting toilets approved for use in the United States. 
One of the authors of this book (Miller) used a com-
posting toilet for over a decade with no problems in his 
office-home facility. This more environmentally sus-
tainable replacement for the conventional toilet is now 
being used in more than a dozen countries, including 
China, India, Mexico, Syria, and South Africa.

Many communities are using unconventional, but 
highly effective, wetland-based sewage treatment systems,
which work with nature (Science Focus, p. 556). This 
approach will become increasingly important, according 
to sustainability expert Lester Brown. In what Brown 
calls the conventional “flush and forget” water-based 
systems, we take nutrients originating in the soil and 
processed through our food, and we eventually dump 
them into streams, lakes, and oceans. These systems are 
expensive and water-intensive, and they spread disease 
and disrupt nutrient cycling.

Wetland-based sewage treatment systems would 
be ideal in some developing countries where water is 
short and disease is rampant. They would also be use-
ful in areas where valuable wetlands have been de-
stroyed, such as on the U.S. Gulf Coast. In these areas, 
such wetland systems could replace devastated coastal 
marshlands, which were economically and ecologically 
vital natural resources.

Oysters, mussels, clams, scallops, and other shell-
fish consume algae and help to filter out and reduce 



556 CHAPTER 20  Water Pollution

excessive inputs of nitrogen and phosphorus nutrients 
that cause oxygen-depleting algal blooms in coastal 
waters. For this reason, some coastal communities use 
shellfish farms to help remove excessive plant nutrients 
from coastal waterways. Studies show that using this 
approach is less expensive than using sewage treatment 
plants for this purpose.

There Are Sustainable Ways to 
Reduce and Prevent Water Pollution
It is encouraging that, since 1970, most developed 
countries have enacted laws and regulations that 
have significantly reduced point-source water pollu-
tion. These improvements were largely the result of 

bottom-up political pressure on elected officials by indi-
viduals and groups.

Conversely, little has been done to reduce water pol-
lution in most developing countries. However, within a 
decade, China plans to provide all of its cities with small 
sewage treatment plants that will cleanse wastewater 
enough to be recycled back into the urban water supply 
systems. If China is successful in this ambitious plan, 
it could become a world leader in developing systems 
that tackle both pollution and water scarcity by 
recycling water, in keeping with the nutrient 
cycling principle of sustainability. Still, techno-
logical solutions can be temporary if they become over-
whelmed by increased population growth and resource 
use, as the Core Case Study on Lake Washington 
illustrates.

SCIENCE FOCUS

Treating Sewage by Working with Nature

less than half the estimated price of a conven-
tional treatment plant.

This system returns purified water to 
Humboldt Bay, and the sludge that is re-
moved is processed for use as fertilizer. The 
marshes and ponds also serve as an Audubon 
Society bird sanctuary, which provides habi-
tats for thousands of otters, seabirds, and 
marine animals. The town even celebrates its 
natural sewage treatment system with an an-
nual “Flush with Pride” festival.

This approach and the living machine 
system developed by John Todd ap-
ply three of the four scientific prin-
ciples of sustainability: using solar 
energy, using natural processes to remove 
and recycle nutrients and other chemicals, 
and relying on a diversity of organisms and 
natural processes.

Critical Thinking
Can you think of any disadvantages of using 
such a nature-based system instead of a con-
ventional sewage treatment plant? Do you 
think any such disadvantages outweigh the 
advantages? Why or why not?

ome communities and individuals are 
seeking better ways to purify sewage 

by working with nature (Concept 20-5). Biol-
ogist John Todd has developed an ecological 
approach to treating sewage, which he calls 
living machines (Figure 20-C).

This purification process begins when sew-
age flows into a passive solar greenhouse or 
outdoor site containing rows of large open 
tanks populated by an increasingly complex 
series of organisms. In the first set of tanks, 
algae and microorganisms decompose or-
ganic wastes, with sunlight speeding up the 
process. Water hyacinths, cattails, bulrushes, 
and other aquatic plants growing in the tanks 
take up the resulting nutrients. After flowing 
though several of these natural purification 
tanks, the water passes through an artificial 
marsh of sand, gravel, and bulrushes, which 
filters out algae and remaining organic waste. 
Some of the plants also absorb (sequester) 
toxic metals such as lead and mercury and 
secrete natural antibiotic compounds that kill 
pathogens.

Next, the water flows into aquarium 
tanks, where snails and zooplankton con-
sume microorganisms and are in turn con-
sumed by crayfish, tilapia, and other fish that 
can be eaten or sold as bait. After 10 days, 
the clear water flows into a second artificial 
marsh for final filtering and cleansing. The 
water can be made pure enough to drink 
by using ultraviolet light or by passing the 
water through an ozone generator, usually 
immersed out of sight in an attractive pond 
or wetland habitat. Operating costs are about 
the same as those of a conventional sewage 
treatment plant.

S Figure 20-C Solutions: ecological wastewater 
purification by a living machine. At the Providence, 
Rhode Island, Solar Sewage Treatment Plant, biolo-
gist John Todd demonstrates an ecological process 
he invented for purifying wastewater by using the 
sun and a series of tanks containing living organ-
isms. Todd and others are conducting research to 
perfect such solar-aquatic sewage treatment sys-
tems based on working with nature.

More than 800 cities and towns around 
the world and 150 in the United States 
(including West Palm Beach, Florida, and 
Phoenix, Arizona) use natural or artificially 
created wetlands to treat sewage as a lower-
cost alternative to expensive waste treatment 
plants. For example, Arcata, California—a 
coastal town of 16,000 people—created 
some 65 hectares (160 acres) of wetlands be-
tween the town and the adjacent Humboldt 
Bay. The marshes and ponds, developed on 
land that was once a dump, act as a natural 
waste treatment plant. The project cost was 
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To environmental and health scientists, the next 
step is to increase efforts to reduce and prevent water 
pollution in developed and developing countries. They 
would begin by asking the question: How can we avoid 
producing water pollutants in the first place? (Concept 20-5). 

■ Prevent groundwater contamination

■ Reduce nonpoint runoff

■ Reuse treated wastewater for irrigation

■ Find substitutes for toxic pollutants

■ Work with nature to treat sewage

■ Practice the three R's of resource use (reduce,   
 reuse, recycle)

■ Reduce air pollution

■ Reduce poverty

■ Slow population growth

S O L U T I O N S
Water Pollution

Figure 20-20 Methods for preventing and reducing water pollution 
(Concept 20-5). Question: Which two of these solutions do you 
think are the most important? Why?

■ Fertilize garden and yard plants with manure or compost instead of commercial 
inorganic fertilizer

■ Minimize your use of pesticides, especially near bodies of water

■ Prevent yard wastes from entering storm drains

■ Do not use water fresheners in toilets

■ Do not flush unwanted medicines down the toilet

■ Do not pour pesticides, paints, solvents, oil, antifreeze, or other products 
containing harmful chemicals down the drain or onto the ground

Reducing Water Pollution

WHAT CAN YOU DO?

Figure 20-21 Individuals matter: ways to help reduce water pollution. Question: 
Which three of these actions do you think are the most important? Why?

Figure 20-20 lists ways to achieve this goal over the 
next several decades.

This shift to pollution prevention will not take place 
unless citizens put political pressure on elected officials. 
Also, developing countries will need financial and tech-
nical aid from developed countries. Finally, the daily 
choices of each and every individual will help to deter-
mine whether the shift to pollution prevention can be 
achieved. Figure 20-21 lists some actions you can take 
to help reduce water pollution.

Lake Washington and Sustainability

The story of Lake Washington (Core Case Study) is an example 
of people loving a natural resource and abusing it at the same 
time. For many years, Seattle residents assumed the lake could 
easily absorb their treated sewage and remain a good place for 
swimming and boating. Eventually, with the help of scientific in-
quiry and investigation, they learned that the numbers of people 
using it could overwhelm this natural system. A technical solution 
was found for dealing with sewage treatment effluent, but now 
continually increasing pressures due to a growing population, are 
again overwhelming the natural systems of Lake Washington and 
Puget Sound.

This story is instructive for dealing with pollution problems 
in other developed countries and in rapidly growing developing 
countries. Pollution control for the world’s water supplies is within 

our reach. But even more hopeful is the possibility of shifting our 
emphasis from cleaning up water pollution to reducing and pre-
venting it.

The four scientific principles of sustainability (back cover) 
can guide us in reducing and preventing pollution. We can use 
solar energy to purify the water we use. Recycling more water will 
help us to reduce water waste, and natural nutrient cycles can 
be used to treat our waste in wetland-based sewage treatment 
systems (Science Focus, p. 556). Preserving biodiversity by avoid-
ing disruption of aquatic systems and their bordering terrestrial 
systems, which in turn help to reduce pollution, is a key factor 
in maintaining water supplies and water quality. And controlling 
human population growth and levels of resource use and waste is 
fundamental to maintaining water quality.

R E V I S I T I N G 

It is a hard truth to swallow, 
but nature does not care if we live or die. 
We cannot survive without the oceans, 

for example, but they can do just fine without us.
ROGER ROSENBLATT
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CRITICAL THINKING

1. What were two important roles played by the scientists 
who studied Lake Washington as discussed in the 
Core Case Study that opens this chapter? Explain 
how the story might have been different if the sci-
entists had not fulfilled each of these roles.

2. Lake Washington and Puget Sound now face new prob-
lems similar to those of the past, as suggested in the 
Core Case Study. Describe the nature of those 
problems and suggest possible solutions.

3. A large number of dead fish are found floating in a lake. 
How would you determine whether they died from cul-
tural eutrophication or from exposure to toxic chemicals?

4. If you were a regulator charged with drawing up plans 
for controlling water pollution, briefly describe one idea 
for controlling water pollution from each of the following 
sources: (a) an effluent pipe from a factory going into a 
stream, (b) a parking lot at a shopping mall bordered by a 
stream, (c) a farmer’s field on a slope next to a stream.

5. What role does population growth play in (a) ground-
water pollution problems and (b) coastal water pollution 
problems?

6. When you flush your toilet, where does the wastewater 
go? Trace the actual flow of this water in your community 
from your toilet through sewers to a wastewater treat-
ment plant and from there to the environment. Try to 
visit a local sewage treatment plant to see what it does 
with your wastewater. Compare the processes it uses with 
those shown in Figure 20-19. What happens to the sludge 
produced by this plant? What improvements, if any, 
would you suggest for this plant?

7. In your community,
a. What are the principal nonpoint sources of contamina-

tion of surface water and groundwater?
b. What is the source of drinking water?
c. How is drinking water treated?
d. How many times during each of the past 5 years have 

levels of tested contaminants violated federal stan-
dards? Were violations reported to the public?

e. What problems related to drinking water, if any, have 
arisen in your community? What actions, if any, has 
your local government taken to solve such problems?

f. Is groundwater contamination a problem? If so, 
where, and what has been done about the problem?

Note: Key Terms are in bold type.

REVIEW

1. Review the Key Questions and Concepts for this chapter 
on p. 532. Describe the cleanup of Lake Washington near 
Seattle (Core Case Study) and list the three lessons 
learned from this process.

2. What is water pollution? Distinguish between point
sources and nonpoint sources of water pollution and 
give an example of each. List nine major types of water 
pollutants and give an example of each. List three diseases 
transmitted to humans by polluted water. Describe chemi-
cal and biological methods that scientists use to measure 
water quality.

3. Describe how streams can cleanse themselves and how 
these cleansing processes can be overwhelmed. Describe 
the state of stream pollution in developed and developing 
countries. Describe the pollution problems of the Ganges 
River, which runs through part of India.

4. Give two reasons why lakes cannot cleanse themselves as 
readily as streams can. Distinguish between eutrophica-
tion and cultural eutrophication. List three ways to 
prevent or reduce cultural eutrophication. Describe pollu-
tion of the Great Lakes and the progress made in reducing 
this pollution.

5. Explain why groundwater cannot cleanse itself very well. 
What are the major sources of groundwater contamina-
tion in the United States? Describe the threat from arsenic 
in groundwater. List ways to prevent or clean up ground-
water contamination.

6. Describe U.S. laws for protecting drinking water quality. 
Describe the environmental problems caused by the wide-
spread use of bottled water.

7. How are coastal waters and deeper ocean waters pol-
luted? What causes harmful algal blooms and what are 
their harmful effects? Describe oxygen depletion in the 
northern Gulf of Mexico. How serious is oil pollution of 
the oceans, what are its effects, and what can be done to 
reduce such pollution?

8. List two ways to reduce water pollution from (a) non-
point sources and (b) point sources. Describe the U.S. 
experience with reducing point-source water pollution. 
What is a septic tank and how does it work? Describe 
how primary sewage treatment and secondary
sewage treatment are used to help purify water.

9. How would Peter Montague improve conventional sew-
age treatment? What is a composting toilet system? De-
scribe how wetlands can be used to treat sewage. Describe 
the use of living machines to treat sewage. List six ways 
to prevent and reduce water pollution. List five steps you 
can take to reduce water pollution.

10. Describe connections between the clean up
of Lake Washington (Core Case Study) and 
the four scientific principles of sustainability.
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Note: See Supplement 13 (p. S78) for a list of Projects related to this chapter.

DATA ANALYSIS

You have inherited the family cabin on the southerly coast of 
Maine overlooking the Atlantic Ocean where your source of 
drinking water is a well.

 g. Is there a vulnerable aquifer or critical recharge zone 
that needs protection to ensure the quality of ground-
water? Is your local government aware of this? What 
action (if any) has it taken?

 8. List three ways in which you could apply Concept 20-5 to 
make your lifestyle more environmentally sustainable.

 9. Congratulations! You are in charge of the world. What are 
three actions you would take to (a) sharply reduce point-
source water pollution in developed countries, (b) sharply 

reduce nonpoint-source water pollution throughout the 
world, (c) sharply reduce groundwater pollution through-
out the world, and (d) provide safe drinking water for the 
poor and for other people in developing countries?

 10. List two questions that you would like to have answered 
as a result of reading this chapter.

 1. You learn that your drinking water could be contami-
nated with unsafe levels of arsenic. Referring to the above 
map, what range of arsenic levels can you expect to find 
in your well water? 

 2. The EPA requires all public water utilities to have no 
more than 10 micrograms of arsenic per liter of water 
(10 ug/L) in drinking water. Although domestic wells are 
not regulated, you must comply if you decide to sell your 
family cabin. Does your well comply? Explain.

 3. To reduce your exposure to arsenic, you could install a 
reverse osmosis treatment system. It is 95% effective and 
can produce 11 liters (3.0 gallons) of water a day. As-
suming your water contains 50 micrograms of arsenic per 
liter, what would the arsenic concentration be after the 
reverse osmosis treatment?  Does this comply with the 
EPA-accepted safe level?

LEARNING ONLINE

Log on to the Student Companion Site for this book at 
academic.cengage.com/biology/miller, and choose 
Chapter 20 for many study aids and ideas for further read-

ing and research. These include flash cards, practice quiz-
zing, Weblinks, information on Green Careers, and InfoTrac® 
College Edition articles.

At least 50 ug/L

10 – 50

5 – 10

3 – 5

1 – 3

Concentration of arsenic

Maine

Your cabin is here
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per, nickel, platinum, silver, and gold. E-waste is also a source of 
toxic and hazardous pollutants, including polyvinylchloride (PVC), 
brominated flame retardants, lead, and mercury, which can con-
taminate air, surface water, groundwater, and soil and cause se-
rious health problems and even early death for e-waste workers.

According to a 2005 report by the U.N.-sponsored Basel 
Action Network, about 70% of the world’s e-waste is shipped 
to China, while most of the rest goes to India and poor African 
nations where labor is cheap and environmental regulations 
are weak. Workers there—many of them children—dismantle 
such products to recover valuable metals and reusable parts. As 
they do this, they are exposed to toxic metals and other harm-
ful chemicals. The remaining scrap is dumped in waterways and 
fields or burned in open fires, exposing many people to toxic 
dioxins.

Transferring hazardous waste from developed to developing 
countries is banned by the International Basel Convention. Even 
so, much e-waste is not classified as hazardous waste or is ille-
gally smuggled to countries such as China. The United States can 
export this waste legally because it is one of only three countries 
that have not ratified the Basel Convention (the other two are 
Afghanistan and Haiti).

The European Union (EU) has led the way in dealing with 
e-waste. Its cradle-to-grave approach requires manufacturers to 
take back electronic products at the ends of their useful lives for 
repair, remanufacture, or recycling, and e-waste is banned from 
landfills and incinerators. Japan is also adopting cradle-to-grave 
standards for electronic devices and appliances.

The United States produces roughly half of the world’s e-
waste and recycles only about 10–15% of it; but that is begin-
ning to change. Massachusetts and five other states have banned 
the disposal of computers and TV sets in landfills and incinera-
tors. Some electronics manufacturers, including Apple, Intel, 
Hewlett-Packard, Dell, Sharp, Panasonic, and Sony, have free 
recycling programs for consumers, which are described on their 
websites. Some manufacturers will arrange for pickups or pay 
shipping costs. A growing consumer awareness of the problem 
has spawned highly profitable e-cycling businesses. In addition, 
nonprofit groups, such as Free Geek in Portland, Oregon, are 
motivating many people to donate, recycle, and reuse old elec-
tronic devices.

But recycling and reuse probably will not keep up with the 
explosive growth of e-waste. According to Jim Puckett, coordina-
tor of the Basel Action Network, the only real long-term solution 
is a prevention approach that gets toxic materials out of electrical 
and electronic products through green design. Electronic waste is 
just one of many types of solid and hazardous waste discussed in 
this chapter.

E-waste—an Exploding Problem

Electronic waste, or e-waste, consists of discarded television 
sets, cell phones, computers, e-toys, and other electronic devices 
(Figure 21-1). It is the fastest-growing solid waste problem in the 
United States and in the world. Each year, Americans discard an 
estimated 155 million cell phones, 48 million personal comput-
ers, and many more millions of television sets, iPods, Blackber-
ries, and other electronic products.

Most e-waste ends up in landfills and incinerators. It includes 
high-quality plastics and valuable metals such as aluminum, cop-

Solid and Hazardous Waste21

Figure 21-1 Rapidly growing electronic waste (e-waste) from dis-
carded computers and other electronic devices represents a waste of 
resources and pollutes the air, water, and land with harmful compounds. 
Question: Have you disposed of an electronic device lately? If so, how 
did you dispose of it?
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We Throw Away Huge Amounts 
of Useful Things and Hazardous 
Materials
In nature, there is essentially no waste because the 
wastes of one organism become nutrients for others 
(Figure 3-14, p. 63, and Concept 3-3B, p. 57). 
This recycling of nutrients is the basis for one 
of the four scientific principles of sustainability
(see back cover).

Humans, on the other hand, produce huge 
amounts of wastes that go unused and pollute the 
environment. Because of the law of conservation of 
matter (Concept  2-3, p. 39) and the nature 
of human lifestyles, we will always pro-

duce some waste, but the amount can be drastically 
reduced.

One major category of waste is solid waste—any
unwanted or discarded material we produce that is 
not a liquid or a gas. Solid waste can be divided into 
two types. One type is industrial solid waste pro-
duced by mines, agriculture, and industries that supply 
people with goods and services. The other is munici-
pal solid waste (MSW), often called garbage or trash,
which consists of the combined solid waste produced 
by homes and workplaces. Examples include paper 
and cardboard, food wastes, cans, bottles, yard wastes, 
furniture, plastics, metals, glass, wood, and e-waste 
(Core Case Study). In developed countries, 
most MSW is buried in landfills or burned in 

Key Questions and Concepts

21-1 What are solid waste and hazardous waste, and 
why are they problems?
CONCEPT 21 - 1  Solid waste represents pollution and 
unnecessary waste of resources, and hazardous waste contributes 
to pollution, natural capital degradation, health problems, and 
premature deaths.

21-2 How should we deal with solid waste?
CONCEPT 21 -2  A sustainable approach to solid waste is first to 
reduce it, then to reuse or recycle it, and finally to safely dispose of 
what is left.

21-3 Why is reusing and recycling materials so 
important?
CONCEPT 21 -3  Reusing items decreases the use of matter 
and energy resources and reduces pollution and natural capital 
degradation; recycling does so to a lesser degree.

21-4 What are the advantages and disadvantages 
of burning or burying solid waste?
CONCEPT 21 -4  Technologies for burning and burying solid 
wastes are well developed, but burning contributes to pollution and 

greenhouse gas emissions, and buried wastes eventually contribute 
to pollution and land degradation.

21-5 How should we deal with hazardous waste?
CONCEPT 21 -5  A sustainable approach to hazardous waste 
is first to produce less of it, then to reuse or recycle it, then to 
convert it to less hazardous materials, and finally, to safely store 
what is left.

21-6 How can we make the transition to a more 
sustainable low-waste society?
CONCEPT 21 -6  Shifting to a low-waste society requires 
individuals and businesses to reduce resource use and to reuse and 
recycle wastes at local, national, and global levels.

Note: Supplements 2 (p. S4), 3 (p. S10), 6 (p. S39) and 13 (p. S78) can be used with 
this chapter.

Solid wastes are only raw materials we’re too stupid to use.
ARTHUR C. CLARKE

21-1 What Are Solid Waste and Hazardous Waste, 
and Why Are They Problems?

CONCEPT 21-1 Solid waste represents pollution and unnecessary waste 
of resources, and hazardous waste contributes to pollution, natural capital 
degradation, health problems, and premature deaths.

▲

561Links: refers to the Core Case Study. refers to the book’s sustainability theme. indicates links to key concepts in earlier chapters.
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incinerators. In many developing countries, much of it 
ends up in open dumps, where poor people eke out a 
living finding items they can sell for reuse or recycling 
(Figure 1-6, p. 11).

Another major category of waste is hazardous, 
or toxic, waste, which threatens human health or 
the environment because it is poisonous, dangerously 
chemically reactive, corrosive, or flammable. Examples 
include industrial solvents, hospital medical waste, car 
batteries (containing lead and acids), household pes-
ticide products, dry-cell batteries (containing mercury 
and cadmium), and incinerator ash. Figure 21-2 lists 
some of the harmful chemicals found in many homes. 
The two largest classes of hazardous wastes are organic 
compounds (such as various solvents, pesticides, PCBs, 
and dioxins) and nondegradable toxic heavy metals (such 
as lead, mercury, and arsenic).

Another form of extremely hazardous waste is 
highly radioactive waste produced by nuclear power 
plants (p. 392) and nuclear weapons facilities. Such 
wastes must be stored safely for 10,000 to 240,000 
years depending on what radioactive isotopes are pres-
ent. After 60 years of research, there is still consider-
able scientific disagreement over how to store such 
dangerous wastes and political controversy over where 
to store them (Case Study, p. 393).

According to the U.N. Environment Programme 
(UNEP), developed countries produce 80–90% of the 

world’s hazardous wastes. The United States produces 
more of such wastes than any other country; chemical 
and mining industries and the military are the top three 
producers. As China continues to industrialize with in-
adequate pollution controls, it may take over the num-
ber one spot. Ways to deal with hazardous wastes are 
discussed later in this chapter in Section 21-5 (p. 577).

There are two reasons for sharply reducing the 
amount of solid and hazardous wastes we produce. 
One reason is that at least three-fourths of these ma-
terials represent an unnecessary waste of the earth’s 
resources. Studies show that we could reduce resource 
use and reuse and recycle up to 90% of the MSW we 
produce, using existing technology and waste preven-
tion, reuse, and recycling systems.

Instead we collect, mix, crush, and bury many of 
these potentially valuable resources in holes or landfills 
all over the planet. Once these materials are mixed, it 
is usually too expensive to recover them. Mixing trash 
also disperses hazardous materials with the rest of the 
trash and prohibits separating them out for safe disposal 
or recycling. We also burn hazardous wastes in inciner-
ators, which pollutes the air and leaves a toxic ash that 
we usually have to bury. Another approach, sometimes 
misleadingly called pollution prevention or waste re-
duction, is for wealthy countries to move polluting in-
dustries and hazardous wastes to poor countries where 
environmental laws are weak or nonexistent.

A second reason for sharply reducing our output of 
solid waste is that, in producing the products we use 

What Harmful Chemicals Are
in Your Home?

Cleaning

■ Disinfectants

■ Drain, toilet, and window  
 cleaners 

■ Spot removers

■ Septic tank cleaners

Paint Products

■ Paints, stains, varnishes,  
 and lacquers

■ Paint thinners, solvents,  
 and strippers 

■ Wood preservatives

■ Artist paints and inks

General

■ Dry-cell batteries   
 (mercury and cadmium)

■ Glues and cements

Gardening

■ Pesticides

■ Weed killers

■ Ant and rodent killers

■ Flea powders

Automotive

■ Gasoline

■ Used motor oil 

■ Antifreeze

■ Battery acid

■ Brake and    
 transmission fluid

Figure 21-2 Harmful chemicals found in many homes. The U.S. Congress has ex-
empted disposal of these materials from government regulation. Question: Which of 
these chemicals are in your home?

Figure 21-3 Natural capital degradation: solid wastes polluting a 
river in Jakarta, Indonesia, a city of more than 11 million people. The 
man in the boat is looking for items to salvage or sell.
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and often discard, we create huge amounts of air pollu-
tion, greenhouse gases, water pollution (Figure 21-3), 
and land degradation (Concept 21-1).

Solid Waste in the United States
The United States leads the world in producing solid 
waste. With only 4.6% of the world’s population, the 
U.S. produces about one-third of the world’s solid 
waste. About 98.5% of all solid waste produced in 
the United States is industrial solid waste from mining 
(76%), agriculture (13%), and industry (9.5%).

Suppose you buy a desktop computer. You may 
not know that manufacturing it required 700 or more 
different materials obtained from mines, oil wells, and 
chemical factories all over the world. You may also 
be unaware that for every 0.5 kilogram (1 pound) of 
electronics it contains, approximately 3,600 kilograms 
(8,000 pounds) of solid and liquid wastes were created. 
The manufacture of a single semiconductor computer 
chip generates about 630 times its weight in solid and 
hazardous wastes. 

Extracting these resources and using them to make 
your computer also required large amounts of en-
ergy that was produced mostly by burning fossil fuels, 
which emitted CO2 and numerous other pollutants into 
the atmosphere. If you consider all the computers and 
other products made every year, you can see how in-
dustrial solid wastes and hazardous wastes mount up.

The remaining 1.5% of the solid waste produced 
in the United States is municipal solid waste (MSW), 
the largest categories of which are paper and card-
board (37%), yard waste (12%), food waste (11%), 
plastics (11%), and metals (8%). Figure 15, p. S18, in 
Supplement 3 shows the total and per capita produc-
tion of MSW in the United States between 1960 and 
2005. Each year, the United States generates enough 
MSW to fill a bumper-to-bumper convoy of garbage 
trucks long enough to encircle the globe almost eight 
times!

Consider some of the solid wastes that consumers 
throw away in the high-waste economy of the United 
States:

• Enough tires each year to encircle the planet al-
most three times (Figure 21-4)

• An amount of disposable diapers each year that, if 
linked end to end, would reach to the moon and 
back seven times

• Enough carpet each year to cover the U.S. state of 
Delaware

• About 2.5 million nonreturnable plastic bottles ev-
ery hour

• About 274 million plastic shopping bags per day, an 
average of about 3,200 every second

• Enough office paper each year to build a wall 
3.5 meters (11 feet) high across the country from 
New York City to San Francisco, California

• Some 186 billion pieces of junk mail (an average of 
660 pieces per American) each year, about 45% of 
which are thrown into the trash unopened*

• Around 132,000 personal computers and 425,000 
cell phones each day (Core Case Study).

The United States also leads the world in 
trash production (by weight) per person, and Canada 
takes second place. Each day the average American 
produces more than 2.0 kilograms (4.5 pounds) of 
MSW; three-fourths of it is dumped into landfills or in-
cinerated. That is about twice the amount of solid waste 
produced per person in other industrial countries such 
as Japan and Germany, and 5–10 times that amount 
produced in most developing countries.

Some encouraging news is that since 1990, the 
average annual production of MSW by weight per 
American has leveled off (Figure 15, p. S18, Supple-
ment 3), mostly because of increased recycling (Fig-
ure 16, p. S19, in Supplement 3) and the use of lighter 
products. Historical analysis reveals some surprises 
about U.S. waste production (Case Study, p. 564).

Figure 21-4 Hundreds of millions of discarded tires have accumulated in this massive 
tire dump in Midway, Colorado (USA). Lehigh Technologies has developed a way to 
freeze the material in a scrap tire with liquid nitrogen. This converts the rubber to a 
brittle form that can be pulverized into a fine powder, which can be used in a variety 
of products such as paints, sealants, and coating. A prevention approach would be to 
double the average lifetime of tires in order to reduce the number thrown away each 
year.
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*You can register to stop receiving direct marketing mail from most 
companies for five years at www.the-dma.org/consumers/offmailinglist
.html.

www.the-dma.org/consumers/offmailinglist.html
www.the-dma.org/consumers/offmailinglist.html
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 ■ CASE STUDY

Trash Production and Recycling 
in New York City: Past, Present, 
and Future
You might guess that trash production in New York 
City has been rising steadily. You would be wrong. In 
2002, Columbia University adjunct professor Daniel C. 
Walsh discovered some surprising facts when analyzing 
detailed records about what residents of New York City 
threw away between 1900 and 2000.

He found that the per person output, by weight, 
of trash dumped by New Yorkers was higher between 
1920 and 1940 than it is today—mostly because of the 
coal ash produced by people burning coal for heat and 
cooking. The city’s highest trash output per person was 
in 1940, when the rate was more than two times to-
day’s output.

During 1962 and 1963, the trash output per New 
Yorker was at its lowest level during the 20th century, 
as household coal burning had been phased out and 
paper was the largest component of trash. However, 
coal ash has not gone away. Now this waste is laced 
with toxic metals, as it is produced in large quantities 
by electric power plants. Instead of being classified as 
MSW, coal ash is now a form of toxic waste that must 
be disposed of safely.

Between 1964 and 1974, the city’s trash output per 
person rose to slightly above today’s levels as return-
able, refillable bottles were phased out and the use of 
throwaway items increased. Since 1975, the weight of 
trash per New Yorker has remained about the same be-
cause materials thrown away are lighter and because of 
an increase in recycling.

In 1999, New York City passed a mandatory recy-
cling law, but it was not the city’s first experience with 
such recycling. Between 1896 and 1914, the city had 

a mandatory recycling program that required curbside 
separation of trash. But this recycling effort faded and 
died before World War I.

Professor Walsh also found that trash output per 
person rose in good economic times when people could 
buy more and fell in bad times as people reduced their 
spending.

Despite its efforts to limit MSW, New York City was 
one of the first U.S. cities to run out of landfill space. 
Until 2001, most of the city’s garbage was buried in its 
Fresh Kills landfill on Staten Island, the world’s larg-
est public landfill. At its busiest in 2001, this landfill, a 
monument to a throwaway society, was deeper than 
the city’s Statue of Liberty is tall. However, after filling 
up in 2001, it was closed. Now it is being transformed 
into recreational facilities, restored wetlands, and a 
large public parkland.

Since 2001, the city has been hauling its mas-
sive amounts of garbage to landfill sites in New 
Jersey, Pennsylvania, and Virginia. Each day, some 
600 energy-inefficient and polluting tractor trailers, 
which if lined up would form a convoy nearly 14 kilo-
meters (9 miles) long, haul trash out of New York City 
to landfills as far as 480 kilometers (300 miles) away. 
Similarly, in 2002, Canada’s largest city Toronto closed 
its last landfill and, since then, has been shipping all 
of its garbage to Wayne County, Michigan (USA), for 
burial.

As oil prices rise and concerns over CO2 emissions 
increase, it may become too expensive at some point 
for New York (and for other cities) to haul garbage long 
distances to burial sites. Then what?

THINKING ABOUT
Analyzing Trash

What are two lessons that we can learn from this analysis of 
data on New York City’s trash?

21-2 How Should We Deal with Solid Waste?
CONCEPT 21-2 A sustainable approach to solid waste is first to reduce it, then to 
reuse or recycle it, and finally to safely dispose of what is left.

▲

We Can Burn or Bury Solid Waste 
or Produce Less of It
We can deal with the solid wastes we create in two ways. 
One is waste management, in which we attempt to 
reduce the environmental impact of MSW without seri-
ously trying to reduce the amount of waste produced. 
This output approach begins with the question: “What 
do we do with solid waste?” It typically involves mixing 
wastes together and then transferring them from one 

part of the environment to another, usually by burying 
them, burning them, or shipping them to another loca-
tion. This is the most common approach to dealing with 
e-waste (Core Case Study).

The second approach is waste reduction,
in which much less waste and pollution are produced, 
and the wastes that are produced are viewed as poten-
tial resources that can be reused, recycled, or compos-
ted (Concept 21-2). It begins with the question: “How 
can we avoid producing so much solid waste?” With 
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this prevention approach (Concept 1-4, p. 16), 
we could think of trash cans and garbage 
trucks as resource containers that are on their way to re-
cycling or composting facilities.

There is no single solution to the solid waste prob-
lem. Most analysts call for using integrated waste 
management—a variety of strategies for both waste 
reduction and waste management (Figure 21-5). Scien-
tists call for much greater emphasis on waste reduction 

Landfill Incinerator

Remaining
mixed waste

To manufacturers for reuse or
for recycling

Fertilizer

Compost Hazardous waste
management

Hazardous
wastePlastic Glass Paper

Food/yard
waste

Solid and hazardous
wastes generated during

the manufacturing process

Waste generated by 
households and

businesses

ProductsProcessing and
manufacturing

Raw materials

Metal

Figure 21-5 Integrated waste management: wastes are reduced 
through recycling, reuse, and composting or managed by burying 
them in landfills or incinerating them. Most countries rely primarily 
on burial and incineration. Question: What happens to the solid 
waste you produce?

(Figure 21-6). But this is not done in the United States 
(or in most industrialized countries) where 54% of the 
MSW is buried in landfills (Science Focus, p. 566), 25% 
is recycled, 14% is incinerated, and 7% is composted.

Some scientists and economists have estimated that 
75–90% of the solid waste we produce could be elimi-
nated by a combination of the strategies shown in Fig-
ure 21-5. Let us look more closely at these options in 
the order of the priorities suggested by these scientists.

Figure 21-6 Integrated waste management: priorities suggested by the U.S. National Academy of Sciences for 
dealing with solid waste. To date, these waste reduction priorities have not been followed in the United States or in 
most other countries. Instead, most efforts are devoted to waste management (bury it or burn it). Question: Why 
do you think most countries do not follow these priorities, even though they are based on reliable science? (Data 
from U.S. Environmental Protection Agency and U.S. National Academy of Sciences)

■ Treat waste to reduce toxicity

■ Incinerate waste

■ Bury waste in landfills

■ Release waste into    
 environment for dispersal   
 or dilution

Waste Management

Last Priority

■ Reuse

■ Repair

■ Recycle

■ Compost

■ Buy reusable and recyclable   
 products

Secondary Pollution and
Waste Prevention

Second Priority

Primary Pollution and
Waste Prevention

First Priority

■ Change industrial process to eliminate use  
 of harmful chemicals

■ Use less of a harmful product

■ Reduce packaging and materials in products

■ Make products that last longer and are  
 recyclable, reusable, or easy to repair



566 CHAPTER 21  Solid and Hazardous Waste

We Can Cut Solid Wastes by 
Reducing, Reusing, and Recycling
Waste reduction (Concept 21-2) is based on three Rs:

• Reduce: consume less and live a simpler lifestyle.

• Reuse: rely more on items that can be used repeat-
edly instead of on throwaway items. Buy necessary 
items secondhand or borrow or rent them. Take a 
refillable coffee cup to class or to the coffee shop 
and use it instead of using throwaway cups.

• Recycle: separate and recycle paper, glass, cans, 
plastics, metal, and other items, and buy products 
made from recycled materials.

From an environmental standpoint, the first two Rs 
are preferred because they are input or prevention ap-
proaches that tackle the problem of waste production 
at the front end—before it occurs. Any such input ap-
proach also saves matter and energy resources, reduces 
pollution (including greenhouse gas emissions), helps 
protect biodiversity, and saves money. Recycling is im-
portant, but it is an output approach based on dealing 
with wastes after they have been produced.

Figure 21-7 lists some ways in which you can use 
the 3Rs to reduce your output of solid waste.

Here are seven strategies with which industries 
and communities can reduce resource use, waste, and 
pollution.

First, redesign manufacturing processes and products to 
use less material and energy. The weight of a typical car 
has been reduced by about one-fourth since the 1960s 
through use of lighter steel and lightweight plastics and 
composite materials. Plastic milk jugs contain less plas-
tic and weigh 40% less than they did in the 1970s, and 
soft drink cans contain one-third less aluminum. Dis-
posable diapers contain 50% less paper pulp because 
of improved absorbent-gel technology. Dry-cell batter-
ies contain much less toxic mercury than they did in 
the 1980s, and the small amount of mercury in today’s 
compact fluorescent lightbulbs is being reduced. Down-
loading music from the Internet reduces the use of ma-
terials and energy in packaging records and CDs and in 
shipping them long distances.

Second, redesign manufacturing processes to produce less 
waste and pollution. In the ecoindustrial revolution (Case 
Study, p. 366), manufacturing processes are being re-
designed to mimic how nature reduces and recycles 
wastes (Concept 1-6, p. 23). This includes de-
signing industrial ecosystems in which the 
wastes of some businesses are used as raw materials by 

■ Follow the three Rs of resource use: Reduce, Reuse, and Recycle

■ Ask yourself whether you really need a particular item, and refuse packaging 
where possible

■ Rent, borrow, or barter goods and services when you can, buy secondhand, 
and donate or sell unused items

■ Buy things that are reusable, recyclable, or compostable, and be sure to reuse, 
recycle, and compost them

■ Avoid disposables, and do not use throwaway paper and plastic plates, cups, 
and eating utensils, and other disposable items when reusable or refillable 
versions are available

■ Use e-mail or text-messaging in place of conventional paper mail

■ Read newspapers and magazines online

■ Buy products in bulk or concentrated form whenever possible

Solid Waste

WHAT CAN YOU DO?

Figure 21-7 Individuals matter: ways to save resources by reducing your output of 
solid waste and pollution. Questions: Which three of these actions do you think are 
the most important? Why? Which of these things do you do?

SCIENCE FOCUS

Garbology

Figure 1-6, p. 11), trash can resist decomposi-
tion for perhaps centuries because it is tightly 
packed and protected from sunlight, water, 
and air.

Critical Thinking
Should landfills be exposed to more air and 
water to hasten decomposition of their 
wastes? Explain.

and analyze what they find.
Many people think of landfills as huge 

compost piles where biodegradable wastes 
are decomposed within a few months. But 
garbologists looking at the contents of 
landfills found 50-year-old newspapers that 
were still readable and hot dogs and pork 
chops buried for decades that still looked ed-
ible. In landfills (as opposed to open dumps, 

ow do we know the composi-
tion of trash in landfills? Much 

of this knowledge comes from research by 
garbologists such as William Rathje, who 
was a pioneer in his field in the 1970s at the 
University of Arizona. These scientists work in 
the fashion of archaeologists, training their 
students to sort, weigh, and itemize people’s 
trash, and to bore holes in garbage dumps 

H
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other businesses (Figure 14-25, p. 367) in what is in 
effect, an industrial resource web that mimics a natural 
food web (Figure 3-14, p. 63). In addition, to reduc-
ing waste production and pollution, these changes also 
save energy and reduce resource use.

Ways to reduce the waste outputs of industrial pro-
cesses include recycling most toxic organic solvents 
within factories or replacing them with water-based 
or citrus-based solvents (Individuals Matter, p. 459) 
and using hydrogen peroxide instead of toxic chlo-
rine to bleach paper and other materials. In addition, 
toxic chemicals used in dry cleaning can be replaced. 
One method uses a nontoxic silicone solvent in con-
ventional dry-cleaning machines and another involves 
submersing clothes in liquid carbon dioxide. Check 
your local phone directory to locate dry cleaners that 
use these alternative methods. A promising new ap-
proach is to develop nanotechnology coatings (Case 
Study, p. 362) that would eliminate the need for dry 
cleaning, although these materials would have to be 
carefully tested to avoid any harmful consequences of 
using them.

Third, develop products that are easy to repair, reuse, re-
manufacture, compost, or recycle. For example, a Xerox 
photocopier made of reusable or recyclable parts that 
allow for easy remanufacturing could eventually save 
the company $1 billion in manufacturing costs. And, 
the automobile industry, led by European automakers, 
now designs motor vehicles with bar coded parts so that 
the vehicles can be more easily disassembled and recy-
cled. At a plant in Corinth, Mississippi (USA), the heavy 
equipment manufacturer Caterpillar disassembles some 
17 truckloads of diesel engines a day, repairs worn parts, 
and reassembles the engines, which are then as good as 
new. Sales of the reassembled engines are about $1 bil-
lion a year and are growing at 15% a year.

RESEARCH FRONTIER

Inventing less wasteful and less polluting manufacturing pro-
cesses and products. See academic.cengage.com/biology/
miller.

Fourth, eliminate or reduce unnecessary packaging.
Use the following hierarchy for packaging: no packag-
ing, minimal packaging, reusable packaging, and re-
cyclable packaging. Canada has set a goal of using the 
first three of these priorities to cut excess packaging 
in half. The European Union has instituted a require-
ment for recycling 55–80% of all packaging waste. In 
2007, Wal-Mart asked its suppliers to cut down on 
the amount of packaging used in products sold in its 
stores and introduced a scorecard to rate its vendors. 
The company estimates that it could save $3.4 billion 
by reducing the packaging of its products by 5% by 
2013.

Fifth, use fee-per-bag waste collection systems that 
charge consumers for the amount of waste they throw 
away but provide free pickup of recyclable and reus-
able items.

Sixth, establish cradle-to-grave responsibility laws that 
require companies to take back various consumer prod-
ucts such as electronic equipment (Core Case 
Study), appliances, and motor vehicles, as Japan 
and many European countries do.

Seventh, restructure urban transportation systems to 
rely more on mass transit and bicycles than on cars. An 
urban bus can carry about as many people as 60 cars. 
And using a bicycle represents a small fraction of the 
resource use and solid waste involved with manufac-
turing and using a motor vehicle.

21-3 Why Is Reusing and Recycling Materials 
So Important?

CONCEPT 21-3 Reusing items decreases the use of matter and energy resources 
and reduces pollution and natural capital degradation; recycling does so to a lesser 
degree.

▲

Reuse Is an Important Way to 
Reduce Solid Waste and Pollution 
and to Save Money
In today’s modern societies, we have increasingly sub-
stituted throwaway items for reusable ones, which has 
resulted in growing masses of waste. For example, if 

the 1 billion throwaway paper coffee cups used by one 
famous chain of donut shops each year were lined up 
end-to-end, they would encircle the earth two times. 
Rewarding those who bring their own refillable coffee 
mugs would help to reduce this waste.

Reuse involves cleaning and using materials over 
and over and thus increasing the typical life span of a 
product (see following Case Study). This form of waste 



568 CHAPTER 21  Solid and Hazardous Waste

■✓

reduction decreases the use of matter and energy re-
sources, cuts pollution, creates local jobs, and saves 
money (Concept 21-3).

Reuse is alive and well in most developing coun-
tries, but it has a downside. The poor who scavenge 
in open dumps (Figure 1-6, p. 11) for food scraps and 
items they can reuse or sell are often exposed to toxins 
and infectious diseases.

Traditional forms of reuse include salvaging auto-
mobile parts from older cars in junkyards and recover-
ing materials from old houses and buildings. By 2015, 
the European Union will require that 95% of any dis-
carded car must be reused or recycled. Other reuse 
strategies involve yard sales, flea markets, second hand 
stores, traditional and online auctions, classified news-
paper ads, and online sites such as e-Bay and Craigslist. 
An international website at www.freecycle.org links 
people who want to give away household belongings 
free to people in their area who want or need them.

Technology allows reuse of many items such as 
batteries. The latest rechargeable batteries come fully 
charged, can hold a charge for up to 2 years when they 
are not used, can be recharged in as few as 15 minutes, 
and greatly reduce toxic waste when used in place of 
discarded conventional batteries. They cost more than 
conventional batteries but the extra cost is recovered 
quickly, because replacement batteries do not have to 
be purchased as often.

 ■ CASE STUDY

Use of Refillable Containers
Two examples of reusable items are refillable glass bev-
erage bottles and refillable soft drink bottles made of 
polyethylene terephthalate (PET) plastic. Typically, 
such bottles make 15 round-trips before they become 
too damaged for reuse and then are recycled. Reus-
ing these containers saves energy (Figure 21-8) reduces 
CO2 emissions, air pollution, water pollution, and solid 
wastes, and stimulates local economies by creating lo-
cal jobs related to their collection and refilling. More-
over, studies by Coca-Cola and PepsiCo of Canada show 
that their soft drinks in 0.5-liter (21-ounce) bottles, on 
average, cost consumers one-third less in refillable bot-
tles than in throwaway bottles.

But big companies make more money by producing 
and shipping beverages and food in throwaway con-
tainers at centralized facilities. This shift has put many 
small local bottling companies, breweries, and canner-
ies out of business and hurt local economies. However, 
some U.S. dairies now deliver milk to their customers 
in refillable glass or plastic acrylic bottles that can be 
reused 50 to 100 times. And a few U.S. breweries have 
switched back to refillable bottles.

Parts of Canada and 11 U.S. states have bottle laws 
that place a deposit fee on all beverage containers. Re-
tailers must accept the used containers and pass them 

on for recycling or reuse. Large beverage industries 
have used their political and financial clout to keep 
most U.S. states from passing bottle laws, arguing that 
they lead to a loss of jobs and higher beverage costs for 
consumers. But experience in Canada and U.S. states 
with bottle bills shows that more jobs are gained than 
lost, costs to consumers have not risen, resources are 
saved, and roadside litter decreases.

Some analysts call for a national bottle bill in the 
United States, while others would ban all beverage 
containers that cannot be reused, as Denmark, Finland, 
and Canada’s Prince Edward Island have done. Ecuador 
levies a refundable beverage container deposit fee that 
amounts to 50% of the cost of the drink. In Finland, 
95% of the soft drink, beer, wine, and spirits contain-
ers are refillable.

HOW WOULD YOU VOTE?

Do you support banning all beverage containers that cannot 
be reused as Denmark has done? Cast your vote online at 
academic.cengage.com/biology/miller.

Reusable cloth bags can be used instead of throw-
away paper or plastic bags to carry groceries and other 
items. Both paper and plastic bags are environmentally 
harmful, and the question of which is more damaging 
has no clear-cut answer.

According to Vincent Cobb, founder of reusablebags
.com, an estimated 500 billion to 1 trillion plastic bags 
are used and usually discarded each year throughout 
the world. Producing them requires large amounts of 
oil because most are made from ethylene, a petroleum 
byproduct. And each discarded bag can take from 400 
to 1,000 years to break down. Less than 1% of the es-
timated 100 billion plastic bags used each year in the 
United States are recycled.

Aluminum can,
used once

Steel can, used once

Recycled steel can

Recycled aluminum can

Glass drink bottle, used once

Recycled glass drink bottle

Refillable drink bottle, used 10 times

0 8 16

Energy (thousands of kilocalories) 

24 32

Figure 21-8 Energy consumption involved with using different 
types of 350-milliliter (12-fluid-ounce) beverage containers. (Data 
from Argonne National Laboratory)

www.freecycle.org
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In a number of African countries, the landscape is 
littered with plastic bags. In addition to being an eye-
sore and a waste of resources the bags block drains and 
sewage systems and can kill wildlife and livestock that 
eat them. They also kill plants and spread malaria by 
holding mini-pools of warm water where mosquitoes 
can breed.

There is a growing backlash against plastic shopping 
bags. To encourage people to use reusable bags, the 
governments of Ireland, Taiwan, and the Netherlands 
tax plastic shopping bags. In Ireland, a tax of about 
25¢ per bag has cut plastic bag litter by 90% as people 
have switched to reusable bags. Bangladesh, Bhutan, 
Rwanda, South Africa, parts of India, Taiwan, Kenya, 
South Africa, Uganda, China, Australia, France, Italy, 
and the U.S. city of San Francisco have banned the use 
of all or most types of plastic shopping bags. But the 
plastics industry and some businesses have mounted a 
successful campaign against such bans in most of the 
United States.

HOW WOULD YOU VOTE?

Should consumers have to pay for plastic or paper bags at 
grocery and other stores? Cast your vote online at academic
.cengage.com/biology/miller.

There are many other ways to reuse various items 
(Figure 21-9). For example, an increasing number of 
coffeehouses and university food services offer dis-
counts to customers who bring their own refillable 
mugs. Some environmentally conscious coffee con-
sumers are boycotting coffeehouses that do not provide 
discounts for customers bringing their own mugs.

There Are Two Types of Recycling
Recycling involves reprocessing discarded solid mate-
rials into new, useful products. In addition to saving 
resources and reducing solid waste and pollution, re-
cycling also reduces unsightly and environmentally 
harmful litter.

Households and workplaces produce five major 
types of materials that can be recycled: paper products, 
glass, aluminum, steel, and some plastics. Such mate-
rials can be reprocessed in two ways. In primary or 
closed-loop recycling, these materials are recycled 
into new products of the same type—turning used alu-
minum cans into new aluminum cans, for example. In 
secondary recycling, waste materials are converted 
into different products. For example, used tires can be 
shredded and turned into rubberized road surfacing, 
newspapers can be reprocessed into cellulose insula-
tion, and plastics can be reprocessed into various items. 
Engineer Henry Liu has developed a process for making 
bricks from recycled fly ash produced by coal-burning 

power plants. The process saves energy, reduces air 
pollution, and costs at least 20% less than the cost of 
making conventional bricks.

Scientists distinguish between two types of wastes 
that can be recycled: preconsumer or internal waste gen-
erated in a manufacturing process and postconsumer or 
external waste generated by consumer use of products. 
Preconsumer waste makes up more than three-fourths 
of the total.

Just about anything is recyclable, but there are two 
key questions. First, are the items separated for recy-
cling actually recycled? Sometimes they are mixed with 
other wastes and sent to landfills or incinerated. Second,
will businesses and individuals complete the recycling 
loop by buying products that are made from recycled 
materials?

Switzerland and Japan recycle about half of their 
MSW. The United States recycles about 25% of its 
MSW—up from 6.4% in 1960. This increase has gotten 
a boost by almost 9,000 curbside pickup recycling pro-
grams, which serve about half of the U.S. population.

In 2007, the United States recycled about 60% of its 
steel, 56% of its aluminum cans, 56% of its paper and 
cardboard, 36% of its tires, 22% of its glass, and 5% of 
its plastics. Experts say that with education and proper 
incentives, the United States could recycle 60–70% of 
these and many other forms of solid waste, in 
keeping with one of the four scientific principles 
of sustainability (see back cover).

■ Buy beverages in refillable glass containers instead of cans or throwaway 
bottles

■ Use reusable plastic or metal lunchboxes

■ Carry sandwiches and store food in the refrigerator in reusable containers instead 
of wrapping them in aluminum foil or plastic wrap

■ Use rechargeable batteries and recycle them when their useful life is over

■ Carry groceries and other items in a reusable basket, a canvas or string bag, or a 
small cart

■ Use reusable sponges and washable cloth napkins, dish towels, and handkerchiefs 
instead of throwaway paper ones

■ Buy used furniture, computers, cars, and other items instead of buying 
new

■ Give away or sell items you no longer use

Reuse

WHAT CAN YOU DO?

Figure 21-9 Individuals matter: ways to reuse some of the items you buy. 
Question: Which three of these actions do you think are the most important? 
Why?
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We Can Mix or Separate Household 
Solid Wastes for Recycling
One way to recycle is to send mixed urban wastes to 
centralized materials-recovery facilities (MRFs or “murfs”). 
There, machines or workers separate the mixed waste 
to recover valuable materials for sale to manufac-
turers as raw materials. The remaining paper, plastics, 
and other combustible wastes are recycled or burned to 
produce steam or electricity to run the recovery plant 
or to sell to nearby industries or homes.

Such plants are expensive to build, operate, and 
maintain. If not operated properly, they can emit CO2

and toxic air pollutants, and they produce a toxic ash 
that must be disposed of safely, usually in landfills. Be-
cause MRFs require a steady diet of garbage to make 
them financially successful, their owners have a vested 
interest in increasing the throughput of matter and en-
ergy resources to produce more trash—the reverse of 
what prominent scientists believe we should be doing 
(Figure 21-6).

To many experts, it makes more environmental 
and economic sense for households and businesses 
to separate their trash into recyclable categories such 
as glass, paper, metals, certain types of plastics, and 
compostable materials. This source separation approach 
produces much less air and water pollution and costs 
less to implement than MRFs cost. It also saves more 
energy, provides more jobs per unit of material, and 
yields cleaner and usually more valuable recyclables. 
In addition, sorting material educates people about the 
need for recycling.

To promote separation of wastes for recycling, more 
than 4,000 communities in the United States use a pay-

as-you-throw or fee-per-bag waste collection system. It 
charges households and businesses for the amount of 
mixed waste picked up, but does not charge for pickup 
of materials separated for recycling or reuse. In the U.S. 
city of Ft. Worth, Texas, the proportion of households 
recycling went from 21% to 85% when such a sys-
tem was implemented. And the city went from losing 
$600,000 in its recycling program to making $1 million 
a year because of increased sales of recycled materials 
to industries.

Using a similar program, the U.S. city of San José, 
California reuses or recycles 62% of its MSW and is 
becoming a model for cities everywhere. It is now fo-
cusing on reducing the large flow of waste from demo-
lition and construction sites by separating such waste 
materials into recyclable piles of scrap metal, wood, 
and cement. The salvaged scrap metal goes to recycling 
plants, wood is converted into wood chips or mulch for 
fueling power plants, and concrete is recycled to build 
road banks.

HOW WOULD YOU VOTE?

Should households and businesses be charged for the amount 
of mixed waste picked up but not for pickup of materials sep-
arated for recycling? Cast your vote online at academic
.cengage.com/biology/miller.

We Can Copy Nature and Recycle 
Biodegradable Solid Wastes
Composting is a form of recycling that mimics 
nature’s recycling of nutrients—one of the four 
scientific principles of sustainability. It involves 
allowing decomposer bacteria to recycle yard trim-
mings, food scraps, and other biodegradable organic 
wastes. The resulting organic material can be added 
to soil to supply plant nutrients, slow soil erosion, re-
tain water, and improve crop yields. Homeowners can 
compost such wastes in simple backyard containers, in 
composting piles that must be turned over occasion-
ally, or in small composting drums (Figure 21-10) that 
can be rotated to mix the wastes and to speed up the 
decomposition process. Over 6 million homes in North 
America compost their organic wastes and the number 
is increasing. For details on composting, see the website 
for this chapter.

The United States has about 3,300 municipal com-
posting programs that recycle about 37% of country’s 
yard wastes. This is likely to rise as the number of states 
(now 20) that ban yard wastes from sanitary landfills 
increases. The resulting compost can be used as organic 
soil fertilizer, topsoil, or landfill cover. It can also be used 
to help restore eroded soil on hillsides and along high-
ways, and on strip-mined land, overgrazed areas, and 
eroded cropland.

Figure 21-10 Backyard composter drum in which bacteria convert kitchen waste into 
rich compost. When the compost is ready, the device can be wheeled out to the garden 
or flowerbeds.
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To be successful, a large-scale composting program 
must be located carefully and odors must be controlled, 
because people do not want to live near a giant com-
post pile or plant. Some cities in Canada and many 
European Union countries compost more than 85% of 
their biodegradable wastes in centralized community 
facilities. Sometimes composting takes place in huge 
indoor buildings. In the Canadian city of Edmonton, 
Alberta, an indoor composting facility the size of eight 
football fields composts 50% of the city’s organic solid 
waste. Composting programs must also exclude toxic 
materials that can contaminate the compost and make 
it unsafe for use as fertilizer.

 ■ CASE STUDY

Recycling Paper
About 55% of the world’s industrial tree harvest is 
used to make paper. The pulp and paper industry is the 
world’s fifth largest energy user and uses more water to 
produce a metric ton of its product than any other in-
dustry. In both Canada and the United States, it is the 
third-largest industrial energy user and polluter, and 
paper is the dominant material in the MSW of both 
countries. The Internet was supposed to reduce paper 
use by giving users access to vast amounts of electronic 
information. However, because most users print out 
their search results there has been no drop in per capita 
paper consumption in the United States (and in most 
other countries).

Paper (especially newspaper and cardboard) is easy 
to recycle. Recycling newspaper involves removing 
its ink, glue, and coating and then reconverting it to 
pulp, which is pressed into new paper. Making recycled 
paper uses 64% less energy and produces 35% less wa-
ter pollution and 74% less air pollution than does mak-
ing paper from wood, and, of course, no trees are cut 
down.

In 2007, the United States recycled about 56% of its 
wastepaper (up from 25% in 1989). At least 10 other 
countries recycle 50–97% of their wastepaper and pa-
perboard, and the global recycling rate is 43%. Paper 
recycling leaders are Denmark (97%), South Korea 
(77%), and Germany (72%).

Despite a 56% recycling rate, the amount of paper 
thrown away each year in the United States is more 
than all of the paper used in China. Also, about 95% of 
books and magazines produced in the United States are 
printed on virgin paper. In producing this textbook we 
strive to use paper with a high percentage of recycled 
fibers. However, recycled paper of the quality required 
is often hard to get and costs more than conventional 
paper, which adds to the price of this book. Being green 
often involves trade-offs.

One problem associated with making paper is the 
chlorine (Cl2) and chlorine compounds (such as chlo-
rine dioxide, ClO2), used to bleach about 40% of the 

world’s pulp for making paper. These compounds 
are corrosive to processing equipment, hazardous for 
workers, hard to recover and reuse, and harmful when 
released into the environment. A growing number of 
paper mills (mostly in the European Union) are replac-
ing chlorine-based bleaching chemicals with chemicals 
such as hydrogen peroxide (H2O2) or oxygen (O2).

 ■ CASE STUDY

Recycling Plastics
Plastics consist of various types of large polymers, or 
resins—organic molecules made by chemically linking 
monomer molecules produced mostly from oil and nat-
ural gas (Figure 15-4, p. 375). About 46 different types 
of plastics are used in consumer products, and some 
products contain several kinds of plastic.

Many plastic containers and other items are thrown 
away and end up as litter on roadsides, beaches (Fig-
ure 21-11), and oceans and other bodies of water. Each 
year they threaten millions of seabirds, marine mam-
mals (Figure 11-5, p. 254), and sea turtles, which can 
mistake a floating plastic sandwich bag for a jellyfish or 
get caught in discarded plastic nets (Figure 11-10, right, 
p. 260). About 80% of the plastics in the ocean are 

Figure 21-11 Discarded solid waste litters beaches, poses a threat to beach users, 
and washes into the ocean and threatens marine animals.
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blown or washed in from beaches, rivers, storm drains, 
and other sources, and the rest gets dumped into the 
ocean from vessels and fishing boats.

Plastics discarded on beaches or dumped into the 
ocean from ships can disintegrate into particles the size 
of sand grains that resemble the prey of a variety of or-
ganisms. These particles can fill the stomachs of birds 
and other sea creatures and cause dehydration, malnu-
trition, and eventually starvation. Because tiny plastic 
particles can accumulate as they move through food 
webs, some level of plastic is found in most of the sea-
food people eat.

Currently, only about 4% by weight of all plastic 
wastes in the United States is recycled. As American 
comedian Lily Tomlin observes, “We buy a wastebas-
ket and take it home in a plastic bag. Then we take 
the wastebasket out of the bag, and put the bag in the 
wastebasket.” The percentage of plastic waste that is re-
cycled is low for three reasons. First, many plastics are 
hard to isolate from other wastes because the many 
different resins used to make them are often difficult 
to identify, and some plastics are composites of differ-
ent resins. For example, a plastic ketchup bottle might 
have as many as six different layers of plastics bonded 
together. Most plastics also contain stabilizers and other 
chemicals that must be removed before recycling.

Second, recovering individual plastic resins does not 
yield much material because only small amounts of any 
given resin are used in each product.

Third, the inflation-adjusted price of oil used to 
produce petrochemicals for making plastic resins is 
low enough to make the cost of virgin plastic resins 
much lower than that of recycled resins. An excep-
tion is PET (polyethylene terephthalate), used mostly 
in plastic drink bottles. However, PET collected for re-

cycling must not have other plastics mixed with it; a 
single PVC (polyvinyl chloride) bottle in a truckload of 
PET can render it useless for recycling. Despite its eco-
nomic value, only about 20% of the PET used in plastic 
containers in the United States is recycled. However, 
in 2007, Coca-Cola announced a goal of reusing or re-
cycling 100% of the PET bottles it sells in the United 
States.

Progress is being made in the recycling of plastics 
(Individuals Matter, above) and in the development of 
more degradable bioplastics (Science Focus, at right).

Recycling Has Advantages 
and Disadvantages
Figure 21-12 lists the advantages and disadvantages of 
recycling (Concept 21-3). Whether recycling makes eco-
nomic sense depends on how you look at its economic 
and environmental benefits and costs.

Critics say recycling does not make sense if it costs 
more to recycle materials than to send them to a landfill 
or incinerator. They concede that recycling may make 
economic sense for valuable and easy-to-recycle mate-
rials such as aluminum, paper, and steel, but probably 
not for cheap or plentiful resources such as glass made 
from silica. They also argue that recycling should pay 
for itself.

Proponents of recycling point out that conventional 
garbage disposal systems are funded by charges to 
households and businesses. So why should recycling be 
held to a different standard and forced to compete on 
an uneven playing field? Proponents also point to stud-
ies showing that the net economic, health, and envi-

INDIVIDUALS MATTER

Mike Biddle’s Contribution to Recycling Plastics

the 2002 Thomas Alva Edison Award for 
Innovation, and was selected by Inc. maga-
zine as one of “America’s Most Innovative 
Companies.”

Those who grew up with Mike Biddle are 
not surprised that he played a major role in 
developing an innovative and money-making 
process that many scientists and engineers 
thought impossible. As a kid growing up in 
Kentucky, he hated waste. He says he drove 
his parents crazy by following them around 
the house turning off lights in rooms that 
were not being used. Maybe you can be an 
environmental entrepreneur by using your 
brainpower to develop an environmentally 
beneficial and financially profitable process 
or business.

nly 4% of the huge amount of 
plastics discarded each year in the 

United States is recycled. This is beginning to 
change.

In 1994, Mike Biddle, a former PhD en-
gineer with Dow Chemical, and Trip Allen 
founded MBA Polymers, Inc. Their goal was 
to develop a commercial process for recycling 
high-value plastics from complex streams of 
goods such as computers, electronics, ap-
pliances, and automobiles. They succeeded 
by designing a 21-step automated process 
that separates plastics from nonplastic items 
in mixed waste streams, and then separates 
plastics from each other by type and grade 
and converts them to pellets that can be 
used to make new products.

O The pellets are cheaper than virgin plastics, 
because the company’s process uses 90% 
less energy than that needed to make a new 
plastic, and because the raw material is cheap 
or free junk. The environment also wins be-
cause greenhouse gas emissions are much 
lower than those generated in the making of 
virgin plastics. Also, recycling waste plastics 
reduces the need to incinerate them or bury 
them in landfills.

MBA Polymers is considered a world 
leader in plastics recycling. It operates a 
large state-of-the-art research and recycling 
plant in Richmond, California, and recently 
opened the world’s two most advanced 
plastics recycling plants in China and Aus-
tria. It has won many awards, including 
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ronmental benefits of recycling (Figure 21-12, left) far 
outweigh the costs. They argue that the U.S. recycling 
industry employs about 1.1 million people and that 
its annual revenues are much larger than those of the 
waste management industry.

Cities that make money by recycling and have 
higher recycling rates tend to use a single-pickup system 
for both recyclable and nonrecyclable materials, instead 
of a more expensive dual-pickup system. Successful 
systems also tend to use a pay-as-you-throw approach. 
San Francisco, California (USA), uses such a system to 
recycle almost half of its MSW.

We Can Encourage Reuse 
and Recycling
Three factors hinder reuse and recycling. First, we have 
a faulty and misleading accounting system in which the 
market price of a product does not include the harm-
ful environmental and health costs associated with the 
product during its life cycle.

Second, there is an uneven economic playing field, 
because in most countries, resource-extracting indus-
tries receive more government tax breaks and subsidies 
than recycling and reuse industries get.

Third, the demand and thus the price paid for recy-
cled materials fluctuates, mostly because buying goods 
made with recycled materials is not a priority for most 
governments, businesses, and individuals.

How can we encourage reuse and recycling? Propo-
nents say that leveling the economic playing field is the 

SCIENCE FOCUS

Bioplastics

lighter, stronger, and cheaper, and could use 
less energy and produce less pollution per 
unit of weight than conventional petroleum-
based plastics do.

Instead of being sent to landfills, packag-
ing made from bioplastics could be com-
posted to produce a soil conditioner, thus 
mimicking nature by implementing 
the nutrient recycling principle of 
sustainability.

Toyota is investing $38 billion in a process 
that makes plastics from plants. By 2020, it 
expects to control two-thirds of the world’s 
supply of such bioplastics.

Critical Thinking
What might be some disadvantages of more 
rapidly degradable bioplastics? Do you think 
they outweigh the advantages?

But as oil became widely available, pet-
rochemical plastics took over the market. 
Now with climate change and other envi-
ronmental problems associated with the 
use of oil, chemists are stepping up efforts 
to make biodegradable and more environ-
mentally sustainable plastics from a variety 
of green polymers. Such bioplastics can be 
made from corn, soy, sugarcane, switchgrass 
(Figure 16-26, p. 425), chicken feathers, 
some components of garbage, and CO2 
extracted from coal-burning power plant 
emissions.

The key to making such biopolymers is 
to find chemicals called catalysts, which ac-
celerate reactions that form polymers from 
biologically based chemicals without having 
to use high temperatures. With proper design 
and mass production, bioplastics could be 

ost of today’s plastics are 
made from organic polymers 

produced from petroleum-based chemicals 
(petrochemicals). This may change as scien-
tists develop more bioplastics or plastics made 
from biologically based chemicals.

The search for biologically based plastics 
dates from 1913 when a French scientist and a 
British scientist each filed for patents on a soy-
based plastic. At that time, there was intense 
competition between the petrochemical and 
agricultural industries to dominate the market 
for plastics made from organic polymers.

Henry Ford, who developed the first 
motorcar, supported research on the devel-
opment of a bioplastic made from soybeans. 
A 1914 photograph showed him using an ax 
to strike the body of a car made from soy bio-
plastic to demonstrate its strength.

M

Can cost more than 
burying in areas with 
ample landfill space

May lose money for items 
such as glass and some 
plastics

Reduces profits for landfill 
and incinerator owners

Source separation is 
inconvenient for some 
people

Reduces air and water 
pollution

Saves energy

Reduces mineral demand

Reduces greenhouse gas 
emissions

Reduces solid waste 
production and disposal

Helps protect biodiversity

Can save landfill space

Important part of economy

Advantages Disadvantages

T R A D E - O F F S
Recycling

Figure 21-12 Advantages and disadvantages of recycling solid waste (Concept 21-3). 
Question: Which single advantage and which single disadvantage do you think are the 
most important? Why?

best way to start. Governments can increase subsidies 
and tax breaks for reusing and recycling materials (the 
carrot) and decrease subsidies and tax breaks for making 
items from virgin resources (the stick).



574 CHAPTER 21  Solid and Hazardous Waste

21-4 What Are the Advantages and Disadvantages 
of Burning or Burying Solid Waste?

CONCEPT 21-4 Technologies for burning and burying solid wastes are well 
developed, but burning contributes to pollution and greenhouse gas emissions, and 
buried wastes eventually contribute to pollution and land degradation.

■✓

waste reduction. Since 1985, more than 280 new in-
cinerator projects have been delayed or canceled in the 
United States because of high costs, concern over air 
pollution, and intense citizen opposition.

Figure 21-14 lists the advantages and disadvantages 
of using incinerators to burn solid waste.

HOW WOULD YOU VOTE?

Do the advantages of incinerating solid waste outweigh the 
disadvantages? Cast your vote online at academic.cengage
.com/biology/miller.

Burying Solid Waste Has 
Advantages and Disadvantages
About 54% by weight of the MSW in the United States 
is buried in sanitary landfills, compared to 80% in Can-
ada, 15% in Japan, and 12% in Switzerland.

There are two types of landfills. Open dumps are 
essentially fields or holes in the ground where garbage 
is deposited and sometimes burned. They are rare in 
developed countries, but are widely used near major 
cities in many developing countries (Figure 1-6, p. 11)

In newer landfills, called sanitary landfills (Fig-
ure 21-15, p. 576), solid wastes are spread out in thin 

Burning Solid Waste Has 
Advantages and Disadvantages
Globally, MSW is burned in more than 600 large waste-
to-energy incinerators (98 in the United States), which 
burn MSW to boil water to make steam for heating wa-
ter or space, or for producing electricity. Great Britain 
burns about 90% of its MSW in incinerators, com-
pared to 16% in the United States and 8% in Canada. 
Trace the flow of materials through this process, as dia-
grammed in Figure 21-13.

In addition to producing energy, incinerators re-
duce the volume of solid waste by 90%. However, 
without expensive air pollution control devices and 
careful monitoring, incinerators pollute the air with 
particulates, carbon monoxide, toxic metals such as 
mercury, and other toxic materials. They also add CO2

to the atmosphere, although they emit about 38% less 
CO2 per unit of energy than coal-burning power plants 
emit. Incinerators produce large quantities of toxic bot-
tom ash and fly ash (removed by air pollution control 
devices), which must be disposed of safely, ideally in 
specially licensed hazardous waste landfills.

To be economically feasible, incinerators must be 
fed huge volumes of trash every day. This encourages 
trash production and discourages reuse, recycling, and 

Other strategies are to greatly increase use of the 
fee-per-bag waste collection system and to encourage or 
require government purchases of recycled products to 
help increase demand and lower prices. Governments 
can also pass laws requiring companies to take back 
and recycle or reuse packaging and electronic waste 
discarded by consumers (Core Case Study), as 
is done in Japan and some European Union 
countries.

HOW WOULD YOU VOTE?

Should governments pass laws requiring manufac-
turers to take back and reuse or recycle all pack-
aging waste, appliances, electronic equipment (Core Case 
Study), and motor vehicles at the end of their useful lives? 
Cast your vote online at academic.cengage.com/biology/
miller.

Citizens can pressure governments to require labels 
on all products listing recycled content and the types 
and amounts of any hazardous materials they con-
tain. This would help consumers to be better informed 
about the environmental consequences of buying cer-
tain products.

One reason for the popularity of recycling is that it 
helps to soothe people’s consciences in a throwaway 
society. Many people think that recycling their news-
papers and aluminum cans is all they need do to meet 
their environmental responsibilities. Recycling is im-
portant, but reducing resource consumption and re-
using resources are more effective ways to reduce the 
flow and waste of resources (Concept 21-3).

▲
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layers, compacted, and covered daily with a fresh layer 
of clay or plastic foam, which helps to keep the mate-
rial dry and reduces leakage of contaminated water 
(leachate) from the landfill. This covering also lessens 
the risk of fire, decreases odor, and reduces accessibility 
to vermin.

Figure 21-16 (p. 576) lists the advantages and dis-
advantages of using sanitary landfills to dispose of solid 
waste. According to the EPA, all landfills eventually 
leak, passing both the effects of contamination and 
cleanup costs on to future generations. In the United 
States, some people were shocked to learn that radio-
active materials from nuclear weapons facilities run 
by the Department of Energy were being dumped into 
regular landfills with little tracking of their dispersal, 
despite intense public opposition.

HOW WOULD YOU VOTE?

Do the advantages of burying solid waste in sanitary land-
fills outweigh the disadvantages? Cast your vote online at 
academic.cengage.com/biology/miller.
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Water
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Figure 21-13 Solutions: a waste-to-energy incinerator with 
pollution controls. It burns mixed solid wastes and recovers 
some of the energy to produce steam used for heating or 
producing electricity. Question: Would you invest in such a 
project? Why or why not? 

Figure 21-14 Advantages and disadvantages of incinerating solid 
waste (Concept 21-4). These trade-offs also apply to the incinera-
tion of hazardous waste. Question: Which single advantage and 
which single disadvantage do you think are the most important? 
Why?
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Figure 21-15 Solutions: state-of-the-art 
sanitary landfill, which is designed to elimi-
nate or minimize environmental problems 
that plague older landfills. Since 1997, only 
modern sanitary landfills are allowed in the 
United States. As a result, many small, older 
local landfills have been closed and replaced 
with larger regional landfills. Question: How 
do you think sanitary landfills could develop 
leaks of toxic liquids?
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layers of soil and clay
seal in trash
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Figure 21-16 Advantages and disad-
vantages of using sanitary landfills to 
dispose of solid waste (Concept 21-4). 
Question: Which single advantage and 
which single disadvantage do you think 
are the most important? Why?
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Advantages Disadvantages

T R A D E - O F F S
Sanitary Landfills
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We Can Use Integrated Management 
of Hazardous Waste
Figure 21-17 shows an integrated management ap-
proach suggested by the U.S. National Academy of Sci-
ences that establishes three levels of priorities for deal-
ing with hazardous waste: produce less of it; convert as 
much of it as possible to less hazardous substances; and 
put the rest in long-term, safe storage (Concept 21-5). 
Denmark follows these priorities, but most countries 
do not.

As with solid waste, the top priority should be pol-
lution prevention and waste reduction. With this ap-
proach, industries try to find substitutes for toxic or 
hazardous materials, reuse or recycle them within 
industrial processes, or use them as raw materials for 
making other products (Figure 14-25, p. 367). (See 
Case Study, p. 366, and the Guest Essays on this subject 
by Lois Gibbs and Peter Montague at CengageNOW™.)

At least one-third of industrial hazardous wastes 
produced in Europe are exchanged through clearing-
houses where they are sold as raw materials for use 
by other industries. The producers of these wastes do 
not have to pay for their disposal, and recipients get 
low-cost raw materials. About 10% of the hazard-
ous waste in the United States is exchanged through 
such clearinghouses, a figure that could be raised 
significantly.

Integrated waste management could be used more 
for dealing with postconsumer hazardous waste, but 
such waste is not well managed, globally. For example, 
most e-waste recycling efforts (Core Case Study) 
create further hazards, especially for workers in 
some developing countries (see following Case Study).

 ■ CASE STUDY

Recycling E-Waste
In e-waste recycling operations in some countries, 
workers—many of them children—are often exposed 
to toxic chemicals as they dismantle e-wastes to extract 
valuable metals or parts that can be reused or recycled 
(Core Case Study).

According to the United Nations, more than 
70% of the world’s e-waste ends up in China. A center 
for such waste is the small port city of Guiyu, where 
the air reeks of burning plastic and acid fumes. There, 
more than 5,500 small-scale e-waste businesses employ 
over 30,000 people (sometimes including children) 
who work at very low wages in dangerous conditions 
to extract valuable metals like gold and copper from 
millions of discarded computers, television sets, and cell 
phones.

These workers usually wear no masks or gloves, of-
ten work in rooms with no ventilation, and are usu-
ally exposed to a cocktail of toxic chemicals. They carry 
out dangerous activities, such as smashing TV picture 
tubes by hand to recover glass and electronic parts—a 
method that releases large amounts of toxic lead dust. 
They also burn computer wires to expose copper, melt 
circuit boards in metal pots to extract lead and other 
metals, and douse the boards with strong acid to ex-
tract gold.

After the valuable metals are removed, leftover 
parts are burned or dumped in rivers or on the land. 
Atmospheric levels of deadly dioxin in Guiyu are up to 
86 times as high as WHO safety standards, and an esti-
mated 82% of the area’s children younger than age 6 
suffer from lead poisoning.

21-5 How Should We Deal with Hazardous Waste?
CONCEPT 21-5 A sustainable approach to hazardous waste is first to produce less 
of it, then to reuse or recycle it, then to convert it to less hazardous materials, and 
finally, to safely store what is left.

▲
■ Landfill

■ Underground injection wells

■ Surface impoundments

■ Underground salt formations

Put in
Perpetual Storage

■ Natural decomposition

■ Incineration

■ Thermal treatment

■ Chemical, physical, and biological treatment

■ Dilution in air or water

Convert to Less Hazardous
or Nonhazardous Substances

Produce Less
Hazardous Waste

■ Change industrial processes to  
 reduce or eliminate hazardous  
 waste production

■ Recycle and reuse hazardous  
 waste

Figure 21-17 Integrated hazardous waste management: priorities suggested by the U.S. National Academy of 
Sciences for dealing with hazardous waste (Concept 21-5). To date, these priorities have not been followed in the 
United States and in most other countries. Question: Why do you think that most countries do not follow these 
priorities? (Data from U.S. National Academy of Sciences)
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Partly in response to this problem, Hewlett Packard 
and Dell Inc., which together sell more than half of 
the personal computers in the United States, have re-
duced the use of toxic components and will take back 
their products for recycling when consumers discard 
them. Still, in 2007, only 10–15% of the e-waste in the 
United States was recycled, and up to 80% of that was 
shipped overseas to dismantling shops such as the one 
in Guiyu.

Sarah Westervelt of the Basal Action Network (BAN) 
warns, in fact, that “most of those businesses calling 
themselves recyclers are little more than international 
waste distributors. They take your old equipment for 
free, or pocket your recycling fee, and then simply load 
it into a sea-going container and ship it to China, India, 
or Nigeria.” In 2008, BAN implemented its e-Stewards
Initiative, designed to help people find responsible recy-
clers who work according to strict environmental and 
health standards. 

You can find your closest e-Steward recycler at ban
.org/pledge1.html. Also see phones4charity.org to 
find out how to recycle or donate your used cell phone. 
And see recycle.org to find out how to donate your 
used computer for reuse or recycling.

THINKING ABOUT
E-Waste Recycling

Would you pay more for a computer if you knew the higher 
price would keep the computer out of recycling shops such as 
those described above? If so, what percentage increase in the 
price would you accept?

We Can Detoxify 
Hazardous Wastes
The first step in dealing with hazardous wastes is to 
collect them. In Denmark, all hazardous and toxic 
waste from industries and households is delivered to 21 
transfer stations throughout the country. From there 
it is taken to a large treatment facility, where three-
fourths of the waste is detoxified by physical, chemical, 
and biological methods. The rest is buried in a carefully 
designed and monitored landfill.

Physical methods for detoxifying hazardous wastes 
include using charcoal or resins to filter out harm-
ful solids and distilling liquid mixtures to separate out 
harmful chemicals. Especially deadly wastes can be en-
capsulated in glass, cement, or ceramics and then put 
in secure storage sites.

Chemical methods are used to convert hazard-
ous chemicals to harmless or less harmful chemicals 
through chemical reactions. Currently, for example, 
chemists are testing the use of cyclodextrin to remove 
toxic materials such as solvents and pesticides from 
contaminated soil and groundwater. After this molec-
ular-sponge-type material moves through the soil or 
groundwater, picking up various toxic chemicals, it 

is pumped out of the ground, stripped of its contami-
nants, and reused.

Another approach is the use of nanomagnets, mag-
netic nanoparticles coated with certain compounds 
that can remove various pollutants from water. For 
example, nanomagnets coated with chitosan, a chemi-
cal derived from the exoskeletons of shrimps and crabs, 
can be used to remove oil and other organic pollutants 
from contaminated water. Magnetic fields are then 
used to remove the pollutant coated magnetic nano-
particles. The pollutants are then separated out and dis-
posed of or recycled. And the magnetic nanoparticles 
can be reused.

Some scientists and engineers consider biologi-
cal methods for treatment of hazardous waste to be the 
wave of the future. One such approach is bioremediation,
in which bacteria and enzymes help to destroy toxic 
or hazardous substances or convert them to harmless 
compounds. (See the Guest Essay by John Pichtel on 
this topic on the website for this chapter.)

In bioremediation, a contaminated site is inocu-
lated with an army of microorganisms that break down 
specific hazardous chemicals, such as organic solvents, 
PCBs, pesticides, and oil, and leave behind harmless 
substances such as water and water-soluble chloride 
salts. So far, more than 1,000 different types of bacteria 
and fungi have been used to detoxify various types of 
hazardous waste. Bioremediation takes a little longer to 
work than most physical and chemical methods, but it 
costs much less.

Another approach is phytoremediation, which in-
volves using natural or genetically engineered plants 
to absorb, filter, and remove contaminants from pol-
luted soil and water, as shown in Figure 21-18. Vari-
ous plants have been identified as “pollution sponges,” 
which can help to clean up soil and water contaminated 
with chemicals such as pesticides, organic solvents, and 
radioactive or toxic metals. Figure 21-19 lists advan-
tages and disadvantages of phytoremediation.

HOW WOULD YOU VOTE?

Do the advantages of using phytoremediation to detoxify 
hazardous waste outweigh the disadvantages? Cast your vote 
online at academic.cengage.com/biology/miller.

Hazardous wastes can be incinerated to break them 
down and convert them to harmless or less harmful 
chemicals such as carbon dioxide and water. This has 
the same mixture of advantages and disadvantages as 
burning solid wastes (Figure 21-14). But incinerating 
hazardous waste can release air pollutants such as toxic 
dioxins, and it produces a highly toxic ash that must 
be safely and permanently stored in a landfill or vault 
especially designed for hazardous waste.

RESEARCH FRONTIER

Improving current methods and finding new ways to detoxify 
wastes. See academic.cengage.com/biology/miller.
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Sunflower

Rhizofiltration Phytostabilization Phytodegredation Phytoextraction

Roots of plants such as 
sunflowers with dangling roots 
on ponds or in greenhouses can 
absorb pollutants such as 
radioactive strontium-90 and 
cesium-137 and various organic 
chemicals.

Plants such as willow 
trees and poplars can 
absorb chemicals and 
keep them from 
reaching groundwater 
or nearby surface 
water.

Plants such as poplars can 
absorb toxic organic 
chemicals and break them 
down into less harmful 
compoinds which they 
store or release slowly into 
the air.

Roots of plants such as Indian 
mustard and brake ferns can 
absorb toxic metals such as 
lead, arsenic, and others and 
store them in their leaves. Plants 
can then be recycled or 
harvested and incinerated.

Willow tree

Landfill
Oil
spill

Landfill

Decontaminated
water out Polluted

leachate

Polluted
groundwater
in

Groundwater

Soil Soil

Groundwater

Oil
spill

Indian mustard

Poplar tree Brake fern

Radioactive
contaminants

Organic
contaminants

Inorganic
metal contaminants

Figure 21-18 Solutions: phytoremediation. Various 
types of plants can be used as pollution sponges to 
clean up soil and water and radioactive substances (left), 
organic compounds (center), and toxic metals (right). 
(Data from American Society of Plant Physiologists, 
U.S. Environmental Protection Agency, and Edenspace)

Slow (can take 
several growing 
seasons)

Effective only at 
depth plant roots 
can reach

Some toxic organic 
chemicals may 
evaporate from plant 
leaves

Some plants can 
become toxic to 
animals

Easy to establish

Inexpensive

Can reduce 
material dumped 
into landfills

Produces little air 
pollution compared 
to incineration

Low energy use

Advantages Disadvantages

T R A D E - O F F S
Phytoremediation

Figure 21-19 Advantages and disadvantages of 
using phytoremediation to remove or detoxify haz-
ardous waste. Question: Which single advantage 
and which single disadvantage do you think are the 
most important? Why?
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We can also detoxify hazardous wastes by using a 
plasma arc torch, somewhat similar to a welding torch, 
to incinerate them at very high temperatures. Passing 
an electrical current through a gas to generate an elec-
tric arc and very high temperatures creates plasma—an 
ionized gas made up of electrically conductive ions and 
electrons. 

This process decomposes liquid or solid hazardous 
organic waste into ions and atoms that can be con-
verted into simple molecules of a synthetic gas (syn-
gas) consisting mostly of hydrogen (H2) and carbon 
monoxide (CO). The syngas can then be used to make 
fuels such as hydrogen, natural gas (CH4), or ethanol. 
The high temperatures can also convert hazardous in-
organic matter into a molten glassy material that can 
be used to encapsulate toxic metals to keep them from 
leaching into groundwater. Figure 21-20 lists the ad-
vantages and disadvantages of using this process.

HOW WOULD YOU VOTE?

Do the advantages of using a plasma arc torch to detoxify 
hazardous waste outweigh the disadvantages? Cast your vote 
online at academic.cengage.com/biology/miller.

We Can Store Some Forms 
of Hazardous Waste
Ideally, burial on land or long-term storage of hazard-
ous and toxic wastes should be used only as the third 
resort after the first two priorities have been exhausted 
(Figure 21-17 and Concept 21-5). But currently, burial 

on land is the most widely used method in the United 
States and most countries, largely because it is the least 
costly method for waste producers.

The most common form of burial is deep-well dis-
posal, in which liquid hazardous wastes are pumped 
through a pipe into dry, porous rock formations far be-
neath aquifers, many of which are tapped for drinking 
and irrigation water. Theoretically, these liquids soak 
into the porous rock and are isolated from overlying 
groundwater by essentially impermeable layers of clay 
and rock.

However, there are a limited number of such sites 
and limited space within them. Sometimes the wastes 
leak into groundwater from the well shaft or migrate 
into groundwater in unexpected ways. In the United 
States, roughly 64% of liquid hazardous wastes are in-
jected into deep disposal wells. Many scientists believe 
that current regulations for deep-well disposal in the 
United States are inadequate and should be improved. 
Figure 21-21 lists the advantages and disad vantages of 
deep-well disposal of liquid hazardous wastes.

HOW WOULD YOU VOTE?

Do the advantages of deep-well disposal of hazardous waste 
outweigh the disadvantages? Cast your vote online at 
academic.cengage.com/biology/miller.

Surface impoundments are ponds, pits, or lagoons into 
which liners are placed and liquid hazardous wastes 
are stored (Figure 21-22). As the water evaporates, the 
waste settles and becomes more concentrated. But in-
adequate seals can allow such wastes to percolate into 
the groundwater, and volatile harmful chemicals can 

High cost

Produces CO2 and CO

Can release particulates 
and chlorine gas

Can vaporize and 
release toxic metals and 
radioactive elements 

Small

Mobile. Easy 
to move to 
different sites

Produces no 
toxic ash

Advantages Disadvantages

T R A D E - O F F S
Plasma Arc

Figure 21-20 Advantages and disadvantages of using a plasma 
arc torch to detoxify hazardous wastes. Question: Which single 
advantage and which single disadvantage do you think are the most 
important? Why?

Leaks or spills at surface

Leaks from corrosion of 
well casing

Existing fractures or 
earthquakes can allow 
wastes to escape into 
groundwater

Output approach that 
encourages waste 
production

Safe method if 
sites are chosen 
carefully

Wastes can often 
be retrieved if 
problems develop

Easy to do

Low cost

Advantages Disadvantages

T R A D E - O F F S
Deep-Well Disposal

Figure 21-21 Advantages and disadvantages of injecting liquid 
hazardous wastes into deep underground wells. Question: Which 
single advantage and which single disadvantage do you think are 
the most important? Why?
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evaporate into the air. Also, powerful storms can cause 
these impoundments to overflow. Figure 21-23 lists the 
advantages and disadvantages of this method.

EPA studies found that 70% of these storage ba-
sins in the United States have no liners, and up to 90% 

of them may threaten groundwater. According to the 
EPA, eventually all liners probably will leak and could 
contaminate groundwater.

HOW WOULD YOU VOTE?

Do the advantages of storing hazardous wastes in surface im-
poundments outweigh the disadvantages? Cast your 
vote online at academic.cengage.com/biology/miller.

There are some highly toxic materials (such as mer-
cury, Science Focus, p. 450) that we cannot destroy, 
detoxify, or safely bury. The best way to deal with such 
materials is to prevent or reduce their use and to put 
waste from such materials in special containers. The 
containers are then stored aboveground in specially de-
signed buildings or underground in salt mines or bed-
rock caverns, where they can be inspected on a regu-
lar basis and retrieved if necessary. Carefully designed 
aboveground storage buildings are a good option in ar-
eas where the water table is close to the surface and in 
areas that lie above aquifers used for drinking water. 
Such storage structures should be built to withstand 
storms and to prevent the release of toxic gases, and 
leaks should be carefully monitored.

Sometimes, liquid and solid hazardous wastes are 
put into drums or other containers and buried in care-
fully designed and monitored secure hazardous waste 
landfills (Figure 21-24, p. 582). This is the least used 
method because of the expense involved.

Some developed countries are careless with their 
hazardous wastes. In the United Kingdom, most such 
wastes are mixed with household garbage and stored 

Groundwater 
contamination from 
leaking liners (or no 
lining)

Air pollution from 
volatile organic 
compounds

Overflow from 
flooding

Disruption and leakage 
from earthquakes

Output approach that 
encourages waste 
production

Advantages Disadvantages

T R A D E - O F F S
Surface Impoundments

Low construction 
costs

Low operating 
costs

Can be built 
quickly

Wastes can often 
be retrieved if 
necessary

Can store wastes 
indefinitely with 
secure double 
liners

Figure 21-22 Surface impound-
ment in Niagara Falls, New York 
(USA). Such sites can pollute the 
air and nearby groundwater and 
surface water.

Figure 21-23 Advantages and disadvantages of storing liquid haz-
ardous wastes in surface impoundments. Question: Which single 
advantage and which single disadvantage do you think are the most 
important? Why?

Ke
n 

Sh
er

m
an

/B
ru

ce
 C

ol
em

an
 U

SA
, I

nc
.



582 CHAPTER 21  Solid and Hazardous Waste

in hundreds of conventional landfills throughout the 
country. Most developing countries do little to regu-
late and control what happens to the hazardous wastes 
they produce.

Figure 21-25 lists some ways in which you can re-
duce your output of hazardous waste—the first step in 
dealing with it.

 ■ CASE STUDY

Hazardous Waste Regulation 
in the United States
About 5% of all hazardous waste produced in the 
United States is regulated under the Resource Con-
servation and Recovery Act (RCRA, pronounced 
“RICK-ra”), passed in 1976 and amended in 1984. The 
EPA sets standards for management of several types 
of hazardous waste and issues permits to companies 
allowing them to produce and dispose of a certain 
amount of wastes in acceptable ways. Permit holders 
must use a cradle-to-grave system to keep track of waste 
they transfer from a point of generation (cradle) to an 
approved disposal facility (grave), and they must sub-
mit proof of this disposal to the EPA.

RCRA is a good start, but this and other laws regu-
late only about 5% of the hazardous and toxic wastes, 
including e-waste, produced in the United States. In 
most other countries, especially developing countries, 
even less of this waste is regulated.

THINKING ABOUT
Hazardous Waste

Why is it that 95% of the hazardous waste, includ-
ing the growing mounds of e-waste (Core Case Study) pro-
duced in the United States, is not regulated? Do you favor 
regulating such wastes? What are the economic consequences 
of doing this? How would this change the way waste produc-
ers deal with the hazardous wastes they produce?

In 1980, the U.S. Congress passed the Comprehensive 
Environmental Response, Compensation, and Liability Act, 
commonly known as the CERCLA or Superfund pro-
gram. Its goals are to identify sites where hazardous 
wastes have contaminated the environment (Fig-
ure 21-26) and to clean them up on a priority basis. 
The worst sites, which represent an immediate and 
severe threat to human health, are put on a National 
Priorities List and scheduled for total cleanup using the 
most cost-effective method. 

In 2008, there were about 1,240 sites on this list. 
The Waste Management Research Institute estimates 
that at least 10,000 sites should be on the priority list 
and that cleanup of these sites would cost about $1.7 
trillion, not including legal fees. This shows the eco-
nomic and environmental value of emphasizing waste 
reduction and pollution prevention.

Since 1980, the EPA has dealt with 1,579 Super-
fund sites. So far 321 have been cleaned up and re-
moved from the Superfund list. The degree of cleanup 
at the remaining sites varies. 

In 1984, Congress amended the Superfund Act to 
give citizens the right to know what toxic chemicals are 
being stored or released in their communities. This re-
quired 23,800 large manufacturing facilities to report 
their annual releases of any of nearly 650 toxic chemi-
cals into the environment. If you live in the United 

Gas
vent

Topsoil

Earth
Plastic cover

Impervious
clay cap

Leak
detection
system

Reactive
wastes
in drums

Groundwater
monitoring
well

Groundwater

Water
table

Earth

Impervious
clay

Sand

Bulk
waste

Plastic
double
liner

Double leachate
collection system

Clay
cap

Figure 21-24 Solutions: secure hazardous waste landfill.

Figure 21-25 Individuals matter: ways to reduce your output of hazardous waste 
(Concept 21-5). Questions: When was the last time you created hazardous waste? 
Could you have avoided it, and if so, how?

■ Avoid using pesticides and other hazardous chemicals, or use them in the small-
est amounts possible

■ Use less harmful substances instead of commercial chemicals for most house-
hold cleaners. For example, use vinegar to polish metals, clean surfaces, and 
remove stains and mildew; baking soda to clean household utensils and to 
deodorize and remove stains; and borax to remove stains and mildew.

■ Do not dispose of pesticides, paints, solvents, oil, antifreeze, or other haz-
ardous chemicals by flushing them down the toilet, pouring them down the 
drain, burying them, throwing them into the garbage, or dumping them down 
storm drains. Instead, use hazardous waste disposal services available in many 
cities.

Hazardous Waste

WHAT CAN YOU DO?
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States, you can find out what toxic chemicals are being 
stored and released in your neighborhood by going to 
the EPA’s Toxic Release Inventory website at www.epa
.gov/tri/.

The Superfund law, designed to have polluters pay 
for cleaning up abandoned hazardous waste sites, has 
virtually made illegal dump sites (Figure 21-26) relics 
of the past. It has forced waste producers, fearful of fu-
ture liability claims, to reduce their production of such 
waste and to recycle or reuse much more of it. How-
ever, facing pressure from polluters, the U.S. Congress 
refused to renew the tax on oil and chemical compa-
nies that had financed the Superfund after it expired in 
1995. The Superfund is now broke, and taxpayers, not 
polluters, are footing the bill for future cleanups when 
the responsible parties cannot be found. As a result, the 
pace of cleanup has slowed.

HOW WOULD YOU VOTE?

Should the U.S. Congress reinstate the polluter-pays prin-
ciple by using taxes from chemical, oil, mining, and smelting 
companies to reestablish a fund for cleaning up existing and 
new Superfund sites? Register your vote online at academic
.cengage.com/biology/miller.

The U.S. Congress and several state legislatures 
have also passed laws that encourage the cleanup of 
brownfields—abandoned industrial and commercial sites 
such as factories, junkyards, older landfills, and gas sta-
tions. In most cases, they are contaminated with haz-
ardous wastes. Brownfields can be cleaned up and re-
born as parks, nature reserves, athletic fields, ecoindus-

trial parks (Figure 14-25, p. 367), and neighborhoods. 
By 2008, more than 42,000 former brownfield sites had 
been redeveloped in the United States.

In addition to laws that are focused on cleaning up 
hazardous waste, other laws have been passed to try to 
prevent creation of such wastes. One of the most suc-
cessful was the 1976 law requiring that use of leaded 
gasoline be phased out in the United States (Case 
Study, p. 474).

Figure 21-26 Leaking barrels of toxic waste at a Superfund site in the United States. 
This site has since been cleaned up.

21-6 How Can We Make the Transition to a More 
Sustainable Low-Waste Society?

CONCEPT 21-6 Shifting to a low-waste society requires individuals and businesses 
to reduce resource use and to reuse and recycle wastes at local, national, and global 
levels.

▲

Grassroots Action Has Led to 
Better Solid and Hazardous Waste 
Management
In the United States, individuals have organized to pre-
vent the construction of hundreds of incinerators, land-
fills, treatment plants for hazardous and radioactive 
wastes, and polluting chemical plants in or near their 
communities. Health risks from incinerators and land-
fills, when averaged for the entire country, are quite 
low, but the risks for people living near such facilities 
are much higher.

Manufacturers and waste industry officials point out 
that something must be done with the toxic and haz-
ardous wastes produced to provide people with certain 
goods and services. They contend that even if local citi-
zens adopt a “not in my back yard” (NIMBY) approach, 
the waste will always end up in someone’s back yard.

Many citizens do not accept this argument. To 
them, the best way to deal with most toxic and hazard-
ous waste is to produce much less of it, as suggested by 
the U.S. National Academy of Sciences (Figure 21-17). 
For such materials, they believe that the goal should be 
“not in anyone’s back yard” (NIABY) or “not on planet 
Earth” (NOPE), which calls for drastically reducing 
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production of such wastes by emphasizing pollu-
tion prevention and using the precautionary principle 
(Concepts 1-4, p. 16, and 9-4C, p. 206).

Providing Environmental Justice 
for Everyone Is an Important Goal
Environmental justice is an ideal whereby every per-
son is entitled to protection from environmental haz-
ards regardless of race, gender, age, national origin, in-
come, social class, or any political factor. (See the Guest 
Essay on this subject by Robert Bullard on the website 
for this chapter.)

Studies have shown that a disproportionate share 
of polluting factories, hazardous waste dumps, incin-
erators, and landfills in the United States are located in 
communities populated mostly by African Americans, 
Asian Americans, Latinos, and Native Americans and 
the working poor. Studies have also shown that, in gen-
eral, toxic waste sites in white communities have been 
cleaned up faster and more completely than such sites 
in African American and Latino communities have.

Such environmental discrimination in the United 
States and in other parts of the world has led to a grow-
ing grassroots movement known as the environmental
justice movement. Members of this group have pressured 
governments, businesses, and environmental groups to 
become aware of environmental injustice and to act to 
prevent it. They have made some progress toward their 
goals, but there is a long way to go.

THINKING ABOUT
Environmental Injustice

Have you or anyone in your family ever been a victim of en-
vironmental injustice? If so, describe what happened. What 
would you do to help prevent environmental injustice?

Countries Have Developed 
International Treaties to Reduce 
Hazardous Waste
Environmental justice also applies at the international 
level. For decades, some developed countries had 
been shipping hazardous wastes to developing coun-
tries. In 1989, the UNEP developed an international 
treaty known as the Basel Convention. It banned de-
veloped countries that participate in the treaty from 
shipping hazardous waste (including e-waste) to or 
through other countries without their permission. In 
1995, the treaty was amended to outlaw all transfers 
of hazardous wastes from industrial countries to de-
veloping countries. By 2008, this agreement had been 
ratified by 152 countries, but not by the United States, 
Afghanistan, and Haiti.

This ban will help, but it will not wipe out the very 
profitable illegal waste trade. Smugglers evade the laws 

by using an array of tactics, including bribes, false per-
mits, and mislabeling of hazardous wastes as materials 
to be recycled.

In 2000, delegates from 122 countries completed 
a global treaty to control 12 persistent organic pollut-
ants (POPs). These widely used toxic chemicals are 
persistent, insoluble in water, and soluble in fat. This 
means that they can be concentrated in the fatty tis-
sues of humans and other organisms feeding at high 
trophic levels in food webs to levels hundreds of thou-
sands of times higher than levels in the general envi-
ronment (Figure 9-19, p. 202). Because they are per-
sistent, POPs can also be transported long distances by 
wind and water.

The original list of 12 chemicals, called the dirty
dozen, includes DDT and 8 other chlorine-containing 
persistent pesticides, PCBs (Case Study, p. 449), diox-
ins, and furans. Using blood tests, medical researchers 
at New York City’s Mount Sinai School of Medicine 
found that nearly every person on earth has detect-
able levels of POPs. The long-term health effects of this 
involuntary global chemical experiment are largely 
unknown.

The treaty seeks to ban or phase out use of these 
chemicals and to detoxify or isolate stockpiles of them. 
It allows 25 countries to continue using DDT to com-
bat malaria until safer alternatives are available. The 
United States has not ratified this treaty.

Environmental scientists consider the POPs treaty 
to be an important milestone in international environ-
mental law and pollution prevention because it uses 
the precautionary principle to manage and reduce the 
risks from toxic chemicals. The list of persistant organic 
pollutants is expected to grow.

In 2000, the Swedish Parliament enacted a law 
that, by 2020, will ban all chemicals that are persistent 
and can bioaccumulate in living tissue. This law also 
requires industries to perform risk assessments on the 
chemicals they use and to show that these chemicals 
are safe to use, as opposed to requiring the govern-
ment to show that they are dangerous. In other words, 
chemicals are assumed to be guilty until proven inno-
cent—the reverse of the current policy in the United 
States and in most countries. There is strong opposition 
to this approach in the United States, especially from 
most industries producing potentially dangerous chem-
icals. The European Union is also considering legisla-
tion that puts the burden of proof on manufacturers to 
show that about 30,000 industrial chemicals and sub-
stances are safe.

We Can Make the Transition 
to Low-Waste Societies
According to physicist Albert Einstein, “A clever person 
solves a problem, a wise person avoids it.” Some are tak-
ing these words seriously. The governments of Norway, 
Austria, and the Netherlands have committed to reduc-
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ing their resource waste by 75%. In a pilot study, resi-
dents of the U.S. city of East Hampton, New York, cut 
their solid waste production by 85%.

To prevent pollution and reduce waste, many envi-
ronmental scientists urge us to understand and follow 
several key principles:

• Everything is connected.

• There is no away, as in to throw away, for the wastes 
we produce.

• Dilution is not always the solution to pollution.

• Polluters and producers should pay for the wastes 
they produce.

• Different categories of hazardous waste and recy-
clable waste should not be mixed.

• We should mimic nature by reusing, recycling, or 
composting at least 75% of the solid wastes we 
produce.

• The best and cheapest ways to deal with solid and 
hazardous wastes are waste reduction and pollu-
tion prevention.

 Learn more about how shifting to a low-waste 
(low-throughput) economy would be the best long-term solu-
tion to environmental and resource problems at CengageNOW.

The key to addressing the challenge of toxics use and wastes 
rests on a fairly straightforward principle: 

harness the innovation and technical ingenuity 
that has characterized the chemicals industry from its beginning 

and channel these qualities in a new direction 
that seeks to detoxify our economy.

ANNE PLATT MCGINN

REVIEW

1. Review the Key Questions and Concepts for this chapter 
on p. 561. Describe the problems associated with elec-
tronic waste (e-waste) (Core Case Study).

2. Distinguish among solid waste, industrial solid 
waste, municipal solid waste (MSW), and hazard-
ous (toxic) waste and give an example of each. Give 
two reasons for sharply reducing the amount of solid and 
hazardous waste we produce. Describe the production of 
solid waste in the United States and what happens to such 
waste.

3. Distinguish among waste management, waste reduc-
tion, and integrated waste management. Describe the 
priorities that prominent scientists believe we should use 
for dealing with solid waste. What is garbology? Distin-
guish among reducing, reusing, and recycling as strate-

gies for waste reduction. Describe six ways in which in-
dustries and communities can reduce resource use, waste, 
and pollution.

4. Explain why reusing and recycling materials are so impor-
tant and give two examples of each. Describe the impor-
tance of using refillable containers and list five other ways 
to reuse various items. Distinguish between primary
(closed-loop) and secondary recycling and give an 
example of each. Describe two approaches to recycling 
household solid wastes and evaluate each approach. What 
is a materials recovery facility? What is composting?

5. Describe the recycling of paper and the problems in-
volved. Describe the recycling of plastics and the prob-
lems involved. Describe progress in recycling plastics. 
What are bioplastics? What are the major advantages and 

E-Waste and Sustainability

The growing problem of e-waste (Core Case Study) and 
other topics discussed in this chapter represent the problems 
of maintaining a high-waste society. The challenge is to make 
the transition from a high-waste, throwaway mode to a low-
waste, reducing-reusing-recycling economy.

Such a transition will require applying the four scientific
principles of sustainability. Shifting from reliance on fossil 
fuels and nuclear power (which produces long-lived, hazardous, 
radioactive wastes) to greater use of renewable solar energy, 

wind, and flowing water will reduce our outputs of solid and haz-
ardous waste, as will reusing and recycling materials by mimicking 
nature’s chemical cycling processes. Integrated waste manage-
ment (Figures 21-5 and 21-17), using a diversity of approaches 
with emphasis on waste reduction and pollution prevention, is 
another useful way to mimic nature. Reducing the human popula-
tion and the resources used per person would also decrease the 
demand for materials that eventually become solid and hazardous 
wastes.

R E V I S I T I N G
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disadvantages of recycling? What are three factors that 
discourage recycling? Describe three ways to encourage 
recycling and reuse.

6. What are the major advantages and disadvantages of us-
ing incinerators to burn solid and hazardous waste? Dis-
tinguish between open dumps and sanitary landfills.
What are the major advantages and disadvantages of 
burying solid waste in sanitary landfills?

7. What are the priorities that scientists from the National 
Academy of Sciences believe we should use in dealing 
with hazardous waste? What is phytoremediation and 
what are the major advantages and disadvantages of us-
ing it to remove or detoxify hazardous wastes? What are 
the major advantages and disadvantages of using a plasma 
torch to detoxify hazardous wastes?

8. What are the major advantages and disadvantages of 
disposing of liquid hazardous wastes in (a) deep under-
ground wells and (b) surface impoundments? What is 

a secure hazardous waste landfill? Describe the regu-
lation of hazardous waste in the United States under 
the Resource Conservation and Recovery Act and the 
Comprehensive Environmental Response, Compensation, 
and Liability (or Superfund) Act. What is a brownfield?

9. How has grassroots action improved solid and hazardous 
waste management in the United States? What is en-
vironmental justice and how well has it been applied 
in locating and cleaning up hazardous waste sites in the 
United States? Describe regulation of hazardous wastes 
at the global level through the Basel Convention and the 
treaty to control persistent organic pollutants.

10. Describe connections between dealing with 
the growing problem if e-waste (Core Case 
Study) and the four scientific principles of 
sustainability.

Note: See Supplement 13 (p. S78) for a list of Projects related to this chapter.

CRITICAL THINKING

1. Do you think that manufacturers of computers and tele-
vision sets and other forms of e-waste (Core Case 
Study) should be required to take them back at the 
ends of their useful lives for repair, remanufac-
ture, or recycling? Explain. Would you be willing to pay 
more for these products to cover the costs of such a take-
back program? If so, what percent more per purchase 
would you be willing to pay?

2. Find three items you regularly use once and then throw 
away. Are there other reusable items that you could use 
in place of these disposable items? Compare the cost of 
using the disposable option for a year versus the cost of 
using the alternatives.

3. Use the second law of thermodynamics (p. 43) to explain 
why a properly designed source-separation recycling pro-
gram takes less energy and produces less pollution than a 
centralized program that collects mixed waste over a large 
area and hauls it to a centralized facility where workers or 
machinery separate the wastes for recycling.

4. Changing World Technologies has built a pilot plant to 
test a process it has developed for converting a mixture of 
computers, old tires, turkey bones and feathers, and other 
wastes into oil by mimicking and speeding up natural 
processes for converting biomass into oil. If this recycling 
process turns out to be technologically and economically 
feasible, explain why it could increase waste production.

5. Would you oppose having a hazardous waste landfill, 
waste treatment plant, deep-injection well, or incinerator 
in your community? For each of these facilities, explain 
your answer. If you oppose these disposal facilities, how 
do you believe the hazardous waste generated in your 
community should be managed?

6. How does your school dispose of its solid and hazardous 
waste? Does it have a recycling program? How well does 
it work? Does it have a hazardous waste collection sys-
tem? If so, what does it do with these wastes? List three 
ways to improve your school’s waste reduction and man-
agement system.

7. Give your reasons for agreeing or disagreeing with each of 
the following proposals for dealing with hazardous waste:
a. Reduce the production of hazardous waste and en-

courage recycling and reuse of hazardous materials by 
charging producers a tax or fee for each unit of waste 
generated.

b. Ban all land disposal and incineration of hazardous 
waste to protect air, water, and soil from contamina-
tion and to encourage reuse, recycling, and treatment 
of wastes to make them less hazardous.

c. Provide low-interest loans, tax breaks, and other fi-
nancial incentives to encourage industries that pro-
duce hazardous waste to reduce, reuse, recycle, treat, 
and decompose such waste.

8. List three ways in which you could apply Concept 21-6 to 
making your lifestyle more environmentally sustainable.

9. Congratulations! You are in charge of the world. List the 
three most important components of your strategy for 
dealing with (a) solid waste and (b) hazardous waste.

10. List two questions you would like to have answered as a 
result of reading this chapter.

Note: Key Terms are in bold type.
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ECOLOGICAL FOOTPRINT ANALYSIS

This pie chart diagram from an EPA report shows the typical 
composition of U.S. municipal solid waste (MSW) in 2006.

 1. The average daily municipal solid waste production per 
person in the United States in 2006 was 2.10 kilograms 
(4.60 pounds). Use the data in the figure above to un-
derstand what makes up the annual MSW ecological 

footprint for a typical American. For each category in the 
pie chart, calculate the total weight in kilograms (and 
pounds) generated in 2006 by the average American. 
(Note: 1 kilogram " 2.20 pounds)

LEARNING ONLINE

Log on to the Student Companion Site for this book at 
academic.cengage.com/biology/miller, and choose 
Chapter 21 for many study aids and ideas for further read-

ing and research. These include flash cards, practice quiz-
zing, Weblinks, information on Green Careers, and InfoTrac® 
College Edition articles.

Source: U.S. Environmental Protection Agency, 2008, www.epa.gov/
epaoswer/non-hw/muncpl/pubs/msw06.pdf
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self program that gives a poor family a plot of land, building ma-
terials, two trees, and an hour’s consultation with an architect.

This internationally acclaimed model of urban planning and 
sustainability is the brainchild of architect and former college 
professor Jaime Lerner, who has served as the city’s mayor three 
times since 1969.

Curitiba now faces new challenges, as do all cities, mostly 
due to increasing population pressure. Throughout this chap-
ter, we will examine such challenges and possible solutions for 
Curitiba and other urban areas.

The Ecocity Concept in Curitiba, Brazil

Urban planners envision large portions of the growing human 
population living in more environmentally sustainable cities, 
called ecocities or green cities. This is not just a futuristic dream. 
One such ecocity is Curitiba (“koor-i-TEE-ba”), a city of 3.2 mil-
lion people known as the “ecological capital” of Brazil.

Planners in this city decided in 1969 to focus on an inexpen-
sive and efficient mass transit rather than on the car. Curitiba 
now has the world’s best bus system, in which clean and modern 
buses transport about 72% of the population every day through-
out the city along express lanes dedicated to buses (Figure 22-1). 
Only high-rise apartment buildings are allowed near major bus 
routes, and each building must devote its bottom two floors to 
stores—a practice that reduces the need for residents to travel.

Cars are banned from 49 blocks in the center of the down-
town area, which has a network of pedestrian walkways con-
nected to bus stations, parks, and bicycle paths running through-
out most of the city. Consequently, Curitiba uses less energy per 
person and has less emissions of greenhouse gases and other air 
pollutants and traffic congestion than do most comparable cities.

The city transformed flood-prone areas along its rivers into 
a series of interconnected parks. Volunteers have planted more 
than 1.5 million trees throughout the city, none of which can be 
cut down without a permit. And two trees must be planted for 
each one that is cut down.

Curitiba recycles roughly 70% of its paper and 60% of its 
metal, glass, and plastic, which is collected from households 
three times a week. Recovered materials are sold mostly to the 
city’s more than 500 major industries, which must meet strict 
pollution standards. Most of these businesses are located in an 
industrial park outside the city limits. A major bus line runs to 
the industrial park, but many of the workers live nearby and can 
walk or bike to work.

The poor receive free medical and dental, child care, and job 
training, and 40 feeding centers are available for street children. 
Poor people living in squatter settlements that garbage trucks 
cannot reach can exchange filled garbage bags for surplus food, 
bus tokens, and school supplies. Also, the city has a build-it-your-

Sustainable Cities22

Figure 22-1 Solutions: bus rapid transit (BRT) system in Cu-
ritiba, Brazil. This system moves large numbers of passengers 
around rapidly because each of the five major spokes has two 
express lanes used only by buses. Double- and triple-length bus 
sections are hooked together as needed to carry up to 300 pas-
sengers. Boarding is speeded up by the use of extra-wide doors 
and boarding platforms under glass tubes where passengers can 
pay before getting on the bus (top).
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Half of the World’s People Live in 
Urban Areas
Urbanization is the creation and growth of urban ar-
eas, or cities and their surrounding developed land. It is 
measured as the percentage of the people in a country or 
in the world living in urban areas. Urban growth is the 
rate of increase of urban populations. The world’s first 
cities emerged about 6,000 years ago. Since then, the 
world has become increasingly urbanized. Today 79% 
of Americans and almost 50% of the world’s people live 
in urban areas (Figure 12, p. S16, Supplement 3).

Urban areas grow in two ways—by natural increase
(more births than deaths) and by immigration, mostly 
from rural areas. Rural people are pulled to urban areas 
in search of jobs, food, housing, educational opportu-
nities, better health care, entertainment, and freedom 
from religious, racial, and political conflicts. Some are 
also pushed from rural to urban areas by factors such as 

poverty, lack of land for growing food, declining agri-
cultural jobs, famine, and war.

People are also pushed and pulled to cities by gov-
ernment policies that favor urban over rural areas. 
For example, developing countries tend to spend most 
of their budgets on economic development and job 
creation in urban areas and especially in capital cities 
where their leaders live. Some governments establish 
lower food prices in urban areas, which rewards city 
dwellers, helps to keep leaders in power, and attracts 
the rural poor.

Four major trends in urban population dynamics 
do seem clear, and they are important for understand-
ing the problems and challenges of urban growth (Con-
cept 22-1). First, the proportion of the global population liv-
ing in urban areas is increasing. Between 1850 and 2008, 
the percentage of people living in urban areas increased 
from 2% to almost 50% and could reach 60% by 2030 
(Figure 12, p. S16, Supplement 3). About 88% of this 

Key Questions and Concepts

22-1 What are the major population trends in urban 
areas?
CONCEPT 22-1 Urbanization continues to increase steadily 
and the numbers and sizes of urban areas are growing rapidly, 
especially in developing countries.

22-2 What are the major urban resource and 
environmental problems?
CONCEPT 22-2 Most cities are unsustainable because of high 
levels of resource use, waste, pollution, and poverty.

22-3 How does transportation affect urban 
environmental impacts?
CONCEPT 22-3 A combination of plentiful land, inexpensive 
fuel, and expanding networks of highways in some countries has 
resulted in dispersed cities whose residents depend on motor 
vehicles for most transportation.

22-4 How important is urban land use planning?
CONCEPT 22-4 Urban land use planning can help to reduce 
uncontrolled sprawl and to slow the resulting degradation of air, 
water, land, biodiversity, and other natural resources.

22-5 How can cities become more sustainable and 
livable?
CONCEPT 22-5 An ecocity allows people to: choose walking, 
biking, or mass transit for most transportation needs; recycle or 
reuse most of their wastes; grow much of their food; and protect 
biodiversity by preserving surrounding land.

Note: Supplements 2 (p. S4), 3 (p. S10) and 13 (p. S78) can be used with this chapter.

The city is not an ecological monstrosity. 
It is rather the place where both the problems and the opportunities 

of modern technological civilization are most potent and visible.
PETER SELF

22-1 What Are the Major Population Trends 
in Urban Areas?

CONCEPT 22-1 Urbanization continues to increase steadily and the numbers and 
sizes of urban areas are growing rapidly, especially in developing countries.

▲

589Links: refers to the Core Case Study. refers to the book’s sustainability theme. indicates links to key concepts in earlier chapters.
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growth will occur in already overcrowded and stressed 
cities in developing countries, where 44% of the people 
live in urban areas.

Second, urban areas are expanding rapidly in num-
ber and size. Each week 1 million people are added to 

the world’s urban areas. Between 2008 and 2015, the 
number of urban areas with a million or more people 
is projected to increase from 400 to 564. And there are 
18 megacities or megalopolises—cities with 10 million or 
more people—up from 8 in 1985. Fifteen of them are in 
developing countries (Figure 22-2). Such megacities will 
soon be eclipsed by hypercities with more than 20 mil-
lion people each. So far, Tokyo, Japan, with 26.5 mil-
lion people, is the only city in this category. But accord-
ing to U.N. projections, Mumbai (formerly Bombay) in 
India, Lagos in Nigeria, Dakar in Bangladesh, and São 
Paulo in Brazil will become hypercities by 2015.

Third, urban growth is much slower in developed coun-
tries than in developing countries. Still, developed coun-
tries, now with 75% urbanization, are projected to 
reach 81% urbanization by 2030.

Fourth, poverty is becoming increasingly urbanized, 
mostly in developing countries (Figure 12, p. S16, Supple-
ment 3). The United Nations estimates that at least 1 
billion people in developing countries live in crowded 
and unsanitary slums and shantytowns within most 
cities or on their outskirts; within 30 years this number 
may double.

THINKING ABOUT
Urban Trends

If you could reverse one of the four urban trends 
discussed here, which one would it be? Which of 
these trends has Curitiba, Brazil, (Core Case Study) 
reversed?
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Figure 22-2 Global outlook: major urban areas throughout the world revealed in satellite images of the earth at 
night, showing city lights. Currently, the 50% of the world’s people living in urban areas occupy about 2% of the 
earth’s land area. Note that most of the urban areas are found along the coasts of continents, which explains why 
most of Africa and much of the interior of South America, Asia, and Australia are dark at night. This figure also 
shows the populations of the world’s 18 megacities (each with 10 million or more people) in 2008 and their pro-
jected populations in 2015. All but three are located in developing countries. Question: In order, what were the 
world’s five most populous cities in 2008, and what will likely be the five most populous cities in 2015? (Data from 
National Geophysics Data Center, National Oceanic and Atmospheric Administration, and United Nations)

Figure 22-3 Typical daily traffic jam of people, carts, and other vehicles in an older sec-
tion of Delhi, India—a city with 13 million people.
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Second, many people migrated from large central cities to 
suburbs and smaller cities. Currently, about half of urban 
Americans live in the suburbs, nearly a third in central 
cities, and the rest in rural housing developments be-
yond suburbs.

Third, many people migrated from the North and East to 
the South and West. Since 1980, about 80% of the U.S. 
population increase has occurred in the South and West. 
Between 2008 and 2043, demographers pro ject that the 
fastest growing U.S. states will continue to be Nevada, 
Arizona, and Florida, although increased drought and 
heat waves due to climate change may alter this trend. 
According to a 2006 study by the Center for Environ-
ment and Population, the South and West also contain 
many of the country’s ecological hotspots (Figure 10-27, 
p. 241) where biodiversity is being threatened.

Fourth, since the 1970s, and especially since 1990, 
some people have fled both cities and suburbs and migrated 
to developed rural areas. The result is rapid growth of ex-
urbs—housing developments scattered over vast areas 
that lie beyond suburbs and have no socio-economic 
centers.

Figure 22-4 Major urban areas in the United States revealed in satellite images of the earth at night showing city 
lights (top). Almost eight of every ten Americans live in urban areas, which occupy a small but growing fraction of 
the country’s land area. Areas with names in white are the fastest-growing metropolitan areas. Nearly half (48%) of 
all Americans live in cities of 1 million or more people, which are projected to merge into huge urban areas shown 
as shaded areas in the bottom map. Questions: Why are most of the largest urban areas located near water? What 
effect might climate change due to global warming have on these cities? (Data from National Geophysical Data 
Center/National Oceanic and Atmospheric Administration, U.S. Census Bureau)

Seattle

Portland

Boise

San Francisco
Fresno

Las Vegas

Phoenix
Dallas

HoustonAustin

Laredo

McAllen
Naples

Orlando

Atlanta

Kansas
City

Salt Lake
City Provo Denver

Minneapolis

Chicago

Cincinnati
St. Louis

Tulsa

Memphis

Nashville

Charlotte

Myrtle Beach
Wilmington

Raleigh

Washington, D.C.

New York

Boston

TucsonSan Diego

Los
Angeles

If you visit a poor area of a typical city in a devel-
oping country, your senses may be overwhelmed by 
a chaotic but vibrant crush of people, vehicles of all 
types, congestion, noise, traffic jams (Figure 22-3), and 
smells, including smoke from burning trash and wood 
and coal cooking fires and raw sewage. Many people 
sleep on the streets or live in crowded, unsanitary, 
rickety, and unsafe slums and shantytowns with little 
or no access to safe drinking water or modern sanita-
tion facilities.

 ■ CASE STUDY

Urbanization in the United States
Between 1800 and 2008, the percentage of the U.S. 
population living in urban areas increased from 5% to 
79%. This population shift has occurred in four phases.

First, people migrated from rural areas to large central cit-
ies. Currently, three-fourths of Americans live in cities 
with at least 50,000 people, and nearly half live in urban 
areas with 1 million or more residents (Figure 22-4).
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Since 1920, many of the worst urban environmen-
tal problems in the United States have been reduced 
significantly. Most people have better working and 
housing conditions, and air and water quality have im-
proved. Better sanitation, public water supplies, and 
medical care have slashed death rates and incidences of 
sickness from malnutrition and infectious diseases (Fig-
ure 6-6, p. 128). Concentrating most of the population 
in urban areas also has helped protect the country’s 
biodiversity by reducing the destruction and degrada-
tion of wildlife habitat.

However, a number of U.S. cities—especially those 
that are older—have deteriorating services and aging 
in frastructures (streets, bridges, schools, housing, water 
supply pipes, dams, and sewers). Indeed, according to a 
2007 study by the U.S. American Society of Civil Engi-
neers, the United States has fallen $1.5 trillion behind 
in maintaining its vital public infrastructure. This main-
tenance backlog amounts to an average of $5,000 for 
each U.S. citizen. Maintenance is not glamorous, but 
without it, urban areas and much of the country can 
suffer from physical and economic collapse as the costs 
of long-neglected repairs rise sharply.

At a time when there are urgent needs to upgrade 
rapidly declining infrastructure, many U.S. cities face 
budget crunches and decreasing public services, as busi-
nesses and people move to the suburbs and exurbs and 
city revenues from property taxes decline. And there is 

rising poverty in the centers of many older cities, where 
unemployment rates are typically 50% or higher.

Urban Sprawl Gobbles Up 
the Countryside
In the United States and some other countries, urban
sprawl—the growth of low-density development on 
the edges of cities and towns—is eliminating surround-
ing agricultural and wild lands (Figure 22-5). It results in 
a far-flung hodgepodge of housing developments, shop-
ping malls, parking lots, and office complexes that are 
loosely connected by multilane highways and freeways.

Six major factors promoted urban sprawl in the 
United States. First, ample land was available for most 
cities to spread outward. Second, federal government 
loan guarantees for new single-family homes for World 
War II veterans stimulated the development of suburbs 
starting around 1950. Third, low-cost gasoline and fed-
eral and state funding of highways encouraged auto-
mobile use and the development of outlying tracts of 
land. Fourth, tax laws encouraged home ownership. 
Fifth, most state and local zoning laws favored large res-
idential lots and separation of residential and commer-
cial areas. And sixth, most urban areas consist of mul-
tiple political jurisdictions, which rarely work together 
to develop an overall plan for managing urban growth.

Figure 22-5 Urban sprawl in and around the U.S. city of Las Vegas, Nevada, between 1973 and 2000—a pro-
cess that has continued. Between 1970 and 2008, the population of water-short Clark Country, which includes 
Las Vegas, more than quadrupled from 463,000 to around 2 million, making it one of the nation’s fastest-growing 
urban areas. And the growth is expected to continue. Question: What might be a limiting factor on population 
growth in the Las Vegas area?
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In a nutshell, urban sprawl is the product of afford-
able land, automobiles, cheap gasoline, and poor urban 
planning. It has caused or contributed to a number of 
environmental problems. Because of nonexistent or in-
adequate mass transportation in most such areas, sprawl 
forces people to drive everywhere and, in the process, 
to emit greenhouse gases and other forms of air pollu-
tion. Sprawl has decreased energy efficiency, increased 
traffic congestion, and destroyed prime cropland, for-
ests, and wetlands. It has also led to the economic death 
of many central cities as people and businesses moved 
out of these areas. Figure 22-6 summarizes some of the 
undesirable consequences of urban sprawl.

On the other hand, many people prefer living in 
suburbs and exurbs. Compared to central cities, these 
areas provide lower density living and access to larger 
lot sizes and single-family homes. Often they also have 
newer public schools and lower crime rates.

THINKING ABOUT
Urban Sprawl

Do you think the advantages of sprawl outweigh its disadvan-
tages? What might happen to suburban and exurban areas as 
the prices of oil and gasoline continue to rise sharply? How 
might this affect your lifestyle?

As they grow outward, separate urban areas some-
times merge to form a megalopolis. For example, the 
remaining open spaces between the U.S. cities of 
Boston, Massachusetts, and Washington, D.C., are rap-
idly urbanizing and coalescing. The result is an almost 
800-kilometer-long (500-mile-long) urban area that 

contains about 35 million people and is sometimes 
called Bowash (Figure 22-7 and Figure 22-4).

Megalopolises are developing all over the world 
and include the areas between Amsterdam and Paris in 
Europe, Japan’s Tokyo–Yokohama–Osaka–Kobe corri-
dor known as Tokohama (with nearly 50 million peo-
ple), and the Brazilian industrial triangle made up of 
São Paulo, Rio de Janeiro, and Belo Horizonte.

 Examine how the San Francisco Bay area in the 
U.S. state of California grew in population between 1900 and 
1990 at CengageNow™.

NATURAL CAPITAL
DEGRADATION
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Figure 22-6 Some 
undesirable impacts 
of urban sprawl, or 
car-dependent develop-
ment. Question: Which 
five of these effects do 
you think are the most 
harmful?
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Figure 22-7 U.S. megalopolis of Bowash, consisting of urban 
sprawl and coalescence between Boston, Massachusetts, and 
Washington, D.C. Question: What are two ways in which this de-
velopment might be harming ecosystems along the Atlantic Coast?
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throughout this chapter. Here we take a closer look at 
some problems faced by cities.

They Have Huge Ecological Footprints. Although 
urban populations occupy only about 2% of the earth’s 
land area, they consume 75% of its resources and 
produce 75% of all carbon dioxide emissions from hu-
man activities, according to the Worldwatch Institute. 
Because of this high resource input of food, water, and 
materials and the resulting high waste output (Fig-
ure 22-8), most of the world’s cities have huge ecological foot-
prints and are not self-sustaining systems (Concept 22-2).

By concentrating people in a small area urbaniza-
tion helps to preserve some of the earth’s biodiversity. 
But at the same time large areas of land that must be 
disturbed and degraded to provide urban dwellers with 
food, water, energy, minerals, and other resources. This 
decreases and degrades the earth’s overall biodiversity 
(Concept 4-4B, p. 86).

Thus, urban areas have huge ecological footprints 
(Concept 1-3, p. 12) that extend far beyond 
their boundaries. If you live in a city, you can 
calculate its ecological footprint by going to the website 
www.redefiningprogress.org/. Also, see the Guest 
Essay on this topic by Michael Cain at CengageNOW.

Recent studies also reveal that most urban dwellers 
live in an artificial environment that isolates them from 
forests, grasslands, streams, and other natural areas 
that contain the world’s biodiversity. As a result, many 
of them tend to have little passion for protecting biodi-
versity and other forms of natural capital (Figure 1-3, 
p. 8) that support their lives and the cities where they 
live.

They Lack Vegetation. In urban areas, most trees, 
shrubs, or other plants are destroyed to make way for 
buildings, roads, parking lots, and housing develop-
ments. So most cities do not benefit from vegetation 
that would absorb air pollutants, give off oxygen, cool 
the air through transpiration, provide shade, muffle 
noise, provide wildlife habitats, and give aesthetic plea-
sure. As one observer remarked, “Most cities are places 
where they cut down most of the trees and then name 
the streets after them.”

They Have Water Problems. As cities grow and wa-
ter demands increase, expensive reservoirs and canals 
must be built and deeper wells must be drilled. This can 

Urbanization Has Advantages
Urbanization has many benefits. From an economic
stand point, cities are centers of economic development, 
innovation, education, technological advances, and 
jobs. They serve as centers of industry, commerce, and 
transportation.

Urban residents in many parts of the world tend to 
live longer than do rural residents and have lower in-
fant mortality rates and fertility rates. They also have 
better access to medical care, family planning, educa-
tion, and social services than do their rural counter-
parts. However, the health benefits of urban living are 
usually greater for the rich than for the poor.

Urban areas also have some environmental advan-
tages. Recycling is more economically feasible because 
concentrations of recyclable materials and funding for 
recycling programs tend to be higher in urban areas. 
Concentrating people in cities helps to preserve biodi-
versity by reducing the stress on wildlife habitats. And 
central cities can save energy if residents rely more on 
energy-efficient mass transportation, walking, and bi-
cycling, as they do in Curitiba, Brazil (Core Case 
Study).

Urbanization Has Disadvantages
Half of the world’s 6.8 billion people live in urban areas 
and each year, about 63 million people—an average of 
nearly 7,200 per hour—are added to such areas. Such 
intense population pressure makes most of the world’s 
cities more environmentally unsustainable every year 
(Concept 22-2).

Even in more sustainable cities such as Curitiba, 
Brazil (Core Case Study), this pressure is taking 
its toll. Curitiba’s once clear streams are often 
overloaded with pollutants. The bus system is nearing 
capacity, and car ownership is on the rise. While the re-
cycling rate is still among the highest in the world, the 
region’s only landfill will soon be full. Architect Jorge 
Wilheim, who helped to create Curitiba’s master plan, 
points out that the city’s population is now more than 
five times as large as it was in 1965 when the plan was 
drafted. With a metropolitan area population of 3.2 mil-
lion, Wilheim believes it is time to adjust the plan.

We will touch on aspects of a possible new vi-
sion for Curitiba and similar solutions for other cities 

22-2 What Are the Major Urban Resource 
and Environmental Problems?

CONCEPT 22-2 Most cities are unsustainable because of high levels of resource 
use, waste, pollution, and poverty.

▲
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deprive rural and wild areas of surface water and de-
plete groundwater.

Flooding also tends to be greater in some cities, be-
cause they are built on floodplains near rivers or along 
low-lying coastal areas subject to natural flooding. And 
covering land with buildings, asphalt, and concrete 
causes precipitation to run off quickly and overload 
storm drains. In addition, urban development has of-
ten destroyed or degraded wetlands that have served 
as natural sponges to help absorb excess water. Many 
of the world’s largest cities face another threat because 
they are located in coastal areas (Figure 22-2) that 
could be partially flooded some time in this century as 
sea levels rise due to projected climate change.

Other cities in arid areas that depend on withdraw-
ing water from rivers and the reservoirs behind dams 
may face severe water shortages as global warming re-
duces the mountaintop glaciers and snow that melt each 
year to provide river flows and fill reservoirs. As a result, 
in some hotspot arid areas in the western United States 
(Figure 13-5, p. 318) fed by the Colorado River (Figure 
13-14, p. 327) and California’s water distribution sys-
tem (Figure 13-17, p. 330), irrigated agriculture may 
have to be abandoned. And urban populations in some 
of these areas may drop sharply as people are forced to 
move elsewhere because of a lack of water. Greater re-

liance on groundwater is not an option in many areas 
where aquifers are being depleted faster than they are 
being replenished.

They Concentrate Pollution and Health Problems. 
Because of their high population densities and high re-
source consumption, cities produce most of the world’s 
air pollution, water pollution, and solid and hazardous 
wastes. Pollutant levels are generally higher because 
pollution is produced in a smaller area and cannot be 
dispersed and diluted as readily as pollution produced 
in rural areas.

The concentration of motor vehicles and industry in 
urban centers, where about three-fourths of the world’s 
CO2 from human-related sources are emitted, causes 
disruption of local and regional portions of the carbon 
cycle (Figure 3-18, p. 68). This urban concentration 
also disrupts the nitrogen cycle (Figure 3-19, p. 69) be-
cause of emissions of large quantities of nitrogen oxides, 
which play a key role in the formation of photo chemical 
smog, and nitric acid and nitrates, which are major com-
ponents of acid deposition in urban areas and beyond. 
And nitrogen nutrients in urban runoff and discharges 
from urban sewage treatment plants can disrupt the ni-
trogen cycle in nearby lakes and other bodies of water 
and cause excessive eutrophication.
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Figure 22-8 Natural capital degradation: urban areas rarely are sustainable systems (Concept 22-2). The typi-
cal city depends on large nonurban areas for huge inputs of matter and energy resources and for large outputs of 
waste matter and heat and thus have large ecological footprints that extend far beyond their boundaries. According 
to an analysis by Mathis Wackernagel and William Rees, an area 58 times as large as that of London, England, is 
needed to supply its residents with resources. They estimate that meeting the needs of all the world’s people at the 
same rate of resource use as that of London would take at least three more planet Earths. Question: How would 
you apply the four scientific principles of sustainability (see back cover) to lessen some of these impacts?
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In addition, high population densities in urban ar-
eas can increase the spread of infectious diseases, espe-
cially where there are no adequate drinking water and 
sewage systems.

They Have Excessive Noise. Most urban dwellers 
are subjected to noise pollution: any unwanted, dis-
turbing, or harmful sound that impairs or interferes 
with hearing, causes stress, hampers concentration and 
work efficiency, or causes accidents. Noise levels are 
measured in decibel-A (dbA) sound pressure units that 
vary with different human activities (Figure 22-9).

Sound pressure becomes damaging at about 85 dbA 
and painful at around 120 dbA. At 180 dbA it can kill. 
Prolonged exposure to sound levels above 85 dbA can 
cause permanent hearing damage. About one of every 
eight children and teens in the United States has some 
permanent hearing loss, mostly from listening to music 
at loud levels.

They Have a Different Climate and Experience 
Light Pollution. Cities generally are warmer, rain-
ier, foggier, and cloudier than suburbs and nearby ru-
ral areas. The enormous amount of heat generated by 
cars, factories, furnaces, lights, air conditioners, and 
heat-absorbing dark roofs and streets in cities creates 
an urban heat island that is surrounded by cooler subur-
ban and rural areas. As cities grow and merge (Figure 
22-7), their heat islands merge, which can reduce the 
natural dilution and cleansing of polluted air.

In addition to changing local and regional climate, 
the urban heat island effect in hot climates puts heat 
stress on humans and many other organisms, can in-
crease the formation of photochemical smog, and 
greatly increases dependence on air conditioning for 
cooling. This in turn increases energy consumption, 
greenhouse gas emissions, and other forms of air pollu-
tion in a positive feedback loop.

Also, the artificial light created by cities (Figures 22-2 
and 22-4) hinders astronomers from conducting their 

research and makes it difficult for casual observers to en-
joy the night sky. Light pollution also affects some plant 
and animal species. For example, endangered sea turtles 
lay their eggs on beaches at night and require darkness. 
And each year, large numbers of migrating birds, lured 
off course by the lights of high-rise buildings, fatally col-
lide with the buildings.

THINKING ABOUT
Disadvantages of Urbanization

Which two of the disadvantages of living in urban areas dis-
cussed here do you think are the most serious? Explain.

Life Is a Desperate Struggle 
for the Urban Poor in Developing 
Countries
Poverty is a way of life for many urban dwellers in de-
veloping countries. About 1 billion people live in cities 
in developing countries under crowded and unsanitary 
conditions (Figure 22-10), and according to a 2006 U.N. 
study, that number could reach 1.4 billion by 2020. In 
Sub-Saharan Africa, more than seven of every ten ur-
ban residents live in such conditions, according to the 
U.N.

Some of these people live in slums—areas domi-
nated by tenements and rooming houses where several 
people might live in a single room. The world’s largest 
slum, Dharavi, in Mumbai (Bombay), India, is home to 
2.8 million people. Others live in squatter settlements and 
shantytowns on the outskirts of these cities. They build 
shacks from corrugated metal, plastic sheets, scrap 
wood, and other scavenged building materials, or they 
live in rusted shipping containers and junked cars. Still 
others live or sleep on the streets (Photo 2 in the De-
tailed Contents). When it rains, the usually unpaved 
alleys can become clogged with dead rats, garbage, and 
sewage.
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Figure 22-9 Noise levels (in decibel-A sound pressure units) of some common sounds. You are being exposed to 
a sound level high enough to cause permanent hearing damage if you need to raise your voice to be heard above 
the racket, if a noise causes your ears to ring, or if nearby speech seems muffled. Prolonged exposure to lower 
noise levels and occasional loud sounds may not damage your hearing, but it can greatly increase internal stress. 
Question: How many times per day are your ears subjected to noise levels of 85 or more dbA?
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ing water, they can place composting toilets, which 
require no water, at locations throughout such settle-
ments. Guaranteeing regular bus service enables work-
ers who live in such settlements to travel to and from 
their workplaces. In Brazil and Peru, governments le-
gally recognize existing slums (favelas) and grant legal 
titles to the land. This is based on understanding that 
the poor will usually improve their living conditions 
and develop schools, day care centers, and other social 
improvements once they know they can stay there.

HOW WOULD YOU VOTE?

Should squatters around cities of developing countries be 
given title to land they live on? Cast your vote online at 
academic.cengage.com/biology/miller.

 ■ CASE STUDY

Mexico City
Mexico City—the world’s second most populous 
city—is an urban area in crisis. About 19 million peo-
ple—nearly equal to the entire population of Australia 
or the U.S. state of New York—live there, and each 
year at least 400,000 new residents arrive.

Mexico City suffers from severe air pollution, close 
to 50% unemployment, deafening noise, overcrowd-
ing, traffic congestion, inadequate public transporta-
tion, and a soaring crime rate. More than one-third of 
its residents live in slums called barrios or in squatter 
settlements that lack running water and electricity.

At least 3 million people have no sewer facilities. As 
a consequence, huge amounts of human waste are de-
posited in gutters, vacant lots, and open sewers every 
day, attracting armies of rats and swarms of flies. When 
the winds pick up dried excrement, a fecal snow blan-
kets parts of the city. This bacteria-laden fallout leads 
to widespread salmonella and hepatitis infections, es-
pecially among children.

Mexico City has one of the world’s worst air pollu-
tion problems because of a combination of factors: too 
many cars, polluting factories, a sunny climate and thus 
more smog, and topographical bad luck (Photo 12 in 
the Detailed Contents). The city sits in a high-elevation, 
bowl-shaped valley surrounded on three sides by moun-
tains—conditions that trap air pollutants at ground 
level (Figure 18-11, left, p. 478). Breathing its air is said 
to be roughly equivalent to smoking three packs of cig-
arettes per day, and respiratory diseases are rampant. 
See The Habitable Planet, Video 11, at www.learner
.org/resources/series209.html to learn how scientists 
are measuring air pollution levels in Mexico City.

The city’s air and water pollution cause an esti-
mated 100,000 premature deaths per year. Writer Car-
los Fuentes has nicknamed it “Makesicko City.”

Large-scale water withdrawals from the city’s aqui-
fer have caused parts of the city to subside by 9 meters 

Figure 22-10 Global outlook: extreme poverty forces hundreds of 
millions of people to live in slums and shantytowns such as this one 
in Rio de Janeiro, Brazil, where adequate water supplies, sewage 
disposal, and other services do not exist.
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Some shantytowns are illegal subdivisions where 
landowners rent land to the poor without city approval. 
Others are illegal squatter settlements where people take 
over unoccupied land without the owners’ permission, 
simply because it is their only option for survival.

Poor people living in shantytowns and squatter 
settlements usually lack clean water supplies, sewers, 
electricity, and roads, and are subject to severe air and 
water pollution and hazardous wastes from nearby 
factories. Many of these settlements are in locations es-
pecially prone to landslides, flooding, or earthquakes. 
Many city governments regularly bulldoze squatter 
shacks and send police to drive illegal settlers out. The 
people usually move back in or develop another shan-
tytown somewhere else.

There are ways in which governments can address 
these problems. For example, they can slow the migra-
tion from rural to urban areas by improving education, 
health care, and family planning in the countryside and 
encouraging investment in small towns.

Governments can also designate land for squat-
ter settlements and supply them with clean water, as 
Curitiba, Brazil, has done (Core Case Study).
In addition to providing access to safe drink-

www.learner.org/resources/series209.html
www.learner.org/resources/series209.html
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(30 feet) during the last century. Some areas are now 
subsiding as much as 30 centimeters (1 foot) a year. 
The city’s growing population increasingly relies on 
pumping in water from as far away as 150 kilometers 
(93 miles) and then using large amounts of energy to 
pump the water 1,000 meters (3,300 feet) uphill to 
reach the city.

Progress has been made in solving some of Mexico 
City’s problems. The percentage of days each year in 
which air pollution standards are violated has fallen 
from 50% to 20%. The city government has banned cars 
in its central zone, required catalytic converter air pollu-

tion control devices on all cars made after 1991, phased 
out use of leaded gasoline, and replaced old buses, taxis, 
and delivery vehicles with cleaner ones. The city also 
bought land for use as green space and planted more 
than 25 million trees to help absorb pollutants.

THINKING ABOUT
Mexico City and Curitiba

What are two sustainability strategies used in 
Curitiba, Brazil, (Core Case Study) that might be helpful 
in Mexico City?

Cities Can Grow Outward 
or Upward
If a city cannot spread outward, it must grow verti-
cally—upward and downward (below ground)—so 
that it occupies a small land area with a high popula-
tion density. Most people living in compact cities, such 
as Hong Kong, China, and Tokyo, Japan, get around 
by walking, biking, or using mass transit such as rail 
or buses. Many new high-rise apartment buildings 
in these Asian cities contain everything from grocery 
stores to fitness centers. People living in the apartments 
hardly have to leave the buildings to meet their needs.

In other parts of the world, a combination of plen-
tiful land, cheap gasoline, and networks of highways 
have produced dispersed cities whose residents depend 
on motor vehicles for most travel (Concept 22-3). This 
dependency is a growing problem for members of the 
increasing elderly population who live in urban and 
suburban areas with no sidewalks and who can no lon-
ger drive. Many of them essentially become prisoners 
in their homes.

Such car-centered cities are found in the United 
States, Canada, Australia, and other countries where 
ample land often is available for outward expansion. 
The resulting urban sprawl (Figure 22-5) can have a 
number of undesirable effects (Figure 22-6).

The United States is a prime example of a 
car-centered nation. With 4.6% of the world’s peo-
ple, the country has almost one-third of the world’s 
900 million passenger cars and commercial vehicles. In 
its dispersed urban areas, passenger vehicles are used 

for 98% of all transportation, and about three of every 
four residents drive alone to work every day. Largely 
because of urban sprawl, all Americans combined drive 
about the same distance each year as the total distance 
driven by all other drivers in the world, and in the pro-
cess, use about 43% of the world’s gasoline.

Motor Vehicles Have Advantages 
and Disadvantages
Motor vehicles provide mobility and offer a convenient 
and comfortable way to get from one place to another. 
They also are symbols of power, sex appeal, social status, 
and success for many people. And much of the world’s 
economy is built on producing motor vehicles and sup-
plying fuel, roads, services, and repairs for them.

Despite their important benefits, motor vehicles 
have many harmful effects on people and the environ-
ment. Globally, automobile accidents kill approximately 
1.2 million people a year—an average of nearly 3,300 
deaths per day—and injure another 15 million people. 
They also kill about 50 million wild animals and family 
pets every year.

In the United States, motor vehicle accidents kill 
more than 40,000 people per year and injure another 5 
million, at least 300,000 of them severely. Car accidents 
have killed more Americans than have all wars in the coun-
try’s history.

Motor vehicles are the world’s largest source of out-
door air pollution, which causes 30,000–60,000 prema-

22-3 How Does Transportation Affect Urban 
Environmental Impacts?

CONCEPT 22-3 A combination of plentiful land, inexpensive fuel, and expanding 
networks of highways in some countries has resulted in dispersed cities whose 
residents depend on motor vehicles for most transportation.

▲
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ture deaths per year in the United States, according to 
the Environmental Protection Agency. They are also the 
fastest-growing source of climate-changing carbon diox-
ide emissions. In addition, they account for two-thirds 
of the oil used in the form of gasoline in the United 
States and one-third of the world’s oil consumption.

Motor vehicles have helped to create urban sprawl 
and the car commuter culture. At least a third of urban 
land worldwide and half in the United States is devoted 
to roads, parking lots, gasoline stations, and other 
automobile-related uses. This prompted urban expert 
Lewis Mumford to suggest that the U.S. national flower 
should be the concrete cloverleaf.

Another problem is congestion. As the num-
ber of cars increases in an urban area, at some point 
they contribute to immobility not mobility. If current 
trends continue, U.S. motorists will spend an average 
of 2 years of their lives in traffic jams, as streets and 
freeways, begin to look like parking lots. Traffic con-
gestion in some cities in developing countries is much 
worse. Commuter distances increase as cities sprawl 
out. Building more roads may not be the answer. Many 
analysts agree with economist Robert Samuelson that 
“cars expand to fill available concrete.”

Reducing Automobile Use Is Not 
Easy, but It Can Be Done
Some environmental scientists and economists sug-
gest that one way to reduce the harmful effects of au-
tomobile use is to make drivers pay directly for most 
environmental and health costs of their automobile 
use—a user-pays approach, based on honest environ-
mental accounting.

One way to phase in such full-cost pricing would 
be to charge a tax on gasoline to cover the estimated 
harmful costs of driving. According to a study by the 
International Center for Technology Assessment, such 
a tax would amount to about $3.18 per liter ($12 
per gallon) of gasoline in the United States (p. 404). 
Gradually phasing in such a tax would spur the use of 
more energy-efficient motor vehicles and mass transit 
and decrease dependence on imported oil, thereby in-
creasing economic and military security. It would also 
reduce pollution and environmental degradation and 
help to slow climate change.

RESEARCH FRONTIER

Determining the full costs of using gasoline and how to in-
clude such costs in is market price. See academic.cengage
.com/biology/miller.

Proponents of this approach urge governments to 
use gasoline tax revenues to help finance mass tran-
sit systems, bike lanes, and sidewalks as alternatives 
to cars. They also urge reduction of taxes on income, 

wages, and wealth to offset the increased taxes on gas-
oline. Such a tax shift would make higher gasoline taxes 
more politically acceptable.

Europe, Japan, Singapore, and some rapidly devel-
oping Chinese cities have developed rapid mass transit 
systems within and between urban areas and networks 
of sidewalks and bike lanes in urban and suburban ar-
eas. Analysts warn that countries such as the United 
States, which lags in developing such systems, will face 
great economic difficulties in the face of a projected de-
cline in oil production and rapidly rising oil and gaso-
line prices. The end result could be mass abandonment 
of sprawling car-dependent suburbs and shopping cen-
ters as they become environmentally and economically 
unsustainable.

Heavily taxing gasoline is difficult in the United 
States, for three reasons. First, it faces strong opposition 
from the public, which is largely unaware of the huge 
hidden costs they are paying for gasoline, and from 
powerful transportation-related industries such as oil 
and tire companies, road builders, car makers, and real 
estate developers. Second, fast, efficient, reliable, and 
affordable mass transit options and bike lanes are not 
widely available in most of the United States. And third,
the dispersed nature of most U.S. urban areas makes 
people dependent on cars. These factors make it politi-
cally difficult to raise gasoline taxes. But U.S. taxpayers 
might accept sharp increases in gasoline taxes if a tax 
shift were employed, as mentioned above.

Another way to reduce automobile use and urban 
congestion is to raise parking fees and charge tolls on 
roads, tunnels, and bridges leading into cities—es-
pecially during peak traffic times. Densely populated 
Singapore is rarely congested, because it auctions the 
rights to buy a car, and car owners must pay a high tax 
to use any of the roads leading into the city center.

London, England, which has a similar road conges-
tion fee of $49 per day on gas-guzzling cars (with no 
fee for fuel-efficient vehicles), has reduced the number 
of cars entering the city during the day. Stockholm, 
Sweden, and Milan, Italy, have also imposed stiff fees 
for motor vehicles entering their central cities. And in 
an effort to reduce fuel use, CO2 emissions, and local 
air pollution, the mayors of the U.S. cities of New York 
City and San Francisco, California, are considering such 
vehicle entry fees, and have announced that all taxis in 
their cities must be hybrid vehicles by 2012.

Paris, France, one of Europe’s most congested cit-
ies, has upgraded its mass transit system and created 
express lanes for buses and bicycles on main thorough-
fares while reducing the lanes for cars. The city also es-
tablished a program with almost 21,000 bikes available 
for rental at 1,450 rental stations throughout the city at 
a cost of just over $1 a day.

In Germany, Austria, Italy, Switzerland, and the 
Netherlands more than 300 cities have car-sharing
networks. Members reserve a car in advance or call 
the network and are directed to the closest car. They 
are billed monthly for the time they use a car and the 
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distance they travel. In Berlin, Germany, car sharing 
has cut car ownership by 75%. According to the World-
watch Institute, car-sharing in Europe has reduced the 
average driver’s carbon dioxide emissions by 40–50%. 
Car-share companies have sprouted up in the United 
States since 2000 in cities such as Portland, Oregon, and 
San Diego and Los Angeles in California, among others.

Some Cities Are Promoting 
Alternatives to Car Ownership
Mayors and urban planners in many parts of the world 
are beginning to rethink the role of the car in urban 
transportation systems and are providing a mix of other 
options, as they have in Curitiba, Brazil (Core 
Case Study). Leaders in developing countries 
are recognizing that most of their people could never 
afford to own automobiles, and they are questioning 
the development of expensive car-oriented systems that 
mostly benefit the affluent minority.

There are several alternatives to motor vehicles, 
each with its own advantages and disadvantages. One 
widely used alternative is the bicycle (Figure 22-11). Bi-
cycles reduce congestion, promote physical fitness, emit 
no CO2 or other air pollutants, cost little to buy and 
operate, and reduce the need for parking space. Each 
year, the number of bicycles produced globally is about 
2.5 times the number of cars produced. Also growing is 

the use of electric bicycles with lightweight electric mo-
tors (bottom drawing in Figure 22-11).

Bicycles are widely used for urban trips in many 
countries. Bicycling and walking account for about 
a third of all urban trips in the Netherlands and in 
Copenhagen, Denmark. Japan and the Netherlands 
strive to integrate travel by bicycle and by commuter 
rail by providing secure bicycle parking at rail stations.

By contrast, bicycles account for only about 1% of 
urban trips in the United States. But one of five Ameri-
cans say they would bicycle to work if safe bike lanes 
were available and if their employers provided secure 
bike storage and showers at work.

THINKING ABOUT
Bicycles

Do you or would you use a conventional or an electric bicycle 
to go to and from work? Explain.

Heavy-rail systems (subways, elevated railways, and 
metro trains) and light-rail systems (streetcars, trolley 
cars, and tramways) have their advantages and disad-
vantages (Figure 22-12). At one time, all major U.S. 
cities had effective light-rail systems, but they were 
dismantled to promote car and bus use (Case Study, 
p. 602). However, such systems are being built again in 
several U.S. cities. An outstanding example is the light-
rail system in Minneapolis, Minnesota, which opened 
in 2005 and surprised planners by drawing 50% more 
riders than they had expected.

Little protection in an 
accident

 

Do not protect riders 
from bad weather

 

Impractical for long 
trips

Can be tiring (except 
for electric bicycles)

Lack of secure bike 
parking

Affordable
 
Produce no 
pollution
 
Quiet
 
Require little 
parking space
 
Easy to maneuver 
in traffic
 
Take few resources 
to make

Advantages Disadvantages

T R A D E - O F F S
Bicycles

Figure 22-11 Advantages and disadvantages of bicycles. The key 
to increased bicycle use is the creation of bicycle-friendly systems, 
including bike lanes. Question: Which single advantage and which 
single disadvantage do you think are the most important?

Expensive to build 
and maintain

Cost-effective only 
along a densely 
populated corridor

Commits riders to 
transportation 
schedules

Can cause noise and 
vibration for nearby 
residents

Advantages Disadvantages

T R A D E - O F F S
Mass Transit Rail

Uses less energy 
and produces less 
air pollution than 
cars

Requires less land 
than roads and 
parking areas for 
cars

Causes fewer 
injuries and 
deaths than cars

Reduces car 
congestion in 
cities

Figure 22-12 Advantages and disadvantages of mass transit rail 
systems in urban areas. Question: Which single advantage and 
which single disadvantage do you think are the most important?
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■✓

■✓

The rail system in Hong Kong is one of the world’s 
most successful, primarily because the city is densely 
populated, which means that half the population can 
walk to a subway station within 5 minutes. And own-
ing a car is extremely expensive in this crowded city, 
which helps to make the rail system attractive to al-
most everyone.

Buses are the most widely used form of mass tran-
sit within urban areas worldwide, mainly because 
they have more advantages than disadvantages (Fig-
ure 22-13). Curitiba, Brazil, has one of the world’s best 
bus rapid transit systems, which carries about 2.3 mil-
lion passengers a day (Core Case Study, Figure 
22-1). But the system is now feeling the strain 
of population pressures, and car use is increasing in 
Curitiba. Transportation officials there are considering 
building a light-rail system to help carry the rapidly 
growing passenger load.

Similar bus rapid transit systems have been devel-
oped in Bogotá, Colombia, and are being planned for 
Mexico City; São Paulo, Brazil; Seoul, South Korea; 
Beijing and 20 other cities in China; Ottawa and Toronto 
in Canada; and the U.S. cities of Los Angeles, California; 
Minneapolis, Minnesota; and Las Vegas, Nevada.

A rapid-rail system between urban areas is another op-
tion. In western Europe and Japan, high-speed bul-
let trains travel between cities at up to 306 kilometers 
(190 miles) per hour. Such trains began operating in 
Japan in 1964 and now and carry almost a million pas-
sengers a day. Since 1964, there has not been a single 
casualty, and late arrivals average only 6 seconds, ex-
plaining why some analysts consider this system to be 
one of the new wonders of the world.

Figure 22-14 lists the major advantages and disad-
vantages of such rapid rail systems. In 2004, Shanghai, 
China, began operating the world’s first commercial 
high-speed magnetic levitation train between its airport 
and downtown. The train, suspended in air slightly 
above the track and propelled forward by strong repul-
sive and attractive magnetic forces, travels much faster 
than bullet trains do.

HOW WOULD YOU VOTE?

Should half the U.S. gasoline tax be used to develop mass 
transit, bike lanes, and other alternatives to the car? Cast 
your vote online at academic.cengage.com/biology/
miller.

In the United States, a high-speed bullet train net-
work could replace airplanes, buses, and private cars 
for most medium-distance travel between major Amer-
ican cities (Figure 22-15, p. 602). Critics say such a sys-
tem would cost too much in government subsidies. But 
this argument ignores the fact that motor vehicle trans-
portation receives government (taxpayer) subsidies of 
$300–600 billion per year in the United States. The 
Urban Land Institute estimates that building a U.S. sys-

tem comparable to the best European systems would 
cost $250 billion per year over 2 decades.

HOW WOULD YOU VOTE?

Should the United States (or the country where you live) de-
velop rapid rail systems between some of its urban areas, even 
if it were quite costly? Cast your vote online at academic
.cengage.com/biology/miller.

Can lose money because 
they need low fares to 
attract riders

Can get caught in traffic 
and add to pollution

Commits riders to 
transportation schedules

Noisy

Can be rerouted as needed

Cost less to develop and 
maintain than heavy-rail 
system

Can greatly reduce car use 
and air pollution

Advantages Disadvantages

T R A D E - O F F S
Buses

Figure 22-13 Advantages and disadvantages of bus rapid transit (BRT) and conven-
tional bus systems in urban areas. Question: Which single advantage and which single 
disadvantage do you think are the most important?

Expensive to run and 
maintain

Must operate along 
heavily used routes 
to be profitable

Causes noise and 
vibration for nearby 
residents

Can reduce travel by car 
or plane

Ideal for trips of 200–1,000 
kilometers (120–620 miles)

Much more energy 
efficient per rider than a 
car or plane

Advantages Disadvantages

T R A D E - O F F S
Rapid Rail

Figure 22-14 Advantages and disadvantages of rapid-rail systems between urban 
areas. Question: Which single advantage and which single disadvantage do you think 
are the most important? 
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 ■ CASE STUDY

Destroying a Great Mass Transit 
System in the United States
In 1917, all major U.S. cities had efficient electric trolley 
or streetcar (light-rail) systems. Many people think of 
Los Angeles, California, as the original car-dominated 
city. But in the early 20th century, Los Angeles had the 
largest electric-rail mass transit system in the United 
States.

That changed when General Motors, Firestone Tire, 
Standard Oil of California, Phillips Petroleum, and 
Mack Truck (which also made buses) formed a holding 
company called National City Lines. By 1950, the hold-
ing company had purchased privately owned streetcar 
systems in 83 major cities. It then dismantled these sys-
tems to increase sales of cars and buses.

The courts found the companies guilty of conspir-
acy to eliminate the country’s light-rail system, but the 

damage had already been done. The executives respon-
sible were each fined $1, and each company paid a fine 
of $5,000—less than the profit returned by replacing a 
single streetcar with a bus.

During this same period, National City Lines worked 
to convert electric-powered locomotives, which were 
pulling commuter trains between cities and suburbs, to 
much more expensive and less reliable diesel-powered 
locomotives. The resulting increased costs contributed 
significantly to the sharp decline of the nation’s rail-
road system.

THINKING ABOUT
Light-Rail Systems

If National City Lines had not dismantled many light-rail 
systems, do you think those systems would still be operating 
today? Explain.

Figure 22-15 Solutions: potential routes for high-
speed bullet trains in the United States and parts 
of Canada. Such a system would allow rapid, com-
fortable, safe, and affordable travel between major 
cities in a region. It would greatly reduce depen-
dence on cars, buses, and airplanes for trips between 
these urban areas, and it would reduce greenhouse 
gas emissions and other forms of air pollution. 
Question: Why do you think such a system has not 
been developed in the United States? (Data from 
High Speed Rail Association)

22-4 How Important Is Urban Land Use Planning?
CONCEPT 22-4 Urban land-use planning can help to reduce uncontrolled sprawl 
and slow the resulting degradation of air, water, land, biodiversity, and other 
natural resources.

▲

Conventional Land-Use Planning
Most urban and some rural areas use some form of 
land-use planning to determine the best present and 
future use of each parcel of land.

Much land-use planning encourages future popula-
tion growth and economic development, regardless of 
the environmental and social consequences. Typically, 
this leads to uncontrolled or poorly controlled urban 
growth and sprawl.

A major reason for this often destructive process in 
the United States and in some other countries is that 
90% of the revenue local governments use to provide 
public services, such as schools, police and fire protec-
tion, and water and sewer systems, comes from property
taxes levied on all buildings and property according to 
their economic value. As a result, local governments 
often raise money by promoting urban growth because 
they usually cannot raise property tax rates enough to 
meet expanding needs.
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Once a land-use plan is developed, governments 
control the uses of various parcels of land by legal and 
economic methods. The most widely used approach is 
zoning, in which various parcels of land are designated 
for certain uses. Zoning can be used to control growth 
and protect areas from certain types of development. 
For example, cities such as Portland, Oregon (USA), 
and Curitiba, Brazil, (Core Case Study) have 
used zoning to encourage high-density devel-
opment along major mass transit corridors to reduce 
automobile use and air pollution.

Despite its usefulness, zoning has several draw-
backs. One problem is that some developers often influ-
ence or modify zoning decisions in ways that threaten 
or destroy wetlands, prime cropland, forested areas, 
and open space. Another problem is that zoning often 
favors high-priced housing, factories, hotels, and other 
businesses over protecting environmentally sensitive 
areas and providing low-cost housing, because higher-
priced developments provide more property tax reve-
nues that most local governments depend on.

THINKING ABOUT
Property Taxes

What are some alternatives for local goverments to depending 
on property taxes for revenue? Which, if any, of these alter-
natives would you support? Explain.

In addition, overly strict zoning can discourage 
innovative approaches to solving urban problems. 
For example, the pattern in the United States and in 
some other countries has been to prohibit businesses 
in residential areas, which increases suburban sprawl. 
Some urban planners want to return to mixed-use zon-
ing to help reduce sprawl. For example, in the 1970s, 
Portland, Oregon, managed to cut driving and gasoline 
consumption by promoting the establishment of neigh-
borhood grocery stores.

Smart Growth Works
Smart growth is one way to encourage more envi-
ronmentally sustainable development that reduces de-
pendence on cars, controls and directs sprawl, and cuts 
wasteful resource use. It recognizes that urban growth 
will occur. At the same time, it uses zoning laws and 
other tools to channel growth into areas where it will 
cause less harm. Smart growth can discourage sprawl, 
reduce traffic, protect ecologically sensitive and impor-
tant lands and waterways, and develop neighborhoods 
that are more enjoyable places to live. Figure 22-16 
lists popular smart growth tools that are used to pre-
vent and control urban growth and sprawl.

The U.S. city of Portland, Oregon, has used some 
of these strategies to control sprawl and reduce depen-
dence on automobiles. Since 1975, Portland’s popula-
tion has grown by about 50%, but its urban area has 

increased by only 2%. Yet abundant green space and 
natural beauty is just 20 minutes from downtown. The 
city has built an efficient light-rail and bus system that 
carries 45% of all commuters to downtown jobs—a 
much higher percentage than in most U.S. cities. By re-
ducing traffic, Portland was able to convert a former ex-
pressway and huge parking lot into a waterfront park.

The city encourages clustered, mixed-use neighbor-
hood development, with stores, light industries, profes-
sional offices, high-density housing, and access to mass 
transit, which allows most people to meet their daily 
needs without a car. In addition to its excellent light-
rail and bus lines, Portland has further reduced car use 
by developing an extensive network of bike lanes and 
walkways. Employers are encouraged to give their em-
ployees bus passes instead of providing parking spaces.

Since 1975, the city’s air pollution has decreased 
by 86%. Portland is frequently cited by analysts as one 

Limits and Regulations

Limit building permits

Urban growth 
boundaries

Greenbelts around cities

Public review of new 
development

Zoning

Encourage mixed use of 
housing and small 
businesses

Concentrate 
development along mass 
transportation routes

Promote high-density 
cluster housing 
developments

Planning

Ecological land-use 
planning

Environmental impact 
analysis

Integrated regional 
planning

State and national 
planning

Protection

Preserve existing open space

Buy new open space

Buy development rights that 
prohibit certain types of 
development on land parcels

Taxes

Tax land, not buildings

Tax land on value of actual use 
(such as forest and agriculture) 
instead of on highest value as 
developed land

Tax Breaks

For owners agreeing not to allow 
certain types of development 
(conservation easements)

For cleaning up and developing 
abandoned urban sites 
(brownfields)

Revitalization and New Growth

Revitalize existing towns and cities

Build well-planned new towns and 
villages within cities

S O L U T I O N S
Smart Growth Tools

Figure 22-16 Smart growth or new urbanism tools that are used to control urban 
growth and sprawl. Questions: Which five of these tools do you think are the most 
important ways to prevent or control urban sprawl? Which, if any, of these tools are 
used in your community?
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of the most livable cities in the United States, and in 
2008, one such analyst, Elizabeth Svoboda, ranked 
Portland as the greenest city in the United States. 
In order, the next nine greenest U.S. cities were San 
Francisco, California; Boston, Massachusetts; Oakland, 
California; Eugene, Oregon; Cambridge, Massachusetts; 
Berkeley, California; Chicago, Illinois; Austin, Texas; 
and Minneapolis, Minnesota. 

Curitiba, Brazil, (Core Case Study) has also 
used a variety of smart growth strategies to 
control sprawl and reduce dependence on the car. Sev-
eral studies have shown that, compared to conventional 
economic growth, most forms of smart growth pro-
vide more jobs and spur more economic renewal. See 
The Habitable Planet, Video 5, at www.learner.org/
resources/series209.html to learn how smart growth 
was used to control population growth and urban 
sprawl in Cape Cod, Massachusetts (USA).

THINKING ABOUT
Portland and Curitiba

How is the urban strategy of Portland, Oregon, simi-
lar to that of Curitiba, Brazil (Core Case Study)?
How do they differ?

China has taken the strongest stand of any country 
against urban sprawl. The government has designated 
80% of the country’s arable land as fundamental land.
Building on such land requires approval from local and 
provincial governments and from the State Council. 
This is somewhat like having to get congressional ap-

proval for a new subdivision in the United States. How-
ever, China’s approach does go to extremes; developers 
violating the rules can face the death penalty.

Most European countries have been successful in 
discouraging urban sprawl and encouraging compact 
cities. They have controlled development at the na-
tional level and imposed high gasoline taxes to discour-
age car use and to encourage people to live closer to 
workplaces and shops. High taxes on heating fuel en-
courage people to live in apartments and small houses. 
Governments have used most of the resulting gasoline 
and heating fuel tax revenues to develop efficient mass 
transit systems within and between cities.

Preserving and Using Open Space
One way to preserve open space outside a city is to draw 
an urban growth line around each community and to 
allow no urban development outside those boundaries. 
This urban growth boundary approach, is used in the U.S. 
states of Oregon, Washington, and Tennessee. How-
ever, the Seattle region of Washington state found that 
using growth boundaries to increase housing densities 
inside the boundaries had the unintended effect of en-
couraging low-density housing and sprawl in rural and 
natural areas just beyond the growth boundaries.

A more traditional way is to preserve significant 
blocks of open space in the form of municipal parks. 
Examples of large urban parks in the United States are 
Central Park in New York City (Figure 22-17); Golden 
Gate Park in San Francisco, California; and Grant Park 
in Chicago, Illinois.

In 1883, officials in the U.S. city of Minneapolis, 
Minnesota, vowed to create “the finest and most beau-
tiful system of public parks and boulevards of any city 
in America.” In the eyes of many, this goal has been 
achieved. Today, the city has 170 parks strategically 
located so that most homes in Minneapolis are within six 
blocks of a green space. Similarly, Jacksonville, Florida 
(USA), has a high ratio of parkland to total city area.

Some cities provide open space and control urban 
growth by surrounding a large city with a greenbelt—an
open area reserved for recreation, sustainable forestry, 
or other nondestructive uses. Satellite towns are of-
ten built outside these greenbelts. Ideally, the outlying 
towns are self-contained, not sprawling, and are linked 
to the central city by a public transport system that 
does minimal damage to the greenbelt. Many cities in 
western Europe and the Canadian cities of Toronto and 
Vancouver have used this approach. Seattle, Washing-
ton, could have minimized urban sprawl just beyond 
its urban grow boundary by establishing a greenbelt 
outside the boundary. Greenbelt areas can provide vi-
tal ecological services such as absorption of CO2 and 
other air pollutants, which can make urban air more 
breathable and help to cut a city’s contribution to cli-
mate change.Figure 22-17 Central Park, New York City, USA.
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22-5 How Can Cities Become More Sustainable 
and Livable?

CONCEPT 22-5 An ecocity allows people to: choose walking, biking, or mass 
transit for most transportation needs; recycle or reuse most of their wastes; grow 
much of their food; and protect biodiversity by preserving surrounding land.

▲

New Urbanism Is Growing
Since World War II, the typical approach to suburban 
housing development in the United States has been to 
bulldoze a tract of woods or farmland and build rows 
of houses on standard-size lots (Figure 22-18, middle). 
Many of these developments and their streets, with 
names like Oak Lane, Cedar Drive, Pheasant Run, and 
Fox Fields, are named after the trees and wildlife they 
displaced.

In recent years, builders have increasingly used a 
pattern, known as cluster development, in which high-

density housing units are concentrated on one portion 
of a parcel, with the rest of the land (often 30–50%) 
used for commonly shared open space (Figure 22-18, 
bottom). When this is done properly, residents live 
with more open and recreational space, aesthetically 
pleasing surroundings, and lower heating and cooling 
costs because some walls are shared. And developers 
can cut their costs for site preparation, roads, utilities, 
and other forms of infrastructure.

Some communities are going further and using the 
principles of new urbanism, which is a modern form of 
what could be called old villageism, to develop entire vil-
lages and promote mixed-use neighborhoods within 
existing cities. These principles include

• walkability, with most stores and recreational 
activities located within a 10-minute walk of 
homes and apartments

• mixed-use and diversity, which provides a mix of 
pedestrian-friendly shops, offices, apartments, 
and homes to encourage people of different ages, 
classes, cultures, and races to move in

• quality urban design emphasizing beauty, aesthetics, 
and architectural diversity

• environmental sustainability based on development 
with minimal environmental impact

• smart transportation with well-designed train and 
bus systems connecting neighborhoods, towns, 
and cities.

Examples of new urban villages in the United States 
are Mayfaire in Wilmington, North Carolina; Phillips 
Place in Charlotte, North Carolina; Mizner Place in 
Boca Raton, Florida; Middleton Hills near Madison, 
and Hawksnest near Waukesha, Wisconsin; Yardley, 
Pennsylvania; Kentlands in Gaithersberg, Maryland; 
Valencia, California (near Los Angeles); and Stapleton, 
Colorado (built on an old airport site in Denver).

RESEARCH FRONTIER

Evaluating, improving, and implementing more environmen-
tally sustainable new urbanism. See academic.cengage
.com/biology/miller.

Undeveloped 
land

Marsh

Pond

Creek

Cluster

Cluster

Typical housing 
development

Cluster housing 
development

Creek

Figure 22-18 Conventional and cluster housing developments as 
they might appear if constructed on the same land area. With clus-
ter development, houses, town houses, condominiums, and two- to 
six-story apartments are built on part of the tract. The rest, typically 
30–50% of the area, is left as open space, parks, and paths for bik-
ing and walking.
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THINKING ABOUT
New Urbanism

Is there an example of new urbanism near where you live? 
Would you like to live in such an area? Explain.

The Ecocity Concept: Cities 
for People Not Cars
According to a growing number of urban planners, 
the primary problem is not urban growth; rather, it is 
our failure to make cities more sustainable and livable. 
These planners call for us to make new and existing ur-
ban areas more self-reliant, sustainable, and enjoyable 
places to live through good ecological design. (See the 
Guest Essay on this topic by David Orr on the website 
for this chapter.)

New urbanism is a step in the right direction, but we 
can go further by creating more environmentally sus-
tainable cities, called ecocities or green cities, which 
emphasize the following goals built around the 
four scientific principles of sustainability (See 
back cover):

• Build and redesign cities for people not cars

• Use solar and other locally available, renewable 
energy resources and design buildings to be heated 
and cooled as much as possible by nature

• Use solar-powered living machines (Figure 20-C, 
p. 556) and wetlands to treat sewage

• Depend largely on recycled water that is purified 
and used again and again

• Use energy and matter resources efficiently

• Prevent pollution and reduce waste

• Recycle, reuse, and compost at least 60% of all mu-
nicipal solid waste

• Protect and support biodiversity by preserving sur-
rounding land and protecting and restoring natural 
systems and wetlands

• Promote urban gardens and farmers markets

• Use zoning and other tools to keep the human 
population at environmentally sustainable levels

An ecocity is a people-oriented city, not a car-ori-
ented city. Its residents are able to walk, bike, or use 
low-polluting mass transit for most of their travel. Its 
buildings, vehicles, and appliances meet high energy-
efficiency standards. Trees and plants adapted to the lo-
cal climate and soils are planted throughout the city to 
provide shade, beauty, and wildlife habitats, and to re-
duce air pollution, noise, and soil erosion. Small organic 

gardens and a variety of plants adapted to local climate 
conditions often replace monoculture grass lawns.

In an ecocity, abandoned lots, industrial sites, and 
polluted creeks and rivers are cleaned up and restored. 
Nearby forests, grasslands, wetlands, and farms are pre-
served. Parks are easily available to everyone. Indeed, 
environmental leader Lester R. Brown says that “the 
ratio of parks to parking lots may be the single best 
indicator of the livability of a city—an indication of 
whether the city is designed for people or for cars.”

Much of an ecocity’s food comes from nearby or-
ganic farms, solar greenhouses, community gardens, 
and small gardens on rooftops, in yards, and in win-
dow boxes. In 2005 the U.N. Food and Agriculture Or-
ganization (FAO) estimated that such urban food pro-
duction now supplies food for about one-fifth of the 
world’s 3.4 billion urban residents. The FAO projects 
that with organized programs and financial incentives, 
much more of the world’s food could be grown in or 
near cities. Increased food transportation costs because 
of rising oil prices could cause a shift from globalized to 
more localized food production in urban areas (Science 
Focus, at right).

Finally, an ecocity provides plenty of educational 
opportunities for its residents to inform them of envi-
ronmental problems and solutions, as does the city of 
Curitiba, Brazil (Core Case Study). This includes 
not only school curricula, but also botanical 
gardens, humane and sustainable zoos and aquaria, 
and outdoor learning centers.

This may sound like a futuristic dream, but ecoci-
ties are real, as you saw in this chapter’s opening core 
case study. Another example of an emerging ecocity 
is Bogotá, Colombia. Its transformation began in 1998 
when Enrique Peñalosa was elected mayor. His major 
goal was to improve life for the 70% of the city’s 8 mil-
lion people who did not own cars. Within a short time 
under his leadership and that of his successor, Antanas 
Mockus, the city built an efficient and widely used, 
based rapid transit system; established hundreds of 
kilometers of bicycle lanes and pedestrian-only streets 
throughout the city; renovated or created 1,200 parks; 
planted more than 100,000 trees; and encouraged 
citizens to become involved in improving their local 
neighborhoods. As a result, between 1998 and 2006, 
rush-hour traffic decreased by 40%, traffic related 
deaths dropped by 20%, crime decreased sharply be-
cause of greatly increased enforcement, and its citizens 
developed a strong sense of civic pride.

Other examples of cities that have attempted to be-
come more environmentally sustainable and to become 
more livable include Waitakere City, New Zealand; 
Stockholm, Sweden; Helsinki, Finland; Neerlands, the 
Netherlands; Leichester, England; and the U.S. cities of 
Portland, Oregon (p. 603); Davis, California; Olympia, 
Washington; and Chattanooga, Tennessee (Case Study, 
p. 21). In 2008, the oil-producing United Arab Emirates, 
with the world’ largest per capita ecological footprint, 
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announced plans to build a green town in the desert by 
2015 for up to 50,000 residents, with the goals of hav-
ing zero-carbon emissions and zero wastes. And China 
has plans for a half-dozen or so ecocities on the draw-
ing boards (Case Study, below).

 ■ CASE STUDY

China’s Vision for an Ecocity
In 2008, China began constructing an ecocity, called 
Dongtan. It is located within a 30-minute drive from 
Shanghai, a city with 17 million people and 300,000 
more people arriving each year.

Dongtan will be built at the eastern tip of 
Chongming Island at the mouth of the Yangtze River 
where it flows into the East China Sea. This undevel-
oped area consists of tidal flats and coastal marshes that 
serve as feeding areas for millions of migratory birds.

The Shanghai government, which owns the site, 
aims to develop Dongtan in an environmentally re-
sponsible way, such that it will exist in harmony with 
its environment. It wants Dongtan to become the 
world’s first “carbon neutral” city, in which all carbon 
emissions will be offset by its carbon absorption. The 

first phase, to be completed by 2010, will provide hous-
ing for 10,000 residents. By 2020, the goal is a have a 
community of 80,000 people with a full array of shops, 
entertainment, and cultural amenities, and businesses 
that will provide 50,000 jobs. Eventually the city would 
be expanded to house half a million people.

The goal is to cut the city’s ecological footprint to 
half that of comparable conventional cities. Buildings 
will have to meet high standards for construction, insu-
lation, lighting, and appliances. All of the city’s energy 
is to come from renewable sources. Electricity used for 
power, heating, and cooling will come from rooftop so-
lar-cell panels, wind turbines, and a biomass cogenera-
tion plant, fueled by rice husks and vegetable peelings 
collected throughout the Yangtze delta.

One piping system will provide drinking water and 
another will supply treated wastewater to flush toilets 
and to irrigate crops. Vegetables, fruits, chickens, eggs, 
and fish will be produced in high-rise vertical farm 
buildings (Science Focus, above). The initial goal is to 
put no more than 10% of the city’s trash in landfills, 
and the long-term goal is to make Dongtan the world’s 
first zero-solid-waste city.

The city plans to reduce dependence on private au-
tos by erecting apartment buildings in clusters so that 

SCIENCE FOCUS

Urban Indoor Farming

of renewable energy or by fuel cells pow-
ered by hydrogen produced from such 
forms of renewable energy. Such a system 
would mimic nature by applying the 
solar energy and recycling principles
of sustainability.

Critics point out that the costs of these 
indoor urban farming systems could be high. 
But as oil and natural gas prices rise, as wa-
ter in many crop-growing areas becomes 
scarce, and as more environmental costs are 
included in the prices of goods and services, 
food prices will rise sharply and make urban 
farming more profitable and affordable. Cur-
rently, relatively low food prices are based on 
cheap water, cheap fuels for transportation, 
and cheap energy for producing nitrogen 
fertilizer—a situation that is beginning to 
change.

Critical Thinking
What are three ecological advantages and 
three ecological disadvantages of greatly in-
creasing urban farming? Do you believe that 
the advantages outweigh the disadvantages? 
Explain.

ere are three approaches being 
researched for growing more 

food indoors in urban areas. One that could 
be implemented quickly is the use of rooftop 
greenhouses to provide city dwellers with 
most of their fruits and vegetables. Such 
greenhouses could use as little as 10% of the 
water and 5% of the area used by conven-
tional farms.

In 2007, Sun Works, a company in 
New York City that designs energy-efficient 
urban greenhouses, built a demonstra-
tion greenhouse on a barge floating on the 
Hudson River. It used solar power and re-
cycled water to grow vegetables and fruits. 
In 2008, the company installed a greenhouse 
on top of a city school, which serves as a 
science teaching area and supplies pro-
duce for the school cafeteria. Ted Caplow, 
executive director of Sun Works, projects 
that the rooftops of New York City could 
provide roughly twice the greenhouse area 
needed to supply the city with fruits and 
vegetables.

A more far-reaching idea is to use hydro-
ponic gardens to provide the water and nu-
trients to grow fruits and vegetables on glass 

H walls of office buildings. The crops would be 
grown in small containers in a space between 
two glass walls that run up the sides of 
buildings. Such walls would provide light 
and passive solar heating during winter 
and sunlight for growing the crops. In hot 
weather, one or both glass walls could have 
automatic shades to keep the interior cool 
and the plants from being overheated. Verti-
cal conveyor belts could lower the plants for 
harvesting and replanting on a year-round 
basis.

Some scientists envision skyscraper farms 
in 30-story buildings, each occupying a single 
city block. Each vertical farm could provide 
vegetables, fruits, chickens, eggs, and fish 
(grown in aquaculture tanks) for 50,000 
people. Hydroponic crops would be grown 
on the upper floors. Chickens (and the eggs 
they produce) and fish that feed on plant 
waste would be grown on lower floors.

Nitrogen and other plant nutrients 
could be extracted from the animal wastes, 
and perhaps from city sewage treatment 
plants, and recycled to the plants. Electric-
ity for heat and lighting could be provided 
by geothermal, solar, wind, or other forms 
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all residents are within a 10-minute walk of a shopping 
center and a public transportation system, which will 
consist of an electric light-rail system and pollution-
free, fuel-cell buses running on hydrogen. All vehicles 
in Dongtan will be required to have zero tailpipe emis-
sions. Thus, residents choosing to drive in Dongtan will 
have to use electric- or hydrogen-powered, fuel-cell 
vehicles. Conventional vehicles running on fossil fuel 
will have to be parked outside the city limits.

Some of these goals may not be met. But Dongtan 
and other ecocities on the drawing boards in China will 
be urban laboratories in which people will experiment 
with new and more sustainable approaches to urban 
planning and development. During this century, these 
plans will be modified as needed and used in other 
parts of China and in other countries, as the world con-
tinues to urbanize.

The Ecovillage Movement 
Is Growing
Another innovative approach is the growing global 
ecovillage movement in which small groups of people 
have come together to design and live in more sustain-
able villages and eco-hoods in rural, suburban, and urban 
areas. By 2008, there were more than 375 ecovillages, 
over half of them in Europe and North America. Exam-
ples are found near Ithaca, New York, and Asheville, 
North Carolina, in the United States; Munksård near 
Copenhagen, Denmark; Porto Alegre in Brazil; Mbam 
in Senegal, Africa; Sieben Linden in Germany; and 
Findhorn in Scotland.

Ecovillagers use a diversity of methods to live more 
sustainably and to decrease their ecological footprints. 
Strategies include generating electricity from solar cells, 
small wind turbines, and small hydropower systems; 
collecting rainwater; using composting toilets; using 
solar cookers (Figure 16-16, p. 414) and rooftop solar 
collectors to provide hot water; cooperating in the de-
velopment of organic farming plots; and using passive 
solar design, energy-efficient houses, and living roofs. 
In Findhorn, Scotland, residents have reduced their 
average ecological footprint per person by about 40%, 
and other cities claim similar reductions.

One example in the United States is Los Angeles 
Ecovillage, started in 1993 as a project to show how 
people in the middle of a sprawling and unsustain-
able city such as Los Angeles, California, can establish 
small pockets of sustainability. It consists of two small 
apartment buildings with about 55 residents and a 
common courtyard. Working together, its members 
use solar panels to get much of their hot water. They 
compost their organic wastes and use the compost on 
a large courtyard garden that provides vegetables and 
fruits and serves as a community commons area for re-
laxation and social interaction. The ecovillage is within 
walking distance of subway and bus stops, and mem-
bers who live without a car pay a lower rent. The group 
has also established a bicycle repair shop.

RESEARCH FRONTIER

Evaluating and improving the design and expansion of more 
ecologically sustainable cities, villages, and neighborhoods. 
See academic.cengage.com/biology/miller.

Brazil’s Curitiba and Sustainability

This chapter explored issues related to human population growth 
and its distribution. As elsewhere in this text, we focused on sus-
tainability in discussing the issues. For example, we know that, 
each week, well over a million people are added to urban areas, 
just in developing countries. For the human population to live 
more sustainably, cities will have to accommodate this sort of 
growth without seriously depleting or degrading the natural capi-
tal available to them locally and throughout the world.

In this chapter, we have seen that despite the environmental 
problems plaguing cities, there are a growing number of inspiring 
examples of cities and villages around the world that are striving 
to become environmentally sustainable. While cities can magnify 
environmental problems, they can also gather people with the en-
ergy and imagination needed to solve some of those problems.

Curitiba, Brazil (Core Case Study), is one city in a developing 
country that has made great strides toward becoming environ-
mentally sustainable. Its 3.2 million people have opportunities for 
living well and improving their lives, and its ecological footprint 
is considerably smaller than that of most cities its size. Curitiba’s 
story gives us hope for developing more sustainable cities. The 

most difficult challenge is to convert cities with little or no hope to 
cities full of hope, as inspiring and innovative leaders have done in 
Curitiba and Bogotá, Colombia.

For the long run, some experts say, we ought to ask what is 
the optimal level of human population that the planet or a city or 
village can support sustainably? That is, what are the population 
numbers at which all people can live comfortably and freely with-
out jeopardizing the earth’s ability to provide the same comforts 
and freedoms for future generations? Curitiba has to grapple 
with this problem, because its population has grown to the point 
where it threatens to overwhelm many of the sustainability solu-
tions its founders and citizens implemented.

In the first six chapters of this book, you have learned how 
ecosystems and species have sustained themselves throughout 
more than 3 billion years of the earth’s history by use of four 
scientific principles of sustainability—relying on solar energy, 
nutrient recycling, biodiversity, and population control. In this 
chapter, you may have gained a sense of the need for humans to 
apply these sustainability principles to their economies, to urban 
design, and to their lifestyles.

R E V I S I T I N G
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REVIEW

1. Review the Key Questions and Concepts for this chapter 
on p. 589. Describe how Curitiba, Brazil, has attempted to 
become a more sustainable city (Core Case Study).

2. Distinguish between urbanization and urban
growth. Describe two factors that increase the population 
of a city.

3. List four trends in global urban growth. Describe four 
phases of urban growth in the United States.

4. What is urban sprawl? List six factors that have pro-
moted urban sprawl in the United States. List five unde-
sirable effects of urban sprawl.

5. What are four advantages of urbanization? What are six 
disadvantages of urbanization? What is noise pollution
and how can it be reduced? Explain why most cities and 
urban areas are not sustainable.

6. What are squatter settlements and shantytowns? Describe 
some of the problems faced by the poor who live in ur-
ban areas. How can governments help to reduce these 
problems? Describe the urban problems of Mexico City, 
Mexico.

7. Distinguish between compact and dispersed cities and give 
an example of each. What are the major advantages and 
disadvantages of motor vehicles? List four ways to reduce 
dependence on motor vehicles. Describe the major advan-

tages and disadvantages of relying more on (a) bicycles, 
(b) mass transit rail systems, and (c) bus rapid transit 
systems within urban areas, and (d) rapid-rail systems 
between urban areas. Describe the destruction of the early 
mass transit system in the United States.

8. What is land-use planning? What is zoning and what 
are its limitations? What is smart growth? List five tools 
used to promote smart growth. Describe strategies used 
by the U.S. city of Portland, Oregon, to help control urban 
sprawl and reduce dependence on automobiles.

9. What are the five guiding principles of new urbanization? 
What is cluster development? List ten goals of ecocity 
and ecovillage design. Describe Shanghai, China’s plan 
to build an ecocity called Dongtan. Describe three strate-
gies used within ecovillages to make their neighborhoods 
more sustainable.

10. Explain how people in Curitiba, Brazil 
(Core Case Study) have applied each of the 
four scientific principles of sustainability to 
make their city more sustainable.

A sustainable world will be powered by the sun; 
constructed from materials that circulate repeatedly; 

made mobile by trains, buses, and bicycles; 
populated at sustainable levels; and

centered around just, equitable, and tight-knot communities.
GARY GARDNER

Note: Key Terms are in bold type.

CRITICAL THINKING

1. Curitiba, Brazil (Core Case Study), has made sig-
nificant progress in becoming a more environmen-
tally sustainable and desirable place to live. If you live in 
an urban area, what steps, if any, has your community 
taken along these lines?

2. In Curitiba, Brazil (Core Case Study), recycling rates 
have fallen in recent years, even though they are 
still among the highest in the world. Former Mayor Jaime 
Lerner attributes this decline to failure on the part of the 
city’s leadership to encourage recycling. List five ways in 
which you think Curitiba, or any city, could encourage 
residents to recycle.

3. Do you think that urban sprawl is a problem and some-
thing that should be controlled? Develop three arguments 
to support your answer. Compare your arguments with 
those of your classmates.

4. Write a brief essay that includes at least three reasons why 
you (a) enjoy living in a large city, (b) would like to live 
in a large city, or (c) do not wish to live in a large city. Be 
specific in your reasoning. Compare your essay with those 
of your classmates.

5. One issue debated at a U.N. conference was the ques-
tion of whether housing is a universal right (a position 



610 CHAPTER 22  Sustainable Cities

supported by most developing countries) or just a need
(supported by the United States and several other devel-
oped countries). What is your position on this issue? De-
fend your choice.

6. If you own a car or hope to own one, what conditions, if 
any, would encourage you to rely less on the automobile 
and to travel to school or work by bicycle, on foot, by 
mass transit, or by carpool?

7. Do you believe the United States or the country where 
you live should develop a comprehensive and integrated 
mass transit system over the next 20 years, including 
an efficient rapid-rail network for travel within and be-
tween its major cities? How would you pay for such a 
system?

8. Consider the goals listed on p. 606 as part of the ecocity 
concept. How close to reaching each of these goals is the 
city where you live or the city nearest to where you live? 
Pick what you think are the five most important of these 

goals and describe a way in which that city could meet 
each of those five goals.

9. Congratulations! You are in charge of the world. List the 
three most important components of your strategy for 
dealing with urban growth and sustainability in (a) devel-
oped countries and (b) developing countries.

10. List two questions that you would like to have answered 
as a result of reading this chapter.

Note: See Supplement 13 (p. S78) for a list of Projects related to this chapter.

ECOLOGICAL FOOTPRINT ANALYSIS

Under normal driving conditions, an internal combustion 
engine produces approximately 200 grams (0.2 kilograms, or 
0.44 pounds) of CO2 per kilometer driven. In one large city, 

1. Calculate the carbon footprint per car, that is, the number 
of metric tons (and tons) of CO2 produced by a typical car 
in one year. Calculate the total carbon footprint for all 
cars in the city, that is, the number of metric tons (and 
tons) of CO2 produced by all the cars in one year. (Note:
1 metric ton " 1,000 kilograms " 1.1 tons)

2. If 20% of the people were to use a carpool or to take mass 
transit in the city instead of driving their cars, how many 
metric tons (and how many tons) of these CO2 emissions 
would be eliminated?

3. By what percentage and by what average distance driven 
would use of cars in the city have to be cut in order to re-
duce by half the carbon footprint calculated in question 1?

LEARNING ONLINE

Log on to the Student Companion Site for this book at 
academic.cengage.com/biology/miller, and choose 
Chapter 22 for many study aids and ideas for further read-

ing and research. These include flash cards, practice quiz-
zing, Weblinks, information on Green Careers, and InfoTrac®

College Edition articles.

there are 7 million cars, and each car is driven an average of 
20,000 kilometers (12,400 miles) per year. 
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environmentally beneficial and sustainable forms of economic 
development and to discourage environmentally harmful forms 
of economic growth.

Taking the middle in this debate are environmental econo-
mists. They generally agree with ecological economists that some 
forms of economic growth are not sustainable and should be 
discouraged. They believe we can encourage more environmen-
tally sustainable economic development by reforming current 
economic systems rather than having to redesign them.

Ecological economists and many environmental economists 
call for making a shift from our current economy based on un-
limited economic growth to a more environmentally sustainable 
economy, or eco-economy, over the next several decades. Fig-
ure 23-1 shows some of the goods and services these economists 
would encourage in an eco-economy.

Because the environment and the economy are intimately 
linked, improving environmental quality and sustainability is good 
for the economy. Thus, the sustainability revolution is also an 
economic revolution. According to visionary economic and envi-
ronmental leaders, making a shift to more environmentally sus-
tainable economies is the biggest investment opportunity in this 
century. It will promote cleaner energy, cleaner production, and 
more sustainable agriculture. It will create new jobs and provide 
profits by spurring investment in efforts to sustain the natural 
capital that supports life and all economies.

Economic growth is concerned with making an economy bigger. 
Economic development is devoted to making an economy better 
by improving human well-being—meeting fundamental human 
needs for items such food, shelter, physical and economic secu-
rity, and good health. For more than 100 years, there has been a 
debate over whether there are limits to economic growth. Now 
the debate is shifting to questions about what kinds of economic 
growth and development we should encourage.

Neoclassical economists such as Robert Samuelson and the 
late Milton Friedman view natural resources as important but not 
indispensable because of our ability to find substitutes. They also 
contend that continuing economic growth is necessary for pro-
viding profits and jobs and is essentially unlimited.

Ecological economists such as Herman Daly and Robert 
Costanza disagree. They point out that there are no substitutes 
for many vital natural resources, such as air, water, fertile soil, 
and biodiversity or for nature’s free ecological services such as 
climate control, air and water purification, pest control, and 
nutrient recycling. They also believe that conventional economic 
growth eventually will become unsustainable because it can 
deplete or degrade various forms of natural capital (Figure 1-3, 
p. 8) on which economic systems depend. They argue that such 
growth will also exceed the capacity of the environment to 
handle the pollutants and wastes we produce. They call for us 
to redesign our economic and political systems to encourage 

A New Economic and 
Environmental Vision

Economics, Environment, 
and Sustainability 23
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Figure 23-1 Solutions: 
some components of more 
environmentally sustainable 
economic development 
favored by ecological and 
environmental economists. 
The goal is to get economic 
systems to put more empha-
sis on conserving and sus-
taining the air, water, soil, 
biodiversity, and other natu-
ral resources that sustain all 
life and all economies. Such 
a shift toward more ef-
ficient resource use, cleaner 
energy, cleaner production, 
ecocities (Chapter 22 Core 
Case Study, p. 588), and 
natural capital preservation 
could stimulate economies, 
create jobs, and be profit-
able. Question: What are 
three new types of jobs that 
could be generated by such 
an economy?



When it is asked how much it will cost to protect the environment, 
one more question should be asked: 

How much will it cost our civilization if we do not?
GAYLORD NELSON

Key Questions and Concepts

23-1 How are economic systems related to the 
biosphere?
CONCEPT 23-1A Ecological economists and most sustainability 
experts regard human economic systems as subsystems of the 
biosphere and subject to its processes and limiting factors.

CONCEPT 23-1B Governments intervene in market economies to 
help correct or prevent market failures such as the failure to protect 
natural capital, which supports life and all economies.

23-2 How can we put values on natural capital, 
pollution control, and resource use?
CONCEPT 23-2A Economists have developed several ways to 
estimate the present and future values of a resource or ecological 
service and optimum levels of pollution control and resource use.

CONCEPT 23-2B Comparing the likely costs and benefits of an 
environmental action is useful but involves many uncertainties.

23-3 How can we use economic tools to deal with 
environmental problems?
CONCEPT 23-3A Using resources more sustainably will 
require including the harmful environmental and health costs of 

resource use in the market prices of goods and services (full-cost
pricing).

CONCEPT 23-3B Governments can help to improve and sustain 
environmental quality by subsidizing environmentally beneficial 
activities and taxing pollution and waste instead of wages and 
profits.

23-4 How can reducing poverty help us to deal with 
environmental problems?
CONCEPT 23-4 Reducing poverty can help us to reduce 
population growth, resource use, and environmental degradation.

23-5 How can we make the transition to more 
environmentally sustainable economies?
CONCEPT 23-5 We can use the four principles of sustainability
and various economic and environmental strategies to develop 
more environmentally sustainable economies.

Note: Supplements 2, (p. S4), 3 (p. S10), 5 (p. S31), 11(p. S74) and 13 (p. S78) can be 
used with this chapter.

23-1 How Are Economic Systems Related 
to the Biosphere?

CONCEPT 23-1A Ecological economists and most sustainability experts regard 
human economic systems as subsystems of the biosphere and subject to its 
processes and limiting factors.
CONCEPT 23-1B Governments intervene in market economies to help correct or 
prevent market failures such as the failure to protect natural capital, which supports 
life and all economies.

▲
▲

Economic Systems Are Supported 
by Three Types of Resources
An economic system is a social institution through 
which goods and services are produced, distributed, 
and consumed to satisfy people’s needs and wants, ide-
ally in the most efficient possible way.

Three types of capital, or resources, are used to 
produce goods and services (Figure 23-2). 
Natural capital (Concept 1-1A, p. 6, and Fig-

ure 1-3, p. 8), includes resources and services produced 
by the earth’s natural processes, which support all 
economies and all life. (See the Guest Essay on natural 
capital by Paul Hawken at CengageNOW™.)

Human capital, or human resources, includes 
people’s physical and mental talents, which provide la-
bor, innovation, culture, and organization. Manufac-
tured capital, or manufactured resources, are items 
such as machinery, equipment, and factories made from 
natural resources with the help of human resources.

612 Links: refers to the Core Case Study. refers to the book’s sustainability theme. indicates links to key concepts in earlier chapters.



 CONCEPTS 23-1A AND 23-1B 613

Market Economic Systems Depend 
on Interactions between Buyers 
and Sellers
In a market-based economic system, buyers and sell-
ers interact competitively in markets to make economic 
decisions about which goods and services are produced, 
distributed, and consumed. In a pure version of such a 
system, all economic decisions are governed solely by 
the competitive interactions of demand (the amount of 
a good or service that people want), supply (the amount 
of a good or service that is available), and price (the 
market cost of a good or service). 

In Figure 23-3, the point at which the supply and 
demand curves intersect is called the market price equi-
librium point, where the supplier’s price matches what 
buyers are willing to pay for some quantity of a good or 
service. Changes in supply and demand can shift one or 
both curves back and forth, and thus change the equi-
librium price. For example, when supply is increased 
(shifting the blue curve to the right) and demand re-
mains the same, the equilibrium price will go down. 
Similarly, when demand is increased (shifting the red 
curve to the right) and supply remains the same, the 
equilibrium price will increase. Try mentally moving 
the curves in Figure 23-3 in different ways that repre-
sent changes in supply and demand, and notice how 
the equilibrium price changes.

Most free-market economists believe that an eco-
nomic system based on private ownership of all re-
sources and operating without government interference 
is the best system for solving environmental problems 
for two reasons. One argument is that the true values 
of resources are determined best through unregulated 
market interactions based only on supply and demand. 
The other is that when resources are owned privately, 
their owners are more likely to cherish them and to 
want to protect them.

A truly free-market economic system operating 
without government interference requires that buy-
ers and sellers not coerce or mislead one another and 
that the prices of all goods and services include all of 
their direct and indirect costs (full-cost pricing). But 
this rarely happens in today’s capitalist market sys-
tems. To increase their profits, most businesses strive 

to drive their competitors out of business and to ex-
ert as much control as possible over the prices of the 
goods and services they provide. Companies lobby for 
government subsidies, tax breaks, or regulations that 
give their products a market advantage over their com-
petitors’ products. Such advantages create an uneven 
economic playing field that can undermine true free-
market competition.

Some companies also withhold information from 
consumers about health or environmental dangers 
posed by their products, unless the government requires 
them to provide such information. Some companies 
also lobby against having to include harmful environ-
mental or health costs in the prices of goods or services 
they provide. Thus, buyers often do not get accurate in-
formation about the harmful aspects of goods and ser-
vices they buy.

Figure 23-2 Three types of resources are used to produce goods and services in an economic system. 
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Figure 23-3 Supply, demand, and market equilibrium for a good 
such as oil in a market economic system. If all factors except price, 
supply, and demand are held fixed, market equilibrium occurs at the 
point at which the demand and supply curves intersect. This is the 
price at which sellers are willing to sell and buyers are willing to pay 
for the good or service provided. Question: How would a decrease 
in the available supply of oil shift the market equilibrium point on 
this diagram?
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Governments Intervene to Help 
Correct Market Failures
Markets often work well in guiding the efficient pro-
duction and distribution of private goods. But experience 
shows that they cannot be relied upon to provide ad-
equate levels of public services, such as national security 
and environmental protection. Markets also cannot 
prevent the degradation of open-access, renewable re-
sources, such as clean air and the open ocean, which 
are not bought and sold in the marketplace, because 
they are owned by no one and available for use by ev-
eryone at little or no charge. Therefore, governments 
intervene in market systems to provide various public 
services, to protect open-access resources that cannot 
be privately owned, and to help correct other market 
failures (Concept 23-1B). For example, without govern-
ment intervention, a single seller or buyer (monopoly) 
or a single group of sellers or buyers (oligopoly) might 
come to dominate the market and thus control supply, 
demand, and price for a good or service.

Markets can also fail when they do not value the 
beneficial effects provided by the earth’s natural capi-
tal and the harmful health or environmental effects of 
some types of economic activity. Scientists and ecologi-
cal and environmental economists have attempted to 
place economic values on various forms of the earth’s 
natural capital (Science Focus, p. 218), but these values 
are seldom included in market prices. Governments 
can try to prevent or correct these and other market 
failures through laws, regulations, taxes, subsidies and 
tax breaks, and a number of other tools.

Other reasons for government intervention into the 
marketplace are to:

• Provide public services such as national security 
and education

• Provide an economic safety net for people who, be-
cause of health, age, and other factors, cannot meet 
their own basic needs

• Protect people from fraud, trespass, theft, and 
bodily harm

• Establish and enforce civil rights and property rights

• Protect the health and safety of workers and 
consumers

• Prevent or reduce pollution, degradation, and de-
pletion of natural capital

• Manage public land resources such as national for-
ests, parks, and wildlife reserves

THINKING ABOUT
The Government’s Role in an Economy

In a pure free-market economy the government plays no role 
in an economy, and some economists see this as the best pos-
sible economic system. Explain why you agree or disagree 
with their position.

Economists Disagree over the 
Importance of Natural Capital 
and whether Economic Growth 
Is Sustainable
Neoclassical economists view the earth’s natural capital as a 
subset or part of a human economic system (Figure 23-2) 
and assume that the potential for economic growth is 
essentially unlimited (Core Case Study).

Most of today’s advanced industrialized 
countries have high-throughput economies, which 
attempt to boost economic growth by increasing the 
flow of matter and energy resources extracted from the 
environment through their economic systems to pro-
duce goods and services (Figure 23-4). These resources 
flow through economies and end up in planetary sinks 
(air, water, soil, and organisms), where some pollutants 
and wastes can accumulate to harmful levels.

Ecological economists and some environmental econo-
mists disagree with the neoclassical economic model 
and its assumptions. They view economic systems as 
subsystems of the biosphere that depend heavily on the 
earth’s irreplaceable natural resources (Concept 23-1A) 
(Figure 23-5).

According to ecological economist Herman Daly, 
the neoclassical model of an economy “ignores the or-
igin of natural resources flowing into the system and 
the fate of wastes flowing out of the system. It is as if a 
biologist had a model of an animal that contained a cir-
culatory system but had no digestive system that tied it 
firmly to the environment at both ends.” (See Herman 
Daly’s Guest Essay on this topic at CengageNOW.)

The models of ecological economists are built on 
three major assumptions:

• Resources are limited and should not be wasted, 
and there are no substitutes for most types of natu-
ral capital (Figure 1-3, p. 8).

High-quality
energy

System 
throughputs

Inputs 
(from environment)

Outputs 
(into environment)

Low-quality
energy (heat)

Waste and
pollution

High-quality
matter

High-waste 
economy

 Active Figure 23-4 The high-throughput econo-
mies of most developed countries rely on continually increasing the 
rates of energy and matter flow to increase economic growth. This 
practice produces valuable goods and services, but it also converts 
high-quality matter and energy resources into waste, pollution, and 
low-quality heat, and in the process, can deplete or degrade various 
forms of natural capital that support all life and economies. See an 
animation based on this figure at CengageNOW. Question: What 
are three things that you regularly do that add to this throughput of 
matter and energy?
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• We should encourage environmentally beneficial 
and sustainable forms of economic development 
and discourage environmentally harmful and un-
sustainable forms of economic growth.

• The harmful environmental and health effects of 
producing economic goods and services should 
be included in their market prices (full-cost pricing), 
so that consumers can have accurate information 
about the harmful effects of the goods and services 
they buy.

THINKING ABOUT
Economic Growth

Do you think that the economy of the country 
where you live is sustainable or unsustainable? (See 
the Core Case Study that opens this chapter.) 
Explain.

 Learn more about how ecological economists 
view market-based systems, and contrast their views with those 
of conventional economists at CengageNOW.

Ecological and environmental economists have sug-
gested several strategies for implementing these prin-
ciples and making the transition to more sustainable 
eco-economies over the next several decades.

• Use and publicize indicators that monitor economic 
and environmental health.

• Use eco-labeling and certification to identify prod-
ucts produced by environmentally sound methods 
and thus to help consumers make informed choices.

• Phase out environmentally harmful government 
subsidies and tax breaks while increasing subsidies 
and tax breaks for environmentally beneficial goods 
and service (subsidy shifting).

• Decrease taxes on wages, income, and wealth 
while increasing taxes on pollution, resource waste, 
and environmentally harmful goods and services 
(tax shifting).

• Use laws and regulations to help prevent pollution 
and resource depletion and degradation.

• Use tradable permits or rights to pollute or to use 
resources, in order to limit overall pollution and re-
source use (cap-and-trade, p. 490).

• Sell services instead of things.

• Reduce poverty, one of the basic causes of envi-
ronmental degradation, pollution, poor health, and 
premature death (Figure 17-18, p. 461).

The rest of this chapter looks at these proposed so-
lutions in more detail.

Recycling and reuse

Heat

Depletion of nonrenewable
resources

Degradation of renewable
resources
(used faster than replenished)

Pollution and waste
(overloading  nature’s waste
disposal  and recycling systems)

Goods and services

Solar Capital

Economic
Systems

Production

Consumption

Natural Capital

Natural resources such
as air, land, soil,
biodiversity, minerals,
and energy, and natural
services such as air and
water purification,
nutrient cycling, and
climate control

 
Active Figure 23-5 
Ecological economists 
see all economies as 
human subsystems of the 
biosphere that depend 
on natural resources and 
services provided by the 
sun and earth. See an 
animation based on this 
figure at CengageNOW. 
Question: Do you agree 
or disagree with this 
model? Explain.
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23-2 How Can We Put Values on Natural Capital, 
Pollution Control, and Resource Use?

CONCEPT 23-2A Economists have developed several ways to estimate the present 
and future values of a resource or ecological service and optimum levels of pollution 
control and resource use.
CONCEPT 23-2B Comparing the likely costs and benefits of an environmental 
action is useful but involves many uncertainties.

▲
▲

Practicing Natural Capitalism: 
Taking into Account the Monetary 
Value of Natural Capital
Environmental and ecological economists have de-
veloped various tools for estimating the values of the 
earth’s natural capital (Figure 1-3, p. 8). One approach 
involves estimating the monetary worth of the earth’s 
natural ecological services and the biological income 
they provide (Science Focus, p. 218). For example, us-
ing this approach a team of ecologists and economists 
estimated that the ecological services provided by the 
earth’s forests (Figure 10-4, left, p. 217) are worth 
at least $4.7 trillion a year. This is hundreds of times 
greater than the estimated value of their economic ser-
vices (Figure 10-4, right).

However, the estimated economic values of the eco-
logical services provided by forests, oceans, and other 
ecosystems are not included in the market prices of 
goods, such as timber and fish, that we get from them. 
Ecological economists point out that until this eco-
nomic imbalance is corrected we will continue to use 
forests and many of nature’s other irreplaceable forms 
of natural capital unsustainably.

However, according to neoclassical economists 
(Core Case Study), a product or service has no 
economic value until it is sold in the market-
place, and thus because they are not sold in the mar-
ketplace, ecological services have no economic value. 
Ecological economists view this as a misleading circu-
lar argument designed to exclude serious evaluation of 
ecological services in the marketplace.

Environmental economists and ecologists have 
also developed ways to estimate nonuse values of natu-
ral resources and ecological services not represented 
in market transactions (Concept 23-2A). One is an exis-
tence value—a monetary value placed on a resource such 
as an old-growth forest or endangered species just be-
cause it exists, even though we may never see it or use 
it. Another is aesthetic value—a monetary value placed on 
a forest, species, or part of nature because of its beauty. 
A third type, called a bequest or option value, is based on 
the willingness of people to pay to protect some forms 
of natural capital for use by future generations.

There are different ways to estimate these types of 
monetary values. One approach is to estimate a mitiga-

tion cost of how much it would take to offset any en-
vironmental damage. For example, we could estimate 
how much it would cost to protect a forest from cut-
ting, to move an endangered species to a new habitat, 
or to restore a statue damaged by air pollution (Fig-
ure 18-6, p. 473).

Another method involves estimating willingness
to pay by surveying public opinion to determine how 
much people would pay to maintain natural resources 
and services. The survey might ask, for example, how 
much people would pay to keep a particular species 
from becoming extinct, a particular forest from being 
cut down, or a specific river or beach from being pol-
luted. This approach is controversial because people 
could inflate their estimates and not indicate the prices 
they would actually pay to preserve nonuse values.

RESEARCH FRONTIER

Developing better ways to estimate the economic values of 
the earth’s natural capital. See academic.cengage.com/
biology/miller.

Estimating the Future Value 
of a Resource Is Controversial
The discount rate is an estimate of a resource’s future 
economic value compared to its present value (Con-
cept 23-2A). It is based on the idea that having some-
thing today may be worth more than it will be in the 
future. The size of the discount rate (usually given as a 
percentage) is a primary factor affecting how a resource 
such as a forest or fishery is used or managed.

At a zero discount rate, for example, a stand of red-
wood trees worth $1 million today will still be worth 
$1 million 50 years from now. However, the U.S. Office 
of Management and Budget, the World Bank, and most 
businesses typically use a 10% annual discount rate to 
evaluate how resources should be used. At this rate, 
the stand of redwood trees will be worth only $10,000 
in 50 years. With this discount rate, it makes sense 
from an economic standpoint for an owner to cut these 
trees down as quickly as possible and invest the money 
in something else.

This economic analysis does not take into account 
the immense economic value of the ecological services 
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provided by forests, including flood protection, air and 
water purification, and several other services (Fig-
ure 10-4, left, p. 217). This one-sided and incomplete 
economic evaluation loads the dice against sustaining 
these important ecological services.

The process of choosing a discount rate is contro-
versial. Proponents cite several reasons for using a high 
(5–10%) discount rate. One is that inflation may re-
duce the value of their future earnings on a resource. 
Another is that innovation or changes in consumer 
preferences could make a product or resource obsolete. 
For example, composites made from plastics to look 
like redwood may reduce the future use and market 
value of these trees. In addition, owners of resources 
such as forests argue that without a high discount rate, 
they can make more money by investing their capital 
in some other venture.

Critics point out that high discount rates encourage 
rapid exploitation of resources for immediate payoffs, 
thus making sustainable use of most renewable natu-
ral resources virtually impossible. These critics believe 
that a 0% or even a negative discount rate should be 
used to protect unique, scarce, and irreplaceable re-
sources. They also point out that moderate discount 
rates of 1–3% would make it profitable to use nonre-
newable and renewable resources more sustainably 
(more slowly). In addition, suppose that an acceptable 
substitute for a resource such as redwood does not be-
come available. Then these resources and the ecologi-
cal services they provide could become priceless. This 
is another major disagreement between neoclassical 
economists and environmental and ecological econo-
mists (Core Case Study). 

Economic return is not always the deter-
mining factor in how resources are used or managed. 
In some cases, farmers and owners of forests, wetlands, 
and other resources weigh their ethical concerns in deter-
mining how they use and manage such resources. Their 
respect for the land and nature, or what they believe to 
be their responsibility to future generations, can over-
ride their desire for short-term profit at the expense of 
long-term resource and environmental sustainability.

THINKING ABOUT
Discount Rates

If you owned a forested area, would you want the discount 
rate for resources such as trees from the forest to be high, 
moderate, or zero? Explain.

We Can Estimate Optimum 
Levels of Pollution Control 
and Resource Use
An important concept in environmental economics is 
that of optimum levels for pollution control and resource 
use (Concept 23-2A). In the early days of a new coal 
mining operation, for example, the cost of removing 

coal is low enough to make it easy for developers to re-
cover their investments by selling their product. How-
ever, after most of the readily accessible coal has been 
removed from a mine, taking what is left can become 
too costly. In this case, the cost of removal goes up with 
each additional unit of coal taken—what economists 
call its marginal cost. Figure 23-6 shows this in terms of 
supply, demand, and equilibrium. The point at which 
removing more coal is not worth the cost is where the 
demand curve crosses the supply curve.

You might think that the best solution for pollu-
tion is total cleanup. In fact, there are optimum levels 
for various kinds of pollution. The main reason is that 
the cost of pollution control goes up for each additional 
unit of a pollutant removed from the environment, pri-
marily because it takes increasing amounts of energy 
to remove increasingly lower concentrations of a pol-
lutant from the air, water, or soil. Figure 23-7 (p. 618) 
shows various possible optimum levels of pollution 
control. In this case, cleanup costs are shown on the 
blue curve. This is the supply curve, because the service 
supplied is removal of pollutants. Note that it slopes up 
more sharply (costing more) as we get closer to remov-
ing 100% of the pollutant in question.

The red line in Figure 23-7 represents the demand 
for cleanup by users of water or air. When the air they 
breathe or the water they drink are polluted, consum-
ers are initially up in arms, but as the pollutant is re-
moved, their concern decreases and their demand for 
cleanup approaches zero. At some point, the cost of re-
moving additional units of a pollutant becomes higher 
than what people are willing to pay, as their demand 
for cleanup lessens. That point is the equilibrium point, 
or the optimum level for pollution cleanup.

Figure 23-6 Optimum resource use. The cost of mining coal (blue 
line) from a particular mine rises with each additional unit removed. 
Mining a certain amount of coal is profitable, but at some point the 
marginal cost of further mining exceeds the monetary benefits (red 
line) unless some factor such as scarcity raises the value of the coal 
remaining in a mine (in which case, the red curve shifts to the right). 
Where the two curves meet is theoretically the optimum level of 
resource use. Question: How would the location of the optimum 
level of resource use shift if the value (and therefore the price) of 
the coal increased?
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The shapes and locations of these curves vary with 
different types of pollutants. Another factor determin-
ing the shape and placement of the demand curve is 
the degree to which people value a particular resource. 
If no one cares whether the water in a lake is clear, the 
optimum level of cleanup will be close to zero. But if 
they demand a clean lake, the optimum level will rise. 
In other words, pollution control (or resource use) 
that is optimal for some people will be high or low for 
others.

Cost-Benefit Analysis 
Is a Useful but Crude Tool
Another widely used tool for making economic deci-
sions about how to control pollution and manage re-
sources is cost–benefit analysis. This is done by com-
paring estimated costs and benefits for actions such as 
implementing a pollution control regulation, building 
a dam on a river, or preserving an area of forest. It in-
volves trying to estimate the optimum level of pollution 
cleanup (Figure 23-7) or resource use (Figure 23-6).

Making a cost-benefit analysis involves determining 
who or what might be affected by a particular regula-
tion or project, projecting potential outcomes, evaluat-
ing alternative actions, and establishing who benefits 
and who is harmed. Then an attempt is made to assign 

monetary costs and benefits to each of the factors and 
components involved.

Direct costs involving land, labor, materials, and 
pollution-control technologies are often fairly easy to 
estimate. But estimates of indirect costs of clean air and 
water that are not traded in the marketplace are dif-
ficult to make and are controversial. We can put esti-
mated price tags on human life, good health, clean air 
and water, and natural capital, such as an endangered 
species, a forest, and a wetland. However, the mone-
tary values assigned to these estimates vary widely de-
pending on individual assumptions, value judgments, 
and the discount factors used.

Because of these drawbacks, a cost-benefit analy-
sis can lead to wide ranges of benefits and costs with 
a lot of room for error, and this is another source of 
controversy between neoclassical economists and en-
vironmental and ecological economists (Core 
Case Study). For example, one U.S. industry-
sponsored, cost-benefit analysis estimated that compli-
ance with a standard to protect U.S. workers from vinyl 
chloride would cost $65–90 billion. In the end, meeting 
the standard cost the industry less than $1 billion. A 
study by the Washington-based Economic Policy Insti-
tute found that the estimated costs made by industries 
for complying with proposed environmental regula-
tions in the United States are almost always more (and 
often much more) than the actual costs of implement-
ing the regulations. In such cases, inflated cost-benefit 
analyses are used as an economic and political ploy by 
industries to prevent, weaken, or delay compliance 
with pollution standards.

If conducted fairly and accurately, cost-benefit 
analysis is a useful tool for helping to make economic 
decisions, but it always includes uncertainties (Con-
cept 23-2B). To minimize possible abuses and errors, en-
vironmental economists advocate using the following 
guidelines for a cost-benefit analysis:

• Use uniform standards.

• Clearly state all assumptions used.

• Include estimates of the ecological services pro-
vided by the resources involved.

• Rate the reliability of data used.

• Estimate short- and long-term benefits and costs for 
all affected population groups.

• Compare the costs and benefits of alternative 
courses of action.

• Summarize the range of estimated costs and 
benefits.

Because of the uncertainties and multiple variables 
involved in cost-benefit analysis, environmental and 
ecological economists argue that no major decision af-
fecting the environment should be made on the basis 
of any such analysis by itself. 

Figure 23-7 Optimum pollution control. The cost of cleaning 
up pollution (blue line) rises with each additional unit removed. 
Cleanup of a certain amount of pollution is affordable, but at some 
point the cost of additional pollution control is greater than the 
benefit of the pollution control to society. Where the blue curve 
intersects with the red curve is a level of optimum pollution con-
trol for the pollutant represented. The other two green triangles 
show where the curves would intersect if the red curve shifted to 
the left (if some factor lessened the value of pollution control). 
Question: How does the fact that the cost of pollution control 
goes up for each additional unit of a pollutant cleaned up relate to 
the second law of thermodynamics (p. 43)?
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23-3 How Can We Use Economic Tools to Deal 
with Environmental Problems?

CONCEPT 23-3A Using resources more sustainably will require including the 
harmful environmental and health costs of resource use in the market prices of 
goods and services (full-cost pricing).
CONCEPT 23-3B Governments can help to improve and sustain environmental 
quality by subsidizing environmentally beneficial activities and taxing pollution and 
waste instead of wages and profits.

▲
▲

Most Things Cost a Lot More Than 
You Think
The market price, or direct price, that you pay for some-
thing does not include most of the indirect, or external,
costs of harm to the environment and human health as-
sociated with its production and use. For this reason, 
such costs are also called hidden costs. For example, if 
you buy a car, the direct price you pay includes the 
costs of raw materials, labor, and shipping, as well as 
a markup to allow the car company and its dealers to 
make a profit. In using the car, you pay additional direct 
costs for gasoline, maintenance, repair, and insurance.

However, you do not pay the harmful external 
costs, some of which affect people other than you and 
the seller. For example, to extract and process raw ma-
terials to make a car, manufacturers use nonrenew-
able energy and mineral resources, produce solid and 
hazardous wastes, disturb land, pollute the air and wa-
ter, and release greenhouse gases into the atmosphere. 
These hidden external costs can have short- and long-
term harmful effects on other people, on future gen-
erations, and on the earth’s life-support systems.

Because these harmful external costs are not in-
cluded in the market price of a car, most people do not 
connect them with car ownership. Still, the car buyer 
and other people in a society pay these hidden costs 
sooner or later, in the forms of poorer health, higher 
costs of health care and insurance, higher taxes for 
pollution control, traffic congestion, and land used for 
highways and parking.

In general, neoclassical economists do not believe 
that these costs should be included in the prices of 
goods and service. Environmental and ecological econ-
omists (Core Case Study) and economists who 
believe in a truly free market economic system 
believe that they should be included as part of full-cost 
pricing (Concept 23-3A). They contend that exclud-
ing the harmful environmental costs from the market 
prices of goods and services has three major effects: it 
hides these harmful costs from consumers; hinders the 
development of more environmentally beneficial, or 
green, goods and services; and promotes pollution, re-
source waste, and environmental degradation.

Many economists and environmental experts cite 
this failure in today’s market-based economic systems as 
one of the major causes of the environmental problems 
we face (Figure 1-12, p. 18). For example, in his 2006 
analysis of the economics of climate change, Nicholas 
Stern, former chief economist of the World Bank, de-
scribed the failure to include the harmful costs of cli-
mate change in the prices of fossil fuels as “a market 
failure on the greatest scale the world has ever seen.”

THINKING ABOUT
Hidden Costs

Were you aware of the external costs involved in producing, 
buying, and owning a car (or any other item)? Do you believe 
that such hidden costs should be included in the prices of 
goods and services? Explain.

Using Environmental Economic 
Indicators Can Help Reduce 
Our Environmental Impact
Gross domestic product (GDP) and per capita GDP indica-
tors (p. 10) provide a standardized and useful method 
for measuring and comparing the economic outputs of 
nations. The GDP is deliberately designed to measure 
the annual economic value of all goods and services 
produced within a country without distinguishing be-
tween goods and services that are environmentally or 
socially beneficial and those that are harmful.

Environmental and ecological economists and en-
vironmental scientists call for the development and 
widespread use of new indicators to help monitor en-
vironmental quality and human well-being. One such 
indicator is the genuine progress indicator (GPI). Rede-
fining Progress, a nonprofit organization that develops 
economic and policy tools to promote environmental 
sustainability, introduced the genuine progress indica-
tor in 1995. (This group also developed the concept of 
ecological footprints, Figure 1-10, p. 15.)

Within the genuine progress indicator, the esti-
mated value of beneficial transactions that meet ba-
sic needs, but in which no money changes hands, are 
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added to the GDP. Examples include unpaid volunteer 
work, health care for family members, child care, and 
housework. Then the estimated harmful environmen-
tal costs (such as pollution and resource depletion and 
degradation) and social costs (such as crime) are sub-
tracted from the GDP.

 Genuine      benefits not   harmful
 progress  " GDP #  included in  ! environmental
 indicator     market transactions  and social costs

Figure 23-8 compares the per capita GDP and GPI 
for the United States between 1950 and 2004 (the latest 
data available). While the per capita GDP rose sharply 
over this period, the per capita GPI stayed nearly flat and 
even declined slightly and fluctuated between 1975 and 
2004.

Another green economic indicator is the happy planet 
index (HPI), first published by Friends of the Earth and 
the New Economics Foundation in 2006. Calculating the 
values of this indicator involves multiplying a country’s 
self-reported life satisfaction index (determined through 
surveys) by its average life expectancy and then dividing 
this number by it ecological footprint. In the first HPI as-
sessment, the Central American region had the highest 
overall score because of its high life satisfaction scores, 
relatively long life expectancy, and a fairly low ecologi-
cal footprint compared to other regions of the world.

Bhutan is a South Asian nation in the Himalaya 
Mountains and is located between China and India. 
Since 1972, its government has been using the concept 
of gross national happiness (GNH) as a measure of its ef-
forts toward sustainable economic development. Its 
GNH is based on an evaluation of the country’s con-
servation of its natural environment, preservation of 
cultural values, fairness in access to its wealth (equity), 
and good governance.

The genuine progress indicator, happy planet in-
dex, gross national happiness indicator, and other en-
vironmental indicators under development are far from 
perfect. But without such indicators, we will not know 
much about what is happening to people, the environ-
ment, and the planet’s natural capital, nor will we have 
a way to evaluate which policies work best in improv-
ing environmental quality and life satisfaction. Ac-
cording to ecological and environmental economists, 
without these indicators, we are steering national and 
global economies through treacherous economic and 
environmental waters at ever increasing speeds with-
out a good navigation system.

RESEARCH FRONTIER

Developing and refining environmental and social quality-
of-life indicators. See academic.cengage.com/biology/
miller.

We Can Include Harmful 
Environmental Costs in the 
Prices of Goods and Services
Environmental and ecological economists argue that an 
environmentally honest market system would include the 
harmful environmental and health costs of goods and 
services in their market prices to reflect as close as pos-
sible their full costs—internal costs plus external costs 
(Concept 23-3A). Again, this is a fundamental source of 
controversy between neoclassical economists and en-
vironmental and ecological economists (Core 
Case Study).

According to environmental and ecological econo-
mists, full-cost pricing would reduce resource waste, 
pollution, and environmental degradation and improve 
human health by encouraging producers to invent 
more resource-efficient and less-polluting methods of 
production. It would also allow consumers to make 
more informed choices—one of the goals of a truly 
free market economic system. Jobs and profits would 
be lost in environmentally harmful businesses as con-
sumers more often chose green products, but jobs and 
profits would be created in environmentally beneficial 
businesses. Such shifts in profits and in types of busi-
nesses and jobs is the way market-based capitalism 
works.

Full-cost pricing seems to make a lot of sense. So 
why is it not used more widely? First, many producers 
of harmful and wasteful products would have to charge 
more, and some would go out of business. Naturally, 
they oppose such pricing. Second, it is difficult to esti-
mate many environmental and health costs. Third, be-
cause these harmful costs are not included in the mar-
ket prices of goods and services, most consumers do not 
connect them with the things they buy. Correcting this 
requires consumer education.
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Figure 23-8 Monitoring environmental progress: Comparison of 
the per capita gross domestic product (GDP) and the per capita gen-
uine progress indicator (GPI) in the United States between 1950 and 
2004. Questions: Would you favor making widespread use of this 
or similar green economic indicators? Why hasn’t this been done? 
(Data from Redefining Progress, 2006) 
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RESEARCH FRONTIER

Refining methods for estimating and implementing full-cost 
pricing. See academic.cengage.com/biology/miller.

HOW WOULD YOU VOTE?

Should full-cost pricing be used in setting market prices 
for goods and services? Cast your vote online at academic
.cengage.com/biology/miller.

Phasing in such a system would require govern-
ment action prodded by bottom-up citizen pressure. 
Few if any companies will volunteer to reduce their 
short-term profits to become more environmentally re-
sponsible unless it eventually becomes more profitable 
for them. Governments can use several strategies to 
encourage or force producers to work toward full-cost 
pricing: certifying and labeling environmentally ben-
eficial goods and services; phasing out environmentally 
harmful subsidies; levying taxes on environmentally 
harmful goods and services; passing laws to regulate 
pollution and resource depletion; and using tradable 
permits for reducing pollution and resource use. Let us 
take a closer look at each of these strategies.

Environmentally Informed 
Consumers Can Vote 
with Their Wallets
Product eco-labeling and certification programs encourage 
companies to develop green products and services and 
help consumers to select more environmentally benefi-
cial products and services. Eco-labeling programs have 
been developed in Europe, Japan, Canada, and the 
United States. The U.S. Green Seal labeling program has 
certified more than 300 products as environmentally 
friendly.

Eco-labels are also being used to identify fish 
caught by sustainable methods (certified by the Marine 
Stewardship Council) and to certify timber produced 
and harvested by sustainable methods (evaluated by 
organizations such as the Forest Stewardship Council; 
see Science Focus, p. 228). You can buy coffee that 
was produced under sustainable conditions, certi-
fied by the Rainforest Alliance and the Organic Trade 
Association.

We Can Reward Environmentally 
Sustainable Businesses
One way to encourage a shift to full-cost pricing is to 
phase out environmentally harmful subsidies and tax 
breaks, which according to environmental scientist 
Norman Myers cost the world’s governments (taxpay-

ers) at least $2 trillion a year—an average $3.8 mil-
lion a minute! (See Myer’s Guest Essay on perverse 
subsidies at CengageNOW.) Such subsidies distort the 
economic playing field and create a huge economic 
incentive for unsustainable resource waste, depletion, 
and degradation. Examples include depletion subsidies 
and tax breaks for extracting minerals and oil, cutting 
timber on public lands, and irrigating with low-cost 
water.

A typical American taxpayer unknowingly pays 
at least $2,500 a year to provide these and other sub-
sidies and then pays another $1,000 per year for envi-
ronmental degradation, pollution cleanup, and higher 
health and insurance costs related to the impacts 
from harmful environmental subsidies. According to 
a 1997 study by the Earth Council, “There is some-
thing unbelievable about the world spending hun-
dreds of billions of dollars annually to subsidize its own 
destruction.”

On paper, phasing out such subsidies may seem like 
a great idea. In reality, the economically and politically 
powerful interests receiving them want to keep—and 
if possible increase—these mostly hidden economic 
benefits provided to them by taxpayers. In addition to 
lobbying to keep or increase their subsidies, such busi-
nesses often lobby against subsidies and tax breaks for 
more environmentally beneficial competitors. Environ-
mentally destructive subsidies and tax breaks will con-
tinue until enough individuals work together to coun-
teract such lobbying by electing and then influencing 
elected officials who support phasing out environmen-
tally harmful subsidies.

Some countries have begun reducing environmen-
tally harmful subsidies. Japan, France, and Belgium 
have phased out all coal subsidies. Germany cut its coal 
subsidies in half between 1989 and 2002 and plans to 
phase them out by 2018. China has cut coal subsidies 
by about 73% and has imposed a tax on high-sulfur 
coals. New Zealand has eliminated virtually all of its 
agricultural subsidies.

At the same time, governments could phase in 
environmentally beneficial subsidies and tax breaks 
for pollution prevention (Concept 1-4, p. 16), 
ecocities (pp. 588 and 606), sustainable for-
estry (Figure 10-19, p. 231), sustainable agriculture 
(Figure 12-31, p. 307), sustainable water use (Fig-
ure 13-23, p. 337), energy conservation and renew-
able energy use (Figure 16-33, p. 432), and actions 
to slow climate change (Figure 19-13, p. 515) (Con-
cept 23-3B).

Making such subsidy shifts over 2 decades would 
encourage the rise of new environmentally beneficial 
businesses. It would also give current environmen-
tally harmful businesses enough time to transform 
themselves into profitable businesses that benefit the 
environment and their stockholders. This would be 
capitalism at its best, and some business leaders have 
increased their companies’ profits by applying sustain-
ability principles (Individuals Matter, p. 622).
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THINKING ABOUT
Subsidies

Do you favor phasing out environmentally harmful govern-
ment subsidies and tax breaks and phasing in environmen-
tally beneficial ones? Explain. What are three things you 
could you do to help bring this about? How might doing this 
affect your lifestyle?

We Can Tax Pollution and Wastes 
instead of Wages and Profits
Another way to discourage pollution and resource 
waste is to use green taxes, or ecotaxes, to help include 
many of the harmful environmental and health costs 
of production and consumption in market prices (Con-
cept 23-3B). Taxes can be levied on a per-unit basis on 
the amount of pollution and hazardous waste pro-
duced, and on the use of fossil fuels, nitrogen fertilizer, 

timber, minerals, and other resources. Figure 23-9 lists 
advantages and disadvantages of using green taxes.

HOW WOULD YOU VOTE?

Do the advantages of green taxes outweigh their disadvan-
tages? Cast your vote online at academic.cengage.com/
biology/miller.

To many analysts, the tax system in most countries 
is backward. It discourages what we want more of—jobs, 
income, and profit-driven innovation—and encourages
what we want less of—pollution, resource waste, and 
environmental degradation. A more environmentally 
sustainable economic and political system would lower
taxes on labor, income, and wealth and raise taxes on 
environmentally harmful activities that produce pollu-
tion, wastes, and environmental degradation.

With such a tax shift, a tax on coal, for example, 
would cover the health costs of breathing polluted air 

INDIVIDUALS MATTER

Ray Anderson

was introduced, this new product line was 
the company’s top-selling design. Buyers like 
it because it seems to bring nature indoors. 
Similar product lines based on the diversity 
principle now make up 52% of the com-
pany’s sales.

With this product line, the company has 
also applied nature’s no-waste sustainability 
principle. The tiles are made from recycled 
fibers, and because they do not have to look 
alike and can be taken out of a box and laid 
down randomly, there is no need for large 
orders of one style, some of which are usually 
wasted. And the tile factory runs partly on so-
lar energy, thus applying another of nature’s 
sustainability principles.

To achieve the goal of zero waste, Inter-
face plans to stop selling carpet and to lease 
it. The company will install, clean, and inspect 
the carpet on a monthly basis, repair or re-
place worn carpet tiles overnight, and recycle 
worn-out tiles into new carpeting.

Anderson is one of a growing number of 
business leaders committed to finding more 
economically and ecologically sustainable, yet 
profitable, ways to do business. Sales have 
increased to $1 billion, making Interface the 
world’s largest seller of carpet tiles, and prof-
its have tripled.

Anderson has created a new consulting 
group as part of Interface to help other busi-
nesses start on the path to sustainability. One 
of his clients is Wal-Mart.

ay Anderson (Figure 23-A) is CEO 
of Interface, a company based in 

Atlanta, Georgia (USA). The company is the 
world’s largest commercial manufacturer of 
carpet tiles, with 26 factories in six countries, 
customers in 110 countries, and more than 
$1 billion in annual sales.

Anderson changed the way he viewed 
the world—and his business—after read-
ing Paul Hawken’s book The Ecology of 
Commerce. In 1994, he announced plans 
to develop the nation’s first totally sus-
tainable green corporation by ap-
plying some of the four principles
of sustainability to the carpet 
business.

Since then, he has implemented hundreds 
of projects with goals of producing zero 
waste, greatly reducing energy use, reducing 
fossil fuel use, relying on solar energy, and 
copying nature. Between 1996 and 2006, 
his company cut water usage by 73%, re-
duced solid waste by 63%, cut greenhouse 
gas emissions by 56%, and lowered energy 
use by 28%. These efforts have eliminated 
$316 million in waste. Interface has also 
invented a variety of recyclable and com-
postable carpet fabrics that have diverted 
enough carpet from landfills to carpet New 
York City’s Empire State Building 45 times. 
One of Interface’s factories in California 
runs on solar cells and produced the world’s 
first solar-made carpet. And one of its 

R

factories near Atlanta, Georgia, gets 20% 
of its energy by burning recovered natural 
gas (methane) piped in from a municipal 
landfill.

Ray Anderson sent his carpet design team 
into the forest and told them to learn how 
nature would design floor covering. What 
the team discovered is nature’s biodiversity 
sustainability principle. They observed that 
there were no regular repeating patterns on 
the forest floor. Instead of order, there was 
diversity and chaos.

They came back and created a line 
of carpet tiles, no two of which had the 
same design. Within 18 months after it 

Figure 23-A Ray Anderson.
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and costs of damage from acid deposition (p. 479). 
Then taxes on wages and wealth could be reduced by 
an equal amount. Some 2,500 economists, including 
eight Nobel Prize winners in economics, have endorsed 
this tax shifting concept.

Proponents point out three requirements for suc-
cessful implementation of green taxes. First, green 
taxes would have to be phased in over 10–20 years to 
allow businesses to plan for the future. Second, income, 
payroll, or other taxes would have to be reduced or re-
placed so that there is no net increase in taxes. Third, 
the poor and middle class would need a safety net to 
reduce the regressive nature of any new taxes on es-
sentials such as fuel and food.

In Europe and the United States, polls indicate that, 
once such tax shifting is explained to voters, 70% of 
them support the idea. The U.S. Congress has not en-
acted green taxes, mostly because politically power-
ful auto, oil, coal, and other industries claim that such 
taxes will reduce their competitiveness and harm the 
economy. In addition, most voters have been condi-
tioned to oppose any new taxes and have not been ed-
ucated about the economic and environmental benefits 
of tax-shift proposals.

Meanwhile, 15 European countries have green taxes 
on activities such as waste disposal, air and water pollu-
tion, CO2 emissions, energy consumption, and vehicles 
entering congested cities. In Europe, green taxes ac-
count for more than 7% of total tax revenues.

Germany’s green tax on fossil fuels, introduced in 
1999, has reduced pollution and greenhouse gas emis-

sions, created up to 250,000 new jobs, 
lowered taxes on wages, and greatly in-
creased dependence on renewable energy 
resources such as wind farms and solar 
cells. Between 2001 and 2006, Sweden 
shifted about $2 billion from income 
taxes to taxes on environmentally harm-
ful activities. Some countries are taxing 
automobile ownership to help reduce the 
car’s environmental impact, to promote 
the shift to more energy-efficient vehi-
cles and mass transit, and to help reduce 
congestion in cities. In Denmark, the tax 
on a new car is greater than the price of 
the car.

Several European countries have found that green 
taxes can increase economic competitiveness by stim-
ulating companies to come up with environmentally 
beneficial technologies such as improved wind turbines 
and solar cells. These companies can then sell their 
products in the global marketplace, as well as in their 
own countries.

HOW WOULD YOU VOTE?

Do you favor shifting taxes from wages and profits to pollu-
tion and waste? Cast your vote online at academic.cengage
.com/biology/miller.

Environmental Laws and 
Regulations Can Discourage 
or Encourage Innovation
Regulation is a form of government intervention in 
the marketplace that is widely used to help control 
or prevent pollution and reduce resource waste and 
en vironmental degradation. It involves enacting and 
enforcing laws that set pollution standards, regulate 
harmful activities such as the release of toxic chemicals 
into the environment, and protect certain irreplace-
able or slowly replenished resources such as forests 
from unsustainable use.

So far, most environmental regulation in the 
United States and many other developed countries 
has involved passing laws that are enforced through a 

Figure 23-9 Advantages and disadvantages of 
using green taxes to help reduce pollution and 
resource waste (Concept 23-3B). Question: Which 
single advantage and which single disadvantage do 
you think are the most important? Why?

Low-income groups are 
penalized unless safety nets 
are provided

Hard to determine optimal 
level for taxes and fees

Governments may use 
money as general revenue 
instead of improving 
environmental quality and 
reducing taxes on income, 
payroll, and profits

Help bring about full-cost 
pricing

Encourage businesses to 
develop environmentally 
beneficial technologies and 
goods to save money

Easily administered by 
existing tax agencies

Fairly easy to detect cheaters

Advantages Disadvantages

T R A D E - O F F S
Environmental Taxes and Fees
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command and control approach. Critics say that this ap-
proach can unnecessarily increase costs and discourage 
innovation. They argue that many of these regulations 
concentrate on cleanup instead of prevention, set com-
pliance deadlines that are too short to allow companies 
to find innovative solutions, or require use of specific 
technologies where less costly but equally effective al-
ternatives are available.

A different approach, favored by many economists 
and environmental and business leaders, is to use incen-
tive-based regulations. Rather than requiring all compa-
nies to follow the same fixed procedures, this approach 
uses the economic forces of the marketplace to encour-
age businesses to be innovative in reducing pollution 
and resource waste. Experience in several European 
nations shows that innovation-friendly regulation sets 
goals, frees industries to meet them in any way that 
works, and allows enough time for innovation. This 
can motivate companies to develop green products and 
industrial processes that create jobs, increase company 
profits, and make the companies more competitive in 
national and international markets.

For years, many companies mostly resisted envi-
ronmental regulation and developed an adversarial re-
lationship with government regulators. But in recent 
years, a growing number of companies have realized 
the economic and competitive advantages of making 
environmental improvements. They now recognize 
that their shareholder value depends in part on having 
a good environmental record. In other words, environ-
mental stewardship and sustainability can be good for 
business (Individuals Matter, p. 622). They also realize 

that if they do not produce a waste or pollutant, they 
do not have to spend money on managing it and filling 
out government reports, and they cannot be sued for 
any harm that their outputs may cause. At the same 
time, many consumers have begun buying green prod-
ucts, which further reinforces this trend.

We Can Use the Marketplace 
to Reduce Pollution and Resource 
Waste
In one incentive-based regulation system, the govern-
ment decides on acceptable levels of total pollution or 
resource use, sets limits, or caps, to maintain these lev-
els, and gives companies a certain number of tradable 
pollution permits or resource-use permits governed by 
the caps.

With this cap-and-trade approach, a permit holder 
not using its entire allocation can save credits for future 
expansion, use them in other parts of its operation, or 
sell them to other companies. In the United States, this 
approach has been used to reduce the emissions of sul-
fur dioxide (p. 490) and several other air pollutants. 
Tradable rights can also be established among coun-
tries to help preserve biodiversity and reduce emissions 
of greenhouse gases and other regional and global 
pollutants.

Figure 23-10 lists the advantages and disadvantages 
of using tradable pollution and resource-use permits. 
The effectiveness of such programs depends on how 
high or low the initial cap is set and on the rate at which 
the cap is reduced to encourage further innovation.

HOW WOULD YOU VOTE?

Do the advantages of using tradable permits to reduce pol-
lution and resource waste outweigh the disadvantages? 
Cast your vote online at academic.cengage.com/biology/
miller.

We Can Reduce Pollution and 
Resource Waste by Selling 
Services instead of Things
In the mid-1980s, German chemist Michael Braungart 
and Swiss industry analyst Walter Stahel independently 
proposed a new economic model that would provide 
profits while greatly reducing resource use and waste 
for a number of goods. Their idea for more sustainable 
economies focuses on shifting from the current material-
flow economy (Figure 23-4) to a service-flow economy. In-
stead of buying most goods outright, customers eco-lease, 
or rent the services that such goods provide. In a service-
flow economy, a manufacturer makes more money if its 
product uses the minimum amount of materials, lasts as 
long as possible, produces as little pollution (including 

Figure 23-10 Advantages and disadvantages of using tradable pollution and resource-
use permits to reduce pollution and resource waste. Question: Which two advantages 
and which two disadvantages do you think are the most important? Why?

Big polluters and resource 
wasters can buy their way out

May not reduce pollution at 
dirtiest plants

Can exclude small companies 
from buying permits

Caps can be too high and not 
regularly reduced to promote 
progress

Self-monitoring of emissions 
can promote cheating

Flexible

Easy to administer

Encourage pollution 
prevention and waste 
reduction

Permit prices determined by 
market transactions

Confront ethical problem of 
how much pollution or 
resource waste is acceptable

Advantages Disadvantages

T R A D E - O F F S
Tradable Environmental Permits



CONCEPT 23-4 625

The Gap between the Rich and the 
Poor Is Getting Wider
Poverty is defined as the inability to meet basic eco-
nomic needs. According to the World Bank and the 
United Nations, 1.1 billion people—almost four times 
the entire U.S. population—struggle to survive on an 
income equivalent to less than $1 a day. And about half 
of the world’s people try to live on a daily income of less 
than $2 (Figure 23-11).

Poverty has numerous harmful health and environ-
mental effects (Figure 1-13, p. 18, and Figure 17-18, 
p. 461) and has been identified as one of the five ma-
jor causes of the environmental problems we face (Fig-
ure 1-12, p. 18). Reducing poverty benefits individu-
als, economies, and the environment and helps to slow 
population growth (Concept 23-4).

Most neoclassical economists believe that a growing 
economy can help the poor by creating more jobs and 
providing greater tax revenues, which can be used to 
help the poor to help themselves. Economists call this 
the trickle-down effect. However, since 1960, most of the 
benefits of global economic growth, as measured by 
income, have been flooding up to the rich, rather than 
trickling down to workers at the bottom fifth of the 
economic ladder. Since 1980, this wealth gap between 
the rich and the poor has grown. In 2006, the world’s 
three richest people had a combined wealth greater 
than that of the world’s 48 poorest countries.

23-4 How Can Reducing Poverty Help Us 
Deal with Environmental Problems?

CONCEPT 23-4 Reducing poverty can help us to reduce population growth, 
resource use, and environmental degradation.

▲

greenhouse gases) as possible in its production and use, 
and is easy to maintain, repair, reuse, or recycle.

Such an economic shift based on eco-leasing is un-
der way in some businesses. Since 1992, Xerox has been 
leasing most of its copy machines as part of its mission 
to provide document services instead of selling photocopi-
ers. When a customer’s service contract expires, Xerox 
takes the machine back for reuse or remanufacture. It 
has a goal of sending no material to landfills or incin-
erators. To save money, machines are designed to have 
few parts, be energy efficient, and emit as little noise, 
heat, ozone, and chemical waste as possible. Canon in 
Japan and Fiat in Italy are taking similar measures.

In Europe, Carrier has begun shifting from selling 
heating and air conditioning equipment to providing 
customers with the indoor temperatures they want. It 
makes higher profits by installing energy-efficient heat-

ing and air conditioning equipment that lasts as long 
as possible and is easily rebuilt or recycled. Carrier also 
makes money helping clients to save energy by adding 
insulation, eliminating heat losses, and boosting energy 
efficiency in offices and homes.

Ray Anderson, CEO of a large carpet and tile com-
pany, plans to lease rather than sell carpet (Individu-
als Matter, p. 622). This will reduce his company’s 
resource use and harmful environmental impacts and 
will likely increase profits for stockholders.

THINKING ABOUT
Selling Services

Do you favor a shift from selling goods to selling the services 
that the goods provide? List three services that you would be 
willing to lease.

Figure 23-11 Poor family members struggling to live in Mumbai (formerly known as 
Bombay), India, on the edge of a thriving urban setting.
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South African President Thabo Mbeki told del-
egates at the 2003 Johannesburg World Summit on 
Sustainable Development, “A global human society 
based on poverty for many and prosperity for a few, 
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threat to the world’s environmental and economic 
security.

• Make large investments in small-scale infrastruc-
ture such as solar-cell power facilities in villages 
(Figure 16-18, p. 415) and sustainable agriculture 
projects; such investments could allow developing 
nations to leapfrog over the conventional develop-
ment path to more eco-efficient economies.

• Encourage lending agencies to make small loans 
to poor people who want to increase their income 
(see the following Case Study).

Some hopeful news is that in 2007, the World Bank 
reported that all regions of the developing world, with 
the notable exception of sub-Saharan Africa, were on 
track to cut their numbers of people living in poverty 
in half by 2015.

 ■ CASE STUDY

Making Microloans to the Poor
Most of the world’s poor want to earn more, become 
more self-reliant, and have a better life. But they have 
no credit record and lack the assets needed for collateral 
to secure a loan to buy seeds and fertilizer for farming 
or tools and materials for a small business.

For almost 3 decades, an innovation, called micro-
lending or microfinance, has helped large numbers of 
people to deal with this problem. For example, since 
economist Muhammad Yunus started it in 1983, the 
Grameen (Village) Bank in Bangladesh has provided 
microloans ranging from $50 to $500 to more than 6.6 
million Bangladeshi villagers. About 97% of the loans 
are used by women to plant crops, buy cows, or start 
their own small businesses as seamstresses, weavers, 
bookbinders, vendors, and phone service providers. 
This has empowered women in a male-dominated soci-
ety and helped to reduce poverty.

To stimulate repayment and provide support, the 
Grameen Bank organizes microborrowers into five-
member “solidarity” groups. If one member of the group 
misses a weekly payment or defaults on the loan, the 
other members of the group must make the payments.

The Grameen Bank’s microlending has been suc-
cessful and profitable. The repayment rate on these mi-
croloans is an astounding 95% compared to 45–50% for 
loans made by traditional banks in Bangladesh. About 
half of Grameen’s borrowers move above the poverty 
line within 5 years, and domestic violence, divorce, and 
birth rates are lower among most borrowers. These mi-
croloans have helped more than 5 million borrowers to 
work their way out of poverty by empowering them 
and giving them a sense of dignity and hope.

Grameen Bank microloans are also being used to 
develop daycare centers, health care clinics, refores-
tation projects, drinking water supply projects, liter-

characterized by islands of wealth, surrounded by a sea 
of poverty, is unsustainable.”

We Can Reduce Poverty
Some nations have climbed out of abject poverty in a 
short time. For example, South Korea and Singapore 
made the journey from being poor developing nations 
to achieving world-class industrial status in only 2 de-
cades by focusing on education, hard work, and disci-
pline, all of which attracted investment capital. China 
and India are on a similar path. Between 1981 and 
2004, the estimated number of people living in ab-
solute poverty in China dropped from 648 million to 
200 million.

Analysts point out that reducing poverty will re-
quire that the governments of most developing coun-
tries make policy changes. For one, they will have to 
emphasize education to develop a trained workforce 
that can participate in an increasingly global economy.

Currently, developing countries pay an average of 
about $571,000 a minute in interest on their debt to 
developed countries. Analysts have suggested that de-
veloped countries and international lending agencies 
forgive all of this debt for the poorest, most heavily 
indebted countries, on the condition that the money 
saved on debt interest be devoted to meeting basic 
human needs. In 2005, the heads of the eight major 
industrial countries agreed to cancel the debts of 18 of 
the poorest debt-ridden countries (14 of them in Africa 
and 4 in Latin America).

Governments, businesses, international lending 
agencies, and wealthy individuals in developed coun-
tries could also:

• Mount a massive global effort to combat malnutri-
tion and the infectious diseases that kill millions of 
people prematurely (Figure 17-6, p. 442, and Fig-
ure 17-10, p. 447).

• Provide universal primary school education and 
eradicate illiteracy for nearly 800 million of the 
world’s adults. According to Nobel Prize–winning 
economist Amartya Sen, “Illiteracy and innu-
meracy are a greater threat to humanity than 
terrorism.” These problems can foster terrorism 
and strife within countries by creating large num-
bers of unemployed individuals who have little 
hope.

• Stabilize population growth in developing countries 
as soon as possible, mostly by investing in fam-
ily planning, reducing poverty, and elevating the 
social and economic status of women.

• Sharply reduce the total and per capita ecologi-
cal footprints of developed countries and rapidly 
developing countries such as China and India (Fig-
ure 1-10, p. 15); these growing footprints pose a 
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We Can Achieve the World’s 
Millennium Development Goals
In 2000, the nations of the world set goals—called 
Millennium Development Goals—for sharply reducing 
hunger and poverty, improving health care, achieving 
universal primary education, empowering women, and 
moving toward environmental sustainability by 2015. 
Developed countries agreed to devote 0.7% of their an-
nual national income toward achieving the goals.

However, the average amount donated in most 
years has been 0.25% of national income. The United 
States—the world’s richest country—gives only 0.16% 
of its national income to help poor countries. Meet-
ing the minimum development goals by increasing aid 
to 0.7% is an ethical decision that requires developed 
countries and individuals to reevaluate their priorities 
(Figure 23-12).

acy programs, group insurance programs, and small-
scale solar and wind power systems in rural villages. 
Grameen’s model has inspired the development of 
microcredit projects that have helped some 50 million 
people in more than 58 countries, and the numbers are 
growing rapidly. In 2006, Citibank and TIAA-CREF (a 
giant academic pension investment fund) each com-
mitted $100 million to microloans.

In 2006, Muhammad Yunus and his Grameen Bank 
jointly won the Nobel Peace Prize for their pioneering 
use of microcredit to assist millions of people in lifting 
themselves out of poverty.

THINKING ABOUT
Microloans

Why do you think microlending works so well? What might 
be some of its limitations?

$19 billion

$8 billion

$8 billion

$8 billion

U.S. pet foods

U.S. EPA

U.S. foreign aid

U.S. cosmetics

$22 billionU.S. potato chips
and similar snacks

World military $1.2 trillion

Expenditures per year (2006)

$560 billion
(including Iraq)

U.S. military

U.S. highways $29 billion

$245 billion

Expenditures per year needed to

Total Earth Restoration and Social Budget

Provide basic
health care for all $33 billion

$37 billionProvide clean drinking water
and sewage treatment for all

Protect biodiversity $31 billion

Protect topsoil on cropland $24 billion

Provide universal
primary education and

eliminate illiteracy
$14 billion

Restore fisheries $13 billion

Deal with global HIV/AIDS $10 billion

Stabilize water tables $10 billion

$8 billion

$6 billion

Protect tropical forests

Reforest the earth

Restore rangelands $9 billion

Eliminate hunger
and malnutrition $48 billion

Figure 23-12 What should our priorities be? 
Question: Which item in the top part of the 
figure would you cash in to pay for solving 
some of the problems listed in the lower part 
of the figure? (Data from United Nations, 
World Health Organization, U.S. Department 
of Commerce, and U.S. Office of Management 
and Budget, World Bank, Earth Policy Institute)
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23-5 How Can We Make the Transition to More 
Environmentally Sustainable Economies?

CONCEPT 23-5 We can use the four principles of sustainability and various 
economic and environmental strategies to develop more environmentally 
sustainable economies.

▲

We Can Shift from High-
Throughput to Matter Recycling 
and Reuse Economies
What happens if more people continue to use and 
waste more energy and matter resources at an increas-
ing rate in today’s high-throughput economies (Fig-
ure 23-4)? The law of conservation of matter (p. 40) 
and the two laws of thermodynamics (pp. 42–43) tell 
us that eventually, this resource consumption will ex-
ceed the capacity of the environment to provide suffi-
cient renewable resources, to dilute and degrade waste 
matter, and to absorb waste heat.

A temporary solution to this problem is to con-
vert our linear high-throughput economies into circu-
lar matter recycling and reuse economies, which 
mimic nature by recycling and reusing most matter 
outputs instead of dumping them into the en-
vironment. This involves applying the recy-
cling principle of sustainability.

Although changing to a matter recycling and re-
use economy would buy some time, it would not al-
low ever more people to use ever more resources 
indefinitely, even if all matter resources were somehow 
perfectly recycled and reused. The two laws of ther-
modynamics tell us that recycling and reusing matter 
resources will always require using high-quality en-
ergy (which cannot be recycled) and will always add 
waste heat and various pollutants to the environment 
(Figure 14-15, p. 356). In the long run, this is not 
sustainable.

We Can Put More Emphasis 
on Localizing Economic 
Production
For several decades, the push has been to globalize eco-
nomic production, often at the expense of local jobs and 
economies. What will happen if declining oil produc-
tion leads to sharper increases in oil prices in a world 
where most countries are addicted to oil? We may no 
longer be able to afford shipping food, bottled water, 
and other goods thousands of kilometers from produc-
ers to consumers who might no longer be able to afford 
such goods because of their much higher prices.

This could lead to a shift back to more localized 
production of food and other resources and to greater 
reliance on a diversity of locally available renewable 
energy resources such as wind, solar energy, hydro-
power (including microhydropower), and geothermal 
energy. This would have a number of benefits includ-
ing: a more stable source of jobs and income from the 
sale of locally produced food and other goods and ser-
vices; more profits circulating within each community 
instead of flowing to external centers of wealth; re-
duced use of transportation fuel and the accompany-
ing emissions of greenhouse gases and other pollutants; 
and reduced dependence on a global economic system 
that could become increasingly unstable and unsustain-
able, largely because of rising energy costs. This shift 
would increase local environmental and economic sus-
tainability. At the same time, businesses that depend on 
selling goods and services in the global economy would 

The estimated $245 billion annual budget that 
would be needed for providing global health and en-
vironmental security is less than half of the current 
annual U.S. military budget and about one-fifth of the 
world’s annual military budget. National and global mil-
itary and economic security depend on environmental 
security. Thus, to proponents of this plan, spending 
$245 billion a year on environmental security is not 
only a bargain, it is essential for sustaining civilization 
as we know it.

As environmental expert Lester R. Brown puts it, 
“It is decision time. Like earlier civilizations that got 
into environmental trouble, we can decide to stay with 

business as usual and watch our modern economy de-
cline and eventually collapse, or we can consciously 
move onto a new path, one that will sustain economic 
progress.” (See Supplement 5, p. S31, for stories of past 
civilizations referred to by Brown.)

THINKING ABOUT
The Millennium Development Goals

Do you think the country where you live should devote 0.7% 
of its annual national income toward achieving the Millen-
nium Development goals? Explain.
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likely decline, as capitalistic economic systems respond 
to changing economic conditions.

We Can Use Lessons from Nature 
to Shift to More Sustainable 
Economies
In this chapter, we have seen a sharp contrast between 
the beliefs of neoclassical economists and ecological 
economists (Core Case Study). In 2001, envi-
ronmental scientist Donella Meadows con-
trasted these two views as follows:

• The first commandment of economics is: Grow. Grow 
forever. . . . The first commandment of the Earth is: 
Enough. Just so much and no more.

• Economics says: Compete. . . . The Earth says: Com-
pete, yes, but keep your competition in bounds. Don’t 
annihilate. Take only what you need. Leave your 
competitor enough to live. Wherever possible, don’t 
compete, cooperate.

• Economics says: Use it up fast. Don’t bother with re-
pair; the sooner something wears out, the sooner you’ll 
buy another. This makes the gross national product 
go round . . . Throw things out when you get tired of 
them. . . . Get the oil out of the ground and burn it 
now. . . . The Earth says: What’s the hurry? . . . When 
something wears out, don’t discard it, turn it into food 
for something else.

• Economics discounts the future [p. 616 ]. . . . Take your 
profits from a resource such as a forest now. The earth 
says: Nonsense. . . . Give to the future. . . . Never take 
more in your generation than you give back to the next.

• The economic rule is: Do whatever makes sense in 
monetary terms. The Earth says: Money measures 
nothing more than the relative power of some humans 

over other humans, and that power is puny com-
pared with the power of the climate, the oceans, the 
uncounted multitudes of one-celled organisms that 
created the atmosphere, that recycle the waste, and 
that have lasted for 3 billion years. The fact that the 
economy, which has lasted about 200 years, puts zero 
values on these things means that the economy knows 
nothing about value—or lasting.

The three scientific laws governing mat-
ter and energy changes and the four scientific 
principle of sustainability (see back cover) sug-
gest that the best long-term solution to our environ-
mental and resource problems is to shift from an econ-
omy based on high and increasing matter and energy 
flow (throughput, Figure 23-4) to a more sustainable 
low-throughput (low-waste) economy, as sum-
marized in Figure 23-13. In other words, we can live 
more sustainably by using and wasting less matter and 
energy, reusing, recycling, or composting most matter 
resources, and controlling human population growth.

 Compare how energy is used in high- and low-
throughput economies at CengageNow.

We Can Make Money and Create 
Jobs by Shifting to an Eco-Economy
Figure 23-14 (p. 630) summarizes suggestions by Paul 
Hawken, Lester R. Brown, and other environmen-
tal and business leaders for using the economic tools 
discussed in this chapter to make the transition to 
more environmentally sustainable economies over the 
next several decades. Such strategies would 
apply the four scientific principles of sustain-
ability (see back cover). Hawken has a simple 

High-quality energy

High-quality matter

System 
throughputs

Outputs 
(into environment)

Low-quality
energy (heat)

Pollution
control

Waste and
pollution

Low-waste 
economy

Inputs 
(from environment)

Waste and
pollution

prevention

Recycle and
reuse

Energy
conservation

 Active Figure 23-13 Solutions: lessons from nature. A low-throughput economy, based 
on energy flow and matter recycling, works with nature to reduce the throughput and unnecessary waste of 
matter and energy resources (items shown in green). This is done by (1) reusing and recycling most nonrenew-
able matter resources, (2) using renewable resources no faster than they are replenished, (3) reducing resource 
waste by using matter and energy resources efficiently, (4) reducing unnecessary and environmentally harmful 
forms of consumption, (5) emphasizing pollution prevention and waste reduction, and (6) controlling popula-
tion growth to reduce the number of matter and energy consumers. See an animation based on this figure 
at CengageNOW. Question: What are three ways in which your community could operate more like a low-
throughput economy?
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golden rule for such an economy: ”Leave the world bet-
ter than you found it, take no more than you need, try not to 
harm life or the environment, and make amends if you do.”

In making the shift to eco-economies, some indus-
tries and businesses will disappear or remake them-
selves, and new ones will appear—a normal process in 
a dynamic capitalist economy. Improving environmen-
tal quality and striving for environmental sustainability 
is now a major growth industry that is creating profits 
and large numbers of new jobs.

An increasing number of economists and business 
leaders say that making the shift to an eco-economy 
could be the greatest investment opportunity of this 

century. According to Worldwatch Institute estimates, 
sales in global environmental industries average about 
$1.3 million per minute—on a par with the global car 
industry. Green businesses employ more than 11 mil-
lion people—2 million in the United States. And these 
numbers are growing rapidly as companies are scram-
bling to provide more environmentally friendly goods 
and services.

In 2004, Goldman Sachs, one of the world’s larg-
est global investment banks, found that in the previous 
2 years, the stock values of companies considered to be 
sustainability leaders outperformed the general stock 
market by 25%. And they beat their more conventional 
peer companies in the same market sector by 75%. In 
other words, investing in sustainability can be profit-
able. Figure 23-15 might give you some ideas for a green 
career choice in the rapidly emerging eco-economy. 
Also, see the companion website for this book for more 
information about these career options.

Environmentally
Sustainable
Economy
(Eco-Economy)

Cut resource use and waste by reducing, reusing, and 
recycling

Improve energy efficiency

Rely more on renewable solar and geothermal energy

Shift from a nonrenewable carbon-based (fossil fuel) 
economy to a non-carbon renewable energy economy

Mimic nature

Preserve biodiversity

Repair ecological damage

Stabilize human population

Resource Use and Pollution

Ecology and Population

Reward (subsidize) environmentally sustainable 
economic development

Penalize (tax and do not subsidize)   
environmentally harmful economic growth

Shift taxes from wages and profits to pollution and 
waste

Use full-cost pricing

Sell more services instead of more things

Do not deplete or degrade natural capital

Live off income from natural capital

Reduce poverty

Use environmental indicators to measure progress

Certify sustainable practices and products

Use eco-labels on products 

Economics

Aquaculture

Biodiversity 
protection

Biofuels

Climate change 
research

Conservation 
biology

Eco-industrial 
design

Ecotourism 
management

Energy efficient 
product design

Environmental 
chemistry

Environmental  
(green) design

Environmental 
economics

Environmental 
education

Environmental 
engineering

Environmental 
health

Environmental law

Environmental 
nanotechnology

Fuel cell technology

Geographic 
information systems 
(GIS)

Geothermal geologist

Hydrogen energy

Marine science

Pollution prevention

Reconciliation ecology

Selling services in 
place of products

Solar cell technology

Sustainable 
agriculture

Sustainable forestry

Waste reduction

Watershed 
 hydrologist

Water conservation

Wind energy

Environmentally Sustainable Businesses and Careers

Figure 23-14 Solutions: principles for shifting to more environmentally sustainable 
economies, or eco-economies, during this century. Question: Which five of these 
solutions do you think are the most important?

Figure 23-15 Green careers: some key environmentally sustain-
able, or eco-friendly, businesses and careers. These businesses are 
expected to flourish during this century, while environmentally 
harmful, or sunset, businesses are expected to decline. See the 
website for this book for more information on some of these 
environmental careers.
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Making the shift to more sustainable economies 
will require governments and industries to greatly in-
crease their spending on research and development—
especially in environmental, energy-efficiency, and 
renewable-energy areas—and on science and engi-
neering education. Also, analysts urge major corpora-
tions to play a much greater role in shifting to an eco-
economy by becoming more socially and ecologically 
responsible, for both ethical and economic reasons. 
In 2006, Erik Assadourian, a researcher at the World-
watch Institute, warned that “either corporations be-
come more sustainable and responsible or the quality 
of life on Earth—and corporations’ bottom lines—will 
inevitably decline.”

In 2004, General Electric (GE), the world’s ninth 
largest corporation, launched its “ecoimagination plan,” 
which commits the company to greatly increasing its 
investments in green technology research. By 2010, 

General Electric hopes to generate $20 billion a year in 
revenues from its new ecoimagination products.

Educational institutions around the world can also 
play a key role in making the transition to more sus-
tainable economies serviced by more responsible corpo-
rations. They can do this by giving all students a basic 
environmental education and by developing business 
schools that integrate sustainable business planning 
and management into their curricula. 

In the United States, there are two recently estab-
lished business schools—Bainbridge Graduate Institute 
(Bainbridge Island, Washington) and Presidio World 
College—dedicated to teaching sustainable business. 
These and the business schools at Stanford and Harvard 
Universities emphasize business and environmental 
sustainability and social responsibility. Graduates from 
these business schools talk about the triple bottom line: 
people, planet, and profit.

The challenge for our generation is to build a new economy, 
one that is powered largely by renewable sources of energy, 

that has a highly diversified transport system, 
and that reuses and recycles everything. 
And to do it with unprecedented speed.

LESTER R. BROWN

Economic Growth and Sustainability

The core case study that opens this chapter discusses the long-
standing debate over economic growth as a primary economic 
goal, versus sustainable economic development, which discour-
ages environmentally harmful forms of economic growth and 
encourages environmentally sustainable forms of economic 
development.

Shifting to eco-economies by applying the four scientific
principles of sustainability and using the strategies listed in 
Figure 23-14 over the next several decades will result in a new re-
duce-reuse-recycle economy (Figure 23-13) powered by a diversity 
of solar and other renewable energy resources. It will also have a 
diverse transportation system that relies more on rail, buses, and 
bicycles and less on cars. And slowing population growth will 

reduce the consumption of environmentally harmful goods and 
services.

According to environmental and ecological economists, a 
key to accomplishing this goal is to create an honest marketplace 
based on full-cost pricing that helps consumers to make informed 
choices. Making this shift will require bold leadership by business 
leaders and elected officials and bottom-up political pressure from 
informed and concerned citizens. People will also vote with their 
wallets by refusing to buy environmentally harmful goods and 
services and by supporting environmentally beneficial businesses. 
Forward-looking investors, corporate executives, and political 
leaders are recognizing that sustainability is good for the environ-
ment and the economy.

R E V I S I T I N G

REVIEW

 1. Review the Key Questions and Concepts for this chap-
ter on p. 612. Describe the disagreements among some 
economists over economic growth versus economic de-
velopment (Core Case Study). Explain why the 
sustainability revolution is also an economic 
revolution.

 2. What is an economic system? Distinguish among natu-
ral capital, human capital (human resources), and 
manufactured capital (manufactured resources). De-

scribe the interactions among demand, supply, and mar-
ket prices in a market economic system. Explain why and 
how governments intervene in market economic systems. 
What is a high-throughput economy?

 3. Compare how neoclassical economists and ecological and 
environmental economists view economic systems. List 
eight strategies that ecological and economic economists 
would use to make the transition to more sustainable 
eco-economies.
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 4. Describe ways in which economists can estimate the eco-
nomic values of natural goods and services. Why are such 
values not included in the market prices of goods and ser-
vices? Define discount rate and discuss the controversy 
over how to assign such rates.

 5. Describe how economists can estimate the optimal 
levels for pollution control and resource use. Define 
cost-benefit analysis and discuss its advantages and 
limitations.

 6. Why do products and services cost more than most people 
think? What is the genuine progress indicator and how does 
it differ from the gross domestic product economic indica-
tor? What is full-cost pricing and what are some benefits of 
using it to determine the market values of goods and ser-
vices? Give three reasons why it is not widely used. What 
are the advantages of providing consumers with eco-labels 
on the goods and services they buy?

 7. Describe the benefits of shifting from environmentally 
unsustainable to more environmentally sustainable gov-
ernment subsidies and tax breaks. Describe the proposal 
to tax pollution and wastes instead of wages and profits. 
What are the major advantages and disadvantages of us-
ing green taxes? What are three requirements for imple-
menting green taxes? Distinguish between command-

and-control and incentive-based government regulations, 
and describe the advantages of the second approach. 
What is the cap-and-trade approach to implementing 
environmental regulation, and what are the major advan-
tages and disadvantages of this approach?

 8. What are some environmental benefits of selling services 
instead of goods? Give two examples of this approach. 
Describe Ray Anderson’s progress in developing a more 
environmentally sustainable carpet business.

 9. What is poverty and how is it related to population 
growth and environmental degradation? List three ways 
in which governments can help to reduce poverty. What 
are the advantages of making microloans to the poor?

 10. What is a matter recycling and reuse economy? What 
is a low-throughput (low-waste) economy? List six 
ways to shift to more environmentally sustainable econo-
mies. Name five new businesses and careers that would 
be important in such eco-economies. Describe connec-
tions between more environmentally sustainable 
economies (Core Case Study) and the four 
scientific principles of sustainability.

Note: Key Terms are in bold type.

Note: See Supplement 13 (p. S78) for a list of Projects related to this chapter.

CRITICAL THINKING

 1. Should we attempt to maximize economic growth 
(Core Case Study) by producing and consuming 
more and more economic goods and services? 
Explain. What are the alternatives?

 2. According to one definition, sustainable economic develop-
ment involves meeting the needs of the present human 
generation without compromising the ability of future 
generations to meet their needs. What do you believe 
are the needs referred to in this definition? Compare this 
definition with the characteristics of a low-throughput 
economy described in Figure  23-13.

 3. Is environmental regulation bad for the economy? Ex-
plain. Describe harmful and beneficial forms of environ-
mental regulation. Imagine that you work for a regulatory 
agency, and outline an innovation-friendly regulation for 
a business of your choice (such as a coal mining company, 
a paper mill, or a factory).

 4. Do you believe we have an ethical responsibility to leave 
the earth’s natural systems in as good a shape as they are 
now or better? Explain. How is meeting this responsibility 
related to the discount factor (p. 616)?

 5. Suppose that over the next 20 years, the environmental 
and health costs of goods and services are internalized un-
til their market prices more closely reflect their total costs. 
What harmful effects and what beneficial effects might 
such full-cost pricing have on your lifestyle?

 6. Explain why you agree or disagree with the propos-
als that various analysts have made for sharply reduc-
ing poverty, as discussed on pages 625–626. Which 
two of these proposals do you believe are the most 
important?

 7. Are you for or against shifting to a service-flow economy
based on eco-leasing many services in the country and 
community where you live? Explain. Do you believe it 
will be possible to shift to such an economy over the next 
2–3 decades? Explain. What are the three most important 
strategies for doing this?

 8. Explain why you agree or disagree with each of the major 
principles for shifting to a more environmentally sustain-
able economy listed in Figure 23-14. Which three of these 
principles do you believe are the most important?

 9. Congratulations! You are in charge of the world. List 
your five most important strategies for shifting to more 
environmentally sustainable economies over the next 50 
years.

 10. List two questions that you would like to have answered 
as a result of reading this chapter.
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DATA ANALYSIS

The figure below compares per capita gross domestic product 
(GDP) and per capita general progress indicator (GPI) in the 
United States. On the basis of the data in the figure, answer the 
questions that follow.

 1. What were the monetary differences between per capita 
GDP and per capita GPI in 1950 and in 2004?

 2. By what percentages did per capita GDP increase between 
1950 and 1980 and between 1980 and 2004? By what 

percentages did the per capita GPI increase between 1950 
and 1980 and between 1980 and 2004?

 3. What conclusion can you draw from your answers to 
questions 1 and 2?

LEARNING ONLINE

Log on to the Student Companion Site for this book at 
academic.cengage.com/biology/miller, and choose 
Chapter 23 for many study aids and ideas for further read-

ing and research. These include flash cards, practice quiz-
zing, Weblinks, information on Green Careers, and InfoTrac® 
College Edition articles.
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Now, more than 4 decades later, the Nashua River is 
still clean. Several new water treatment plants have been 
built, and a citizens’ group founded by Stoddart keeps watch 
on water quality. The river supports many kinds of fish and 
other wildlife, and its waters are used for canoeing and 
recreation.

This success story is testimony to what a committed individ-
ual can do to bring about change from the bottom up by getting 
people to work together. For her efforts, the U.N. Environment 
Programme named Stoddart an outstanding worldwide worker 
for the environment.

Politics is concerned with who has power over the distribu-
tion of resources—who gets what, and when and how they get 
it. Many people think of politics mostly as a process of big gov-
ernment, but what happens in their own communities is what 
directly affects and motivates most people, as illustrated by the 
story of Marion Stoddart’s efforts. In this chapter, we look more 
closely at how politics can help or hinder us in making the transi-
tion to a more sustainable world.

Rescuing a River

In the 1960s, Marion Stoddart (Figure 24-1) moved to Groton, 
Massachusetts, on the Nashua River, then considered one of the 
nation’s filthiest rivers. For decades, industries and towns along 
the river had used it as a dump. Dead fish bobbed on its waves, 
and at times the water was red, green, or blue from pigments 
discharged by industries.

Instead of assuming that nothing could be done, Stoddart 
committed herself to restoring the Nashua and establishing pub-
lic parklands along its banks. She started by creating a careful 
cleanup plan and approaching state officials with her ideas. They 
laughed, but she was not discouraged and began practicing the 
most time-honored skill of politics: one-on-one persuasion. She 
identified power brokers in the riverside communities and began 
to educate them, win them over, and gain their cooperation in 
cleaning up the river.

Stoddart then began working at higher levels of govern-
ment. She got the state to ban open dumping in the river. When 
federal matching funds promised for building a treatment plant 
failed to materialize, she gathered 13,000 signatures on a peti-
tion that was sent to President Richard 
Nixon. The funds arrived soon after.

Stoddart’s next success was getting 
a federal grant to beautify the river. She 
hired unemployed young people to clear 
away mounds of debris. When the cleanup 
was completed, she persuaded communi-
ties along the river to create a riverside 
park and woodlands along both banks.

Politics, Environment, 
and Sustainability24

Image not available due to copyright restrictions



Government Can Serve 
Environmental and Other Public 
Interests
Businesses and industries thrive on change and inno-
vations that lead to new technologies, products, and 
opportunities for profits. This process, often referred to 
as free enterprise, can lead to higher living standards for 
many people, but it can also create harmful impacts on 
other people and on the environment.

Government on the other hand, especially demo-
cratic government working in the interest of the public, 
can act as a brake on business enterprises that might 
result in harm to people or the environment. Achiev-
ing the right balance between free enterprise and gov-

ernment regulation is not easy. Too much government 
intervention can strangle business enterprise and in-
novation. Too little can lead to environmental degra-
dation and social injustices and even to a takeover of 
the government by business and global trade interests 
(Supplement 11, p. S74). Analysts point out that in 
today’s global economy, some multinational corpora-
tions, which often have budgets larger than the bud-
gets of many countries, have greatly increased their 
economic and political power over national, state, and 
local governments and ordinary citizens. 

However, businesses can also serve environmental 
and public interests. Green businesses create products 
and services that help to sustain or improve environ-
mental quality while improving people’s lives. They are 

Key Questions and Concepts

24-1 What is the role of government in making the 
transition to more sustainable societies?
CONCEPT 24-1  A government can help to protect 
environmental and public interests and encourage more 
environmentally sustainable economic development through its 
policies.

24-2 How is environmental policy made?
CONCEPT 24-2A  Policy making involves law making, program 
funding, rule writing, and enforcement of rules by agencies—a 
complex process that is affected at each stage by political 
processes.

CONCEPT 24-2B  Individuals can work with each other 
to become part of political processes that influence how 
environmental policies are made and whether or not they succeed. 
(Individuals matter.)

24-3 What is the role of environmental law in 
dealing with environmental problems?
CONCEPT 24-3  Environmental laws and regulations can be 
used to control pollution, set safety standards, encourage resource 
conservation, and protect species and ecosystems.

24-4 What are the major roles of environmental 
groups?
CONCEPT 24-4  Grassroots groups are growing and combining 
efforts with large environmental organizations in a global 
sustainability movement.

24-5 How can we improve global environmental 
security?
CONCEPT 24-5  Environmental security is necessary for 
economic security and is at least as important as military security.

24-6 How can we implement more sustainable and 
just environmental policies?
CONCEPT 24-6  Making the transition to more sustainable 
societies will require that nations implement green plans and that 
people and nations cooperate, agree on principles, and make the 
political commitment to achieve this transition.

Note: Supplements 2 (p. S4), 4 (p. S20), 5 (p. S31), 10 (p. S59), 11 (p. S74), and 13 
(p. S78) can be used with this chapter.

I dream things that never were; 
and I say “Why not?”

GEORGE BERNARD SHAW

24-1 What Is the Role of Government in Making 
the Transition to More Sustainable Societies?

CONCEPT 24-1 A government can help to protect environmental and public 
interests and encourage more environmentally sustainable economic development 
through its policies.

▲

635Links: refers to the Core Case Study. refers to the book’s sustainability theme. indicates links to key concepts in earlier chapters.
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one of the world’s fastest growing business sectors and 
are a growing source of new jobs (Figure 23-15, p. 630).

Many argue that government is the best mechanism 
for dealing with some of the broader economic and po-
litical issues, some of which we have discussed in this 
book. These include:

• Full-cost pricing (p. 620): governments can cre-
ate subsidies and levy taxes to require inclusion 
of harmful environmental and health costs in the 
market prices of some goods and services.

• Market failures (p. 614): governments can use 
taxes and subsidies to level the playing field wher-
ever the marketplace is not operating freely due to 
unfair advantages held by some players.

• The tragedy of the commons: government is the 
only power that can preserve common or open ac-
cess renewable resources (pp. 12–13), such as clean 
air, groundwater, and ozone in the stratosphere. 
This is true even in the case of a cap-and-trade 
market approach to solving a problem such as air 
pollution (p. 490), because government is neces-
sary to administer such a program.

The exact role played by a government is deter-
mined by its policies—the set of laws and regulations 
it enforces and the programs it funds (Concept 24-1). 
Politics is the process by which individuals and groups 
try to influence or control the policies and actions of 
governments at local, state, national, and international 
levels. One important application of this process is the 
development of environmental policy—environ-
mental laws and regulations that are developed, imple-
mented, and enforced and the environmental programs 

that are funded by one or more government agencies.
According to social scientists, the development of 

public policy in democracies often goes through a policy 
life cycle consisting of four stages:

• Recognition: identify a problem

• Formulation: identify specific causes of the problem 
and develop a solution such as a law or program to 
deal with it

• Implementation: put the solution into effect

• Control: monitor progress and make adaptations as 
needed

The policy process is usually cyclical, because in the 
fourth stage, a policy is evaluated according to feedback 
from the market or environment. Seldom is everyone 
happy with a policy, and usually, adjustments have to 
be made or a policy might even have to be abandoned, 
and the process starts again. Ideally, policies are revised 
and fine-tuned until they succeed in serving all or most 
of the affected parties in a reasonably balanced way.

Figure 24-2 illustrates this cycle and shows the gen-
eral positions of some major environmental problems 
in the policy life cycle in the United States and most 
other developed countries.

Democracy Does Not Always Allow 
for Quick Solutions
Democracy is government by the people through 
elected officials and representatives. In a constitutional 
democracy, a constitution provides the basis of govern-
ment authority and in most cases, limits government 

Formulation
Look for solutions

■ Global warming

■ Urban sprawl

■ Nuclear wastes

■ Biodiversity losses

■ Toxic wastes

■ Aquifer depletion

Control
Monitor and adjust

■ Outdoor air pollution

■ Sewage treatment problems

■ Drinking water pollution

■ Point-source water pollution

■ Municipal solid waste

■ Some infectious diseases

Recognition
Identify the problem

■ Nonpoint-source water pollution

■ Indoor air pollution

■ Electronic waste

■ Mining wastes

■ Groundwater contamination

■ Environmentally harmful subsidies

■ Exclusion of environmentally  
 harmful costs from market prices 

Implementation
Implement solutions

■ Acid deposition

■ Ozone depletion

■ Municipal solid waste

■ Endangered species

■ Pest damage

■ Soil erosion

Figure 24-2 
The policy life 
cycle, includ-
ing positions 
of some major 
environmental 
problems within 
the cycle in 
most developed 
countries.
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power by mandating free elections and guaranteeing 
free speech.

Political institutions in most constitutional democ-
racies are designed to allow for gradual change so as to 
ensure economic and political stability. In the United 
States, for example, rapid and destabilizing change is 
curbed by a system of checks and balances that distrib-
utes power among three branches of government—leg-
islative, executive, and judicial—and among federal, state, 
and local governments.

In passing laws, developing budgets, and formu-
lating regulations, elected and appointed government 
officials must deal with pressure from many compet-
ing special-interest groups. Each group advocates passing 
laws, providing subsidies or tax breaks, or establishing 
regulations favorable to its cause, and weakening or re-
pealing laws, subsidies, tax breaks, and regulations un-
favorable to its position. Some special-interest groups 
such as corporations are profit-making organizations.
Others are nongovernmental organizations (NGOs), most 
of which are nonprofit, such as labor unions and envi-
ronmental organizations.

The design for stability and gradual change in de-
mocracies is highly desirable. But several features of 
democratic governments hinder their ability to deal 
with environmental problems. For example, prob-
lems such as climate change and biodiversity loss are 
complex and difficult to understand. Such problems 
also have long-lasting effects, are interrelated, and re-
quire integrated, long-term solutions that emphasize 
prevention. But because elections are held every few 
years, most politicians seeking reelection tend to focus 
on short-term, isolated issues rather than on complex, 
time-consuming, and long-term problems.

One of our greatest challenges is to place more em-
phasis on long-term thinking and policies and to edu-
cate political leaders and the public about the need for 
such thinking and actions. Another problem is that 
many political leaders, with hundreds of issues to deal 
with, have too little understanding of how the earth’s 
natural systems work and how those systems support 
all life, economies, and societies. Again, educating 
politicians and voters about these matters is an urgent 
priority.

Certain Principles Can Guide Us 
in Making Environmental Policy
Because most people do not have the time to master 
the details of every environmental problem and pro-
posed solution, analysts suggest that legislators and in-
dividuals evaluating existing or proposed environmen-
tal policies should be guided by several principles. It is 
hoped that such guidelines will help decision-makers to 
create policies that will satisfy most people while mini-
mizing environmental harm:

• The humility principle: Our understanding of nature 
and how our actions affect nature is quite limited.

• The reversibility principle: Avoid taking actions that 
cannot be reversed if a decision turns out to be 
wrong. One example of an essentially irrevers-
ible policy is the use of nuclear power to produce 
electricity, which commits civilization to having to 
safely store the deadly radioactive wastes it pro-
duces for 10,000 to 240,000 years. An example of 
such a policy now being considered is the plan for 
capturing and storing carbon dioxide underground 
or under the ocean to help slow climate change 
(Figure 19-15, p. 516), which would commit civi-
lization to insuring that these deposits will never 
leak out (p. 517).

• The precautionary principle: When substantial 
evidence indicates that an activity threatens 
human health or the environment, take pre-
cautionary measures to prevent or reduce such 
harm, even if some of the cause-and-effect rela-
tionships are not fully established scientifically 
(Concept 9-4C, p. 206).

• The net energy principle: Avoid the widespread use 
of energy alternatives or technologies with low net 
energy yields (Science Focus, p. 374). Such energy-
inefficient alternatives go against the first and sec-
ond laws of thermodynamics (pp. 42–43)—which 
we can never violate—and thus require massive 
government subsidies and tax breaks to compete in 
the open marketplace. Such subsidies often waste 
limited government funds that could be spent on 
encouraging more energy efficient alternatives.

• The prevention principle: Whenever possible, make 
decisions that help to prevent a problem from oc-
curring or becoming worse.

• The polluter-pays principle: Develop regulations and 
use economic tools such as green taxes to ensure 
that polluters bear the costs of the pollutants and 
the wastes they produce. For example, if this prin-
ciple were applied in policy, users of coal-burning 
power plants and factories and drivers of motor ve-
hicles would pay the full bill for the harmful health 
and environmental effects of burning of fossil fuels.

• The public access and participation principle: Citizens 
should have open access to environmental data and 
the right to participate in developing, critiquing, 
and modifying environmental policies. Environ-
mental education should receive a high priority.

• The human rights principle: All people have a right 
to live in an environment that does not harm their 
health and well-being.

• The environmental justice principle: Establish environ-
mental policy so that no group of people bears an 
unfair share of the burden created by pollution, 
environmental degradation, or the execution of 
environmental laws. (See the Guest Essay on this 
subject by Robert D. Bullard at CengageNOW™.)
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THINKING ABOUT
Environmental Political Principles

Which three of the nine principles listed here do you think 
are the most important? Why? Which ones do you think in-
fluence legislators in your city, state, or country?

Implementing such principles will require that pol-
icy makers throughout the world, especially in devel-
oped countries:

• Become more environmentally literate and insist 
that they receive the latest scientific information 
about the environmental problems we face, along 
with a diagnosis of their basic causes and an evalu-
ation of possible solutions to such problems.

• Support scientific research to understand and mon-
itor changes in environmental conditions through-
out the world, their rate of change, and the roles of 
human activities in such changes.

• Support scientific research to identify early 
warning signs of ecological crises, and have the 
ethical and political will to act rapidly to try to pre-
vent us from reaching irreversible critical tipping 
points.

• Support technological innovation in preventing 
and dealing with environmental problems, encour-
age incentive-based environmental regulations 
(p. 623), and provide funding to transfer innova-
tive environmental technologies to developing 
countries throughout the world.

• Enact economic measures such as subsidy shifts, 
taxes on pollution and waste with offsetting reduc-
tions in taxes on wages and profits, full-cost pric-
ing, and other measures to stimulate the shift to 
eco-economies during this century (Figure 23-14, 
p. 630).

24-2 How Is Environmental Policy Made?
CONCEPT 24-2A Policy making involves law making, program funding, rule 
writing, and enforcement of rules by agencies—a complex process that is affected 
at each stage by political processes.
CONCEPT 24-2B Individuals can work with each other to become part of political 
processes that influence how environmental policies are made and whether or not 
they succeed. (Individuals matter.)

▲
▲

How Democratic Government 
Works: The U.S. Model
The U.S. federal government consists of three separate 
but interconnected branches: legislative, executive, and 
judicial. The legislative branch, called the Congress, con-
sists of the House of Representatives and the Senate, 
which jointly have two main duties. One is to approve 
and oversee government policy-making by passing 
laws to establish government programs and funding 
for such programs. The other is to oversee the creation, 
functioning, and funding of agencies in the execu-
tive branch concerned with carrying out government 
policies.

The executive branch consists of the president, and 
a staff that together direct the agencies authorized by 
Congress to carry out government policies. The presi-
dent also proposes annual budgets, legislation, and 
appointees for executive positions, which must be ap-
proved by the Senate, and tries to persuade Congress 
and the public to support executive policy proposals.

The judicial branch consists of the Supreme Court 
and lower federal courts. These courts, along with state 
and local courts, enforce and interpret different laws 
passed by legislative bodies at the local, state, and fed-
eral levels. Decisions made by the various courts make 

up a body of law known as case law. Previous court rul-
ings are used as legal guidelines, or precedents, to help 
make new legal decisions and rulings.

The major function of the federal government in 
the United States (and in other democratic countries) is 
to develop and implement policy for dealing with vari-
ous issues. Policy is typically composed of laws passed 
by the legislative branch, regulations instituted by the 
executive branch to put laws into effect, and funding
approved by Congress and the president to implement 
and enforce the laws and regulations (Concept 24-2A).

Converting a bill introduced in the U.S. Congress 
into a law is a complex process. An important part of 
this process is lobbying, in which individuals or groups 
use public pressure, personal contacts, and political ac-
tion to persuade legislators to vote or act in their fa-
vor. Figure 24-3 presents a greatly simplified overview 
of how individuals and organizations interact with the 
three branches of government in the United States.

Most environmental bills are evaluated by as many 
as ten committees in the U.S. Congress. Effective pro-
posals often are weakened by this fragmentation and 
by lobbying from groups opposing the law. Nonethe-
less, since the 1970s, a number of important environ-
mental laws have been passed in the United States, as 
discussed throughout this text. Figure 24-4 (p. 640) 
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lists some of the major environmental laws passed in 
the United States since 1969.

Developing Environmental Policy 
Is a Controversial Process
Passing a law is not enough to make policy (Con-
cept 24-2A). The next step involves trying to get enough 
funds appropriated by Congress to implement and en-
force the new law. Indeed, developing and adopting a 
budget is the most important and controversial activity 
of the executive and legislative branches.

Once a law has been passed and funded, the appro-
priate government department or agency must draw 
up regulations or rules for implementing it. An affected 
group may take the agency to court for failing to imple-
ment and enforce the regulations effectively or for en-
forcing them too rigidly.

Politics plays an important role in the policies and 
staffing of environmental regulatory agencies—de-
pending on what political party is in power and the 
prevailing environmental attitudes. Businesses facing 
environmental regulations often put political pressure 
on regulatory agencies and executives to have people 
from the regulated industries or groups appointed to 

Membership
support

Corporations and
small businesses

Purchase recyclable,
recycled, and environmentally
safe products

Recycle cans,
bottles, paper,
and plastic 

Plant a
garden

Donate clothes
and used goods
to charities

Use water, energy,
and other
resources efficiently

Use mass transit,
walk, ride a bike,
or carpool 

Courts

Environmental
organizations

Legislative branch

Patronize or
boycott

Laws

Executive branch

Lobbyists Lobbyists

Individuals

Regulators

Public hearing

Civil suits

Figure 24-3 Greatly simplified overview of how individuals, corporations, and environmental organizations interact 
with each other and with the legislative, executive, and judicial branches of the U.S. government. The bottom of 
this diagram also shows some ways in which individuals can bring about environmental change through their own 
lifestyles. (See the website for this book for details on contacting elected representatives.)
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high positions in such agencies. In other words, the 
regulated try to take over regulatory agencies and be-
come the regulators—described by some as “putting 
foxes in charge of the henhouse.”

In addition, people in regulatory agencies work 
closely with officials in the industries they are regu-
lating, often developing friendships with them. And 
some industries and other regulated groups offer high-
paying jobs to regulatory agency employees in an 
attempt to influence their regulatory decisions. This 
has created what some critics have labeled a “revolv-
ing door” relationship between some agencies and the 
industries they regulate.

 ■ CASE STUDY

Managing Public Lands 
in the United States—Politics 
in Action
No nation has set aside as much of its land for public 
use, resource extraction, enjoyment, and wildlife habi-
tat as has the United States. The federal government 
manages roughly 35% of the country’s land, which 
belongs to every American. About three-fourths of this 
federal public land is in Alaska and another fifth is in 
the western states (Figure 24-5).

Some federal public lands are used for a variety 
of purposes. For example, the National Forest System 
consists of 155 national forests and 22 national grass-
lands. These lands, managed by the U.S. Forest Service 
(USFS), are used for logging, mining, livestock grazing, 
farming, oil and gas extraction, recreation, and conser-
vation of watershed, soil, and wildlife resources.

The Bureau of Land Management (BLM) manages 
National Resource Lands. These lands are used primarily 
for mining, oil and gas extraction, and livestock grazing.

The U.S. Fish and Wildlife Service (USFWS) man-
ages 549 National Wildlife Refuges. Most refuges protect 
habitats and breeding areas for waterfowl and big game 
to provide a harvestable supply of such animals for 
hunters. A few protect endangered species, such as the 
brown pelican (Photo 1 in the Detailed Contents) from 
extinction. Permitted activities in most refuges include 
hunting, trapping, fishing, oil and gas development, 
mining, logging, grazing, some military activities, and 
farming.

On other public lands, uses are more restricted. The 
National Park System, managed by the National Park Ser-
vice (NPS), includes 58 major parks and 331 national 
recreation areas, monuments, memorials, battlefields, 
historic sites, parkways, trails, rivers, seashores, and 
lakeshores. Only camping, hiking, sport fishing, and 
boating can take place in the national parks, whereas 
sport hunting, mining, and oil and gas drilling are al-
lowed in national recreation areas.

The most restricted public lands are 702 roadless 
areas that make up the National Wilderness Preservation 
System. These areas lie within the other public lands and 
are managed by the agencies in charge of those lands. 
Most of these areas are open only for recreational ac-
tivities such as hiking, sport fishing, camping, and non-
motorized boating.

Many federal public lands contain valuable oil, 
natural gas, coal, geothermal, timber, and mineral re-
sources (see Figures 6, p. S62, and 18, p. S70, in Sup-
plement 10). The use and management of the resources 
on these lands has been debated since the 1800s.

Most conservation biologists, environmental econo-
mists, and many free-market economists believe that 
four principles should govern use of public lands:

• They should be used primarily for protecting biodi-
versity, wildlife habitats, and ecosystems.

National Environmental Policy Act (NEPA)1969
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1993
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Clean Air Act

Endangered Species Act
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Superfund law; National Energy Act Amendments;
Coastal Zone Management Act Amendments

Soil and Water Conservation Act; Clean Water Act;
Clean Air Act Amendments
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Waste Reduction Act

Clean Water Act Amendments

National Energy Act

Hazardous and Solid Waste Amendments to RCRA;
Safe Drinking Water Act Amendments

Safe Drinking Water Act Amendments
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Endangered Species Act Amendments
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Energy Policy Act

Endangered Species Act Amendments

Federal Insecticide, Fungicide, and Rodenticide
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Clean Water Act; Coastal Zone Management Act;
Federal Insecticide, Fungicide, and Rodenticide Act;
Marine Mammal Protection Act

Resource Conservation and Recovery Act (RCRA); Toxic
Substances Control Act; National Forest Management Act

Figure 24-4 
Some major 
environmental 
laws and their 
amended ver-
sions enacted 
in the United 
States since 
1969. Supple-
ment 5 (p. S31) 
contains infor-
mation on these 
laws, as does 
the website for 
this chapter. 
Question: Why 
do you think so 
few new U.S. 
environmental 
laws have been 
enacted since 
1980?
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• No one should receive government subsidies or tax 
breaks for using or extracting resources on public 
lands.

• The American people deserve fair compensation for 
the use of their property.

• All users or extractors of resources on public lands 
should be fully responsible for any environmental 
damage they cause.

There is strong and effective opposition to these 
ideas. Developers, resource extractors, many econo-
mists, and many citizens tend to view public lands in 
terms of their usefulness in providing minerals, timber, 
and other resources and in increasing short-term eco-

nomic growth. They have succeeded in blocking imple-
mentation of these four principles. For example, in re-
cent years, analysis of budgets and funding reveals that 
the government has given an average of $1 billion a 
year in subsidies and tax breaks to privately owned in-
terests that use U.S. public lands for mining, fossil fuel 
extraction, logging, and grazing.

Some developers and resource extractors have 
sought to go further. Here are some of the proposals 
that such interests have made to get the U.S. Congress 
to open up more federal lands for development:

• Sell public lands or their resources to corporations 
or individuals, usually at less than market value, 
or turn over their management to state and local 

National forests

(and Xs) National wildlife refuges

National parks and preserves

Figure 24-5 Natural capital: national 
forests, national parks, and wildlife refuges 
managed by the U.S. federal government. 
U.S. citizens jointly own these and other 
public lands. Question: Do you think U.S. 
citizens should jointly own more or less of 
the nation’s land? Why or why not? (Data 
from U.S. Geological Survey)
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governments. Attempts to do this have been going 
on since the 1930s (see Supplement 5, p. S31–S39).

• Slash federal funding for administration of regula-
tions over public lands.

• Cut old-growth forests in the national forests and 
replace them with tree plantations.

• Open national parks, national wildlife refuges, and 
wilderness areas to oil drilling, mining, off-road ve-
hicles, and commercial development.

• Eliminate or take power away from the National 
Park Service and launch a 20-year construction 
program of new concessions and theme parks run 
by private firms in the national parks.

Since 2002, the U.S. Congress has expanded the 
extraction of mineral, timber, and fossil fuel resources 
on U.S. public lands and weakened environmental 
laws and regulations protecting such lands from abuse 
and exploitation. In 2006, the USFS issued a new rule 
eliminating formal environmental impact statements 
from the process of writing management plans for na-
tional forests. This cuts out the public’s right to par-
ticipate in national forest management planning. The 
timber industry pushed for this change. Conservation 
biologists and other environmental scientists argue for 
putting more emphasis on use of scientific principles in 
the management of forests and other public lands (Sci-
ence Focus, at right) to help ensure that they are used 
in more sustainable ways.

This discussion has focused on the debate over the 
use of public lands in the United States. But the same 

issues apply to the use of government or publicly 
owned lands in other countries.

HOW WOULD YOU VOTE?

Should much more U.S. public land (or government-owned 
land in the country where you live) be opened up to the 
extraction of timber, mineral, and energy resources? Cast 
your vote online at academic.cengage.com/biology/
miller.

Individuals Can Influence 
Environmental Policy
A major theme of this book is that individuals matter.
History shows that significant change usually comes 
from the bottom up when individuals join with each 
other to bring about change. Without grassroots politi-
cal action by millions of individual citizens and orga-
nized citizen groups (Figure 24-6), the air you breathe 
and the water you drink today would be much more 
polluted, and much more of the earth’s biodiversity 
would have disappeared (Concept 24-2B).

With the growth of the Internet and digital technol-
ogy, individuals have become more empowered. For 
example, in a highly unusual chain of events in 2007, 
Chinese citizens using mobile phone text messaging or-
ganized to oppose construction of a chemical plant that 
would threaten the safety of 1.5 million people in a port 
city. By building opposition from the ground up—circu-
lating nearly a million phone text messages—they per-
suaded the Chinese government to freeze the construc-
tion project and consider less hazardous alternatives.

Figure 24-7 lists ways in which you can influence 
and change local, state, and national government poli-
cies in constitutional democracies. Many people re-
cycle, buy eco-friendly products, and do other impor-
tant things to help the environment. But when people 
work together, starting at the local level, just as Marion 
Stoddard did (Core Case Study), they can influ-
ence environmental policy. Her story and other 
cases have demonstrated the validity of Aldo Leopold’s 
(Individuals Matter, p. 22) statement: “All ethics rest 
upon a single premise: that the individual is a member 
of a community of interdependent parts.”

At a fundamental level, all politics is local. What we do 
to improve environmental quality in our own neigh-
borhoods, schools, and work places has national and 
global implications, much like the ripples spreading 
outward from a pebble dropped in a pond. This is the 
meaning of the slogan, “Think globally; act locally.”

Environmental Leaders Can Make 
a Big Difference
Not only can we participate, but each of us can also 
provide environmental leadership in several differ-
ent ways. First, we can lead by example, using our own 

Figure 24-6 Global outlook: Children in Turin, Italy, wear gas masks as part of an orga-
nized protest against high levels of air pollution. Question: What environmental issue, 
if any, would lead you to participate in a demonstration related to the issue? Explain.
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lifestyles and values to show others that change is pos-
sible and can be beneficial. As Mahatma Gandhi ob-
served: “An ounce of practice is worth more than tons 
of preaching.” While many of us do not end up work-
ing in an environmental career, we can all strive to be 
greener in whatever work we do. For example, wher-
ever we work or attend school, we can cut consump-
tion of disposable products, reuse and recycle, walk, 
bike, or take mass transit to work, and encourage oth-
ers to do the same.

Second, we can work within existing economic and po-
litical systems to bring about environmental improvement by 
campaigning and voting for informed and eco-friendly 
candidates and by communicating with elected officials. 
We can also send a message to companies that we feel 
are harming the environment through their products 
or policies by voting with our wallets—not buying their 
products or services and letting them know why. An-
other way to work within the system is to choose one 
of the many rapidly growing green careers highlighted 
throughout this book (see Figure 23-15, p. 630) and 
described in the book’s companion website. 

Third, we can run for some sort of local office. Look in 
the mirror. Maybe you are one who can make a differ-
ence as an office holder.

Fourth, we can propose and work for better solutions to 
environmental problems. Leadership is more than being 
against something. It also involves coming up with 
solutions to problems and persuading people to work 
together to achieve them. If we care enough, each 
of us can make a difference, as did Marion Stoddart 
(Core Case Study) and Wangari Maathai (Indi-
viduals Matter, p. 230).

Here are two pieces of hopeful news. First, research 
by social scientists indicates that social change requires 

active support by only 5–10% of the population, which 
is often enough to lead to a political tipping point. Sec-
ond, experience has shown that reaching such a critical 
mass can bring about social change much faster than 
most people think.

THINKING ABOUT
Environmental Leadership

What types of environmental leadership did Marion 
Stoddart (Core Case Study) practice? What type of en-
vironmental leadership interests you?

SCIENCE FOCUS

Logging in U.S. National Forests Is Controversial

Because of such government subsidies, a 
2005 study by the Earth Island Institute found 
that timber sales from U.S. federal lands 
have lost money for their taxpayer owners in 
97 of the last 100 years. Not even the value 
of the timber is being realized. And accord-
ing to a 2000 study by the accounting firm 
ECONorthwest, recreation, hunting, and fish-
ing in national forests add ten times more 
money to the national economy and provide 
seven times more jobs than does extraction of 
timber and other resources.

Critical Thinking
Should national forests be managed primarily 
according to scientific principles or according 
to market forces? Explain.

national forests should be managed primarily 
to provide recreation and to sustain biodi-
versity, water resources, and other ecological 
services.

By law, the U.S. Forest Service (USFS) 
must sell timber for no less than the cost 
of reforesting the land. However, the USFS 
timber-cutting program loses money because 
the revenues from timber sales do not cover 
the expenses of road building, timber sale 
preparation, administration, and other over-
head costs provided by the nation’s citizens, 
who jointly own these forests. More than 
644,000 kilometers (400,000 miles) of roads 
have been cut through the national forests 
at taxpayer’s expense, primarily to facilitate 
logging.

ccording to federal law, U.S. na-
tional forests are supposed to be 

managed according to two scientifically based 
principles: the principle of sustainable yield,
which holds that trees in national forests 
should not be harvested faster than they are 
replenished; and the principle of multiple use,
which calls for a variety of uses on the same 
forest land at the same time.

However, for decades, there has been 
controversy over the principle of multiple 
use. Timber companies want timber cutting 
to be the primary use, and they push for 
the ability to cut as much timber in national 
forests as possible at low prices and with 
taxpayer subsidies. Biodiversity experts and 
many environmental scientists argue that 

A

■ Become informed on issues

■ Make your views known at public hearings

■ Make your views known to elected representatives, and understand their 
positions on environmental issues

■ Contribute money and time to candidates for office

■ Vote

■ Run for office (especially at local level)

■ Form or join nongovernment organizations (NGOs) seeking change

■ Support reform of election campaign financing that reduces undue influence 
by corporations and wealthy individuals

Infl uencing Environmental Policy

WHAT CAN YOU DO?

Figure 24-7 Individuals matter: ways in which you can influence environmental 
policy (Concept 24-2B). Questions: Which three of these actions do you think are the 
most important? Which ones, if any, do you take?
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24-3 What Is the Role of Environmental Law 
in Dealing with Environmental Problems?

CONCEPT 24-3 Environmental laws and regulations can be used to control 
pollution, set safety standards, encourage resource conservation, and protect 
species and ecosystems.

▲

Environmental Law Forms the Basis 
for Environmental Policy
Environmental law is a body of statements defining 
what is acceptable environmental behavior for individu-
als and groups, according to the larger community, and 
attempting to balance competing social and private in-
terests. This section of the chapter deals primarily with 
the U.S. legal system as a model that reveals the advan-
tages and disadvantages of using a legal and regulatory 
approach to dealing with environmental problems.

The body of law includes statutory laws, adminis-
trative laws, and common laws. Statutory laws are 
those developed and passed by legislative bodies such 
as federal and state governments. Administrative
laws consist of administrative rules and regulations, 
executive orders, and enforcement decisions related 
to the implementation and interpretation of statutory 
laws. Common law is a body of unwritten rules and 
principles derived from thousands of past legal de-
cisions along with commonly accepted practices, or 
norms, within a society. Most of it consists of case law,
a body of legal opinions derived from past court deci-
sions. The body of environmental law is continuously 
evolving, as almost every major environmental regula-
tion is challenged in court.

Most environmental lawsuits are civil suits
brought to settle disputes or damages between one 
party and another. Many common law cases are set-
tled using the legal concept of nuisance, which occurs 
when people use their property in a way that causes 
annoyance or injury to others. For example, a home-
owner may bring a nuisance suit against a nearby fac-
tory because of the noise it generates. In such a suit, 
the plaintiff, the party bringing the charge, seeks to 
collect damages from the defendant, the party being 
charged, for injuries to health or for economic loss. The 
plaintiff may also seek an injunction, by which the de-
fendant would be required to stop whatever action is 
causing the harm.

Any individual or clearly identified group may 
bring a civil suit. A class action suit is a civil suit filed by a 
group, often a public interest or environmental group, 
on behalf of a larger number of citizens who allege 
similar damages but who need not be listed and repre-
sented individually.

In the case of the nuisance suit example above, us-
ing the principles of common law, the court may side 

with the plaintiff if it finds that the loss of sleep, health 
problems, or other damage from the noise is greater 
than the cost of eliminating or reducing the noise. 
Short of closing the factory, often the court tries to find 
a reasonable or balanced solution to the problem. For 
example, it may order the factory to reduce noise to 
certain levels or to eliminate it during certain periods, 
such as at night.

Another concept used in common law cases is neg-
ligence, in which a party causes damage by knowingly 
acting in an unlawful or unreasonable manner. For ex-
ample, a company may be found negligent if it fails to 
handle hazardous waste in a way required by a statu-
tory law (Figure 24-8). A court may also find a company 
negligent if it fails to do something a reasonable per-
son would do, such as testing waste for certain harm-
ful chemicals before dumping it into a sewer, landfill, 
or river. Generally, negligence is harder to prove than 
nuisance.

Environmental Lawsuits 
Are Difficult to Win
Several factors limit the effectiveness of environmen-
tal lawsuits. First, plaintiffs bringing the suit must es-
tablish that they have the legal right or legal standing
to do so in a particular court. To have such a right, 
plaintiffs must show that they have personally suffered 
health problems or financial losses allegedly caused by 
the defendant’s actions. Second, bringing any lawsuit is 
expensive—too much so for most individuals.

Third, public interest law firms cannot recover at-
torneys’ fees unless Congress has specifically authorized 
it in the laws that those firms are seeking to have en-
forced. By contrast, corporations can reduce their taxes 
by deducting their legal expenses—in effect getting a 
government subsidy to pay for part of their legal fees. 
In other words, the legal playing field is uneven and, 
in financial terms, is stacked against individuals and 
groups of private citizens filing environmental lawsuits.

Fourth, to stop a nuisance or to collect damages re-
sulting from a nuisance or an act of negligence, plain-
tiffs must establish that they have been harmed in 
some significant way and that the defendant caused 
the harm. Doing this can be difficult and costly. Sup-
pose a company (the defendant) is charged with caus-
ing cancer in individuals (the plaintiffs) who get their 
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drinking water from a river into which the company 
dumped hazardous chemicals. If other industries and 
cities also dump waste into that river, establishing that 
the defendant is the culprit is very difficult and requires 
expensive investigation, scientific research, and expert 
testimony. In addition, it is hard to establish that a par-
ticular chemical caused the plaintiffs’ cancers.

Fifth, most states have statues of limitations, laws that 
limit how long a plaintiff can take to sue after a par-
ticular event occurs. These statutes often make it essen-
tially impossible for victims of cancer, which may take 
10–20 years to develop, to file or win a negligence suit.

Sixth, the court, or series of courts if the case is ap-
pealed, may take years to reach a decision. During that 
time a defendant may continue the allegedly damaging 
action unless the court issues a temporary injunction 
against it until the case is decided.

Another problem is that corporations and develop-
ers sometimes file strategic lawsuits against public partici-
pation (SLAPPs) against citizens who publicly criticize a 
business for some activity, such as polluting or filling 
in a wetland. For example, in Texas when a woman 
publicly called a nearby landfill “a dump” the landfill 
owners sued her husband for $5 million for failing to 
“control his wife.”

SLAPPs range from $100,000 to $100 million, but 
average $9 million per suit. Judges throw out about 
90% of the SLAPPs that go to court. But individuals 
and groups hit with SLAPPs must hire lawyers, and 
typically spend 1–3 years defending themselves.

Most SLAPPs are not meant to be won, but are in-
tended to intimidate individuals and activist groups. 
The plaintiff company may offer to drop the lawsuit 
if the defendants agree to stop their protest and never 

discuss the case or oppose the plaintiff again. In the 
face of rising legal costs, defendants often are forced to 
accept such terms.

Some citizen activists have fought back with coun-
tersuits and have been awarded damages. For example, 
a Missouri woman who was sued for criticizing a medi-
cal waste incinerator won an $86.5 million judgment 
against the incinerator’s owner. However, even after 
paying such awards, corporations and developers gen-
erally save money by filing such SLAPP suits, because 
they can count legal and liability insurance costs as 
business expenses and write them off on their taxes.

THINKING ABOUT
SLAPPS

What are two things that you think the court system should 
do to reduce the threat of SLAPPs to well-meaning citizens?

Despite the difficulties of winning environmental 
lawsuits, some committed and persistent individuals 
have successfully used the court system to improve en-
vironmental protection (Individuals Matter, p. 646).

Analysts have suggested three major reforms to 
help level the legal playing field for citizens suffering 
environmental damage. First, pressure Congress to pass 
a law allowing juries and judges to award citizens their 
attorney fees, to be paid by the defendants, in success-
ful lawsuits.

Second, establish rules and procedures for identify-
ing frivolous SLAPP suits so that cases without factual 
or legal merit could be dismissed within a few weeks 
rather than years.

Third, raise the fines for violators of environmen-
tal laws and punish more violators with jail sentences. 
Polls indicate that 84% of Americans consider damag-
ing the environment to be a serious crime. Under the 
current U.S. political climate, it is unlikely that these 
reforms will be implemented without strong bottom-up 
political pressure from concerned citizens.

Arbitration and Mediation Are 
Alternatives to Battling in Court
Because of the complexities and difficulties of filing 
suit, an increasing number of environmental lawsuits 
are being settled out of court. One alternative is arbi-
tration, a formal effort, somewhat similar to a trial, to 
resolve a dispute. It is overseen by a trained and certi-
fied arbitrator who takes a more active role than a judge 
takes and is not constrained by legal precedent. There 
are clearly defined rules of evidence and cross-exami-
nation of witnesses, but the key goal of the arbitrator is 
to resolve the dispute. The end result of the process is a 
legally binding decision.

Arbitration can save the time, money, anguish, 
and uncertainty of a jury trial. Although it does cre-
ate a legally binding decision for the parties involved, 

Figure 24-8 An open ditch containing acid runoff from a closed 
coal mine in the U.S. state of West Virginia. Often, it is difficult or 
impossible to hold polluters responsible in a court of law.

W
ill

ia
m

 C
am

pb
el

l/P
et

er
 A

rn
ol

d,
 In

c.



646 CHAPTER 24  Politics, Environment, and Sustainability

arbitration does not establish a legally binding prec-
edent for deciding future cases. There is also less op-
portunity for appeal and less publicity from the pro-
cess, which is often a satisfying result for the companies 
or agencies that have been sued. Whereas a court case 
usually results in one party winning and the other los-
ing, the outcome of arbitration is usually some sort of 
compromise.

Another approach for settling a dispute is media-
tion, in which the parties involved are encouraged to sit 
down and talk under the guidance of a pro fessional me-
diator. The goal is to see if they can resolve the dispute 
in a way that is acceptable to both parties. Mediation 
is much less costly and time consuming and may pro-
vide a more satisfactory resolution of a dispute than a 
court case could provide. But a settlement drawn up by 
mediation is not legally binding unless the terms of the 
agreement make it so. Thus, months of mediation can 
result in an agreement that polluters may ignore.

THINKING ABOUT
Environmental Lawsuits

If you were bringing about a controversial environmental 
lawsuit, would you prefer a court trial, arbitration, or media-
tion? Explain.

Major Types of Environmental 
Laws in the United States
Concerned citizens have persuaded Congress to enact 
a number of important federal environmental and re-
source protection laws (Figure 24-4 and Supplement 5, 
p. S35). One type of such legislation sets standards for 
pollution levels (as in the Clean Air Acts, p. 488, and the 
Federal Water Pollution Control Act, p. 552). Another 
screens new substances for safety (as in the Toxic Sub-
stances Control Act, p. 582). A third type of legislation 
encourages resource conservation (the Resource Conserva-
tion and Recovery Act and the National Energy Act, 
p. 582). A fourth type sets aside or protects certain species, 
resources, and ecosystems (the Endangered Species Act, 
p. 207, and the Wilderness Act, p. 238) (Concept 24-3).

A fifth approach in legislation requires evaluation of 
the environmental impact of an activity proposed by a federal 
agency, as in the National Environmental Policy Act, or 
NEPA, passed in 1970. Under NEPA, an environmental
impact statement (EIS) must be developed for every ma-
jor federal project likely to have an important effect on 
environmental quality. The EIS must describe why the 
proposed project is needed, its short-term and long-
term beneficial and harmful environmental impacts, 
ways to lessen harmful impacts, and an evaluation of 

INDIVIDUALS MATTER 

Diane Wilson

Wilson taught herself to file legal briefs and 
analyze mountains of highly technical EPA 
scientific documents. After years of legal 
proceedings, protests, and bad publicity, For-
mosa Plastics and Dow Chemical agreed to 
stop emitting pollutants into the bay. 

Wilson is now an activist for environmental 
and social justice. She has practiced non-
violent protest and civil disobedience in the 
tradition of Henry David Thoreau, Mahatma 
Gandhi, and Martin Luther King, and she has 
gone on hunger strikes to protest releases 
of toxic chemicals by companies in her com-
munity. As a result, she has been arrested and 
put in jail 13 times.

Wilson wrote a book about her struggle 
entitled, An Unreasonable Woman: A True 
Story of Shrimpers, Politicos, Polluters and 
the Fight for Seadrift, Texas (Chelsea Green, 
2005). She has received numerous environ-
mental awards and acclaim as an important 
new writer with an inspiring message. Wilson, 
who likes to call herself “nobody particular,” 
urges individuals to help change the world by 
being unreasonable and standing up for what 
they believe.

iane Wilson (Figure 24-A) was a 
fourth-generation shrimp boat 

captain and a working-class mother of five, 
when, in 1989, she had to stop shrimping 
in Lavaca Bay near Seadrift, Texas, along 
the U.S. Gulf Coast because the number of 
shrimp there had dropped significantly.

One day, another shrimper brought her a 
newspaper clipping reporting that impover-
ished Calhoun County, where Seadrift is lo-
cated, was one of the most polluted counties 
in the United States. The article went on to 
say that Lavaca Bay had a large underwater 
mercury superfund site.

Despite living in Seadrift all of her life, Wil-
son had never heard anything about this toxic 
pollution that could be threatening the 
health of the town’s residents and the shrimp 
and fish harvests on which her business 
depended. She was outraged and set up a 
public meeting to discuss pollution of the bay 
caused by local chemical plants. Local officials 
and business leaders were furious about Wil-
son’s complaints because the chemical plants 
were the county’s largest employer. Her 
character was called into question, neighbors 

D

shunned her, thugs threatened her, and she 
even received death threats.

Wilson and environmental lawyer Jim 
Blackburn filed a lawsuit charging Formosa 
Plastics, a multinational Taiwanese chemical 
company, with dumping toxic chemicals into 
the bay. With only a high school education, 

Figure 24-A Diane Wilson, shrimp boat captain 
and author of An Unreasonable Woman.
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alternatives. The documents must be published and 
are open to public comment. NEPA does not prohibit 
environmentally harmful government projects. But it 
requires federal agencies, with wide-ranging influence 
over the environment and management of more than 
one-third of the country’s land, to take environmental 
consequences into account in making decisions. It also 
exposes proposed projects and their likely harmful ef-
fects to public scrutiny. Opponents have targeted NEPA 
as a law to weaken or repeal.

At least 36 U.S. states have passed similar laws that 
apply to potentially environmentally disruptive ac-
tions by state agencies. A number of other countries, 
including Canada, Sweden, France, New Zealand, and 
Australia, have also passed laws similar to NEPA. In 
2006, the Vermont Law School formed a partnership 
with China’s Sun Yat-sen University to help China 
strengthen its environmental laws and policies.

THINKING ABOUT
Environmental Impact Statements

Are you in favor of having government agencies develop an 
environmental impact statement for any major government 
project that is likely to have an important effect on environ-
mental quality? Explain.

U.S. Environmental Laws 
and Regulations Have Been 
under Attack
U.S. environmental laws have been highly effective, 
especially in controlling pollution. However, since 
1980, a well-organized and well-funded movement has 
mounted a strong campaign to weaken or repeal exist-
ing environmental laws and regulations and to change 
the ways in which public lands (Figure 24-5) are used.

Three major groups are strongly opposed to various 
environmental laws and regulations: some corporate 
leaders and other powerful people who see them as 
threats to their profits, wealth, and power; citizens who 
see them as threats to their private property rights and 
jobs; and state and local government officials who re-
sent having to implement federal laws and regulations 
with little or no federal funding (unfunded mandates) 
or who disagree with certain federal regulations.

One problem working against strong regulations is 
that the focus of environmental issues has shifted from 
easy-to-see dirty smokestacks and filthy rivers to more 
complex, controversial, long-term, and often in visible
environmental problems such as climate change, biodi-
versity loss, and groundwater pollution. Explaining such 
complex issues to the public and mobilizing support for 
often controversial, long-range solutions to such prob-
lems is difficult. (See the Guest Essay on environmental 
reporting by Andrew C. Revkin at CengageNOW.)

Another problem is that some environmentalists 
have mostly brought bad news about the state of the 

environment. History shows that bearers of bad news 
are not well received, and opponents of the environ-
mental movement have used this to undermine envi-
ronmental concerns. History also shows that people are 
moved to bring about change mostly by an inspiring 
and hopeful vision of what the world could be like. So 
far, environmental groups have not worked together 
to develop broad, compelling, and positive visions of a 
more environmentally sustainable future for humans 
and other species.

Since 2000, efforts to weaken environmental laws 
and regulations have escalated. Most major U.S. fed-
eral environmental laws and regulatory agencies have 
been weakened by a combination of executive orders 
and congressional actions. According to the Natural 
Resources Defense Council (NRDC), many regulatory 
agencies have been staffed largely with officials who 
favor weakening them, decreasing their funding, ignor-
ing sound scientific consensus, and stifling dissent. En-
vironmental leaders warn that the entire environmen-
tal legal and regulatory structure, built with bipartisan 
consensus between 1965 and 1980 (see Supplement 5, 
p. S35), is being systematically undermined.

Most U.S. citizens are unaware that the increasingly 
weakened foundation of the nation’s environmental 
laws and regulations could crumble. Independent polls 
show that more than 80% of the U.S. public strongly 
support environmental laws and regulations and do 
not want them weakened. And Gallup polling data 
show that the percentage of Americans who say they 
worry about the environment “a great deal” or “a fair 
amount” increased from 62% to 77% between 2004 
and 2006. However, polls also show that less than 10% 
of the U.S. public consider the environment to be one 
of the nation’s most pressing problems. As a result, en-
vironmental concerns often do not get transferred to 
the ballot box or the pocketbook.

THINKING ABOUT
Environmental Law and Politics

Do you think any environmental laws in the United States 
or in the country where you live should be weakened or 
strengthened? Explain.

We need to prevent further weakening of the U.S. 
environmental laws and regulations, repair the dam-
ages done, improve existing laws and regulations, and 
develop new laws based on sustainability principles. 
This will require a combination of science-based envi-
ronmental education, education about the current state 
of environmental laws, and the same kind of organized 
bottom-up political pressure from concerned citizens 
that led to passage of important environmental laws in 
the first place.

Also, as in the cases of Chattanooga, Tennessee 
(Case Study, p. 21) and the Nashua River (Core
Case Study), people on all sides of important 
environmental issues can build social capital by listening 
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to one another’s concerns, trying to find areas of agree-
ment, and working together to find solutions and to 
improve environmental laws and regulations. An im-
portant political component of the transition to a more 
environmentally sustainable society is for U.S. citizens 
to elect ecologically literate and concerned leaders. Citi-
zens must also insist that leaders work across party lines 
to end the political deadlock on most environmental 
issues, which has characterized the U.S. Congress and 
the executive branch since 1980.

Beginning in the late 1960s, elected officials in the 
United States—under intense political pressure from 
its citizens—led the world into the first phase of the 
environmental revolution. Members of both political 
parties in the Congress worked together with the ex-
ecutive branch to pass and implement major environ-

mental laws (Figure 24-4), mostly during the 1970s, 
which became known as the environmental decade (Fig-
ure 7, p. S36, in Supplement 5).

Since 1980, the U.S. federal government has largely 
abandoned its leadership of the environmental revolu-
tion it helped to create and has weakened many of the 
environmental laws it passed. However, because the 
United States is the world’s leading economic power, 
environmental leaders call for the country to resume 
its national and global environmental leadership role, 
with no time to lose, in making the transition to a more 
sustainable society. This will not happen unless enough 
U.S. citizens, including a growing group of environ-
mentally aware business leaders, insist that members 
of Congress and the executive branch work together to 
plan for a more sustainable future.

24-4 What Are the Major Roles 
of Environmental Groups?

CONCEPT 24-4 Grassroots groups are growing and combining efforts with large 
environmental organizations in a global sustainability movement.

▲

Citizen Environmental Groups Play 
Important Roles
The spearheads of the global conservation, environ-
mental, and environmental justice movements are the 
tens of thousands of nonprofit nongovernmental or-
ganizations (NGOs) working at the international, na-
tional, state, and local levels. The growing influence of 
these organizations is one of the most important trends 
influencing environmental decisions and policies (Con-
cept 24-4).

NGOs range from grassroots groups with just a few 
members to organizations like the World Wildlife Fund 
(WWF), a 5-million-member global conservation or-
ganization, which operates in 100 countries. Other 
international groups with large memberships include 
Greenpeace, The Nature Conservancy, Conservation 
International, and the Grameen Bank (Case Study, 
p. 626).

Using e-mail, text messages, and the Internet, some 
environmental NGOs have organized themselves into 
an array of influential international networks. Ex-
amples include the Pesticide Action, Climate Action, 
International Rivers, and Women’s Environment and 
Development Networks. They collaborate across na-
tional borders and monitor the environmental activi-
ties of governments, corporations, and international 
agencies such as the World Bank and the World Trade 
Organization (WTO) (Supplement 11, p. S74). They 

also help to expose corruption and violations of na-
tional and international environmental agreements, 
such as the Convention on International Trade in En-
dangered Species (CITES), which prohibits interna-
tional trade of endangered species (p. 206).

In recent years, global public policy networks have 
formed in response to rapidly changing conditions in 
a globalizing world. These innovative groups focus on 
a particular environmental problem by bringing to-
gether governments, the private sector, international 
organizations, and NGOs. Since the 1990s, more than 
50 such networks have emerged. Examples include the 
International Forum on Forests, which develops propos-
als for more sustainable forest management; the Global
Water Partnership, working toward integrated water re-
sources management; the Renewable Energy Policy Net-
work, which develops policies to spur development of 
renewable energy; and the Millennium Ecosystem Assess-
ment, designed to evaluate and distribute information 
on changes in ecosystems at the global, regional, and 
national levels.

In the United States, more than 8 million citizens 
belong to more than 30,000 NGOs that deal with en-
vironmental issues. They range from small grassroots
groups to large heavily funded mainline groups, the 
latter usually staffed by expert lawyers, scientists, 
economists, lobbyists, and fund raisers. The largest of 
these groups are the World Wildlife Fund, Sierra Club 
(whose membership increased by about a third to 
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800,000 between 2002 and 2006), National Wildlife 
Federation, Audubon Society, Greenpeace, Friends of 
the Earth, Natural Resources Defense Council (Case 
Study, below), Wilderness Society, Ducks Unlimited, 
Izaak Walton League, Conservation International, 
Environmental Defense, and The Nature Conservancy.

THINKING ABOUT
Environmental Organizations

Do you belong to an environmental organization? Why or 
why not?

The largest groups have become powerful and 
important forces within the U.S. political system. 
They have helped to persuade Congress to pass and 
strengthen environmental laws (Figure 24-4 and Sup-
plement 5, p. S35), and they fight attempts to weaken 
or repeal such laws.

Some industries and environmental groups are 
working together to find solutions to environmen-
tal problems. For example, Environmental Defense 
worked with McDonald’s to redesign its packaging sys-
tem to eliminate its plastic hamburger containers, with 
General Motors to help remove high-pollution cars 
from the road, and with FedEx to lower the air pol-
lution emissions of its planes and trucks. The World 
Resources Institute is collaborating with leading busi-
nesses to build a market among corporations for electri-
cal power produced from renewable energy resources. 
And the Rainforest Alliance has worked with Chiquita 
Banana to certify the health, labor, and environmental 
practices on its farms.

Some environmental groups have shifted resources 
from demonstrating and litigating to publicizing research 
on innovative solutions to environmental problems. For 
example, to promote the use of chlorine-free paper, 
Greenpeace Germany printed a magazine using such 
paper and encouraged readers to demand that magazine 
publishers switch to chlorine-free paper. Shortly there-
after, several major magazines made that shift.

 ■ CASE STUDY

The Natural Resources 
Defense Council
One of the stated purposes of the Natural Resources 
Defense Council (NRDC) is 

to establish sustainability and good stewardship of the 
Earth as central ethical imperatives of human society. . . 
. We work to foster the fundamental right of all people to 
have a voice in decisions that affect their environment. We 
seek to break down the pattern of disproportionate environ-
mental burdens borne by people of color and others who 
face social or economic inequities. Ultimately, NRDC strives 
to help create a new way of life for humankind, one that 
can be sustained indefinitely without fouling or depleting 
the resources that support all life on Earth.

To those ends, NRDC goes to court to stop en-
vironmentally harmful practices. It also informs and 
organizes millions of environmental activists through 
its website (www.nrdc.org), magazines, and news-
letters, to take actions to protect the environment—glob-
ally, regionally, and locally. For example, its BioGems 
Network, accessible through the website, regularly in-
forms subscribers about environmental threats all over 
the world, and helps people to take action by donating 
money, signing petitions, and writing letters to corpo-
rate and government officials and newspaper editors.

In 2005, with NRDC’s help, U.S. citizens organized 
massive opposition to a proposed government policy 
that would have allowed sewer operators to routinely 
dump barely treated sewage into the nation’s lakes, riv-
ers, and streams. Because of well-informed, very vocal 
opposition to this proposal, the U.S. House of Repre-
sentatives voted overwhelmingly to block the Environ-
mental Protection Agency from finalizing this so-called 
“blending” proposal.

In another case, in 2001, NRDC helped forge an 
agreement among Canadian timber companies, envi-
ronmentalists, native peoples, and the government of 
British Columbia (Canada) to protect a vast area of the 
Great Bear Rainforest from destructive logging. This fol-
lowed years of pressure from NRDC activists on logging 
companies, their U.S. corporate customers, and provin-
cial officials to protect the habitat of the rare all-white 
spirit bear as well as the habitats of eagles, grizzly bears, 
and wild salmon.

THINKING ABOUT
The Work of Environmental Organizations

Do you think it’s important for you, regardless of where you 
live, to help organizations like NRDC to protect bears and 
salmon in British Columbia? Explain.

Grassroots Environmental Groups 
Bring about Change from the 
Bottom Up
The base of the environmental movement in the 
United States and throughout the world consists of 
thousands of grassroots citizens’ groups organized to 
improve envi ronmental quality, often at the local level 
(Core Case Study). According to political analyst 
Konrad von Moltke, “There isn’t a government 
in the world that would have done anything for the 
environment if it weren’t for the citizen groups.” Taken 
together, a loosely connected worldwide network of 
grassroots NGOs working for bottom-up political, social, 
economic, and environmental change can be viewed as 
an emerging citizen-based global sustainability movement
(Concept 24-4).

These groups have worked with individuals and 
communities to oppose harmful projects such as land-
fills, waste incinerators, and nuclear waste dumps, as 

www.nrdc.org
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well as to fight against the clear-cutting of forests and 
pollution from factories and power plants. They have 
also taken action against environmental injustice. (See 
the Guest Essay on this topic by Robert D. Bullard at 
CengageNOW.)

Grassroots groups have organized conservation land 
trusts, where owners of a piece of property agree to 
protect it from development or other harmful environ-
mental activities, often in return for tax break on the 
value of the land. And they have generated other ef-
forts to save wetlands, forests, farmland, and ranchland 
from development. They have also helped to restore 
degraded forests, wetlands, and rivers (Core
Case Study).

Some grassroots environmental groups use the non-
violent and nondestructive tactics of protest marches, 
tree sitting (see Individuals Matter, above), and other 
devices for generating publicity to help educate and 
sway members of the public to oppose various environ-
mentally harmful activities. Such tactics often work be-
cause they produce bad publicity for environmentally 
harmful practices and businesses. For example, after 2 
years of pressure and protests, Home Depot agreed to 
sell only wood products made from certified sustain-
ably grown timber. Within a few months, Lowes and 
eight other major building supply chains in the United 
States developed similar practices.

In another case, Citigroup (the largest bank holding 
company in the United States), after being targeted for 
3 years by a coalition of investors, stockholders, activ-
ists, and NGOs, led by the Rainforest Action Network, 
changed its policy and reduced its lending to unsus-

tainable industries. After seeing the bad publicity that 
Citigroup got, Bank of America and JPMorgan Chase 
(two of the other largest lenders in the United States) 
agreed to become more eco-friendly banks.

Much more controversial are militant environmen-
tal groups that use violent means, such as breaking into 
labs to free animals used to test drugs and destroying 
property such as bulldozers and SUVs. Most environ-
mentalists strongly oppose such tactics.

HOW WOULD YOU VOTE?

Do you support the use of nonviolent and nondestructive 
civil disobedience tactics by environmental groups and indi-
viduals? Cast your vote online at academic.cengage.com/
biology/miller.

Students and Educational 
Institutions Can Play Important 
Environmental Roles
Since the 1980s, there has been a boom in environ-
mental awareness on college campuses and in pub-
lic and private schools across the United States. Most 
student environmental groups work with members of 
their school’s faculty and administration to bring about 
environmental improvements in their schools and local 
communities.

Many of these groups make environmental audits of 
their campuses or schools. They gather data on practices 
affecting the environment and use it to propose changes 

INDIVIDUALS MATTER

Butterfly in a Redwood Tree

Although Butterfly lost her courageous 
battle to save the surrounding forest, she per-
suaded Pacific Lumber MAXXAM to save her 
tree (called Luna) and a 60-meter (200-foot) 
buffer zone around it. Not too long after she 
descended from her perch, someone used a 
chainsaw to seriously damage the tree. Cables 
and steel plates are now used to preserve it.

But maybe Butterfly did not lose, after all. 
The book she wrote about her stand, along 
with her subsequent travels to campuses all 
over the world, have inspired a number of 
young people to stand up for protecting bio-
diversity and for other environmental causes.

Butterfly led others by following in the 
tradition of Gandhi, who said, “My life is my 
message.” Would you spend a day or a week 
of your life protesting something that you be-
lieved to be wrong?

utterfly” is the nickname given 
to Julia Hill. This young woman 

spent 2 years of her life on a small plat-
form near the top of a giant redwood tree 
in California to protest the clear-cutting 
of a forest of these ancient trees, some 
of them more than 1,000 years old. She 
and other protesters were illegally occupy-
ing these trees as a form of nonviolent
civil disobedience, similar to that used de-
cades ago by Mahatma Gandhi in his efforts 
to end the British occupation of India and 
by Martin Luther King in the U.S. civil rights 
movement.

Butterfly had never participated in an 
environmental protest or act of civil disobe-
dience. She went to the site to express her 
belief that it was wrong to cut down these 
ancient giants for short-term economic gain, 

“B even if you own them. She planned to stay 
for only a few days.

But after seeing the destruction and 
climbing one of these magnificent trees, she 
ended up staying in the tree for 2 years to 
publicize what was happening and to try to 
save the surrounding trees. She became a 
symbol of the protest and, during her stay, 
used a cell phone to communicate with 
members of the mass media throughout the 
world to help develop public support for sav-
ing the trees.

Can you imagine spending 2 years of 
your life in a tree on a platform not much 
bigger than a king-sized bed, hovering 
55 meters (180 feet) above the ground, and 
enduring high winds, intense rainstorms, 
snow, and ice? All around her was noise from 
trucks, chainsaws, and helicopters.
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that will make their campuses or schools more envi-
ronmentally sustainable while usually saving money 
in the process. Such audits have resulted in numerous 
improvements (Science Focus, below). In 2008, the Na-
tional Wildlife Federation published a useful guide for 
students wishing to perform such audits. See www.nwf
.org/campusecology/BusinessCase/index.cfm.

More than 3,800 U.S. universities and colleges make 
up a $315 billion sector of the U.S. economy. Because 
their job is to train future leaders and citizens, they 
bear a special responsibility to promote environmental 
literacy and encourage environmental stewardship and 
sustainability, beginning with their own campuses and 

curricula. Any school without a serious sustainability 
program is now viewed as outdated.

No campus in the United States is even close to 
achieving environmental sustainability. However, partly 
because of student pressure, many campuses are making 
progress. Since June 2007, 458 university presidents, 
including some from the most influential schools in the 
United States, have signed an agreement to make their 
schools carbon neutral by resolving to add no net emis-
sions of CO2 to the atmosphere. Arizona State University 
has opened its Global Institute for Sustainability, which 
began admitting undergraduates in 2008. Berea College 
in Kentucky has a sustainable residential and learning 

SCIENCE FOCUS

Greening American Campuses

farms provide 80% of the produce served in 
its dining halls.

In June 2007, a group of 11 students at 
Dartmouth College in New Hampshire drove 
across the country in a big green retired 
school bus fueled by waste cooking oil from 
fast-food restaurants. Stopping at parks and 
music festivals, the bus became a mobile sci-
ence fair for renewable biomass energy (see 
thebiggreenbus.org for more information).

Critical Thinking
What major steps is your school taking to 
increase its own environmental sustainability 
and to educate its students about environ-
mental sustainability?

hall (Figure 24-C) that features a wind turbine, 
panels of solar cells, furniture made from 
recycled materials, and waterless (compost-
ing) toilets. A wind turbine at Minnesota’s 
Carleton College generates 40% of that 
school’s electricity. New York University gets 
all of the electricity it uses from windpower. 
And Middlebury College in Vermont has built 
a biomass power plant that runs on wood 
chips to help to reduce its greenhouse gas 
emissions.

Many college cafeterias are buying food 
locally, much of it organic. Yale University 
gets 40% of its food service items from local 
farms, including its student-run organic farm. 
At California’s Santa Clara University, local 

nvironmental audits by students at 
American colleges and universities 

have focused on increasing recycling, getting 
university food services to buy more food 
from local organic farms, reducing reliance 
on fossil fuels, increasing reliance on renew-
able energy, improving energy efficiency, 
and reducing dependence on cars. They also 
focus on reducing water waste, maintaining 
campus grounds more sustainably, building 
environmentally sustainable new buildings, 
retrofitting existing buildings to make them 
more sustainable, and implementing concepts 
of environmental sustainability throughout 
the curriculum.

Here are a few of a growing number of 
examples. Morris A. Pierce, a graduate stu-
dent at the University of Rochester in New 
York State, developed an energy manage-
ment plan that was adopted by that school’s 
board of trustees and is projected to save 
the university $60 million over 20 years. In 
similar efforts, students have helped to con-
vince almost 80% of universities and colleges 
in the United States to develop recycling 
programs.

In 2007, Sierra Magazine rated Oberlin 
College in Ohio as the nation’s greenest col-
lege. Its students helped to design a more 
sustainable environmental studies building 
powered by solar panels, which produce 
30% more electricity than the building uses. 
A living machine (Figure 20-C, p. 556) in the 
building’s lobby purifies all of its wastewater, 
and half of the school’s electricity comes from 
green sources. The school has a car-sharing 
program, and student activity fees subsidize 
public transportation.

At Northland College in Wisconsin, stu-
dents helped to design a “green” residence 

E Figure 24-C The Environmental
Living and Learning Center is 
an eco-friendly residence hall 
and meeting space at Northland 
College in Ashland, Wisconsin. 
The building, which houses more 
than 150 students, features a 
wind turbine and three large solar 
panels for generating some of the 
electricity used by the residents. 
Other green features include 
passive solar heating, furniture 
and carpet made from recycled 
plastic, recycled Mylar window 
shades that reduce heat loss in 
winter and prevent excessive solar 
gain in summer, and composting 
toilets in some of the bathrooms. 
Northland students had a major 
roll in designing the building, 
which is used by a variety of 
organizations for meetings and 
educational programs.
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complex with 50 apartments, known as Ecovillage. And 
most U.S. business schools now require students to take 
at least one course with an emphasis on sustainability, 
ethics, and corporate and social responsibility.

Such environmental improvements and research 
studies are also underway at universities in at least 
42 other countries.

THINKING ABOUT
Environmental Groups

What environmental groups exist at your school? Do you be-
long to such a group? Why or why not?

24-5 How Can We Improve Global Environmental 
Security?

CONCEPT 24-5 Environmental security is necessary for economic security and is at 
least as important as military security.

▲

Environmental Security Is as 
Important as Military and Economic 
Security
Countries are legitimately concerned with military secu-
rity and economic security. However, ecologists and many 
economists point out that all economies are supported 
by the earth’s natural capital (Figure 1-3, p. 8, and Fig-
ure 23-5, p. 615). And, according to environmental ex-
pert Norman Myers,

If a nation’s environmental foundations are degraded or 
depleted, its economy may well decline, its social fabric 
deteriorate, and its political structure become destabilized 
as growing numbers of people seek to sustain themselves 
from declining resource stocks. Thus, national secu-
rity is no longer about fighting forces and weaponry alone. 
It relates increasingly to watersheds, croplands, forests, 
genetic resources, climate, and other factors that, taken to-
gether, are as crucial to a nation’s security as are military 
factors.

[See his Guest Essay on this subject at CengageNOW 
(Concept 24-5).]

Research by Thomas Homer-Dixon, director of 
Canada’s Trudeau Center for Peace and Conflict 
Studies, has revealed a strong correlation between 
growing scarcities of resources, such as cropland, water, 
forests, and fish, and the spread of civil violence and 
dysfunction in government that can cause countries 
to become failed states (Figure 17, p. S19, Supplement 
3), which can no longer ensure the personal security 
of their people. Failed states suffer from a breakdown 
of law and order with gangs ruling the streets, violent 
internal conflict, and a deterioration of roads, electrical 
power, food and water supplies, sewage systems, and 
other vital forms of infrastructure. 

Such states often degenerate into civil war with seg-
ments of the population shifting their allegiance from 
a central government to tribal chieftains, warlords, or 
religious leaders, each claiming a piece of what once 
was a country. Many failing states also become train-
ing grounds for terrorists (as in Afghanistan and Iraq), 
weapon traders (as in Nigeria and Somalia), and drug 
producers (as in Afghanistan and Myanmar). They of-
ten generate large numbers of refugees displaced from 
their land and homes and often fleeing for their lives.

Economist Jeffrey D. Sachs argues that the deadly 
violence in Darfur, Sudan (Africa), which headed the 
2007 list of failing states, is rooted in an ecological crisis 
brought about by drought and rapid population growth. 
Darfur lies in an arid, drought-prone region where two 
competing populations of impoverished people—one 
raising livestock and the other farming land—are grow-
ing exponentially. Their agricultural activities have 
strained the limited water supply, and when precipita-
tion became scarce in the 1980s, violent competition 
began, as communities fought to survive by raiding 
each other’s food and water supplies.

Some analysts call for all countries to make envi-
ronmental security a major focus of diplomacy and 
government policy at all levels. This could be imple-
mented by a council of advisers made up of highly 
qualified experts in environmental, economic, and 
military security, who could integrate all three security 
concerns in making major decisions, including funding 
priorities (Figure 23-12, p. 627). This involves taking 
into consideration the enormous harmful environmen-
tal impacts of wars (Science Focus, at right).

HOW WOULD YOU VOTE?

Is environmental security just as important as economic 
and military security? Cast your vote online at academic
.cengage.com/biology/miller.
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We Can Develop Stronger 
International Environmental 
Policies
A number of international environmental organiza-
tions help to shape and set global environmental pol-
icy. Perhaps the most influential is the United Nations, 
which houses a large family of organizations including 
the U.N. Environment Programme (UNEP), the World 
Health Organization (WHO), the U.N. Development 
Programme (UNDP), and the U.N. Food and Agriculture 
Organization (FAO).

Other organizations that make or influence envi-
ronmental decisions are the World Bank, the Global 
Environment Facility (GEF), and the World Conserva-
tion Union (also known as the IUCN). The website for 
this chapter has a list of major international environ-
mental organizations. Despite their often limited fund-
ing, these and other organizations have played impor-
tant roles in

• Expanding understanding of environmental issues

• Gathering and evaluating environmental data

• Developing and monitoring international environ-
mental treaties

• Providing grants and loans for sustainable eco-
nomic development and reducing poverty

• Helping more than 100 nations to develop environ-
mental laws and institutions

One such NGO, the NRDC (Case Study, p. 649) has 
focused on helping China in its efforts to become more 

sustainable. In 2007, NRDC opened an office in Beijing, 
from which it acts as a leading advisor to Chinese offi-
cials, helping the country to launch an energy-efficiency 
campaign, invest in clean-burning vehicles, and imple-
ment a carbon-capture program. NRDC states that one 
of its top priorities is to help see that China’s staggering 
economic growth does not become an environmental 
disaster for China and for the planet.

Since the 1972 U.N. Conference on the Human En-
vironment in Stockholm, Sweden, progress has been 
made in addressing environmental issues at the global 
level. The conference also created the UNEP to help de-
velop the global environmental agenda. However, it is 
a small and underfunded agency.

In 1992, governments of more than 178 nations 
and hundreds of NGOs met at the U.N. Conference on 
Environment and Development (UNCED) in Rio de 
Janeiro, Brazil. The major policy outcome of this con-
ference was Agenda 21, a global agenda for sustainable 
development in the 21st century, which was adopted by 
178 governments, not including the United States. This 
ambitious agenda established goals for addressing the 
world’s social, economic, and environmental problems. 
The conference also established the Commission on 
Sustainable Development to follow up on the Agenda 
21 goals and to monitor and report on the agreements 
at the local, regional, and international levels. In 1997, 
an Earth Summit was held to review the somewhat 
limited progress toward implementing the Agenda 
21 goals.

Figure 24-9 (p. 654) lists some of the good and bad 
news about international efforts to deal with global 

SCIENCE FOCUS

Environmental Impacts of War

Since 1998, the U.N. Environment 
Programme has been sending teams of 
scientists and other workers to affected 
areas after conflicts, such as those in the 
Balkans, Afghanistan, and Iraq, to assess 
damages to the natural and human environ-
ments and to develop plans for dealing with 
these harmful impacts. The teams identify 
environmental hotspots in need of immediate 
cleanup to avoid further threats to human 
health. These efforts led the international 
community for the first time to include envi-
ronmental cleanup as part of humanitarian 
aid provided after a war.

Critical Thinking
What are three measures the international 
community might take to deal with the 
harmful environmental effects of war?

Another problem is contamination of 
military sites. In the United States, over 
20,000 sites on more than 1,700 military 
facilities are contaminated with toxic wastes. 
Hundreds of sites used to produce nuclear 
weapons are contaminated with long-lived 
and dangerous radio active wastes.

The harmful environmental, economic, and 
human impacts of war include loss of biodi-
versity, air and water pollution, higher levels of 
CO2 contributing to climate change, soil and 
groundwater contamination, contaminated 
fish and wildlife, economic losses, loss of jobs, 
and large numbers of displaced refugees.

In addition, according to the International 
Committee of the Red Cross, unexploded 
land mines kill or maim 1,000–2,000 people 
every month. And an estimated 100 million 
such mines are scattered throughout the 
world, as are radioactive depleted uranium 
shells.

egardless of their cause, mili-
tary conflicts always lead to 

human suffering and environmental deg-
radation. In the last 60 years, there has 
been a general increase in the amount of 
environmental damage due to wars, as 
weapons have become more powerful and 
destructive.

For example, when a large bomb 
explodes it releases toxic chemicals, an-
nihilates surrounding flora and fauna, 
and destroys layers of soil that can take 
thousands of years to regenerate. When 
bombs destroy oil tankers, oil production 
facilities, or chemical plants, they release 
huge quantities of toxic chemicals into the 
air, water, and soil, threatening humans, 
plants, birds, and other wildlife species. 
Oil facilities set afire release enormous 
amounts of CO2 and other pollutants into 
the atmosphere. 

R
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environmental problems such as poverty, climate 
change, biodiversity loss, and ocean pollution.

The primary focus of the international community 
on environmental problems has been the development 
of various international environmental laws and non-
binding policy declarations called conventions. There are 
more than 500 international environmental treaties 
and agreements—known as multilateral environmental 
agreements (MEAs).

To date, the Montreal and Copenhagen Protocols 
for protecting the ozone layer (p. 527) are the most 
successful examples of how the global community can 
work together to deal with a serious global environ-
mental challenge. Figure 24-10 lists some major prob-
lems with MEAs and solutions to these problems.

In 2004 and in 2008, environmental leader Gus 
Speth argued that global environmental problems are 
getting worse and that international efforts to solve 
them are inadequate. This analysis was confirmed by 

Most international 
environmental 
treaties lack criteria 
for evaluating their 
effectiveness

1992 Rio Earth 
Summit led to 
nonbinding 
agreements with 
inadequate funding

By 2008 there was 
little improvement 
in the major 
environmental 
problems discussed 
at the 1992 Rio 
summit

2002 Johannesburg 
Earth Summit failed 
to deal with global 
environmental 
problems such as 
climate change, 
biodiversity loss, 
and poverty

Environmental 
protection agencies 
in 115 nations

Over 500 
international 
environmental 
treaties and 
agreements

UN Environment 
Programme (UNEP) 
created in 1972 to 
negotiate and 
monitor 
international 
environmental 
treaties

1992 Rio Earth 
Summit adopted key 
principles for 
dealing with global 
environmental 
problems

2002 Johannesburg 
Earth Summit 
attempted to 
implement 1992 Rio 
summit policies and 
goals and reduce 
poverty

Good News Bad News

T R A D E - O F F S
Global Efforts to Solve
Environmental Problems

Figure 24-9 Good and bad news about international efforts to deal 
with global environmental problems. Question: What single piece 
of good news and what single piece of bad news do you think are 
the most important?

the 2006 Global Governance Initiative Report, which 
gave the world’s governments and businesses a score 
of 2 out of 10 in dealing with environmental issues, es-
pecially in addressing declining biodiversity and climate 
change and providing clean water and sanitation. Speth 
and other environmental leaders propose the creation 
of a World Environmental Organization, on the or-
der of the World Health Organization and the World 
Trade Organization, to deal with global environmental 
challenges.

The Yale Center for Environmental Law and Policy 
and the Columbia University Center for International 
Earth Science Information Network have developed the 
Environmental Performance Index (EPI), which evalu-
ates 149 countries using 25 environmental indicators. 
(See Figure 8, p. S30, in Supplement 4 for a map of EPIs 
by country.) In 2008, the top ten scoring countries, in 
order, were Switzerland, Norway, Sweden, Finland, 
Costa Rica, Austria, New Zealand, Latvia, Colombia, 
and France. Other rankings were Iceland (11) (Chap-
ter 16 Core Case Study, p. 399), Canada (12), Germany 
(13), United Kingdom (14), Japan (21), Denmark (26), 
Russia (28), Brazil (34), United States (39), Mexico (47), 
China (104), and India (120). The five lowest ranked 
countries were Mali, Mauritania, Sierra Leone, Angola, 
and Niger.

Corporations Can Play a 
Key Role in Moving toward 
Environmental Sustainability
In our increasingly globalized economy, it has become 
more apparent that governments and corporations 
must work together to achieve goals for increased en-
vironmental sustainability. Governments can set envi-
ronmental standards and goals through legislation and 
regulations, but corporations generally have highly 
efficient ways of accomplishing such goals. Making a 
transition to more environmentally sustainable societ-
ies and economies will require huge amounts of invest-
ment capital and research and development. Most of 
this money is likely to come from profitable corpora-
tions, including banks and other lending agencies. Thus 
corporations must play a vital role in achieving a more 
sustainable future.

The good news is that an increasing number of 
corporate chief executive officers (CEOs) and inves-
tors are aware that there is much money to be made 
from developing and selling green products and ser-
vices during this century. This is guided by the concept 
of eco-efficiency, which is about finding ways to create 
more economic value with less environmental impact 
by reducing the amount of energy, water, chemicals 
and other raw materials used per unit of output. In ad-
dition to reducing harmful health and environmental 
impacts, improving eco-efficiency can save money for 
businesses and help them to meet their responsibilities 
to stockholders and investors.
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Stephan Schmidheiny, a Swiss bil-
lionaire, organized a group made up 
of the CEOs of 48 of the world’s larg-
est corporations in the early 1990s. It 
eventually became the World Business 
Council for Sustainable Development 
(WBCSD), which is dedicated to pro-
moting sustainable development built 
around improving eco-efficiency. To-
day, this council is a highly influential 
coalition of more than 170 international 
companies, involving some 700 global 
business leaders.

Green Planning Can Be 
a National Priority
As stated at the beginning of this chapter, govern-
ments have the power to play strong roles in making 
a transition to a more sustainable future. Many argue 
that they have the responsibility to do so, through 
national policies (Concept 24-6). In countries such as 
New Zealand, Sweden, and the Netherlands, the na-
tional governments are doing just that in a process 
called green planning—the creation of long-term envi-
ronmental management strategies with the ultimate 
goal of achieving greater environmental and economic 
sustainability and a high quality of life for a country’s 
citizens.

The longest running national green plan is that of the 
Netherlands—a country of about 16 million people. In 
1989, the Netherlands began implementing a National 
Environmental Policy Plan, or Green Plan, as a result of 
widespread public alarm over declining environmental 
quality. The goal was to slash production of many pol-
lutants by 70–90% and achieve the world’s first envi-
ronmentally sustainable economy, ideally within 2 or 
3 decades.

The government began by identifying eight major 
areas for improvement: climate change, acid deposi-

S O L U T I O N S
International Environmental Treaties

Do not require full consensus 
among regulating parties

Establish procedures for 
monitoring and enforcement

Increase funding for 
monitoring and enforcement

Harmonize or integrate 
existing agreements

Take a long time to 
develop and are weakened 
by requiring full consensus

Poorly monitored and 
enforced

Lack of funding for 
monitoring and 
enforcement

Treaties are not integrated 
with one another

Problems Solutions

Figure 24-10 Global outlook: major problems with 
global environmental treaties and agreements and 
solutions to these problems. Question: Which prob-
lem and which solution do you think are the most 
important?

tion, eutrophication, toxic chemicals, waste disposal, 
groundwater depletion, unsustainable use of renew-
able and nonrenewable resources, and local nuisances 
(mostly noise and odor pollution). Then the govern-
ment formed target groups, with members drawn from 
industry, government, and citizens’ groups for each of 
the eight areas, and asked each group to develop a vol-
untary agreement on establishing targets and timetables 
for drastically reducing pollution. Each group was free 
to pursue whatever policies or technologies it wanted. 
But if a group could not agree, the government would 
impose its own targets and timetables and stiff taxes 
and other penalties for industries not meeting certain 
pollution reduction goals.

The government identified four general themes for 
each group to focus on. First, implement life-cycle man-
agement, which makes companies responsible for the 
remains of their products after users are finished using 
them—a goal that has promoted the design of prod-
ucts that can be reused or recycled. Second, improve 
energy efficiency with help from government grants 
of $385 million per year. Third, invent more environ-
mentally sustainable technologies or improve existing 
technologies with support from a government program 
for that purpose. Fourth, improve public awareness 
through a massive government-sponsored public edu-
cation program.

24-6 How Can We Implement More Sustainable 
and Just Environmental Policies?

CONCEPT 24-6 Making the transition to more sustainable societies will require 
that nations implement green plans and that people and nations cooperate, agree 
on principles, and make the political commitment to achieve this transition.

▲
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In 2001, the Dutch government published the 
fourth version of the country’s national environmental 
policy plan. More than 250,000 Dutch businesses have 
been participating in this plan and have made legally 
binding performance agreements with the govern-
ment. Many of the country’s leading industrialists like 
the Green Plan for several reasons. One is that they can 
make investments in pollution prevention and pollu-
tion control with less financial risk, because they have a 
high degree of certainty about long-term environmen-
tal policy. Another is that they are free to deal with the 
problems in ways that make the most sense for their 
businesses.

In addition, industrial leaders have learned that cre-
ating more efficient and environmentally sound prod-
ucts and processes can often reduce costs and increase 
profits, because they can sell such innovations at home 
and abroad. Since the Green Plan’s inception in 1989, 
the Netherlands has achieved 70% of the plan’s initial 
goals.

The Netherlands plan is the first attempt by any 
country to foster a national debate on the issue of en-
vironmental sustainability and to encourage innova-
tive solutions to environmental problems. Is the plan 
working? Since 1989, more than a dozen government–
industry environmental covenants have been signed. 
Most of the target groups have met or exceeded their 
goals on schedule. Some of the accomplishments in-
clude phasing out ozone-depleting substances (p. 525), 
cutting industrial waste disposal by 60%, increasing the 
waste recycling rate to 70%, and reducing sulfur diox-
ide emissions from power plants by 70%.

The government and private sector have conducted 
a huge amount of environmental research. This has led 
to an increase in organic agriculture, greater reliance 
on bicycles in some cities, and more ecologically sound 
new housing developments. Significant progress has 
been made, but there is still a long way to go as evi-
denced by the fact that the 2008 Environmental Per-
formance Index ranked Netherlands number 55 out of 
149 countries.

THINKING ABOUT
Green Planning

Do you know of a green plan in the city, state, or country 
where you live? Is it meeting its goals?

We Can Shift to More 
Environmentally Sustainable 
Societies
A study of nature reveals that all parts of the biosphere 
are ecologically interdependent. Similarly, all parts of 
the human culturesphere are economically and politi-
cally interdependent. This interdependence requires 

citizens, business leaders, and elected officials to coop-
erate in trying to find and implement innovative short-
term and long-term solutions to local, national, and 
global environmental, economic, and social problems 
(Concept 24-6).

Several guidelines have been suggested for foster-
ing cooperation instead of confrontation as we struggle 
to make such a transition. First, emphasize preventing or 
minimizing environmental problems instead of letting 
them build to crisis levels. Second, use well-designed 
and carefully monitored marketplace solutions (Chapter 
23) to help prevent or reduce the impacts of most en-
vironmental problems. Third, cooperate and innovate 
to find win–win solutions or tradeoffs to environmental 
problems and injustices. And fourth, be honest and ob-
jective. People on both sides of thorny environmental 
issues should take a vow not to exaggerate or distort 
their positions in attempts to play win–lose or winner-
take-all games.

The story of Marion Stoddart (Core Case 
Study) illustrates how these guidelines for co-
operation can be applied. Stoddart did not confront 
businesses and government as enemies. Instead, with 
positive persistence, she enlisted them as partners. She 
worked hard with them to build social capital (p. 20), 
and together they arrived at a win–win solution.

Making the transition to sustainability during 
your lifetime will require governments and their citi-
zens to rethink their priorities. Figure 23-12 (p. 627) 
shows that it would take about $245 billion a year for 
the world to meet basic social and health goals and to 
provide environmental security. This amounts to about 
one-eighth of what countries spend each year on envi-
ronmentally harmful subsidies. Converting that portion 
of those subsidies to environmentally beneficial subsi-
dies and other forms of aid would go a long way toward 
solving major social and environmental problems.

Also, this $245 billion per year amounts to a frac-
tion of what is spent on wars. Dwight D. Eisenhower, a 
World War II general and later president of the United 
States, offered the following advice in helping us to set 
our priorities for solving such problems: 

Every gun that is made, every warship launched, every 
rocket fired, signifies in the final sense a theft from those 
who hunger and are not fed, those who are cold and are 
not clothed . . . I hate war as only a soldier who has lived 
it can . . . as one who has seen its brutality, its futility, its 
stupidity.

The world has the knowledge, technologies, and 
financial resources to eradicate poverty and malnutri-
tion, eliminate illiteracy, sharply reduce infectious dis-
eases, stabilize human populations, and restore and 
protect the earth’s natural capital. Making the shift to 
more equitable and environmentally sustainable global 
and national societies is primarily an economic, politi-
cal, and ethical decision process. It involves shifting to 
more sustainable forestry (Figure 10-17, p. 227), agri-
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culture (Figure 12-31, p. 307), water resources (Fig-
ure 13-23, p. 337), energy resources (Figure 16-33, 
p. 432), and economies (Figure 23-14, p. 630). It also 
means slowing climate change (Figure 19-13, p. 515), 
and educating the public and elected officials about the 
urgent need to make such a shift. Analysts call for the 
United States, the wealthiest society that has ever ex-
isted, to take the lead in making this transition.

Some say that the call for making this shift is ideal-
istic and unrealistic. Others say that it is unrealistic and 
dangerous to keep assuming that our present course is 
sustainable, and they warn that we have precious little 
time to change (see this chapter’s opening quote).

Regardless, a shift is underway. Some thoughtful 
business and political leaders are realizing that “busi-
ness as usual” is no longer a viable option (Individu-

als Matter, p. 622). The governments of some countries 
have begun shifting taxes from income to pollution and 
carbon emissions. In the United States, various states 
and cities, choosing not to wait for the federal govern-
ment, have enacted their own laws and programs to 
improve energy efficiency, use more renewable energy, 
and reduce pollution and greenhouse gas emissions.

Making the transition, on an urgent basis, to more 
sustainable societies is a way to restore hope for the 
world’s people and to avoid undermining the earth’s 
natural capital and the futures of our children and 
grandchildren. It will depend on the choices made 
and the actions taken by everyone, from business and 
political leaders to ordinary citizens, as they work to-
gether to sustain the human civilization during this 
century.

The Nashua River and Sustainability

The work of Marion Stoddart and her colleagues in the Nashua 
River watershed (Core Case Study) is a model that could be ap-
plied on a global scale to bring about environmentally beneficial 
change. Environmental scientists increasingly believe that an 
inclusive, cooperative process, such as that started by Stoddart, 
is the best way to link science and scientific findings to decisions 
made when creating environmental policy. Science has been side-
lined, at least in much recent U.S. environmental policy-making. 
But scientists can play a role in the formation of policy if they are 
included in the policy processes from the start, just as they were 
in Chattanooga, Tennessee (Case Study, p. 21) and in the case of 
the Nashua River cleanup.

Policy-making can be guided by the four scientific principles 
of sustainability (see back cover). Because environmental and 
social problems are interrelated, their solutions also are interre-
lated. For example, relying on solar energy and other renewable 
energy sources reduces oil and coal use, but it also reduces air 

pollution and greenhouse gas emissions, thus helping to slow 
climate change, protect biodiversity, and reduce the need for 
military action to protect oil supplies. Likewise, reforestation 
benefits biodiversity, but also increases aquifer recharge, reduces 
soil erosion, and slows climate change by removing carbon diox-
ide from the atmosphere. And efforts to eradicate poverty help us 
to stabilize populations, sharply reduce hunger and malnutrition, 
and decrease environmental degradation.

Once we initiate these environmentally positive trends, they 
will reinforce one another and speed up the transition to more 
sustainable societies. Beneficial change can occur much more 
rapidly than we think.

In working to make the earth a better and more sustain-
able place to live, we should be guided by George Bernard 
Shaw’s reminder that “People who say it cannot be done should 
not interrupt those who are doing it.” Marion Stoddart would 
agree.

R E V I S I T I N G

As the wagon driver said when they came to a long hard hill, 
“Them that’s going on with us get out and push. 

Them that ain’t get out of the way.”
THOMAS FULGHUM

REVIEW

1. Review the Key Questions and Concepts for this chap-
ter on p. 635. Describe what Marion Stoddart did to 
help clean up the Nashua River in the U.S. state of 
Massachusetts (Core Case Study).

2. What key roles can governments play in im-
proving environmental quality? What is a government 
policy? What is politics? What is environmental
policy? What are the four stages of a policy life cycle in 

democracies? What is a democracy? Describe two fea-
tures of democratic governments that hinder their ability 
to deal with environmental problems. Explain nine prin-
ciples that decision makers can use in making environ-
mental policy and five strategies for implementing these 
principles.

3. What are the three branches of government in the 
United States and what major role does each play? What 
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7. Describe the roles of grassroots and mainstream environ-
mental organizations and give an example of each type 
of organization. Describe the role and effectiveness of the 
Natural Resources Defense Council (NRDC). Give two 
examples of how students have played strong roles in im-
proving environmental quality.

8. Explain the importance of environmental security, rela-
tive to economic and military security. Describe some of 
the harmful environmental impacts of war. List two pieces 
of good news and two pieces of bad news about interna-
tional efforts to deal with global environmental problems. 
List three problems with global environmental treaties 
and agreements. Describe roles that corporations can play 
in helping to achieve environmental sustainability, and 
give an example of such an effort.

9. Describe efforts by the Netherlands to develop and imple-
ment a national environmental plan, or green plan. What 
are four guidelines for shifting to more environmentally 
sustainable societies?

10. Describe connections between Marion Stoddart’s 
efforts to restore and protect a river (Core
Case Study) and the four scientific principles 
of sustainability.

is lobbying? What are three major environmental 
laws? Explain why developing environmental policy 
is a difficult and controversial process. What are four 
major types of public lands in the United States? 
Describe the controversy over managing these lands. 
Describe the controversy over logging in U.S. National 
Forests.

4. Describe four ways in which individuals in democracies 
can help to develop or change environmental policy. 
What does it mean to say that we should think globally 
and act locally? Give an example of such an action. What 
are four ways to provide environmental leadership?

5. What is environmental law? Distinguish among a 
statutory law, an administrative law, and a common
law. What is a civil suit? What are the plaintiff and 
the defendant in a lawsuit? List six reasons why it is dif-
ficult to win an environmental lawsuit. What is a SLAPP? 
Describe the role that Diane Wilson played in helping to 
reduce the dumping of toxic chemicals into the bay near 
where she lived. Distinguish between arbitration and 
mediation in dealing with a lawsuit. List three general 
types of U.S. environmental laws. What is an environ-
mental impact statement?

6. Explain how and why U.S. environmental laws have been 
under attack since 1980. How effective have the attacks 
been? Describe Julia “Butterfly” Hill’s efforts to save giant 
redwood trees in California. Note: Key Terms are in bold type.

CRITICAL THINKING

1. If you could, would you work to improve some aspect 
of the environment in your local community as 
Marion Stoddart did (Core Case Study)? Would 
you do anything differently from the way she 
did it?

2. Pick an environmental problem that affects the area 
where you live and decide where in the policy cycle 
(Figure 24-2) the problem could best be placed. Apply the 
cycle to this problem and describe how the problem has 
progressed (or will likely progress) through each stage. 
If your problem has not progressed to the control stage, 
describe how you think the problem would best be dealt 
with in that stage.

3. Explain why you agree or disagree with each of 
the (a) nine principles listed on p. 637, which are 
recommended by some analysts for use in making 
environmental policy decisions, and (b) five suggested 
strategies for implementing these principles (p. 638).

4. What are two ways in which the scientific process de-
scribed in Chapter 2 (Figure 2-2, p. 30) parallels the policy 

life cycle (Figure 24-2)? What are two ways in which they 
differ?

5. Explain why you agree or disagree with (a) each of the 
four principles that biologists and some economists have 
suggested for deciding how to use public lands in the 
United States (pp. 640–641), and (b) each of the five sug-
gestions made by developers and resource extractors for 
managing and using U.S. public lands (pp. 641–642).

6. Do you think that corporations and government bodies 
are ever justified in filing SLAPP lawsuits (p. 645)? Give 
three reasons for your answer. Do you think that poten-
tial defendants of SLAPP suits should be protected in any 
way from such suits? Explain.

7. Government agencies can help to keep an economy going 
or to boost certain types of economic development by, for 
example, building or expanding a major highway through 
an undeveloped area. Proponents of such development 
have argued that requiring environmental impact state-
ments (p. 646) for these projects interferes with efforts to 
help an economy. Do you agree? Is this a problem? Why 
or why not?
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8. List three ways in which you could apply Concept 24-6 to 
making your lifestyle more environmentally sustainable.

9. You are in charge of the country where you live. List the 
five most important components of your environmental 
policy.

10. List two questions that you would like to have answered 
as a result of reading this chapter.

Note: See Supplement 13 (p. S78) for a list of Projects related to this chapter.

Create categories. For example, note whether each respondent 
is male or female. By creating such categories, you are placing 
each  person into a respondent pool.  You can add other ques-
tions about age, political leaning, and other factors to refine 
your pools.

DATA ANALYSIS

Choose an environmental issue that you have studied in the 
course. It could be anything you are passionate about, such as 
global warming or nuclear power. Conduct a poll of students, 
faculty, staff, and local residents by asking them the questions 
below as they relate to your particular environmental issue. 
Poll as many people as you can in order to get a large sample. 

Poll Questions

Question 1 On a scale of 1 to 10, how knowledgeable are you about environ-
mental issue X?

Question 2 On a scale of 1 to 10, how aware are you of ways in which you, as 
an individual, impact environmental issue X?

Question 3 On a scale of 1 to 10, how important is it for you to learn more 
about environmental issue X?

Question 4 On a scale of 1 to 10, how sure are you that an individual can have 
a positive influence on environmental issue X?

Question 5 On a scale of 1 to 10, how sure are you that the government is 
providing the appropriate level of leadership with regard to envi-
ronmental issue X?”

1. Collect your data, and analyze your findings to measure 
any differences among the respondent pools. 

2. List any major conclusions you would draw from 
the data. 

3. Publicize your findings on your school’s website or local 
newspaper.

LEARNING ONLINE

Log on to the Student Companion Site for this book at 
academic.cengage.com/biology/miller, and choose 
Chapter 24 for many study aids and ideas for further read-

ing and research. These include flash cards, practice quiz-
zing, Weblinks, information on Green Careers, and InfoTrac®

College Edition articles.
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tional oxygen had to be pumped in from the outside to keep the 
Biospherians from suffocating.

Tropical birds died after the first freeze. An ant species got 
into the enclosure, proliferated, and killed off most of the sys-
tem’s original insect species. As a result, the facility was over-
run with cockroaches, katydids, and ants. In total, 19 of the 
Biosphere’s 25 small animal species became extinct. Before the 
2-year period was up, all plant-pollinating insects became extinct, 
thereby dooming to extinction most of the plant species.

Despite many problems, the facility’s waste and wastewater 
were recycled. With much hard work, the Biospherians were 
also able to produce 80% of their food supply, despite rampant 
weed growths, spurred by higher CO2 levels, that crowded out 
food crops. However, they suffered from persistent hunger and 
weight loss.

In the end, an expenditure of $200 million failed to maintain 
a life-support system for eight people for 2 years. Scientists Joel 
Cohen and David Tilman, who evaluated the project, concluded, 
“No one yet knows how to engineer systems that provide hu-
mans with life-supporting services that natural ecosystems pro-
vide for free.” Since 2007, the University of Arizona has been 
leasing the facility for biological research and to provide environ-
mental education for school teachers.

Biosphere 2—A Lesson in Humility

In 1991, eight scientists (four men and four women) were sealed 
inside Biosphere 2, a $200 million glass and steel enclosure de-
signed to be a self-sustaining life-support system (Figure 25-1) 
that would increase our understanding of Biosphere 1: the 
earth’s life-support system.

The sealed system of interconnected domes was built in the 
desert near Tucson, Arizona (USA). It contained artificial eco-
systems including a tropical rain forest, savanna, desert, lakes, 
streams, freshwater and saltwater wetlands, and a mini-ocean 
with a coral reef.

Biosphere 2 was designed to mimic the earth’s natural 
chemical recycling systems. Water evaporated from its ocean and 
other aquatic systems, then condensed to provide rainfall over 
the tropical rain forest. The precipitation trickled through soil 
filters into the marshes and the ocean before evaporating again. 
Human and animal excrement and other wastes were treated 
and recycled to help support plant growth.

The facility was stocked with more than 4,000 species of 
plants and animals, including small primates, chickens, cats, 
and insects, selected to help maintain life-support functions. 
Sunlight and external natural gas–powered generators provided 
energy. The Biospherians were to be isolated for 2 years and to 
raise their own food using intensive organic agriculture. They 
were to breathe air recirculated 
by plants and to drink water 
cleansed by natural recycling 
processes.

From the beginning, many 
unexpected problems cropped 
up and the life-support sys-
tem began unraveling. Large 
amounts of oxygen disappeared 
when soil organisms converted 
it to carbon dioxide and the 
Biospherians suffered from 
headaches, shortness of breath, 
and the threat of CO2 and 
nitrous oxide poisoning. Addi-

Environmental Worldviews, 
Ethics, and Sustainability25

Figure 25-1 Biosphere 2, constructed 
near Tucson, Arizona, was designed to 
be a self-sustaining life-support system 
for eight people sealed into the facility 
in 1991. The experiment failed because 
of a breakdown in its nutrient cycling 
systems. PR
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What Is an Environmental 
Worldview?
People disagree on how serious various environmental 
problems are and on what we should do about them. 
These conflicts arise mostly out of differing environ-
mental worldviews—how people think the world 
works and what they believe their role in the world 
should be. Part of that perceived role is determined by 
a person’s environmental ethics—what one believes 
about what is right and what is wrong in our behavior 
toward the environment.

Worldviews, including one’s religious beliefs, are 
built from the answers to fundamental questions: Who 
am I? Why am I here? What should I do with my life? 
These views provide key principles or values that give 
us a sense of meaning and purpose and help us to sort 
out and evaluate the daily flood of information and 
misinformation that bombards us. People with widely 
differing environmental worldviews can take the same 
data, be logically consistent, and arrive at quite differ-

ent conclusions, because they start with different as-
sumptions and values.

Figure 25-2 (p. 662) summarizes the major beliefs 
of each of three major environmental worldviews.

Some environmental worldviews are human-centered
(anthropocentric), focusing on the needs and wants of 
people; others are life-centered (biocentric), focusing on 
individual species, the entire biosphere, or some level 
in between, as shown in Figure 25-3 (p. 662). As you 
move from the center to the outside rings in the fig-
ure, the worldviews become less human-centered and 
more life- or earth-centered. Also, some worldviews 
are based on environmental knowledge and under-
standing, and some are guided more by one’s moral or 
spiritual beliefs. 

A brief overview of various philosophies, the values 
we attach to different forms of life, and cultural and re-
ligious perspectives can help us understand the nature 
and roots of different environmental worldviews. (Sup-
plement 12, p. S76–S77, discusses the envi ronmental
aspects of various philosophies and religions.)

Key Questions and Concepts

25-1 What are some major environmental 
worldviews?
CONCEPT 25 - 1  Major environmental worldviews differ on 
which is more important—human needs and wants, or the overall 
health of ecosystems and the biosphere.

25-2 What is the role of education in living more 
sustainably?
CONCEPT 25 -2  The first step to living more sustainably is to 
become environmentally literate, partly by learning from nature.

25-3 How can we live more sustainably?
CONCEPT 25 -3A  We can live more sustainably by using certain 
guidelines to convert environmental literacy and concerns into 
action.

CONCEPT 25 -3B  We can live more sustainably by living more 
simply and lightly on the earth and by becoming informed and 
active environmental citizens.

Note: Supplements 2 (p. S4), 12 (p. S76) and 13 (p. 78) can be used with this chapter.

The main ingredients of an environmental ethic 
are caring about the planet and all of its inhabitants, 

allowing unselfishness to control the immediate self-interest that harms others, 
and living each day so as to leave the lightest possible footprints on the planet.

ROBERT CAHN

25-1 What Are Some Major Environmental 
Worldviews?

CONCEPT 25-1 Major environmental worldviews differ on which is more 
important—human needs and wants, or the overall health of ecosystems and the 
biosphere.

▲

661Links: refers to the Core Case Study. refers to the book’s sustainability theme. indicates links to key concepts in earlier chapters.
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Most People Have Human-Centered 
Environmental Worldviews
One human-centered worldview held by many people is 
the planetary management worldview. Figure 25-2 
(left) summarizes the major beliefs of this worldview.

According to this view, we are the planet’s most im-
portant and dominant species, and we can and should 
manage the earth mostly for our own benefit. Other 
species and parts of nature are seen as having only 
instrumental value based on how useful they are to us 
(Figure 25-3). According to this view of nature, human 
well-being depends on the degree of control that we 
have over natural processes. This view holds that, as 

the world’s most important and intelligent species, we 
can bypass the biological limitations imposed by nature 
on other species and redesign the planet and its life-
support systems to support us and our ever-growing 
economies.

Here are three variations of the planetary manage-
ment environmental worldview:

• The no-problem school. We can solve any environ-
mental, population, or resource problem with more 
economic growth and development, better man-
agement, and better technology.

• The free-market school. The best way to manage the 
planet for human benefit is through a free-market 

Biosphere- or Earth-centered

Ecosystem-centered

Biocentric
(life-centered)

Anthropocentric
(human-centered)

Self-centeredPlanetary
management

Environmental
wisdom

Stewardship

Instrumental
values play
bigger role

Intrinsic
values play
bigger role

Figure 25-3 
Environmental 
worldviews 
lie on a con-
tinuum running 
from more 
self- and hu-
man-centered 
(center) to life-, 
biosphere- or 
earth-centered 
(outer rings).

Figure 25-2 
Comparison 
of three major 
environmental 
worldviews 
(Concept 25-1). 
Questions: 
Which of these 
descriptions 
most closely fits 
your worldview? 
Which of them 
most closely fits 
the worldviews 
of your parents?

Planetary Management Stewardship Environmental Wisdom

■ We are apart from the rest of  
 nature and can manage nature  
 to meet our increasing needs 
 and wants.

■ Because of our ingenuity and  
 technology, we will not run out  
 of resources.

■ The potential for economic  
 growth is essentially unlimited.

■ Our success depends on how  
 well we manage the earth's life- 
 support systems mostly for our  
 benefit.

■ We have an ethical responsibility  
 to be caring managers, or  
 stewards, of the earth.

■ We will probably not run out of  
 resources, but they should not  
 be wasted.

■ We should encourage   
 environmentally beneficial forms  
 of economic growth and   
 discourage environmentally  
 harmful forms.

■ Our success depends on how  
 well we manage the earth's life- 
 support systems for our benefit  
 and for the rest of nature.

■ We are a part of and totally  
 dependent on nature, and nature  
 exists for all species.

■ Resources are limited and should  
 not be wasted.

■ We should encourage earth- 
 sustaining forms of economic  
 growth and discourage earth- 
 degrading forms.

■ Our success depends on learning  
 how nature sustains itself and  
 integrating such lessons from  
 nature into the ways we think
  and act.

E n v i r o n m e n t a l  Wo r l d v i e w s
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global economy with minimal government interfer-
ence and regulations. All public property resources 
should be converted to private property resources 
and the global marketplace, governed only by 
free-market competition, should decide essentially 
everything.

• The spaceship-earth school. The earth is like a space-
ship: a complex machine that we can understand, 
dominate, change, and manage, in order to provide 
a good life for everyone without overloading natu-
ral systems. This view was developed after people 
saw photographs taken from outer space showing 
the earth as a finite planet, or an island in space 
(Figure 1-1, p. 5).

Another largely human-centered environmental 
worldview is the stewardship worldview. It assumes 
that we have an ethical responsibility to be caring and 
responsible managers, or stewards, of the earth. Fig-
ure 25-2 (center) summarizes the major beliefs of this 
worldview.

According to the stewardship view, as we use the 
earth’s natural capital, we are borrowing from the 
earth and from future generations. We have an ethi-
cal responsibility to pay this debt by leaving the earth 
in at least as good a condition as what we now enjoy. 
In applying stewardship, parents act in their children’s 
long-term interests to provide a better future for them. 
When thinking about our responsibility toward future 
generations, some analysts suggest we consider the 
wisdom of the 18th century Iroquois Confederation of 
Native Americans: In our every deliberation, we must con-
sider the impact of our decisions on the next seven generations.

Can We Manage the Earth?
Some people believe any human-centered worldview 
will eventually fail because it wrongly assumes we now 
have or can gain enough knowledge to become effec-
tive managers or stewards of the earth. To biologist and 
environmental philosopher René Dubos (1901–1982), 
“The belief that we can manage the earth and improve 
on nature is probably the ultimate expression of hu-
man conceit, but it has deep roots in the past and is 
almost universal.” According to environmental leader 
Gus Speth, “This view of the world—that nature be-
longs to us rather than we to nature—is powerful and 
pervasive—and it has led to much mischief.”

According to some critics of human-centered world-
views, the unregulated global free-market approach 
will not work because it is based on increased degrada-
tion and depletion of the earth’s natural capital, and it 
focuses on short-term economic benefits with little re-
gard for the long-term harmful environmental, health, 
and social consequences.

The image of the earth as an island or spaceship 
has played an important role in raising global environ-
mental awareness. But critics argue that thinking of the 

earth as a spaceship that we can manage is an oversim-
plified, arrogant, misleading way to view an incredibly 
complex and ever-changing planet. This criticism was 
supported by the failure of the Biosphere 2 experiment 
(Core Case Study).

Critics of human-centered worldviews point 
out that we do not even know how many species live on 
the earth, much less what their roles are and how they 
interact with one another and with their nonliving en-
vironment. We have only an inkling of what goes on 
in a handful of soil, a meadow, or any other part of the 
earth. As biologist David Ehrenfeld puts it, “In no impor-
tant instance have we been able to demonstrate compre-
hensive successful management of the world, nor do we 
understand it well enough to manage it even in theory.” 
As a newcomer species, we have much to learn about 
how the earth works, as illustrated by the failure of the 
Biosphere 2 project.

Some People Have Life-Centered 
and Earth-Centered Environmental 
Worldviews
Critics of human-centered environmental worldviews 
argue that they should be expanded to recognize the 
inherent or intrinsic value of all forms of life, regardless 
of their potential or actual use to humans. Many of the 
world’s religions have such an inherent respect for life 
(see Supplement 12, p. S76).

However, people disagree about how far we should 
extend our ethical concerns for various forms of life 
(Figure 25-4, p. 664). Most people with a life-centered 
worldview believe we have an ethical responsibility 
to avoid causing the premature extinction of species 
through our activities, for two reasons. First, each spe-
cies is a unique storehouse of genetic information that 
should be respected and protected simply because it ex-
ists (intrinsic value). Second, each species has potential 
economic value (instrumental value). The latter is also 
an important part of the more human-centered stew-
ardship environmental worldview.

Some people think we should go beyond focus-
ing mostly on species. They believe we have an ethi-
cal responsibility to prevent degradation of the earth’s 
ecosystems, biodiversity, and the biosphere. This earth-
centered environmental worldview (Figure 25-3) is de-
voted to preserving the earth’s biodiversity and the 
functioning of its life-support systems for all forms of 
life, now and in the future. This worldview sees the 
earth as a single community whose members are bound 
together through a web of life—a complex and adapt-
able network of interdependent relationships.

People with earth-centered worldviews believe that 
humans are not in charge of the world and that human 
economies are subsystems of the earth’s life-support 
systems (Figure 23-5, p. 615). They understand that 
the earth’s natural capital keeps us and other species 
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alive and supports our economies. They argue that 
preserving the earth’s natural capital requires 
mimicking nature by applying the four princi-
ples of sustainability (see back cover) to human 
economies and lifestyles.

One earth-centered worldview is called the envi-
ronmental wisdom worldview. Figure 25-2 (right) 
summarizes its major beliefs. According to this view, 
we are part of—not apart from—the community of life 
and the ecological processes that sustain all life. There-
fore, we should work with the earth to promote envi-
ronmental sustainability (Figure 25-5) instead of trying 
to conquer and manage it mostly for our own benefit. 
In many respects, it is the opposite of the planetary 
management worldview (Figure 25-2, left).

This worldview is based on the belief that we 
should strive to care for all species and all humanity. 
It also suggests that the earth does not need us manag-
ing it in order to go on, whereas we need the earth in 
order to survive. It is futile to try to save the earth, because 
it does not need saving. What we need to save is the ex-
istence of our own species and cultures—which have 
been around for less than an eyeblink of the earth’s 
4.5-billion-year history—and other species that may 
become extinct because of our activities.

Another earth-centered environmental worldview 
is the deep ecology worldview. It consists of eight 
premises developed in 1972 by Norwegian philosopher 
Arne Naess, in conjunction with philosopher George 
Sessions and sociologist Bill Devall.

• Each nonhuman form of life on the earth has in-
herent value, independent of its value to humans.

• The fundamental interdependence of diverse life 
forms contributes to the flourishing of human and 
nonhuman life on earth.

Biosphere

Biodiversity
(Earth's genes, species, and ecosystems)

Ecosystems

All species on earth

All animal species

All individuals
of an animal species

All people

Nation

Community 
and friends

Family

Self

Figure 25-4 Levels of ethical con-
cern. People disagree about how far 
we should extend our ethical con-
cerns on this scale. Question: How 
far up this scale would you extend 
your own ethical concerns?

Figure 25-5 The earth flag is a sym-
bol of commitment to pro moting en-
vironmental sustainability by working 
with the earth at the individual, local, 
national, and international levels. 
Chief Seattle (1786–1866), leader of 
the Suquamish and Duwamish Native 
American tribes in what is now the 
U.S. state of Washington, summarized 
this ethical belief: “The earth does 
not belong to us. We belong to the 
earth.” Question: Explain why you 
agree or disagree with Chief Seattle’s 
view. Co
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• Humans have no right to reduce this interdepen-
dence and diversity except to satisfy vital needs.

• Present human interference with the nonhuman 
world is excessive, and the situation is worsening 
rapidly.

• Because of the damage caused by this interference, 
it would be better for humans, and much better for 
other species, if there were a substantial decrease in 
the human population.

• Basic economic and technological policies must 
therefore be changed.

• The predominant ideology must change such that 
measurements of the quality of life focus on the 
overall health of the environment and all living 
things, rather than on the material wealth of hu-
man individuals and societies.

• Those who subscribe to these points have an ethi-
cal obligation to try to implement the necessary 
changes.

Naess also described some lifestyle guidelines com-
patible with the basic beliefs of deep ecology. They in-
clude appreciating all forms of life, consuming less, em-

phasizing satisfaction of vital needs rather than wants, 
working to improve the standard of living for the world’s 
poor, taking steps to eliminate injustice toward fellow 
humans and other species, and acting nonviolently.

Deep ecology is not an eco-religion, nor is it anti-
religious or antihuman, as some of its critics have 
claimed. It is a set of beliefs that would have us think 
more deeply about the inherent value of all life on the 
earth and about our obligations toward all life. Global 
and national polls reveal a shift toward the stewardship, 
environmental wisdom, and deep ecology worldviews.

THINKING ABOUT
Environmental Worldviews and Biosphere 2

What environmental worldview is the most compat-
ible with the failure of Biosphere 2 (Core Case Study)?

HOW WOULD YOU VOTE?

Which one of the following comes closest to your environ-
mental worldview: planetary management, stewardship, envi-
ronmental wisdom, or deep ecology? Cast your vote online at 
academic.cengage.com/biology/miller.

25-2 What Is the Role of Education in Living 
More Sustainably?

CONCEPT 25-2 The first step to living more sustainably is to become 
environmentally literate, partly by learning from nature.

▲

We Can Become More 
Environmentally Literate
There is widespread evidence and agreement that we 
are a species in the process of degrading our own life-
support system and that, during this century, this be-
havior threatens human civilization and the existence 
of up to half of the world’s species. Part of the problem 
stems from ignorance about how the earth works, what 
we are doing to its life-sustaining systems, and how we 
can change our behavior toward the earth. This begins 
by understanding three important ideas:

• Natural capital matters because it supports the earth’s 
life and our economies.

• Our threats to natural capital are immense and growing.
Our rapidly expanding ecological footprints (Figure 
1-10, p. 15) currently are about 25% larger than 
the earth’s ecological capacity to support us indefi-
nitely and could be 50% larger by 2050.

• Ecological and climate change tipping points are irre-
versible and should never be crossed. Once a tipping 
point (p. 46) is reached, there is no going back, and 

neither money nor technology will save us from 
harmful consequences that can last for hundreds to 
thousands of years.

Learning how to live more sustainably 
(Concept 1-6, p. 23, and Concept 2-5B, p. 44) 
requires a foundation of environmental edu-
cation aimed at producing environmentally literate 
citizens.

Here are some key goals for each person seeking en-
vironmental literacy:

• Develop respect or reverence for all life.

• Understand as much as we can about how the 
earth works and sustains itself (Figure 1-17, p. 23), 
and use such knowledge to guide our lives, com-
munities, and societies.

• See the big picture by looking for connections 
within the biosphere and between our activities 
and the biosphere.

• Understand the relationships between the economy 
and the earth’s natural life-support systems (Fig-
ure 23-5, p. 615) and the role of economics in 
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making the transition to more sustainable econo-
mies (Figure 23-14, p. 630) and societies.

• Use critical thinking skills (p. 2) to become seekers 
of environmental wisdom instead of overfilled ves-
sels of environmental information. 

• Understand and explain our environmental world-
views and continue this as a lifelong process.

• Learn how to evaluate the beneficial and harmful 
environmental consequences that result from our 
lifestyles and professional choices, today and in the 
future.

• Foster a desire to make the world a better place for 
all and act on this desire.

Specifically, an environmentally literate person 
should have a basic comprehension of the items listed 
in Figure 25-6.

According to environmental educator Mitchell 
Thomashow, four basic questions lie at the heart of en-
vironmental literacy. First, where do the things I con-
sume come from? Second, what do I know about the 

place where I live? Third, how am I connected to the 
earth and to other living things? Fourth, what is my pur-
pose and responsibility as a human being? How we an-
swer these questions determines our ecological identity.

THINKING ABOUT
Environmental Literacy and Your Ecological Identity

How would you answer the four questions listed above?

We Can Learn from the Earth
Formal environmental education is important, but is it 
enough? Many analysts say no. They call for us to ap-
preciate not just the economic value of nature, but also 
its ecological, aesthetic, and spiritual values. To these 
analysts, the problem is not just a lack of environmen-
tal literacy but also a lack of intimacy with nature and 
an incomplete understanding of how it sustains us.

We face a dangerous paradox. At a time when hu-
mans have more power than ever before to disrupt 
nature, most people know little about, and have little 
direct contact with, nature. A growing chorus of ana-
lysts urge us to escape the cultural and technological 
body armor we use to insulate ourselves from nature. 
They call for us to experience and learn directly from 
nature as a way to understand why we have an ethical 
obligation to protect the earth’s biodiversity and other 
components of its natural capital in order to sustain our 
own cultures and economies (Concept 25-2).

Some would suggest that we kindle a sense of awe, 
wonder, mystery, excitement, and humility by standing 
under the stars, sitting in a forest, or taking in the maj-
esty and power of the sea. We might pick up a hand-
ful of soil and try to sense the teeming microscopic life 
within it. We might look at a tree, mountain, rock, or 
bee or listen to the sound of a bird and try to sense how 
they are a part of us and we are a part of them as in-
terdependent participants in the earth’s life-sustaining 
processes.

Such direct experiences with nature reveal parts of 
the complex web of life that cannot be built with tech-
nology, created in a chemical lab, bought with money, 
or reproduced with genetic engineering. Understanding 
and directly experiencing the precious gifts we receive 
from nature can help us to foster an ethical commit-
ment to live more sustainably.

Many psychologists believe that, consciously or un-
consciously, we spend much of our lives searching for 
roots—something to anchor us in a bewildering and 
frightening sea of change. As philosopher Simone Weil 
observed, “To be rooted is perhaps the most important 
and least recognized need of the human soul.”

Earth-focused philosophers say that to be rooted, 
each of us needs to find a sense of place—near a stream, a 
mountain, a neighborhood lot—any piece of the earth 
with which we can feel as one, a place to know, ex-
perience emotionally, and love. According to biologist 

Major Components of Environmental Literacy

■ Concepts such as environmental sustainability, natural capital,  
 exponential growth, carrying capacity, risk, and risk analysis

■ Four scientific principles of sustainablility

■ Environmental history (to help us to keep from repeating   
 past mistakes)

■ The two laws of thermodynamics and the law of    
 conservation of matter

■ Basic principles of ecology, such as food webs, nutrient   
 cycling, biodiversity, ecological succession, and    
 population dynamics

■ Human population dynamics

■ Ways to sustain biodiversity

■ Sustainable agriculture

■ Sustainable forestry

■ Soil conservation

■ Sustainable water use

■ Nonrenewable mineral resources

■ Nonrenewable and renewable energy resources

■ Climate change and ozone depletion

■ Pollution prevention and waste reduction

■ Sustainable cities

■ Environmentally sustainable economic and political systems

■ Environmental worldviews and ethics

Figure 25-6 Major components of environmental literacy (Concept 
25-2). Question: After taking this course do you feel that you have 
a basic understanding of each of these items?
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Stephen Jay Gould, “We will not fight to save what we 
do not love.” When we become part of a place, it be-
comes a part of us.

In other words, find out what you really care about 
and live a life that shows it. As Mahatma Gandhi, a po-
litical and spiritual leader of India put it: “We must be-
come the change we want to see in the world.”

This might lead us to recognize that the healing of 
the earth and the healing of the human spirit are one 
and the same. We might discover and tap into what 
Aldo Leopold (Individuals Matter, p. 22) called “the 
green fire that burns in our hearts” and use this as a 
force for respecting and working with the earth and 
with one another.

25-3 How Can We Live More Sustainably?
CONCEPT 25-3A We can live more sustainably by using certain guidelines to 
convert environmental literacy and concerns into action.
CONCEPT 25-3B We can live more sustainably by living more simply and lightly on 
the earth and by becoming informed and active environmental citizens.

▲
▲

Some Guidelines for Living 
More Sustainably: A Vision 
Based on Hope
Living more sustainably must be based on respect for 
the natural processes that keep us alive and support 
our economies. An overall goal is to protect the earth’s 
precious biodiversity and provide a high quality of life 
for all life forms. Sustainability is not only about sus-
taining resources for us; it is about sustaining the entire 
web of life, because all past, present, and future forms 
of life are connected.

Figure 25-7 summarizes guidelines, which have 
been discussed throughout this book, for achieving 
more sustainable and compassionate societies. They 
represent ways to convert environmental literacy and 
concerns into environmentally responsible actions 
(Concept 25-3).

Let us look at some ways in which individuals can 
put such guidelines into action in their lifestyles.

We Can Live More Simply 
and Lightly on the Earth
People living in poverty have to use most of their mea-
ger income to meet their basic survival needs. This is 
not the case for affluent people, who are more often 
concerned about meeting an expanding list of wants 
beyond their basic needs.

Many analysts urge people who have a habit of 
consuming excessively to learn how to live more simply 
and sustainably. Seeking happiness through the pursuit 
of material things is considered folly by almost every 
major religion and philosophy. Yet, modern advertising 
persistently encourages people to buy more and more 
things to fill a growing list of wants as a way to achieve 
happiness. As American humorist and writer Mark 

S O L U T I O N S
Some Guidelines for
Living More Sustainably

■ Learn about, respect, and mimic how  
 nature sustains itself

■ Do not degrade or deplete the  
 earth's natural capital

■ Take no more from nature than what  
 nature can replenish

■ Do not waste matter and energy  
 resources

■ Protect biodiversity

■ Avoid climate-changing activities

■ Help maintain the earth's capacity  
 for self-repair

■ Repair ecological damage that we  
 have caused

■ Leave the world in as good a  
 condition as we found or better

■ Cultivate a passion for sustaining all  
 life and let this passion energize your  
 actions

Figure 25-7 Some guidelines for achieving more environmentally 
sustainable and compassionate societies. Question: Which three 
guidelines do you think are the most important? Why? 

Twain put it: “Civilization is the limitless multiplication 
of unnecessary necessities.”

According to research by psychologists, deep down 
what a growing number of people really want is more 
community, not more stuff. They want greater and 
more fulfilling interactions with family, friends, and 
neighbors and a greater opportunity to express their 
creativity and to have more fun.
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Living more sustainably is about living well, but 
within certain limits of consumption. Some affluent 
people in developed countries are adopting a lifestyle of 
voluntary simplicity. Some are downshifters who have de-
cided to reduce their incomes and alter their lifestyles 
so they can spend more time with family and friends or 
pursue community or personal interests.

People voluntarily adopting simpler lifestyles are 
doing and enjoying more with less by using products 
and services that have a smaller environmental impact 
(Concept 25-3B). Voluntary simplicity applies Mahatma 
Gandhi’s principle of enoughness:

The earth provides enough to satisfy every person’s need 
but not every person’s greed. . . . When we take more than 
we need, we are simply taking from each other, borrowing 
from the future, or destroying the environment and other 
species.

Most of the world’s major religions (see Supple-
ment 12, p. S76) have similar teachings: “You cannot 
be the slave both of God and money.” (Christianity: 
Matthew, 6:24); “Eat and drink, but waste not by ex-
cess.” (Islam: Q’uran 7.31); “One should abstain from 
acquisitiveness.” (Hinduism: Acarangasutra 2.119); 
“He who knows he has enough is rich.” (Taoism: Tao 
Te Ching, Chapter 33); “Give me neither poverty nor 
riches.” (Judaism: Proverbs, 30.8); “Whosoever in this 
world overcomes his selfish cravings, his sorrows fall 
away from him.” (Buddhism: Dhammapada, 336)

How Much Is Enough?
Living more lightly starts with asking the question: 
“How much is enough? This is not an easy question to 
answer, because people in affluent societies are condi-
tioned to want more and more material possessions. 
And as a result of a lifetime of exposure to commercial 
advertising, they often think of such wants as needs. 
For example, in increasingly affluent societies, certain 
goods that were once considered luxuries—cars, televi-
sion sets, cell phones, personal computers, and iPods—
now are considered necessities by a rapidly growing 
number of people.

So what are our basic needs? Obviously, each of us 
needs food, clean air, clean water, shelter, and cloth-
ing to keep us alive and in good health. According to 
various psychologists and other social scientists, beyond 
these basic needs, each of us also has other qualitative 
needs, including:

• A secure and meaningful livelihood to provide our 
basic material needs

• Good physical and mental health

• The opportunity to learn and give expression to our 
intellectual, mechanical, and artistic talents

• A nurturing family and friends and a peaceful, just, 
and secure community

• The freedom to make personal choices

• A sense of belonging to and caring for a particular 
place and community

• A clean and healthy environment that is vibrant 
with biological and cultural diversity

• An assurance that our children and grandchildren 
will be able to meet these same basic and qualita-
tive needs

How much of the stuff we are all urged to buy re-
ally helps us to meet these needs? This is a difficult but 
important question. Indeed, psychologists point out 
that many people buy things in the hope or belief that 
their purchases will make up for their lack of one or 
more of the needs listed above.

THINKING ABOUT
Your Basic and Qualitative Needs

How do your needs compare with those listed above? Which 
needs would you drop or add to this list? Is your list of needs 
compatible with your environmental worldview?

We Can Each Choose Ways 
to Live More Lightly
Throughout this text, you have encountered lists of 
steps you can take to reduce the size and impact of your 
ecological footprints on the earth. It would be difficult 
for most of us to do all or even most of these things, so 
which ones are the most important?

The human activities that have the greatest harm-
ful impacts on the environment are agriculture, transpor-
tation, home energy use, water use, and our overall resource 
consumption and waste. Based on this fact, Figure 25-8 
lists the sustainability dozen—key ways in which 
some people are choosing to walk more lightly on the 
earth.

Living more sustainably is not easy. We will not 
make this transition by relying only on technologi-
cal fixes such as recycling, buying carbon offsets to 
reduce our carbon footprints, changing from incan-
descent to compact fluorescent lightbulbs, and driv-
ing energy-efficient hybrid cars. These are important 
things to do and can help us feel less guilty. But they 
still involve considerable consumption of matter and 
energy resources. Some of them are essentially output 
approaches that are concerned with what to do with 
the wastes we produce. More effective long-term solu-
tions will start with the question: How do we greatly 
reduce the amounts of matter and energy resources we 
use and thus our ecological footprints?

A growing number of individuals are finding self-
fullfillment and satisfaction by participating in local 
efforts to preserve natural areas and restore degraded 
ones, often in their own neighborhoods. Others are 
finding such rewards by improving the energy effi-
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ciency of their homes, planting organic gardens, and 
converting monoculture grass lawns to biologically 
diverse arrays of plants adapted to local climate condi-
tions. They are improving the quality of their lives and 
walking more lightly on the earth by learning that, for 
them, less is more.

We Can Become Better 
Environmental Citizens
In the end, it comes down to what you and I do to 
make the earth a better place to live for current and fu-
ture generations, for other species, and for the ecosys-
tems that support us. This means becoming and staying 
environmentally informed, evaluating and reducing 
the environmentally harmful aspects of our own life-
styles, and becoming politically involved. We can vote 

with both our ballots and our pocketbooks to influence 
governments and businesses to help steer our societies 
onto a more sustainable path.

We all make some direct or indirect contributions 
to the environmental problems we face. However, be-
cause we do not want to feel guilty about it, we try not 
to think about it too much—taking a path that can lead 
to denial, indifference, and inaction. Some suggest that 
in order to avoid this path, we move beyond blame, 
guilt, fear, and apathy by recognizing and avoiding 
some common mental traps. These traps include:

• gloom-and-doom pessimism (it is hopeless)

• blind technological optimism (science and technofixes 
will save us)

• paralysis by analysis (searching for the perfect world-
view, philosophy, scientific information, or solu-
tions before doing anything)

Reduce meat consumption

Insulate your house
and plug air leaks

Use renewable energy,
especially wind and direct solar

EARTHEARTH

Buy locally grown food
Use energy-efficient
heating and cooling
systems, lights, and
appliances

Buy or grow
organic food

Reduce, reuse,
and recycle

Don't use
pesticides on your
garden or lawn

Use water-saving
appliances and
irrigation methods

Walk, bike,
carpool, or take mass
transit whenever possible

Reduce car use

Drive an
energy-efficient

vehicle

Figure 25-8 The sustainability dozen—12 ways in which people can live more lightly on the earth (Concept 25-3B). 
Question: Which of these things do you already do? Which, if any, do you hope to do?
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• faith in simple, easy answers (which some political 
leaders tend to offer)

Avoiding these traps can help us to hold on to and be 
inspired by empowering feelings of realistic hope, rather 
than to be immobilized by feelings of fear and despair.

THINKING ABOUT
Mental Traps

Which of these traps, if any, have you fallen into? Were you 
aware you had been ensnared by any of them? How do you 
think you could free yourself from these traps?

According to primatologist and conservationist Jane 
Goodall (Figure 9-A, p. 205), “The greatest danger to 
our future is apathy. . . . Can we overcome apathy? 
Yes, but only if we have hope. . . . Technology alone 
is not enough. We must engage with our hearts also.” 
Technological innovations that promote environmental 
sustainability are necessary and should be encouraged. 
But by themselves, such innovations will not solve the 
environmental challenges we face. These innovations 
must also be accompanied by organizational, political, 
economic, and cultural changes that promote environ-
mental stainability.

It is also important to recognize that there is no sin-
gle correct or best solution to each of the en-
vironmental problems we face. Indeed, one of 
nature’s four principles of sustainability holds
that preserving diversity—in this case, being flexible 
and adaptable in trying a variety of cultural and tech-
nological solutions to our problems—is the best way to 
adapt to the earth’s largely unpredictable, ever-chang-
ing conditions.

Finally, we should have fun and take time to en-
joy life. Laugh every day and enjoy and celebrate na-
ture, beauty, connectedness, friendship, and love. This 
can empower us to become good earth citizens who 
practice good earthkeeping. As Mahatma Gandhi re-
minded us, “Power based on love is a thousand times 
more effective and permanent than power derived 
from fear.”

The Earth Charter Is a Blueprint 
for Building More Sustainable 
Societies
After the 1992 Earth Summit in Rio de Janeiro, Brazil, 
a U.N. Council was established to develop an Earth
Charter listing the basic principles for environmen-
tal protection and environmentally sustainable devel-
opment (see www.earthcharter.org). After many 
drafts, in March 2000, the Earth Charter was final-
ized. More than 100,000 people in 51 countries and 
25 global leaders in environmental science, business, 
politics, religion, and education took part in creating 
this charter.

The charter calls for us to respect and care for life 
and biodiversity and to build more sustainable, just, 
democratic, and peaceful societies for present and fu-
ture generations. Its preamble reflects many of the 
ideas found in this book:

In an increasingly interdependent world, it is imperative 
that we, the citizens of the Earth, declare our responsibility 
to one another, the greater community of life, and future 
generations. The Earth Community stands at a defining 
moment. . . . Fundamental changes in our attitudes, val-
ues, and ways of living are necessary. A shared vision of 
basic values is urgently needed to provide an ethical foun-
dation for the emerging world community. . . . As never 
before in human history, common destiny beckons us to re-
define our priorities and seek a new beginning. . . . Every 
individual, family, organization, business enterprise and 
government has a critical role to play. . . . We can, if we 
will, take advantage of the creative possibilities before us 
and inaugurate an era of fresh hope.”

The Earth Charter uses 49 principles as part of an 
ethical and moral framework to guide the conduct of 
people and nations toward each other and toward the 
earth. Here are its four guiding principles:

• Respect earth and life in all its diversity.

• Care for life with understanding, love, and 
compassion.

• Build societies that are free, just, participatory, 
sustainable, and peaceful.

• Secure earth’s bounty and beauty for present and 
future generations.

Religion Can Play an Important 
Role in the Sustainability 
Revolution
It is encouraging that a growing number of religious 
leaders and members of all faiths are calling for gov-
ernments and individuals to focus on the environ-
mental problems we face. They point out that these 
problems bring a sense of urgency and shared purpose 
matched by few other issues, and that the teachings 
of the world’s great religions remind us of our moral 
and spiritual obligations to help sustain the earth for 
current and future generations (see Supplement 12, 
p. S76). They see the environment as a great unifier of 
religious people throughout the world—a force that can 
help them to strengthen their faith and to learn about 
the importance of stewardship (Individuals Matter, at 
right).

According to Gary Gardner, Director of Research 
at the Worldwatch Institute, “Without ethics, without 
a deep spiritual respect for life and for the planet that 

www.earthcharter.org
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supports us, progress over the next 50 years will likely 
be little more than progressive decline.”

According to this view, religion is a largely un-
tapped but powerful force for helping to bring about a 
sustainability revolution. Part of this power lies in the 
sheer numbers of religious followers. It is estimated 
that 50–75% of the world’s population are active mem-
bers of one of the world’s more than 10,000 religions. 
And about 150 of these religions each have more than 
a million followers. This includes the world’s 2.1 bil-
lion Christians, 1.4 billion Muslims, 900 million Hin-
dus, 400 million Buddhists, and 17 million Jews. The 
number of religious adherents is so large, that mobiliz-
ing just a fraction—say 10% of them—to the cause of 
building more just and environmentally sustainable so-
cieties would create a powerful force for education and 
change.

Despite their significant philosophical differences, 
most of the world’s religions share a common core of 
moral values such as compassion, love, kindness, and 
justice. Most of the world’s major religions also have 
a deep reverence and respect for nature and all life as 
summarized on pp. S76–S77 in Supplement 12.

In recent years, a number of Islamic, Jewish, and 
Christian groups have worked to protect nature. The 
World Council of Churches has had an active group 
working on climate change for over a decade. Since 
2004, a movement called creation care has been rapidly 
gaining momentum. In 2006, two dozen scientists and 
American evangelical leaders met to draft a joint state-
ment calling for immediate action on climate change. 
In 2007, a group of 85 American evangelical Christian 
leaders kicked off a campaign to mobilize religious con-
servatives to work on slowing climate change as a way 
to practice stewardship of the earth, which is called for 
in their religious teachings.

We Can Bring About 
a Sustainability Revolution 
during Your Lifetime
The industrial revolution took place during the past 
275 years. Now in this century, environmental leaders 
say it is time for an environmental or sustainability revolu-
tion. Figure 1-18 on p. 24 lists some of the major shifts 
involved in bringing about such a revolution. It would 
have several interrelated components:

• Biodiversity protection—dedication to protecting and 
sustaining the genes, species, natural systems, and 
chemical and biological processes that make up the 
earth’s biodiversity.

• A commitment to eco-efficiency, based on sharply re-
ducing our waste of matter and energy resources 
and reducing the amount of matter resources 
needed to produce the products we use.

• An energy transformation devoted to decreasing our 
dependence on carbon-based, nonrenewable fos-
sil fuels and increasing our reliance on renewable 
energy from the sun, wind, flowing water, biomass, 
and geothermal sources, which could also be used 
to produce clean-burning hydrogen fuel (p. 429). 
Emphasis should be on supporting renewable en-
ergy alternatives with high net energy yields (Fig-
ure 15-A, p. 374).

• Pollution prevention based on a commitment to 
reducing pollution and environmental degra-
dation by applying the precautionary principle 
(p. 210).

• An emphasis on sufficiency, dedicated to meeting 
the basic needs of all people on the planet while 

INDIVIDUALS MATTER

Sister Diane Cundiff and Her Sister Teachers

Second, students separate the schools gar-
bage into paper, metal, and glass that can be 
recycled, and they pull out items such as toys 
and clothing that can be reused.

Third, during a few weeks of their summer 
vacation, students work with poor people 
where they live. They teach them how to 
recycle and reuse materials, how to build a 
compost heap for recycling food wastes, and 
how to plant and tend a garden that can help 
them to reduce their food costs.

With such teachings, the Sisters of Colegio 
Santa Maria are putting their faith to work for 
a more sustainable future.

n his book Inspiring Progress: Religions’ 
Contributions to Sustainable Devel-

opment (Norton, 2006), Gary T. Gardner 
described environmental lessons taught at 
the Colegio Santa Maria, a private religious 
school in São Paulo, Brazil. It is run by the 
Sisters of the Holy Cross, and environmental 
ideas and concerns are integrated through-
out the entire curriculum.

According to Sister Diane Cundiff, the 
school’s principal, environmental issues 
are closely linked to the faith and justice 
values on which the school is based. The 
school’s teachers are motivated by their reli-
gious beliefs and the ethical guidelines of the 
Earth Charter (p. 670), which connect 

I taking care of people to taking care of 
the earth. Their curriculum is built around 
respecting and caring for the community 
of life, preserving environmental sustain-
ability, and promoting social and economic 
justice, democracy, nonviolence, and 
peace.

Here are three examples of the school’s 
environmental instruction. First, as part of 
their science education, students test water 
quality in a channel running through the 
campus that carries sewage water coming 
from a slum 20 kilometers (12 miles) away. 
To help the people there to stay healthy, stu-
dents go to the slum and teach them to test 
the water before drinking it.
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affluent societies learn to live more sustainably by 
living with less.

• Demographic equilibrium based on bringing the size 
and growth rate of the human population into bal-
ance with the earth’s ability to support humans and 
other species sustainably.

• Economic and political transformations through 
which we use economic and political systems 
to reward environmentally beneficial behav-
ior and to discourage environmentally harmful 
behavior.

We know what to do. Currently, we have the 
knowledge and the natural and financial wealth to 
make a transition to more sustainable lifestyles and soci-
eties. But waiting to deal with the environmental prob-
lems we face could drain these forms of wealth. As the 

Canadian writer Ronald Wright put it in his 2004 book 
A Short History of Progress, “The future of everything we 
have accomplished since our intelligence evolved will 
depend on the wisdom of our actions over the next few 
years. . . . The world has grown too small to forgive us 
any big mistakes.”

Here is some hopeful news. We can change. Accord-
ing to social science research, we need to convince only 
5–10% of the people in the world or in a country to 
bring about a major social change. We are already ap-
proaching this critical mass in terms of political aware-
ness of major environmental issues. History also shows 
that we can change faster than we might think, once 
we have the courage to leave behind ideas and prac-
tices that no longer work. Making this challenging cul-
tural transition will require a combination of environ-
mental wisdom, courage, and an ethical commitment.

Biosphere 2 and Sustainability

In Biosphere 2 (Core Case Study), scientists tried to create a 
microcosm of the earth that would help us understand how to 
live more sustainably. What they learned was that nature is so 
complex that predicting and controlling what will happen in the 
environment is essentially impossible.

As we explore different paths to sustainability we must first un-
derstand that our lives and societies depend on natural capital and 
that one of the biggest threats to our ways of life is our active role 
in natural capital degradation. With that understanding, we begin 
the search for solutions to difficult environmental problems. Com-
peting interests working together to find the solutions must make 
trade-offs, because this is the essence of the political process.

This requires understanding that individuals matter. Virtu-
ally all of the environmental progress made during the last few 

decades occurred because individuals banded together to insist 
that we can do better. This means also that the journey begins in 
your own community and with your own lifestyle, because in the 
final analysis, all sustainability is local. This is the meaning of the 
motto, “Think globally; act locally.”

In working to make the earth a better and more sustainable 
place to live, we should be guided by George Bernard Shaw’s 
reminder that “indifference is the essence of inhumanity” and by 
historian Arnold Toynbee’s observation: “If you make the world 
ever so little better, you will have done splendidly, and your life 
will have been worthwhile.” Each of us has to decide whether we 
want to be part of the problem or part of the solution to the en-
vironmental challenges we face. What and incredible and exciting 
time to be alive!

R E V I S I T I N G

When there is no dream, the people perish.
PROVERBS 29:18

REVIEW

 1. Review the Key Questions and Concepts for this chapter 
on p. 661. Describe the Biosphere 2 project (Core
Case Study) and the major lessons learned from 
this project.

 2. What is an environmental worldview? What are en-
vironmental ethics? Distinguish among the following 
environmental worldviews: planetary management, 
stewardship, environmental wisdom, and deep
ecology

 3. List three issues involved in deciding which species to pro-
tect from premature extinction as a result of our activities. 

Discuss the controversy over whether we can effectively 
manage the earth.

 4. List eight goals for a person seeking environmental lit-
eracy. List four questions that lie at the heart of environ-
mental literacy.

 5. Describe three ways in which we can learn from the 
earth. What does it mean to find a sense of place?

 6. What is sustainability, if not all about sustaining resources 
for human use? List six guidelines for achieving more sus-
tainable and compassionate societies.
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 7. Describe the relationship between owning things and be-
ing happy. What is voluntary simplicity? What are three 
examples of basic needs? What are five examples of more 
qualitative needs? List a dozen steps that are among the 
important steps that can be taken to make the transition 
to more sustainable societies.

 8. Describe three traps that lead to denial, indifference, 
and inaction concerning the environmental problems 
we face. What are the four basic principles of the Earth 
Charter?

 9. What role might religion play in making the transition to 
more sustainable societies? List seven components of the 
environmental or sustainability revolution.

 10. Describe connections between Biosphere 2 
(Core Case Study), the transition to more 
environmentally sustainable societies, and 
the four scientific principles of sustainability.

Note: Key Terms are in bold type.

CRITICAL THINKING

 1. Some analysts argue that the problems with Biosphere 2 
(Core Case Study) resulted mostly from inadequate 
design and that a better team of scientists and 
engineers could make it work. Explain why you 
agree or disagree with this view.

 2. Do you believe that we have an ethical responsibility to 
leave the earth’s natural systems in as good a condition as 
they are now or better? Explain. List three aspects of your 
lifestyle that hinder implementing this ideal and three as-
pects that promote this ideal.

 3. This chapter summarized several different environmental 
worldviews. Go through these worldviews and find the 
beliefs you agree with, and then describe your own envi-
ronmental worldview. Which of your beliefs were added 
or modified as a result of taking this course? Compare 
your answer with those of your classmates.

 4. Explain why you agree or disagree with the following 
ideas: (a) everyone has the right to have as many children 
as they want; (b) all people have a right to use as many re-
sources as they want; (c) individuals should have the right 
to do whatever they want with land they own, regard-
less of whether such actions harm the environment, their 
neighbors, or the local community; (d) other species exist 
to be used by humans; (e) all forms of life have an intrinsic 
value and therefore have a right to exist. Are your answers 
consistent with the beliefs making up your environmental 
worldview, which you described in question 3?

 5. Theologian Thomas Berry calls the industrial–consumer 
society built on the human-centered, planetary manage-
ment environmental worldview the “supreme pathology 
of all history.” He says, “We can break the mountains 
apart; we can drain the rivers and flood the valleys. We 
can turn the most luxuriant forests into throwaway paper 
products. We can tear apart the great grass cover of the 
western plains, and pour toxic chemicals into the soil and 
pesticides onto the fields, until the soil is dead and blows 
away in the wind. We can pollute the air with acids, the 
rivers with sewage, the seas with oil. We can invent com-
puters capable of processing 10 million calculations per 
second. And why? To increase the volume and speed with 
which we move natural resources through the consumer 

economy to the junk pile or the waste heap. . . . If, in 
these activities, the topography of the planet is damaged, 
if the environment is made inhospitable for a multitude 
of living species, then so be it. We are, supposedly, creat-
ing a technological wonderworld. . . . But our supposed 
progress . . . is bringing us to a wasteworld instead of a 
wonderworld.” Explain why you agree or disagree with 
this assessment.

 6. Some analysts believe that trying to gain environmental 
wisdom by experiencing the earth and forming an emo-
tional bond with its life forms and processes is unscien-
tific, mystical nonsense based on a romanticized view 
of nature. They believe that gaining a better scientific 
understanding of how the earth works and inventing or 
improving technologies are the best ways to achieve sus-
tainability. Do you agree or disagree? Explain.

 7. In 1988, Patriach Batholomew, a high-ranking member of 
the Eastern Orthodox Church caused a stir by proclaim-
ing that human actions against the environment are a 
new class of sins. He wrote, “For humans to cause species 
to become extinct and to destroy the biological diversity 
of God’s creation, to degrade the integrity of the earth by 
causing changes in its climate, by stripping the earth of its 
natural forests or destroying its wetlands, for humans to 
contaminate the Earth’s waters, its land, its air, and its life 
with poisonous substances—these are sins.” Explain why 
you agree or disagree with this statement. What effect, if 
any, might this statement have on the way you view the 
world and on the choices you make?

 8. List the five most important aspects of living on earth that 
you would want your grandchildren to experience.

 9. If you could use television or the Internet to speak to ev-
eryone in the world today, what are five pieces of environ-
mental wisdom that you would give in your speech? What 
beliefs from your environmental worldview and ecological 
identity influenced your selection of these five items?

 10. List two questions that you would like to have answered 
as a result of reading this chapter.

Note: See Supplement 13 (p. S78) for a list of Projects related to this chapter.
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ECOLOGICAL FOOTPRINT ANALYSIS

Working with classmates, conduct an ecological footprint anal-
ysis of your campus. Work with a partner, or in small groups, 
to research and investigate an area of your school, such as 
material resources–recycling/composting; water use; food ser-
vice practices; energy use; building management and energy 
conservation; transportation (both on- and off-campus trips); 
grounds maintenance; and institutional environmental aware-

ness and education. Depending on your school and its location, 
you may be able to add more areas to your investigation. You 
may decide to study the campus as a whole, or you may decide 
to break down the campus into smaller research areas, such as 
dorms, library, administration buildings, classrooms and class-
room buildings, grounds, or other areas.

1. After deciding on your group’s research area, conduct 
your analysis. As part of your analysis, develop a list of 
questions that will help to determine the ecological im-
pact related to your chosen topic. Each question item in 
the audit could have a range of responses on a scale of 
1 (poor) to 10 (excellent).

2. Analyze your results, and share them with the class to 
determine what can be done to shrink the ecological foot-
print of your school. 

3. Arrange a meeting with school officials to share your ac-
tion plan with them.

LEARNING ONLINE

Log on to the Student Companion Site for this book at 
academic.cengage.com/biology/miller, and choose 
Chapter 25 for many study aids and ideas for further read-

ing and research. These include flash cards, practice quiz-
zing, Weblinks, information on Green Careers, and InfoTrac®

College Edition articles.
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Metric–English
1 liter (L) " 0.265 gallon (gal)
1 liter (L) " 1.06 quarts (qt)
1 liter (L) " 0.0353 cubic foot (ft3)
1 cubic meter (m3) " 35.3 cubic feet (ft3)
1 cubic meter (m3) " 1.30 cubic yards (yd3)
1 cubic kilometer (km3) " 0.24 cubic mile (mi3)
1 barrel (bbl) " 159 liters (L)
1 barrel (bbl) " 42 U.S. gallons (gal)

MASS
Metric
1 kilogram (kg) " 1,000 grams (g)
1 gram (g) " 1,000 milligrams (%g)
1 gram (g) " 1,000,000 micrograms ((g)
1 milligram (mg) " 0.001 gram (g)
1 microgram (%g) " 0.000001 gram (g)
1 metric ton (mt) " 1,000 kilograms (kg)

English
1 ton (t) " 2,000 pounds (lb)
1 pound (lb) " 16 ounces (oz)

Metric–English
1 metric ton (mt) " 2,200 pounds (lb) " 1.1 tons (t)
1 kilogram (kg) " 2.20 pounds (lb)
1 pound (lb) " 454 grams (g)
1 gram (g) " 0.035 ounce (oz)

ENERGY AND POWER
Metric
1 kilojoule (kJ) " 1,000 joules (J)
1 kilocalorie (kcal) " 1,000 calories (cal)
1 calorie (cal) " 4.184 joules (J)

Metric–English
1 kilojoule (kJ) " 0.949 British thermal unit (Btu)
1 kilojoule (kJ) " 0.000278 kilowatt-hour (kW-h)
1 kilocalorie (kcal) " 3.97 British thermal units (Btu)
1 kilocalorie (kcal) " 0.00116 kilowatt-hour (kW-h)
1 kilowatt-hour (kW-h) " 860 kilocalories (kcal)
1 kilowatt-hour (kW-h) " 3,400 British thermal units (Btu)
1 quad (Q) " 1,050,000,000,000,000 kilojoules (kJ)
1 quad (Q) " 293,000,000,000 kilowatt-hours (kW-h)

Temperature Conversions
Fahrenheit (°F) to Celsius °C):

°C  (°F ! 32.0) & 1.80
Celsius (°C) to Fahrenheit (°F):

°F " (°C $ 1.80) # 32.0

LENGTH
Metric
1 kilometer (km) " 1,000 meters (m)
1 meter (m) " 100 centimeters (cm)
1 meter (m) " 1,000 millimeters (mm)
1 centimeter (cm) " 0.01 meter (m)
1 millimeter (mm) " 0.001 meter (m)

English
1 foot (ft) " 12 inches (in)
1 yard (yd) " 3 feet (ft)
1 mile (mi) " 5,280 feet (ft)
1 nautical mile " 1.15 miles

Metric–English
1 kilometer (km) " 0.621 mile (mi)
1 meter (m) " 39.4 inches (in)
1 inch (in) " 2.54 centimeters (cm)
1 foot (ft) " 0.305 meter (m)
1 yard (yd) " 0.914 meter (m)
1 nautical mile " 1.85 kilometers (km)

AREA
Metric
1 square kilometer (km2) " 1,000,000 square meters (m2)
1 square meter (m2) " 1,000,000 square millimeters (mm2)
1 hectare (ha) " 10,000 square meters (m2)
1 hectare (ha) " 0.01 square kilometer (km2)

English
1 square foot (ft2) " 144 square inches (in2)
1 square yard (yd2) " 9 square feet (ft2)
1 square mile (mi2) " 27,880,000 square feet (ft2)
1 acre (ac) " 43,560 square feet (ft2)

Metric–English
1 hectare (ha) " 2.471 acres (ac)
1 square kilometer (km2) " 0.386 square mile (mi2)
1 square meter (m2) " 1.196 square yards (yd2)
1 square meter (m2) " 10.76 square feet (ft2)
1 square centimeter (cm2) " 0.155 square inch (in2)

VOLUME
Metric
1 cubic kilometer (km3) " 1,000,000,000 cubic meters (m3)
1 cubic meter (m3) " 1,000,000 cubic centimeters (cm3)
1 liter (L) " 1,000 milliliters (mL) " 1,000 cubic centimeters (cm3)
1 milliliter (mL) " 0.001 liter (L)
1 milliliter (mL) " 1 cubic centimeter (cm3)

English
1 gallon (gal) " 4 quarts (qt)
1 quart (qt) " 2 pints (pt)

SUPPLEMENT

1 Measurement Units, Precision, 
and Accuracy (Chapter 2)



darts are to each other. Note that good precision 
is necessary for accuracy but does not guarantee 
it. Three closely spaced darts may be far from 
the bull’s-eye.

A dartboard analogy (Figure 1) shows the 
difference between precision and accuracy. Ac-
curacy depends on how close the darts are to the 
bull’s-eye. Precision depends on how close the 

 SUPPLEMENT 1 S3

Uncertainty, Accuracy, 
and Precision in Scientifi c 
Measurements

How do we know whether a scientifi c measure-
ment is correct? All scientifi c observations and 
measurements have some degree of uncertainty 
because people and measuring devices are not 
perfect.

However, scientists take great pains to reduce 
the errors in observations and measurements by 
using standard procedures and testing (calibrat-
ing) measuring devices. They also repeat their 
measurements several times, and then fi nd the 
average value of these measurements.

It is important to distinguish between 
accuracy and precision when determining 
the uncertainty involved in a measurement. 
Accuracy is how well a measurement conforms 
to the accepted correct value for the measured 
quantity, based on many careful measurements 
made over a long time. Precision is a measure 
of reproducibility, or how closely a series of 
measurements of the same quantity agree with 
one another.

Good accuracy
and good precision

Poor accuracy
and poor precision

Poor accuracy
and good precision

Figure 1 The distinction between accuracy and precision. In scientific measurements, a measuring de-
vice that has not been calibrated to determine its accuracy may give precise or reproducible results that 
are not accurate.
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us to compare consumption of coal and natural 
gas during the same period.

Questions

1. In what year was the gap between coal use 
and natural gas use the widest? In what year 
was it narrowest? Describe the trend in coal 
use since 1995.

2. Compare Figures 1 and 2. Among trends in 
oil, coal, and natural gas use, which one grew 
the most sharply between 1950 and 1980?

Likewise, we can compare many variables 
on the same scales. Figure 3 depicts U.S. energy 
consumption for six different energy resources 
between 1980 and 2007 and projections to 
2030. It uses scales to measure time on the 
x-axis and energy consumption in quadrillions 
of British thermal units (a standard unit of 
energy required to produce a certain amount of 
heat) on the y-axis.

go through the same process in reverse to fi nd a 
year in which oil consumption was at a certain 
point.

Questions

1. What was the total amount of oil consumed 
in the world in 1990?

2. In about what year between 1950 and 
2000 did oil consumption first start 
declining?

3. About how much oil was consumed in 2007? 
Roughly how many times more oil was con-
sumed in 2007 than in 1970? How many 
times more oil was consumed in 2007 than 
in 1950?

Line graphs have several important uses. 
One of the most common applications is to 
compare two or more variables. For example, 
while Figure 1 shows worldwide oil consump-
tion over a certain time period, Figure 2 enables 

Graphs and Maps are Important 
Visual Tools

A graph is a tool for conveying information that 
can be summarized numerically by illustrating 
the information in a visual format. This informa-
tion, called data, is collected in experiments, sur-
veys, historical studies, and other information-
gathering activities. Graphing can be a powerful 
tool for summarizing and conveying complex 
information, especially in the ever-expanding 
fi elds of environmental science.

In this textbook and accompanying web-
based Active Graphing exercises, we use three 
major types of graphs: line graphs, bar graphs, 
and pie graphs. Here you will explore each of 
these types of graphs and learn how to read 
them. In the web-based Active Graphing exer-
cises, you can try your hand at creating some 
graphs.

Another important visual tool that can 
serve the same purpose of communicating 
complex information is a map. Maps can be 
used to summarize data that vary over small 
or large areas—from ecosystems to the bio-
sphere, and from backyards to continents. We 
discuss some aspects of reading maps relating 
to environmental science at the end of this 
supplement.

Line Graphs

Line graphs usually represent data that fall 
in some sort of sequence, such as a series of 
measurements over time or distance. In most 
such cases, units of time or distance lie on the 
horizontal x-axis. The possible measurements of 
some quantity or variable, such as temperature 
that changes over time or distance, usually lie 
on the vertical y-axis. In Figure 1, the x-axis 
shows the years between 1950 and 2010, and 
the y-axis displays the possible values for the 
annual amounts of oil consumed worldwide in 
millions of tons, ranging from 0 to 4,000 million 
(or 4 billion) tons. Usually, the y-axis appears on 
the left end of the x-axis, although y-axes can 
appear on the right end, in the middle, or on 
both ends of the x-axis.

The line on a line graph, sometimes referred 
to as the curve, represents the measurements 
taken at certain time or distance intervals. In 
Figure 1, the line represents changes in oil con-
sumption between 1950 and 2007. To fi nd the oil 
consumption for any year, fi nd that year on the 
x-axis (a point called the abscissa) and run a verti-
cal line from the axis to the consumption line. 
At the point where your line intersects the con-
sumption line, run a horizontal line to the y-axis. 
The value at that point on the y-axis, called the 
ordinate, is the amount you are seeking. You can 

SUPPLEMENT

2 Reading Graphs and Maps (All Chapters)
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Figure 1 World oil consump-
tion, 1950–2007. (Data from U.S. 
Energy Information Administra-
tion, British Petroleum, Interna-
tional Energy Agency, and United 
Nations) 

Figure 2 World coal and natural 
gas consumption, 1950–2007. 
(Data from U.S. Energy Information 
Administration, British Petroleum, 
International Energy Agency, and 
United Nations) 
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2. Which one of the curves in Figure 2 
most closely resembles the upper curve 
in Figure 5? What, if anything, might 
stop that curve from becoming nearly 
vertical?

It is important to know that line graphs can 
give different impressions of data, depending on 
how they are designed. Changing the measure-
ment ranges on either of the x- or y-axes can 
change the shape of the curve, and two curves 

will end up with $1,024,000. Figure 5 shows the 
difference between these two types of growth.

Questions

1. How do you think the upper curve would 
differ if the exponential growth rate were 
1% instead of 10%? How would it differ if 
the rate were 50%? Explain why any expo-
nential growth curve eventually becomes 
nearly vertical.

Questions

1. Which of the energy sources has seen the 
least growth in consumption through 2007? 
Which two sources are projected to have 
the sharpest growth after 2020? Coal and 
hydropower are both used mostly to gener-
ate electricity. The U.S. consumed about 
how many times as much coal as hydro-
power in 2007?

2. Compare Figures 2 and 3. Has the U.S. in-
creased its use of coal and natural gas more 
sharply or less sharply than the world as a 
whole?

Figure 4 compares two variables—monthly 
temperature and precipitation (rain and snow-
fall) during a typical year in a temperate decidu-
ous forest. However, in this case, the variables 
are measured on two different scales, so there 
are two y-axes. The y-axis on the left end of the 
graph shows a Centigrade temperature scale, 
while the y-axis on the right shows the range 
of precipitation measurements in millimeters. 
The x-axis displays the fi rst letters of each of the 
12 month names.

Questions

1. In what month does most precipitation fall? 
What is the driest month of the year? What 
is the hottest month?

2. If the temperature curve were almost flat, 
running throughout the year at about its 
highest point of about 30 °C, how do you 
think this forest would be different from what 
it is? (See Figure 7-15, p. 154.) If the annual 
precipitation suddenly dropped and remained 
under 25 centimeters all year, what do you 
think would eventually happen to this forest?

Line graphs can also show dramatic differ-
ences between two types of the same phenom-
enon, such as growth. Linear growth is growth 
by a given amount in each interval. Exponential 
growth is growth by a fi xed percentage of a 
growing amount in each interval. For example, 
if you save $1,000 per year under your mattress 
for 70 years, you will end up with $70,000. But 
if you invest $1,000 per year and earn 10% in-
terest on your total amount invested every year, 
and if you keep it all invested for 70 years, you 
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Figure 3 Energy 
consumption by fuel 
in the United States, 
1980–2007, with pro-
jected consumption to 
2030. (Data from U.S. 
Energy Information 
Administration/Annual 
Energy Outlook 2007) 
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on the Hubbard Brook experiment in which sci-
entists measured changes over time in the pres-
ence of soil nutrients in a forest (the dependent 
variable) in response to removal of trees from 
the forest (the independent variable).

On a line graph, the range of values for 
the independent variable is usually placed 
on the x-axis, while range of values for the 
independent variable usually appears on the 
y-axis (for example, see Figure 17-14, p. 455). 
However, another way to represent changes 

Finally, but no less important, a common 
scientifi c use of the line graph is to show experi-
mental results. Usually, such graphs represent 
variables, which are factors or values that can 
change. Experimenters measure changes to a 
dependent variable—a variable that changes in re-
sponse to changes in another variable called the 
independent variable. The latter may be manipu-
lated by experimenters in order to cause changes 
in the dependent variable. For example, in the 
Core Case Study of Chapter 2 (p. 28), we report 

representing the same data can look quite differ-
ent. For example, in Figure 6, the upper graph 
shows the growth of the human population 
from 8000 B.C. to the present, while the lower 
graph shows human population growth between 
1950 and 2010. The latter would be only a small 
segment on the right end of the curve in the 
upper graph.

Questions

1. What would be your overall impression 
of human population growth if you saw 
only the upper graph? What would be your 
overall impression if you saw only the lower 
graph?

2. On the upper graph, mark what you would 
estimate to be the left and right ends of 
the segment of the curve that fall between 
1950 and 2007. Why do you think the slope 
(steepness) of this segment varies so much 
from the slope of the curve in the lower 
graph? Describe the differences between the 
two graphs that might explain this difference 
in slopes.

3. You can see from these graphs that by ad-
justing a graph’s time span and the height of 
its y-axis, you can change the slope of the 
curve. This can give the reader a different 
first impression of the data. Does this make 
the changed graph inaccurate or somehow 
wrong? Explain. What does this tell you 
about what you need to look for when read-
ing a graph?

It is also important to consider what aspect of 
a data set is being displayed on a graph. The cre-
ator of a graph can take two different aspects of 
one data set and create two very different look-
ing graphs that would give two different impres-
sions of the same phenomenon. For example, 
we must be careful when talking about any type 
of growth to distinguish the question of whether 
something is growing from the question of how 
fast it is growing. While a quantity can keep 
growing continuously, its rate of growth can go 
up and down.

One of many important examples of growth 
used in this book is human population growth. 
Look again at Figure 6. The two graphs in this 
fi gure give you the impression that human 
population growth has been continuous and 
uninterrupted, for the most part. However con-
sider Figure 7, which plots the rate of growth of 
the human population since 1950. Note that all 
of the numbers on the y-axis, even the smallest 
ones, represent growth. The lower end of the 
scale represents slower growth, the higher end, 
faster growth.

Questions

1. If this graph were presented to you as 
a picture of human population growth, 
what would be your first impression? Do 
you think that reaching a growth rate of 
0.5% would relieve those who are con-
cerned about overpopulation? Why or why 
not?

2. As the curve in Figure 7 proceeds to the right 
and downward, what do you think will hap-
pen to the curve in the lower graph in Fig-
ure 6? Explain.
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2. What is the most productive of aquatic eco-
systems shown here? What is the least pro-
ductive?
An important application of the bar graph 

used in this book is the age structure diagram (Fig-
ure 10, p. S8), which describes a population by 
showing the numbers of males and females in 
certain age groups (see pp. 130–132). Environ-
mental scientists are concerned about human 
population growth, and one of the key factors 
determining a particular population’s growth 
rate is the relative numbers of people in various 
age categories.

In particular, the number of women of child-
bearing age and younger gives an important clue 
to whether the population might grow rapidly. 
If most of the women fall into that category, the 
population will grow much more quickly than 
it would if most of the women are beyond their 
child-bearing years. Likewise, a population with 
most of its women beyond childbearing age will 
likely shrink in future years.

net primary productivity (or NPP, a measure of 
chemical energy produced by plants in an eco-
system) for different ecosystems, as represented 
in Figure 9.

In most bar graphs, the categories to be 
compared are laid out on the x-axis, while the 
range of measurements for the variable under 
consideration lies along the y-axis. In our ex-
ample in Figure 9, the categories (ecosystems) 
are on the y-axis, and the variable range (NPP) 
lies on the x-axis. In either case, reading the 
graph is straightforward. Simply run a line per-
pendicular to the bar you are reading from the 
top of that bar (or the right or left end, if it lies 
horizontally) to the variable value axis. In Figure 
9, you can see that the NPP for continental shelf, 
for example, is close to 1,600 kcal/m2/yr.

Questions

1. About how many times greater is the NPP 
in a tropical rain forest than the NPP in a 
savannah?

to the independent and dependent variables is 
to show them on two separate curves. This is 
useful when an experiment takes place over a 
long period of time, as did the Hubbard Brook 
experiment. In Figure 8, the years in which this 
experiment was conducted appear on the x-axis. 
The range of values for presence of a soil nutri-
ent called nitrate appears on the y-axis. And two 
curves were plotted: one showing the values of 
the dependent variable in the uncut forest (the 
control site), and the other showing the values 
of the dependent variable in the clear-cut forest 
(the experimental site).

Questions

1. Approximately what was the maximum 
amount of nitrate lost from the undisturbed 
(control) forest? Approximately what was 
the maximum amount of nitrate lost from 
the clear-cut (experimental) forest? At the 
point of maximum nitrate loss from the ex-
perimental forest, about how many times 
more nitrate was lost there than in the con-
trol forest?

2. In what year do you think the experimental 
forest was cut? How long did it take, once 
nutrient loss started there, for the losses to 
reach their maximum? How long did it take 
for the forest to regain its pre-experimental 
level of nutrients?

Bar Graphs

The bar graph is used to compare measurements 
for one or more variables across categories. Un-
like the line graph, a bar graph typically does 
not involve a sequence of measurements over 
time or distance. The measurements compared 
on a bar graph usually represent data collected 
at some point in time or during a well-defi ned 
period. For instance, we can compare the 
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Figure 15-3 (p. 373) shows this and other 
data in more detail, and illustrates how pie 
graphs can be used to compare different groups 
of categories and different data sets. Also, see 
the Active Graphing exercise for Chapter 15 on 
the website for this book.

Questions

1. Do you think that the fact that use of natural 
gas, coal, and oil have all grown over the 
years (see Figures 1 and 2, p. S4) means that 
other categories on this graph have shrunk 
in that time? Explain.

2. Use the projected data in Figure 3 (p. S5) 
to estimate how the relative sizes of the pie 
slices for each energy resource might change 
by 2030.

Reading Maps

Maps can be used for considerably more than 
showing where places are relative to one an-
other. They can also show comparisons among 

Pie Graphs

Like bar graphs, pie graphs illustrate numeri-
cal values for two or more categories. But 
in addition to that, they can also show each 
category’s proportion of the total of all measure-
ments. Usually, the categories are ordered on 
the graph from largest to smallest, for ease of 
comparison, although this is not always the case. 
Also, as with bar graphs, pie graphs are generally 
snapshots of a set of data at a point in time or 
during a defi ned time period. Unlike line graphs, 
one pie graph cannot show changes over time.

For example, Figure 12 shows how much 
each major energy source contributes to the 
world’s total amount of energy used in 2006. 
This graph includes the numerical data used to 
construct it—the percentages of the total taken 
up by each part of the pie. But pie graphs can be 
used without the numerical data included, and 
such percentages can be estimated roughly. The 
pie graph thereby provides a generalized picture 
of the composition of a set of data.

Note that in Figure 10, the bars are placed 
horizontally and run both left and right from 
the center. This allows comparison of two parts 
of the population across age groups. In this case, 
values for males lie to the left and values for 
females lie to the right of the y-axis. The fi gure 
contains two separate graphs, one for developing 
countries and the other for developed countries.

Questions

1. What are the three largest age groups in 
developing countries? What are the three 
largest age groups in developed countries? 
Which group of countries will likely grow 
more rapidly in coming years?

2. If all girls under the age of 15 had only one 
child during their lifetimes, how do you think 
these structures would change over time?

Another interesting application of the bar 
graph is called a stacked bar graph. In such a 
graph, each bar is actually a combination of 
several smaller bars representing multiple data 
groups, stacked up to make one bar divided by 
different colors or shades to depict the sub-
groups. Figure 11 is a good example of this, 
combining population data for six different 
regions of the world. Each bar contains six dif-
ferent sets of data, all collected in, or projected 
for, a particular year. This bar graph is a power-
ful illustration of comparative growth rates of 
the human populations in the various regions, 
and it effectively shows the cumulative effects 
of growth.

Questions

1. Which region will likely grow the fastest be-
tween 2010 and 2050? Which region’s popu-
lation will likely stay about the same size?

2. About what proportion of the world’s popu-
lation lived in Asia, Oceania, Africa, and 
Europe (the eastern hemisphere) and what 
proportion lived in North America, Latin 
America, and the Caribbean (the western 
hemisphere) in 2005? How will these pro-
jected proportions change, if at all, by 2050?
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Figure 10 Population structure by age and sex in developing countries and developed countries, 2006. (Data 
from United Nations Population Division and Population Reference Bureau) 
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different areas with regard to any number of 
factors or conditions. This is the basis for the 
fi eld of geographical information systems (GIS, 
see Figure 3-23, p. 73). Using powerful GIS tools, 
scientists can create detailed maps that show 
where natural resources are concentrated, for 
example, within a given region or in the world.

In environmental science, such maps can be 
very helpful. For example, maps can be used to 
compare how people or different areas are affect-
ed by environmental problems such as air pollu-
tion and acid deposition (a form of air pollution). 
Figure 13 is a map of the United States showing 
the relative numbers of premature deaths due to 

Natural gas
21%

Nuclear power
6%

Oil
33%

Biomass
11%

     RENEW
A

BLE 18%
 

           NO
NRENEW

ABLE 82%     

Coal
22%

Hydropower
4.5%

Geothermal,
solar, wind
2.5%

Figure 12 World energy use by source in 2006. 
(Data from U.S. Department of Energy, British 
Petroleum, Worldwatch Institute, and Inernational 
Energy Institute)
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Figure 14 Measure-
ments of the pH of pre-
cipitation at various sites 
in the lower 48 states 
in 2005 as a result of 
acid deposition, mostly 
from a combination of 
motor vehicles and coal 
burning power plants 
(red dots). The pH is a 
measure of acidity; the 
lower the pH, the higher 
the acidity. For more 
details see Figure 5, 
p. S41, in Supplement 6. 
(Data from National 
Atmospheric Deposition 
Program/National Trends 
Network, 2006)

Deaths per 100,000 adults per year
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Figure 13 Prema-
ture deaths from 
air pollution in 
the United States, 
mostly from very 
small particles 
added to the at-
mosphere by coal-
burning power 
plants. (Data from 
U.S. Environmen-
tal Protection 
Agency)

air pollution in the various regions of the coun-
try. Figure 14 compares various regions of the 
country in terms of levels of acidity in precipita-
tion. Study these fi gures and their captions.

Questions

1. Generally, what part of the country has 
the lowest level of premature deaths due 
to air pollution? What part of the country 
has the highest level? What is the level 
in the area where you live or go to school?

2. Generally, what part of the country has the 
highest levels of acidity in its precipitation? 
What area has the lowest? Do you see any 

similarities between the maps in Figures 13 
and 14? If so, what are they?

The Active Graphing exercises available for 
various chapters on the website for this textbook 
will help you to apply this information. Register 
and log on to CengageNOW™ using the access 
code card in the front of your book. Choose a 
chapter with an Active Graphing exercise, click 
on the exercise, and begin learning more about 
graphing. There is also a data analysis exercise 
at the end of each chapter in this book. Some of 
these exercises involve analysis of various types 
of graphs and maps.
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Figure 1 Countries of the world.

Map Analysis:

1. What is the largest country (in 
area) in (a) North America, (b) 
Central America, (c) South America, 
(d) Europe, and (e) Asia?

2. What countries surround (a) China, 
(b) Mexico, (c) Germany, and 
(d) Sudan?
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Figure 2 Gross world product, 1950–2006. (Data from International 
Monetary Fund and the World Bank)

Data and Graph Analysis

1. Roughly how many times bigger than the gross world product of 
1985 was the gross world product in 2006?

2. If the current trend continues, about what do you think the gross 
world product will be in 2010, in trillions of dollars?
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High-income: $10,800 or more

Upper middle-income: $3,500–$10,799

Lower middle-income: $900–$3,499

Low-income: $899 or less No data available
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Figure 3 High-income, upper middle-income, lower 
middle-income, and low-income countries in terms of 
gross national income (GNI) PPP per capita (U.S. dol-
lars) in 2006. (Data from World Bank and International 
Monetary Fund)

Data and Map Analysis

1. In how many countries is the per capita average 
income $899 or less? Look at Figure 1 and find the 
names of three of these countries.

2. In how many instances does a lower-middle- or low-
income country share a border with a high-income 
country? Look at Figure 1 and find the names of the 
countries involved in three of these instances.

Figure 4 Population timeline, 10,000 B.C.–2008. 

Data Analysis

1. About how many years did it take the human 
population to reach 1 billion? How long after 
that did it take to reach 2 billion?

2. In about what year was the population half of 
what it is projected to be in 2011?
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Figure 5 Annual growth rate in world population, 1950–2007 with 
projections to 2050. (Data from U.N. Population Division and U.S. 
Census Bureau

Data and Graph Analysis

1. In about what year since 1950 did the growth rate first start in-
creasing? In about what year did it first start decreasing?

2. In about what year will the growth rate reach half of what it was 
at its peak since 1950, according to projections?

Figure 6 Rate of population increase (%) in 2007. 
(Data from Population Reference Bureau and United 
Nations Population Division) 

Data and Map Analysis

1. What continent holds the highest number of coun-
tries with high rates of population increase? What 
continent has the highest number of countries with 
static rates? (See Figure 1 on pp. S10–S11 for coun-
try and continent names.)

2. For each category on this map, name the two coun-
tries that you think are largest in terms of total area?
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Figure 8 Total fertility rate (TFR), or average number of children born to the 
world’s women throughout their lifetimes, as measured in 2007. (Data from 
Population Reference Bureau and United Nations Population Division)

Data and Map Analysis

1. Which country in the highest TFR category borders two countries in the 
lowest TFR category? What are those two countries? (See Figure 1 on 
pp. S10–S11.)

2. Describe two geographic patterns that you see on this map.

1.1–1.9 2.0–2.9 3.0–3.9 4.0–5.9 6.0–8.1

Figure 7 Total fertility rate for the world, developed regions, and 
less developed regions, 1950–2007, with projection to 2050 (based 
on medium population projections). (Data from U.N. Population 
Division)

Data and Graph Analysis

1. What are two conclusions you can draw from comparing these 
curves?

2. In 2010, about how many more children will be born to each 
woman in the developing regions than will be born to each 
woman in the developed regions?
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Figure 9 Infant mortality rate for the world, developed regions, and 
less developed regions, 1950–2007, with projection to 2050 (based 
on medium population projections). (Data from United Nations 
Population Division)

Data and Graph Analysis

1. What are two conclusions you can draw from comparing these 
curves?

2. When the world infant mortality was 100 deaths per 1,000 live 
births, what were the approximate infant mortality rates for 
developed and developing regions?
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Figure 10 Infant mortality rate in 2007. (Data from Population Reference 
Bureau and United Nations Population Division)

Data and Map Analysis

1. Describe a geographic pattern that you can see, related to infant mortality 
rates as reflected on this map.

2. Describe any similarities that you see in geographic patterns between this 
map and the one in Figure 8.



S16 SUPPLEMENT 3

0.4–10 11–100 101–200 201–1,000 1,001–25,100 No data

Figure 11 Population density per square kilometer in 2007. (Data from 
Population Reference Bureau and United Nations Population Division)

Data and Map Analysis

1. What is the country with the densest population? (See Figure 1 on 
pp. S10–S11 for country and continent names.)

2. List the continents in order from the most densely populated, overall, 
to the least densely populated, overall.
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Figure 12 Urban population totals and projections for the world, 
for developing countries, and for developed countries, 1950–2007 
with projections to 2030 (Data from United Nations Population 
Division)

Data and Graph Analysis

1. In about what year did the urban population in developing coun-
tries surpass the urban population in developed countries? In 
about what year was the former twice that of the latter?

2. About how many people will be living in urban areas in develop-
ing countries in 2030? In 2030, about how many people will be 
living in a developing country urban area for every person living in 
a developed country urban area?
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Figure 13 World hunger shown as a percentage of 
population suffering from chronic hunger and mal-
nutrition in 2005. (Data from Food and Agriculture 
Organization, United Nations)

Data and Map Analysis

1. List the continents in order from the highest per-
centage of undernourished people to the lowest 
such percentage. (See Figure 1 on pp. S10–S11 
for country and continent names.)

2. On which continent is the largest block of coun-
tries that suffer the highest levels of undernour-
ishment? List five of these countries.
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Figure 14 Percentage of adults infected with HIV in 2005. (Data from the 
World Health Organization)

Data and Map Analysis

1. How many countries have an adult HIV prevalence rate of 5% or higher? 
List ten of these countries. (See Figure 1 on pp. S10–S11 for country and 
continent names.)

2. Find an instance where a country with a high rate of HIV prevalence bor-
ders a country or countries with a low rate. List the countries involved.
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in the United States, 1960–2005. (Data from the U.S. Environmental 
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Data and Graph Analysis

1. How much more municipal solid waste was generated in 2005 
than in 1960, in millions of tons?

2. In what year did per capita solid waste generation reach a level 
four times as high as it was in 1960?
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Figure 16 Total amount and percent of municipal solid waste 
recycled in the United States, 1960–2005. (Data from the U.S. 
Environmental Protection Agency)

Data and Graph Analysis

1. After 1980, how long did it take for the United States to triple 
the total amount of materials recycled in 1980?

2. In what 10-year period was the sharpest increase in the per-
centage of solid waste recycled in the United States?
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Figure 17 Top 20 failing states in 2006. According to a 2007 study by 
International Alert, 56 countries could become failing or failed states dur-
ing this century as a result of conflict and instability caused by projected 
climate change. (Data from the U.S. Central Intelligence Agency, Carnegie 
Endowment for International Peace, and Fund for Peace)
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SUPPLEMENT

4 Biodiversity, Ecological Footprints, 
and Environmental Performance Maps 

Figure 1 Composite satellite view of the earth showing its major terrestrial 
and aquatic features.

Data and Map Analysis

1. On what continent does desert make up the largest percentage of the 
continent’s total land area?

2. Which two continents contain large areas of polar ice?
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Figure 2 Global map of plant biodiversity. (Used by permission 
from Kier, et al. 2005. “Global Patterns of Plant Diversity and 
Floristic Knowledge.” Journal of Biogeography, Vol. 32, Issue 6, 
pp. 921–1106, and Blackwell Publishing) 

Data and Map Analysis

1. What continent holds the largest continuous area of land that 
hosts more than 5,000 species per eco-region? On what con-
tinent is the second largest area of such land? (See Figure 1, 
pp. S10–S11, in Supplement 3 for the names of countries and 
continents.)

2. Of the six categories represented by six different colors on this 
map, which category seems to occupy the most land area in 
the world (not counting Antarctica, the large land mass on the 
bottom of the map, and Greenland)? 

<500

Species number
per ecoregion

500–1000
1000–2000
2000–3000
3000–5000
>5000
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Figure 4 Ecological Debtors and Creditors. The ecological footprints of some 
countries exceed their biocapacity, while others still have ecological reserves. 
(Data from Global Footprint Network)

Data and Map Analysis

1. List five countries, including the three largest, in which the ecological 
deficit is greater than 50% of biocapacity. (See Figure 1, pp. S10–S11, in 
Supplement 3 for names of countries and continents.)

2. On which two continents does land with ecological reserves of more than 
50% of biocapacity occupy the largest percentage of total land area? Look 
at Figure 3 and for each of these two continents, list the highest human 
footprint value that you see on the map.

Insufficient data

<50% of biocapacity

Ecological Reserve

>50% of biocapacity

>50% of biocapacity

<50% of biocapacity

Ecological Deficit
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Tundra

North American Biomes

Taiga

Temperate deciduous forest

Temperate grassland

Chaparral

Mountain forest

Desert

Tropical forest

Semidesert

Mountain zone

Figure 5 Natural capital: biomes of 
North America.

Data and Map Analysis

1. What type of biome occupies the 
most coastal area?

2. Which biome is the rarest in North 
America?

32.928.924.920.816.7

Gross primary productivity
(grams of carbon per square meter)

12.68.64.50.10

Figure 6 Gross primary productivity across the continental United 
States, based on remote satellite data. The differences roughly 
correlate with variations in moisture and soil types. (NASA’s Earth 
Observatory)

Data and Map Analysis

1. Comparing the five northwestern-most states with the five 
southeastern-most states, which of these regions has the 
greater variety of levels of gross primary productivity? Which 
of the regions has the highest levels, overall?

2. Compare this map with that of Figure 5. Which biome in the 
United States is associated with the highest level of gross pri-
mary productivity?
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Figure 8 2006 Environmental Performance Index (EPI) uses 16 indicators of 
environmental health, air quality, water resources, biodiversity and habitat 
quality, renewable natural resources, and sustainable energy resources to 
evaluate countries in terms of their ecosystem health and environmental 
stresses on human health. This map shows the scores by quintiles. (Data from 
Yale Center for Environmental Law and Policy and the Center for International 
Earth Science Information Network)

Data and Map Analysis

1. List six countries that lie within the highest EPI range. List six countries 
that lie within the lowest EPI range. (See Figure 1, pp. S10–S11, in Supple-
ment 3 for country names.)

2. Name a country in the 78.5–69.5 quintile that is completely surrounded by 
countries in lower quintiles?

88.1–78.688.1–78.6 78.5–69.5 69.4–60.1 60.0–51.1 51.0–25.7 No data
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5
replenished very slowly and were highly suscep-
tible to water and wind erosion when protective 
vegetation was removed for growing crops and 
grazing livestock. Within a few decades, the set-
tlers degraded much of this natural capital that 
had taken thousands of years to build up.

When the settlers realized what was hap-
pening, they took corrective action to save the 
remaining trees, and they stopped raising eco-
logically destructive pigs and goats. The farmers 
joined together to slow soil erosion and preserve 
their grasslands. They estimated how many 
sheep the communal highland grasslands could 
sustain and divided the allotted quotas among 
themselves.

Icelanders also learned how to fi sh, how to 
tap into an abundance of hot springs and heated 
rock formations for geothermal power, and 
how to use hydroelectric power from the many 
rivers. Renewable hydropower and geothermal 
energy provide about 95% of the country’s 
electricity, and geothermal energy is used to 
heat 80% of its buildings and to grow most of its 
fruits and vegetables in greenhouses.

In terms of per capita income, Iceland is one 
of the world’s ten richest countries, and in 2006 
it had the world’s fi fth highest Environmental 
Sustainability Index. By 2050, Iceland plans to 
become the world’s fi rst country to run its entire 
economy on renewable hydropower, geothermal 
energy, and wind, and to use these resources to 
produce hydrogen for running all of its motor 
vehicles and ships (see Chapter 16 Core Case 
Study, p. 399).

THINKING ABOUT
Past Civilizations

What are two ecological lessons that we could 
learn from these three stories?

S5-2 An Overview of 
U.S. Environmental 
History

There Have Been Four Major Eras 
of U.S. Environmental History

The environmental history of the United States 
can be divided into four eras. During the tribal
era, 5–10 million tribal people (now called 
Native Americans) occupied North America for 
at least 10,000 years before European settlers 
began arriving in the early 1600s. These hunter–
gatherers generally had sustainable, low-impact 
ways of life because of their low numbers and 
low resource use per person.

The Sumerian Civilization 
Collapsed Because 
of Unsustainable Farming

By around 4000 B.C., a highly advanced urban 
and literate Sumerian civilization had begun 
emerging on the fl ood plains of the lower 
reaches of the Tigris and Euphrates Rivers in 
parts of what is now Iraq. This civilization devel-
oped science and mathematics and built a well-
engineered crop irrigation system, which used 
dams to divert water from the Euphrates River 
through a network of gravity-fed canals.

The irrigated cropland produced a food 
surplus and allowed Sumerians to develop the 
world’s fi rst cities and written language (the 
cunneiform script). But the Sumerians also 
learned the painful lesson that long-term irriga-
tion can lead to salt buildup in soils and sharp 
declines in food production.

Poor underground drainage slowly raised the 
water table to the surface, and evaporation of 
the water left behind salts that sharply reduced 
crop productivity—a form of environmental 
degradation we now call soil salinization (Fig-
ure 12-14, p. 289). As wheat yields declined, the 
Sumerians slowed the salinization by shifting 
to more salt-tolerant barley. But as salt con-
centrations continued to increase, barley yields 
declined and food production was undermined.

Around 2000 B.C., this once-great civilization 
disappeared as a result of such environmental 
degradation, along with economic decline and 
invasion by Semitic peoples.

Iceland Has Had Environmental 
Struggles and Triumphs

Iceland is a Northern European island country 
slightly smaller than the U.S. state of Kentucky. 
This volcanic island is located in the North 
Atlantic Ocean just south of the Arctic Circle 
between Greenland and Norway, Ireland, and 
Scotland. Glaciers cover about 10% of the coun-
try, and it is subject to earthquakes and volcanic 
activity.

Immigrants from Scandinavia, Ireland, and 
Scotland began settling the country during the 
late 9th and 10th centuries A.D. Since these set-
tlements began, most of the country’s trees and 
other vegetation have been destroyed and about 
half of its original soils have eroded into the sea. 
As a result, Iceland suffers more ecological deg-
radation than any other European country.

The early settlers saw what appeared to be a 
country with deep and fertile soils, dense forests, 
and highland grasslands similar to those in their 
native countries. They did not realize that the 
soils built up by ash from volcanic eruptions were 

S5-1 A Look at Some Past 
Civilizations

The Norse Greenland 
Civilization Destroyed Its 
Resource Base

Greenland is a vast and mostly ice-covered 
island about three times the size of the U.S. state 
of Texas. During the 10th century, Viking ex-
plorers settled a small, fl at portion of this island 
that was covered with vegetation and located 
near the water.

In his 2005 book, Collapse: How Societies Choose 
to Fail or Succeed, biogeographer Jared Diamond 
describes how this 450-year-old Norse settle-
ment in Greenland collapsed in the 1400s from a 
combination of colder weather in the 1300s and 
abuse of its soil resources.

Diamond suggests the Norse made three ma-
jor errors. First, they cut most of the trees and 
shrubs to clear fi elds, make lumber, and gather 
fi rewood. Without that vegetation, cold winds 
dried and eroded the already thin soil. The 
second error was overgrazing, which meant the 
depletion of remaining vegetation and trampling 
of the fragile soil.

Finally, when wood used for lumber was 
depleted, the Norse removed chunks of their 
turf and used it to build thick walls in their hous-
es to keep out cold winds. Because they removed 
the turf faster than it could be regenerated, there 
was less land for grazing so livestock numbers 
fell. As a result, their food supply and civilization 
collapsed. Archeological evidence suggests the 
last residents starved or froze to death.

After about 500 years, nature healed the 
ecological wounds that the Norse had caused, 
and Greenland’s meadows recovered. In the 
20th century, Danes who settled in Greenland 
reintroduced livestock. Today, more than 56,000 
people make their living there by mining, fi sh-
ing, growing crops, and grazing livestock.

But there is evidence that Greenland’s green 
areas—about 1% of its total land area—are 
again being overused and strained to their limits. 
Now Greenlanders have the scientifi c knowl-
edge to avoid the tragedy of the commons by 
reducing livestock numbers to a sustainable 
level, cutting trees no faster than they can be 
replenished, and practicing soil conservation. 

Because of global warming, some of the ice 
that covers most of Greenland is melting (Fig-
ure 19-C, p. 508). This may increase agricultural 
activity and extraction of mineral and energy 
resources. Time will tell what benefi cial and 
harmful environmental effects such changes 
will bring.

Environmental History 
(Chapters 1, 2, 5, 7, 8, 10, 12, 13, 23, 24)
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Early in the 20th century, the U.S. conser-
vation movement split into two factions over 
how public lands should be used. The wise-use,
or conservationist, school, led by Roosevelt and 
Pinchot, believed all public lands should be 
managed wisely and scientifi cally to provide 
needed resources. The preservationist school, led 
by Muir wanted wilderness areas on public lands 
to be left untouched. This controversy over use 
of public lands continues today.

In 1916, Congress passed the National
Park Service Act. It declared that parks are to 
be maintained in a manner that leaves them 
unimpaired for future generations. The act also 
established the National Park Service (within 
the Department of the Interior) to manage the 
system. Under its fi rst head, Stephen T. Mather 
(1867–1930), the dominant park policy was to 
encourage tourist visits by allowing private con-
cessionaires to operate facilities within the parks.

After World War I, the country entered a 
new era of economic growth and expansion. 
During the Harding, Coolidge, and Hoover ad-
ministrations, the federal government promoted 
increased sales of timber, energy, mineral and 
other resources found on public lands at low 
prices to stimulate economic growth.

President Herbert Hoover (a Republican) 
went even further and proposed that the federal 
government return all remaining federal lands 
to the states or sell them to private interests for 
economic development. But the Great Depres-
sion (1929–1941) made owning such lands 
unattractive to state governments and private 
investors. The depression was bad news for the 
country. But some say that without it we might 
have little if any of the public lands that make 
up about one-third of the country’s land today 
(Figure 24-5, p. 641).

In 1864, George Perkins Marsh, a 
scientist and member of Congress from 
Vermont, published Man and Nature, which 
helped legislators and citizens see the need 
for resource conservation. Marsh ques-
tioned the idea that the country’s resources 
were inexhaustible. He also used scientifi c 
studies and case studies to show how the 
rise and fall of past civilizations were linked 
to the use and misuse of their soils, water 
supplies, and other resources. Some of his 
resource conservation principles are still 
used today.

What Happened between 
1870 and 1930?

Between 1870 and 1930, a number of 
actions increased the role of the federal 
government and private citizens in resource 
conservation and public health (Figure 2). 
The Forest Reserve Act of 1891 was a turning 
point in establishing the responsibility of 
the federal government for protecting pub-
lic lands from resource exploitation.

In 1892, nature preservationist and 
activist John Muir (1838–1914)(Figure 3) 
founded the Sierra Club. He became the 
leader of the preservationist movement, which 
called for protecting large areas of wilder-
ness on public lands from human exploita-
tion, except for low-impact recreational 
activities such as hiking and camping. This idea 
was not enacted into law until 1964. Muir also 
proposed and lobbied for creation of a national 
park system on public lands.

Mostly because of political opposition, effec-
tive protection of forests and wildlife did not be-
gin until Theodore Roosevelt (Figure 4, p. S34), 
an ardent conservationist, became president. His 
term of offi ce, 1901–1909, has been called the 
country’s Golden Age of Conservation.

While in offi ce he persuaded Congress to give 
the president power to designate public land as 
federal wildlife refuges. In 1903, Roosevelt es-
tablished the fi rst federal refuge at Pelican Island 
off the east coast of Florida for preservation 
of the endangered brown pelican (Photo 1 in 
the Detailed Contents), and he added 35 more 
reserves by 1904. He also more than tripled the 
size of the national forest reserves.

In 1905, Congress created the U.S. Forest 
Service to manage and protect the forest reserves. 
Roosevelt appointed Gifford Pinchot (1865–
1946) as its fi rst chief. Pinchot pioneered scien-
tifi c management of forest resources on public 
lands. In 1906, Congress passed the Antiquities
Act, which allows the president to protect areas 
of scientifi c or historical interest on federal lands 
as national monuments. Roosevelt used this act 
to protect the Grand Canyon and other areas that 
would later become national parks.

Congress became upset with Roosevelt in 
1907, because by then he had added vast tracts 
to the forest reserves. Congress passed a law 
banning further executive withdrawals of public 
forests. On the day before the bill became law, 
Roosevelt defi antly reserved another large block 
of land. Most environmental historians view 
Roosevelt (a Republican) as the country’s best 
environmental president.

Next was the frontier era (1607–1890) 
when European colonists began settling North 
America. Faced with a continent offering seem-
ingly inexhaustible resources, the early colonists 
developed a frontier environmental world-
view. They saw a wilderness to be conquered 
and managed for human use.

Next came the early conservation era (1832–
1870), which overlapped the end of the frontier 
era. During this period some people became 
alarmed at the scope of resource depletion and 
degradation in the United States. They argued 
that part of the unspoiled wilderness on public 
lands should be protected as a legacy to future 
generations. Most of these warnings and ideas 
were not taken seriously.

This period was followed by an era—
lasting from 1870 to the present—featuring an 
increased role of the federal government and 
private citizens in resource conservation, public 
health, and environmental protection.

The Frontier Era (1607–1890)

During the frontier era, European settlers spread 
across the land, cleared forests for cropland and 
settlements, and displaced the Native Americans 
who generally had lived on the land sustainably 
for thousands of years.

The U.S. government accelerated this set-
tling of the continent and use of its resources by 
transferring vast areas of public land to private 
interests. Between 1850 and 1890, more than 
half of the country’s public land was given away 
or sold cheaply by the government to railroad, 
timber, and mining companies, land developers, 
states, schools, universities, and homesteaders 
to encourage settlement. This era came to an 
end when the government declared the frontier 
offi cially closed in 1890.

Early Conservationists (1832–1870)

Between 1832 and 1870, some people became 
alarmed at the scope of resource depletion and 
degradation in the United States. They urged the 
government to preserve part of the unspoiled 
wilderness on public lands owned jointly by all 
people (but managed by the government) and to 
protect it as a legacy to future generations.

Two of these early conservationists were 
Henry David Thoreau (1817–1862) and George 
Perkins Marsh (1801–1882). Thoreau (Figure 1) 
was alarmed at the loss of numerous wild spe-
cies from his native eastern Massachusetts. To 
gain a better understanding of nature, he built 
a cabin in the woods on Walden Pond near 
Concord, Massachusetts, lived there alone for 
2 years, and wrote Life in the Woods, an environ-
mental classic.*

Figure 1 Henry David Thoreau (1817–1862) was an 
American writer and naturalist who kept journals about 
his excursions into wild areas in parts of the northeast-
ern United States and Canada and at Walden Pond in 
Massachusetts. He sought self-sufficiency, a simple life-
style, and a harmonious coexistence with nature.

*I (Miller) can identify with Thoreau. I spent 10 years 
living in the deep woods studying and thinking about 
how nature works and writing early editions of the 
book you are reading. I lived in a remodeled school bus 
with an attached greenhouse. I used it as a scientific 
laboratory for evaluating things such as passive and 
active solar energy technologies for heating the bus 
and water, waste disposal (composting toilets), natural 
geothermal cooling (earth tubes), ways to save energy 
and water, and biological control of pests. It was great 
fun and I learned a lot. In 1990, I came out of the woods 
to find out more about how to live more sustainably in 
urban areas, where most people live.
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1870s 1880s 1890s 1900s 1910s 1920s

1870 
First official 
wildlife refuge 
established 
at Lake Merritt, 
California.

1872 
Yellowstone National 
Park established. American 
Forestry Association 
organized by private 
citizens to protect forests.
American Public Health
Association formed.

1890 
Government 
declares the 
country's frontier 
closed. Yosemite 
National Park
established.

1911 Weeks Act allows Forest Service 
to purchase land at headwaters of 
navigable streams as part of 
National Forest System.

1912 Public Health Service Act 
authorizes government 
investigation of water pollution.

1915 Ecologists form 
Ecological Society of America.

1916 National Park Service Act 
creates National Park 
System and National Park Service.

1918 Migratory Bird Act
restricts hunting of 
migratory birds.

1902 Reclamation Act promotes irrigation 
and water development projects in arid West.

1900 Lacey Act bans interstate shipment of 
birds killed in violation of state laws.

1903 First National Wildlife Refuge at Pelican Island, 
Florida, established by President Theodore Roosevelt.

1904 Child lead poisoning linked to lead-based paints.

1905 U.S. Forest Service created. Audubon Society founded
by  private citizens to preserve country's bird species.

1906 Antiquities Act allows president to set aside
areas on  federal lands as national monuments.
Pure Food and Drug Act enacted.

1891 
Forest Reserve 
Act authorized 
the president to 
set aside 
forest reserves.

1892 Sierra Club 
founded by John 
Muir to promote 
increased 
preservation 
of public land.
Killer fog in
London kills
1,000 people.

1893 
Few remaining 
American bison 
given refuge in 
Yellowstone
National Park.

1891–97 Timber 
cutting banned on 
large tracts of public land.

1880 
Killer fog in London
kills 700 people.

1908 Swedish chemist Svante Arrhenius argues
that increased emissions from burning fossil fuels will
lead to global warming.

1920–27 Public 
health boards 
established 
in most cities.

1870–1930
Figure 2 Examples of the increased role of the federal government in resource conservation 
and public health and the establishment of key private environmental groups, 1870–1930. 
Question: Which two of these events do you think were the most important?

Figure 3 John Muir (1838–1914) was a geologist, ex-
plorer, and naturalist. He spent 6 years studying, writ-
ing journals, and making sketches in the wilderness of 
California’s Yosemite Valley and then went on to ex-
plore wilderness areas in Utah, Nevada, the Northwest, 
and Alaska. He was largely responsible for establishing 
Yosemite National Park in 1890. He also founded the 
Sierra Club and spent 22 years lobbying actively for con-
servation laws.
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arid western states, including Hoover Dam on the 
Colorado River (Figure 13-14, p. 327). The goals 
were to provide jobs, fl ood control, cheap irriga-
tion water, and cheap electricity for industry.

Congress enacted the Soil Conservation Act 
in 1935. It established the Soil Erosion Service 
as part of the Department of Agriculture to 
correct the enormous erosion problems that 
had ruined many farms in the Great Plains 
states during the depression, as discussed on 
pp. 303–305. Its name was later changed to the 
Soil Conservation Service, now called the Natural 
Resources Conservation Service. Many environ-
mental historians praise Roosevelt (a Democrat) 
for his efforts to get the country out of a major 
economic depression and to help restore envi-
ronmentally degraded areas.

Federal resource conservation and pub-
lic health policy during the 1940s and 1950s 
changed little, mostly because of preoccupation 
with World War II (1941–1945) and economic 
recovery after the war.

Between 1930 and 1960, improvements in 
public health included establishment of public 
health boards and agencies at the munici-
pal, state, and federal levels; increased public 
education about health issues; introduction of 
vaccination programs; and a sharp reduction in 
the incidence of waterborne infectious diseases, 
mostly because of improved sanitation and 
garbage collection.

Figure 4 Theodore (Teddy) Roosevelt 
(1858–1919) was a writer, explorer, natu-
ralist, avid birdwatcher, and twenty-sixth 
president of the United States. He was 
the first national political figure to bring 
the issues of conservation to the atten-
tion of the American public. According to 
many historians, he has contributed more 
than any other president to natural re-
source conservation in the United States.

Corps (CCC) in 1933. It put 2 million unem-
ployed people to work planting trees and de-
veloping and maintaining parks and recreation 
areas. The CCC also restored silted waterways 
and built levees and dams for fl ood control.

The government built and operated many 
large dams in the Tennessee Valley and in the 

1930s 1940s 1950s

1933 Civilian Conservation Corps established.

1935 Soil Conservation Act creates
Soil Erosion Service. Wilderness
Society founded.

1937 Federal Aid in Wildlife
Restoration Act levies federal
tax on gun and ammunition
sales, with funds used for 
wildlife research and protection.
Term greenhouse effect coined
by Professor Glen Trewaha.

1938 Federal Food, Drug,
and  Cosmetic Act regulates 
consumer foods, drugs, 
and cosmetics.

1941 Rooftop solar water
heaters widely used
in Florida.

1934 Taylor Grazing Act regulates
livestock  grazing on public lands.
Migratory Bird Hunting  Stamp Act
requires federal license for duck
hunters,  with funds used for waterfowl
refuges. Dust bowl storms begin in Midwest.

1940 U.S. Fish and 
Wildlife Service created 
to manage National 
Wildlife Refuge 
system and protect 
endangered species.

1947 Federal  Insecticide,
Fungicide, and Rodent-
icide Act  regulates use
of  pesticides. Everglades
National Park established.
Defenders of Wildlife
founded.

1948 Air pollution 
disaster at Donora, 
Pennsylvania, kills
20 and sickens 
7,000 people.

1949 Aldo
Leopold’s Sand
County Almanac
published.

1954 Atomic Energy Act promotes
development of nuclear power plants.

1956 Water Pollution Control Act 
provides grants to states for water
treatment plants. 1,000 people
killed in London smog incident.

1957 Price-Anderson Act greatly
limits liability of power plant
owners and the government in
cases of a major nuclear power 
plant accident.

1952 4,000 people die in London killer smog.

1950 The Nature Conservancy formed.

1930–1960
Figure 5 Some important conservation and environmental events, 1930–1960. Question: Which two of these 
events do you think were the most important?

What Happened between 
1930 and 1960?

A second wave of national resource conservation 
and improvements in public health began in the 
early 1930s (Figure 5) as President Franklin D. 
Roosevelt (1882–1945) strove to bring the coun-
try out of the Great Depression. He persuaded 
Congress to enact federal government programs 
to provide jobs and to help restore the country’s 
degraded environment.

During this period, the government pur-
chased large tracts of land from cash-poor land-
owners, and established the Civilian Conservation 
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In 1978, the Federal Land Policy and Manage-
ment Act gave the Bureau of Land Management 
(BLM) its fi rst real authority to manage the 
public land under its control, 85% of which is 
in 12 western states. This law angered a number 
of western interests whose use of these public 
lands was restricted for the fi rst time.

In response, a coalition of ranchers, miners, 
loggers, developers, farmers, some elected of-
fi cials, and others launched a political campaign 
known as the sagebrush rebellion. It had two 
major goals. First, sharply reduce government 
regulation of the use of public lands. Second, 
remove most public lands in the western United 
States from federal ownership and management 
and turn them over to the states. Then the plan 
was to persuade state legislatures to sell or lease 
the resource-rich lands at low prices to ranching, 
mining, timber, land development, and other 
private interests. This represented a return to 
President Hoover’s plan to get rid of all public 
land, which had been thwarted by the Great 
Depression.

Jimmy Carter (a Democrat), president be-
tween 1977 and 1981, was very responsive to 
environmental concerns. He persuaded Congress 
to create the Department of Energy in order to 
develop a long-range energy strategy to reduce 
the country’s heavy dependence on imported 
oil. He appointed respected environmental 
leaders to key positions in environmental and 
resource agencies and consulted with environ-
mental interests on environmental and resource 
policy matters.

In 1980, Carter helped to create a Superfund 
as part of the Comprehensive Environment Response, 
Compensation, and Liability Act (pp. 582–583) to 
clean up abandoned hazardous waste sites, in-
cluding the Love Canal housing development in 

The public also became aware that pollution and 
loss of habitat were endangering well-known 
wildlife species such as the North American 
bald eagle, grizzly bear, whooping crane, and 
peregrine falcon.

During the 1968 U.S. Apollo 8 mission to the 
moon, astronauts photographed the earth for the 
fi rst time from lunar orbit. This allowed people 
to see the earth as a tiny blue and white planet 
in the black void of space (Figure 1-1, p. 5), and 
it led to the development of the spaceship-earth 
environmental worldview. It reminded us that we 
live on a planetary spaceship that we should not 
harm because it is the only home we have.

What Happened during the 1970s? 
The Environmental Decade

During the 1970s, media attention, public con-
cern about environmental problems, scientifi c 
research, and action to address environmental 
concerns grew rapidly. This period is sometimes 
called the environmental decade, or the fi rst decade 
of the environment (Figure 7).

The fi rst annual Earth Day was held on 
April 20, 1970. During this event, proposed by 
Senator Gaylord Nelson (1916–2005), some 20 
million people in more than 2,000 communi-
ties took to the streets to heighten awareness 
and to demand improvements in environmental 
quality.

Republican President Richard Nixon 
(1913–1994) responded to the rapidly growing 
environmental movement. He established the 
Environmental Protection Agency (EPA) in 1970 
and supported passage of the Endangered Species 
Act of 1973. This greatly strengthened the role of 
the federal government in protecting endan-
gered species and their habitats.

What Happened during the 1960s?

A number of milestones in American envi-
ronmental history occurred during the 1960s 
(Figure 6). In 1962, biologist Rachel Carson 
(1907–1964) published Silent Spring, which 
documented the pollution of air, water, and 
wildlife from use of pesticides such as DDT (see 
Individuals Matter, p. 295). This infl uential book 
helped to broaden the concept of resource con-
servation to include preservation of the quality 
of the air, water, soil, and wildlife.

Many environmental historians mark 
Carson’s wake-up call as the beginning of the 
modern environmental movement in the 
United States. It fl ourished when a growing 
number of citizens organized to demand that 
political leaders enact laws and develop policies 
to curtail pollution, clean up polluted environ-
ments, and protect unspoiled areas from envi-
ronmental degradation.

In 1964, Congress passed the Wilderness Act, 
inspired by the vision of John Muir more than 
80 years earlier. It authorized the government 
to protect undeveloped tracts of public land as 
part of the National Wilderness System, unless 
Congress later decides they are needed for the 
national good. Land in this system is to be used 
only for nondestructive forms of recreation such 
as hiking and camping.

Between 1965 and 1970, the emerging 
science of ecology received widespread media 
attention. At the same time, the popular writ-
ings of biologists such as Paul Ehrlich, Barry 
Commoner, and Garrett Hardin awakened 
people to the interlocking relationships among 
population growth, resource use, and pollution.

During that period, a number of events in-
creased public awareness of pollution (Figure 6). 

1968 Biologist Paul Ehrlich 
publishes The Population 
Bomb. Biologist Garrett 
Hardin publishes Tragedy 
of the Commons article.
UN Biosphere Conference to
discuss global environmental
problems.

1965 Land and Water 
Conservation Act authorizes 
federal funds for local, state, 
and federal purchase of open 
space and parkland.

1964 Wilderness 
Act establishes 
National 
Wilderness 
System.

1963 300 deaths
and thousands of 
illnesses in New York 
City from air pollution. 
Clean Air Act begins 
regulation of air 
pollution with stricter 
amendments in 1965, 
1970, and 1990.

1962 Rachel Carson publishes Silent
Spring to alert the public about
harmful effects of pesticides. 750
people die in London smog incident.

1969 Oil-polluted Cuyahoga 
River, flowing through 
Cleveland, Ohio, catches 
fire. Leaks from offshore oil 
well off coast of Santa 
Barbara, California, kill 
wildlife and pollute beaches.
Environmental Policy Act 
requires federal agencies 
to evaluate environmental  
impact of their actions.
Apollo mission photo of 
the earth from space leads 
to spaceship-earth 
environmental worldview.

1965–69
Severe pollution of Lake Erie 
kills fish and closes beaches.

1961 World
Wildlife Fund 
founded. 1967 Environmental

Defense Fund
formed.

1960s

1960s
Figure 6 Some important environmental events during the 1960s. Question: Which two of these events do you 
think were the most important?
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Niagara Falls, New York, which was abandoned 
when hazardous wastes began leaking into 
yards, school grounds, and basements.

Carter also used the Antiquities Act of 1906 
to triple the amount of land in the National 
Wilderness System and double the area in the 
National Park System (primarily by adding vast 
tracts in Alaska). He used the Antiquities Act to 
protect more public land, in all 50 states, than 
any president before him had done.

What Happened during 
the 1980s? Environmental 
Backlash

Figure 8 summarizes some key environmental 
events during the 1980s that shaped U.S. envi-
ronmental policy. During this decade, farmers 
and ranchers and leaders of the oil, coal, auto-
mobile, mining, and timber industries strongly 
opposed many of the environmental laws and 
regulations developed in the 1960s and 1970s. 
They organized and funded multiple efforts to 

defeat environmental laws and regulations—
efforts that persist today.

In 1981, Ronald Reagan (a Republican, 
1911–2004), a self-declared sagebrush rebel and 
advocate of less federal control, became presi-
dent. During his 8 years in offi ce, he angered 
environmentalists by appointing to key federal 
positions people who opposed most existing 
environmental and public land-use laws and 
policies.

Reagan greatly increased private energy 
and mineral development and timber cutting 
on public lands. He also drastically cut federal 
funding for research on energy conservation 
and renewable energy resources and eliminated 
tax incentives for residential solar energy and 
energy conservation enacted during the Carter 
administration. In addition, he lowered automo-
bile gas mileage standards and relaxed federal air 
and water quality pollution standards.

Although Reagan was immensely popular, 
many people strongly opposed his environmen-
tal and resource policies. This resulted in strong 

opposition in Congress, public outrage, and legal 
challenges by environmental and conservation 
organizations, whose memberships soared dur-
ing this period.

In 1988, an industry-backed, coalition called 
the wise-use movement was formed. Its major 
goals were to weaken or repeal most of the 
country’s environmental laws and regulations 
and destroy the effectiveness of the environ-
mental movement in the United States. Politi-
cally powerful coal, oil, mining, automobile, 
timber, and ranching interests helped back this 
movement.

Upon his election in 1989, George H. W. 
Bush (a Republican) promised to be “the envi-
ronmental president.” But he received criti-
cism from environmentalists for not providing 
leadership on such key environmental issues as 
population growth, global warming, and loss of 
biodiversity. He also continued support of ex-
ploitation of valuable resources on public lands 
at giveaway prices. In addition, he allowed some 
environmental laws to be undercut by the politi-

1970s

1970 
First Earth Day. EPA established by President Richard Nixon.
Occupational Health and Safety Act promotes safe working conditions.
Resource Conservation and Recovery Act regulates waste disposal and
encourages recycling and waste reduction. National Environmental Policy
Act passed. Clean Air Act passed. Natural Resources Defense Council created.

1971 
Biologist Barry 
Commoner publishes 
The Closing  Circle
explaining ecological 
problems and calling 
for pollution prevention.

1973 
OPEC cuts off oil to the U.S.
and other nations supporting
Israel. Lead-Based Paint Poisoning 
Act regulates use of lead in
toys and cooking and 
eating utensils. Convention on
International Trade in
Endangered Species (CITES)
becomes international law.

1975 
Energy Policy and 
Conservation Act 
promotes energy 
conservation.

1976 
National Forest Management Act establishes guidelines for managing 
national forests.Toxic Substances Control Act regulates many toxic 
substances not regulated under other laws. Resource Conservation 
and Recovery Act requires tracking of hazardous waste and encourages 
recycling, resource recovery, and waste reduction. Noise Control Act 
regulates harmful noise levels. UN Conference on Human Settlements.

1977 
Clean Water Act strengthens
regulation of drinking water
quality, with additional
amendments in 1981 and 1987.
Surface Mining Control and 
Reclamation Act regulates
surface mining and 
encourages reclamation of 
mined land. Amory B. Lovins
publishes Soft Energy Paths 
calling for switching from fossil 
fuels and nuclear power to 
solar energy. U.S. Department
of Energy created.

1978 
Love Canal, New York, 
housing development 
evacuated because of 
toxic wastes leaking from 
old dumpsite. Federal 
Land Policy and 
Management Act
strengthens regulation of 
public lands by the Bureau 
of Land Management.

1979 
Accident at 
Three Mile Island
nuclear power 
plant in 
Pennsylvania.
Oil shortage 
because of 
revolution in Iran.

1974 
Chemists Sherwood Roland and Mario
Molina suggest CFCs are depleting the
ozone in stratosphere. Lester Brown 
founds the Worldwatch Institute. Safe
Drinking Water Act sets standards for
contaminants in public water supply. 

1972 
Oregon passes first beverage bottle recycling law. Publication of Limits to Growth,
which challenges idea of unlimited economic growth. David Brower founds Earth
Island Institute. Federal Environmental Pesticide Control Act regulates registration
of pesticides based on tests and degree of risk. Ocean Dumping Act; Marine
Protection, Research, and  Sanctuaries Act; and Coastal Zone Management Act
help regulate and protect oceans and coastal areas. Marine Mammal Protection Act
encourages protection and conservation of marine mammals. Consumer Product
Safety Act helps protect consumers from hazardous products. UN conference on the
Human Environment in Stockholm, Sweden. 

1970s
Figure 7 Some important environmental events during the 1970s, sometimes called the environmental 
decade. Question: Which two of these events do you think were the most important?
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cal infl uence of industry, mining, ranching, and 
real estate development interests. They argued 
that environmental laws had gone too far and 
were hindering economic growth.

What Happened from 1990 
to 2008?

Between 1990 and 2008, opposition to environ-
mental laws and regulations gained strength. 
This occurred because of continuing political and 
economic support from corporate backers, who 
argued that environmental laws were hindering 
economic growth, and because federal elections 
gave Republicans (many of whom were gener-
ally unsympathetic to environmental concerns) 
a majority in Congress.

Consequently, during this period, leaders 
and supporters of the environmental movement 
have had to spend much of their time and funds 
fi ghting efforts to discredit the movement and 
weaken or eliminate most environmental laws 
passed during the 1960s and 1970s. They also 
have had to counter claims by anti-environmen-
tal groups that problems such as global warming 
and ozone depletion are hoaxes or are not very 
serious and that environmental laws and regula-
tions have hindered economic growth.

In 1993, Bill Clinton (a Democrat) became 
president and promised to provide national and 
global environmental leadership. During his 8 
years in offi ce, he appointed respected environ-
mental leaders to key positions in environmen-
tal and resource agencies and consulted with 

environmental interests about environmental 
policy, as Carter had done.

He also vetoed most of the anti-environmen-
tal bills (or other bills passed with anti-environ-
mental riders attached) passed by a Republican-
dominated Congress between 1995 and 2000. 
He announced regulations requiring sport utility 
vehicles (SUVs) to meet the same air pollution 
emission standards as cars. Clinton also used ex-
ecutive orders to make forest health the primary 
priority in managing national forests and to 
declare many roadless areas in national forests 
off limits to the building of roads and to logging.

In addition, he used the Antiquities Act of 
1906 to protect various parcels of public land 
in the West from development and resource 
exploitation by declaring them national 
monuments. He protected more public land as 
national monuments in the lower 48 states than 
any other president, including Teddy Roosevelt 
and Jimmy Carter. However, environmental 
leaders criticized Clinton for failing to push hard 
enough on key environmental issues such as 
global warming energy policy and global and 
national biodiversity protection.

During the 1990s, many small and mostly 
local grassroots environmental organizations 
sprang up to deal with environmental threats in 
their local communities. Interest in environmen-
tal issues increased on many college campuses 
and environmental studies programs at colleges 
and universities expanded. In addition, aware-
ness of important, complex environmental 
issues, such as sustainability, population growth, 

biodiversity protection, and threats from global 
warming, increased.

In 2001, George W. Bush (a Republican) 
became president. Like Reagan in the 1980s, he 
appointed to key federal positions people who 
opposed or wanted to weaken many existing 
environmental and public land-use laws and 
policies because they were alleged to threaten 
economic growth. Also like Reagan, he did not 
consult with environmental groups and leaders 
in developing environmental policies, and he 
greatly increased private energy and mineral 
development and timber cutting on public lands.

Bush also opposed increasing automobile gas 
mileage standards as a way to save energy and 
reduce dependence on oil imports, and he sup-
ported relaxation of various federal air and water 
quality standards. Like Reagan, he developed an 
energy policy that emphasized use of fossil fuels 
and nuclear power with much less support dur-
ing his fi rst term for reducing energy waste and 
relying more on renewable energy resources.

In addition, he withdrew the United States 
from participation in the international Kyoto 
treaty, designed to help reduce carbon dioxide 
emissions that can promote global warming 
and lead to long-lasting climate change. He 
also repealed or tried to weaken most of the 
pro-environmental measures established by 
Bill Clinton. On the other hand, in 2006, he cre-
ated the world’s second largest marine reserve in 
waters around some of the Hawaiian Islands.

According to leaders of a dozen major en-
vironmental organizations Bush, backed by a 

1980s

1987 Montreal Protocol 
to halve emissions of 
ozone-depleting
CFCs signed by
24 countries. 
International Basel 
Convention controls 
movement of 
hazardous wastes 
from one country 
to another.

1988 Industry-backed 
wise-use movement 
established to weaken 
and destroy U.S. 
environmental movement. 
Biologist E. O. Wilson 
publishes Biodiversity, 
detailing how human 
activities are affecting 
the earth's diversity 
of species.

1986 Explosion of
Chernobyl nuclear
power plant in Ukraine.
Times Beach, Missouri,
evacuated and bought
by EPA because of 
dioxin contamination.

1985 Scientists discover annual
seasonal thinning of the ozone
layer above Antarctica.

1989 Exxon Valdez 
oil tanker 
accident in 
Alaska's Prince 
William Sound.

1984 Toxic fumes leaking from  pesticide plant
in Bhopal, India,  kill at least 6,000 people and
injure  50,000–60,000.  Lester R. Brown
publishes first annual State of the World report.

1983 U.S. EPA and National Academy of Sciences publish  
reports finding that buildup of carbon dioxide and other  
greenhouse gases will lead to global warming.

1980 Superfund law passed to clean up abandoned toxic waste 
dumps. Alaska National Interest Lands Conservation Act protects 
42 million hectares (104 million acres) of land in Alaska.

1980–89
Rise of a strong anti-environmental movement.

1980s
Figure 8 Some important environmental events during the 1980s. Question: Which two of these events do you 
think were the most important?
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Republican-dominated Congress during his fi rst 
term, compiled the worst environmental record 
of any president in the history of the country 
during his two terms in offi ce.

A few moderate Republican members of 
Congress have urged their party to return to 
its environmental roots, which were put down 
during Teddy Roosevelt’s presidency, and to 
shed its anti-environmental approach to legisla-
tion. Most Democrats agree and assert that the 
environmental problems we face are much too 
serious to be held hostage by political squab-
bling. They call for cooperation, not confronta-

tion. These Democrats and Republicans urge 
elected offi cials, regardless of party, to enter into 
a new pact in which the United States becomes 
the world leader in making this the environ-
mental century. This would help to sustain the 
country’s rich heritage of natural capital and 
provide economic development, jobs, and profi ts 
in rapidly growing businesses such as solar 
and wind energy, energy-effi cient vehicles and 
buildings, ecological restoration, and pollution 
prevention.

In 2007, the Intergovernmental Panel on 
Climate Change (IPCC), which includes more 

than 2,500 of the world’s climate experts, issued 
its third report on global climate change. Ac-
cording to this overwhelming consensus among 
the world’s climate scientists, global warming is 
occurring and it is very likely (a 90–99% prob-
ability) that human activities, led by the burning 
of fossil fuels, have been the main cause of the 
observed atmospheric warming during the past 
50 years. By 2008, the U.S. government had 
made little progress in facing up to the threat of 
climate change from global warming.

1990s 2000s

1992 Almost 1,700 of the
world’s senior scientists
release a warning about the
seriousness of the world’s
environmental problems.
UN environmental summit
at Rio de Janeiro, Brazil.
International Convention
on Biological Diversity.

1993 Paul Hawken publishes
The Ecology of Commerce
discussing relationships between
ecology and business. 

1994 UN Conference
on Population and 
Development held in
Cairo, Egypt. California 
Desert Protection Act
adds to the National 
Park System and 
wilderness system.

1997 Meeting of 161
nations in Kyoto, Japan,
to negotiate a treaty to
help slow global warming.
Evaluation shows little
progress in meeting goals of
1992 Earth Summit meeting.

2000 President Bill
Clinton protects large
areas in national forests 
from roads and logging 
and protects various 
parcels of public 
land as national 
monuments.
International Treaty
on Persistent Organic
Pollutants (POPS)
requires phaseout
of twelve harmful
chemicals.

1996 Theo Coburn
publishes Our Stolen
Future warning of
dangers from hormone-
disrupting chemicals.

1991 Persian Gulf War to
protect oil supplies in
Middle East. Moratorium
on mining in Antarctica
for 50 years. National
People of Color summit
to promote environ-
mental justice.

2007 IPCC issues new report
concluding it is very likely
(a 90-99% probability) that
human activities, led by
emissions of carbon dioxide
from burning fossil fuels, have
been the main cause of the
observed atmospheric warming
during the past 50 years.

2008 Little progress made in dealing 
with major environmental problems 
such as biodiversity degradation,
energy policy, and  projected climate
change from global warming.

1995 Paul Cruzen,
Mario Molina, and
Sherwood Rowland
win Nobel Prize
for their work on
ozone depletion by
chlorofluorocarbons
(CFCs).

2001 UN International 
Panel on Climate 
Change (IPCC) cites 
“new and stronger 
evidence that most of 
the observed warming 
during the past 50 years 
is attributable to human 
activities.”

1995–2001 
Most efforts by Republican-
dominated Congress to weaken
or do away with environ-
mental laws are vetoed by 
President Bill Clinton. 

1991–2008 
Continuing efforts by anti-
environmental movement
to repeal or weaken environ-
mental laws and discredit 
environmental movement.

1990 Twenty-first annual Earth Day
observed by 200 million people in
141 nations. Clean Air Act amended
to increase regulation of air pollutants
such as sulfur dioxide and nitrogen oxides
and to allow trading of air pollution credits.
National Environmental Education Act
authorizes funding of environmental
education programs at elementary
and secondary school level.

2001–2008 
President George W. Bush, backed by a Republican-
dominated Congress between 2001 and 2006, 
weakens many environmental laws, withdraws the U.S. 
from participation in a global climate change treaty, 
greatly increases private energy and mineral 
development and timber cutting on public lands, and 
weakens wilderness protection and air pollution laws
governing older coal-burning power plants. 
In 2006, President Bush created the world's second
largest protected marine area.

Figure 9 Some important environmental events, 1990–2008 Question: Which two of these events do you think 
were the most important?
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is placed by itself above the center of the table 
because it does not fi t very well into any of the 
groups

The elements arranged in a diagonal staircase 
pattern between the metals and nonmetals have 
a mixture of metallic and nonmetallic properties 
and are called metalloids.

Figure 1 also identifi es the elements required 
as nutrients (black squares) for all or some forms 
of life and elements that are moderately or 
highly toxic (red squares) to all or most forms 
of life. Six nonmetallic elements—carbon (C), 
oxygen (O), hydrogen (H), nitrogen (N), sulfur 
(S), and phosphorus (P)—make up about 99% 
of the atoms of all living things.

THINKING ABOUT
The Periodic Table

Use the periodic table to identify by name and 
symbol two elements that should have chemical 
properties similar to those of (a) Ca, (b) potas-
sium, (c) S, (d) lead.

atomic number 11) with 11 positively charged 
protons and 11 negatively charged electrons 
can lose one of its electrons. It then becomes 
a sodium ion with a positive charge of 1 (Na#) 
because it now has 11 positive charges (protons) 
but only 10 negative charges (electrons).

Nonmetals, found in the upper right of the 
table, do not conduct electricity very well. Ex-
amples are hydrogen (H), carbon (C), nitrogen 
(N), oxygen (O), phosphorus (P), sulfur (S), 
chlorine (Cl), and fl uorine (F).

Atoms of some nonmetals such as chlo-
rine, oxygen, and sulfur tend to gain one or 
more electrons lost by metallic atoms to form 
negatively charged ions such as O2!, S2!, and 
Cl!. For example, an atom of the nonmetallic 
element chlorine (Cl, with atomic number 17) 
can gain an electron and become a chlorine ion. 
The ion has a negative charge of 1 (Cl!) because 
it has 17 positively charged protons and 18 
negatively charged electrons. Atoms of nonmet-
als can also combine with one another to form 
molecules in which they share one or more 
pairs of their electrons. Hydrogen, a nonmetal, 

Chemists Use the Periodic 
Table to Classify Elements 
on the Basis of Their 
Chemical Properties

Chemists have developed a way to classify the 
elements according to their chemical behavior, 
in what is called the periodic table of elements 
(Figure 1). Each horizontal row in the table is 
called a period. Each vertical column lists ele-
ments with similar chemical properties and is 
called a group.

The partial periodic table in Figure 1 shows 
how the elements can be classifi ed as metals, 
nonmetals, and metalloids. Most of the elements 
found to the left and at the bottom of the table 
are metals, which usually conduct electricity and 
heat, and are shiny. Examples are sodium (Na), 
calcium (Ca), aluminum (Al), iron (Fe), lead 
(Pb), silver (Ag), and mercury (Hg).

Atoms of metals tend to lose one or more of 
their electrons to form positively charged ions 
such as Na#, Ca2#, and Al3#. For example, an 
atom of the metallic element sodium (Na, with 

Some Basic Chemistry 
(Chapters 1–5, 14, 16–21)

SUPPLEMENT

6

3

Li
lithium

4

Be
beryllium

11

Na
sodium

12

Mg
magnesium

2

He
helium

10

Ne
neon

18

Ar
argon

36

Kr
krypton

54

Xe
xenon

86

Rn
radon

9

F
fluorine

17

Cl
chlorine

35

Br
bromine

53

I
iodine

85

At
astatine

8

O
oxygen

16

S
sulfur

34

Se
selenium

52

Te
tellurium

84

Po
polonium

7

N
nitrogen

15

P
phosphorus

33

As
arsenic

51

Sb
antimony

83

Bi
bismuth

6

C
carbon

14

Si
silicon

32

Ge
germanium

50

Sn
tin

82

Pb
lead

5

B
boron

13

Al
aluminum

31

Ga
gallium

30

Zn
zinc

29

Cu
copper

28

Ni
nickel

27

Co
cobalt

26

Fe
iron

25

Mn
manganese

24

Cr
chromium

23

V
vanadium

22

Ti
titanium

21

Sc
scandium

20

Ca
calcium

19

K
potassium

48

Cd
cadmium

47

Ag
silver

46

Pd
palladium

45

Rh
rhodium

44

Ru
ruthenium

43

Tc
technetium

42

Mo
molybdenum

41

Nb
niobium

40

Zr
zirconium

39

Y
yttrium

38

Sr
strontium

37

Rb
rubidium

80

Hg
mercury

79

Au
gold

78

Pt
platinum

77

Ir
iridium

76

Os
osmium

75

Re
rhenium

74

W
tungsten

73

Ta
tantalum

72

Hf
hafnium

57

 La
 lanthanum

56

Ba
barium

55

Cs
cesium

49

In
indium

81

Tl
thallium

1

H
hydrogen

Group
IA IIA

IIIB IVB VB VIB VIIB VIIIB IB IIB

IIIA IVA VA VIA VIIA

VIIIA

Atomic number

Symbol

Name

Metals

Required for
all or some
life-formsNonmetals

Metalloids

1

H
hydrogen

Moderately
to highly
toxic

80

Hg
mercury

Figure 1 Abbreviated periodic table of elements. Elements in the same vertical column, called a group, have similar 
chemical properties. To simplify matters at this introductory level, only 72 of the 118 known elements are shown. 
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Ionic and Covalent Bonds Hold 
Compounds Together

Sodium chloride (NaCl) consists of a three-
dimensional network of oppositely charged 
ions (Na# and Cl!) held together by the forces 
of attraction between opposite charges (Fig-

Cl–Na+

Figure 2 A solid 
crystal of an ionic com-
pound such as sodium 
chloride consists of 
a three–dimensional 
array of oppositely 
charged ions held to-
gether by ionic bonds 
resulting from the 
strong forces of attrac-
tion between opposite 
electrical charges. They 
are formed when an 
electron is transferred 
from a metallic atom 
such as sodium (Na) to 
a nonmetallic element 
such as chlorine (Cl). 

Chloride ion
in solution

Sodium chloride
(NaCl) salt

Sodium ion
in solution

Na+

Na+

Na+

Na+

Na+

Na+

Cl–

Cl–

Cl–

Cl–
Cl–

Cl–

Cl–

Cl–

Water molecules

Figure 3 How a salt 
dissolves in water.

Figure 4 Chemical formulas and shapes for some covalent compounds formed when atoms of one or 
more nonmetallic elements combine with one another and share one or more pairs of their electrons. 
The bonds between the atoms in such molecules are called covalent bonds.

S

N

N

N

C

C

C
S

S

O

O O

O

O
H

H

H
H H

HH H HH

ClO

OO

O O
O O

O O

O O

O

NO
nitric oxide

CO
carbon monoxide

HCI
hydrogen chloride

H2O
water

H2
hydrogen

O2
oxygen

N2
nitrogen

CI2
chlorine

NO2
nitrogen dioxide

CO2
carbon dioxide

SO2
sulfur dioxide

O3
ozone

CH4
methane

NH3
ammonia

SO3
sulfur trioxide

H2S
hydrogen sulfide

H H

H H N N Cl Cl

ure 2). The strong forces of attraction between 
such oppositely charged ions are called ionic 
bonds. Because ionic compounds consist of ions 
formed from atoms of metallic (positive ions) 
and nonmetallic (negative ions) elements (Fig-
ure 1), they can be described as metal–nonmetal 
compounds.

Sodium chloride and many other ionic com-
pounds tend to dissolve in water and break apart 
into their individual ions (Figure 3).

 NaCl  Na# # Cl!

sodium chloride sodium ion # chloride ion
 (in water)

Water, a covalent compound, consists of mol-
ecules made up of uncharged atoms of hydrogen 
(H) and oxygen (O). Each water molecule con-
sists of two hydrogen atoms chemically bonded 
to an oxygen atom, yielding H2O molecules. 
The bonds between the atoms in such molecules 
are called covalent bonds and form when the 
atoms in the molecule share one or more pairs 
of their electrons. Because they are formed from 
atoms of nonmetallic elements (Figure 1), cova-
lent compounds can be described as nonmetal–
nonmetal compounds. Figure 4 shows the chemical 
formulas and shapes of the molecules that are 
the building blocks for several common covalent 
compounds.

What Makes Solutions Acidic? 
Hydrogen Ions and pH

The concentration, or number of hydrogen ions 
(H#) in a specifi ed volume of a solution (typi-
cally a liter), is a measure of its acidity. Pure 
water (not tap water or rainwater) has an equal 
number of hydrogen (H#) and hydroxide (OH!) 
ions. It is called a neutral solution. An acidic 
solution has more hydrogen ions than hydrox-
ide ions per liter. A basic solution has more 
hydroxide ions than hydrogen ions per liter.

Scientists use pH as a measure of the acid-
ity of a solution based on its concentration of 
hydrogen ions (H#). By defi nition, a neutral 
solution has a pH of 7, an acidic solution has a 
pH of less than 7, and a basic solution has a pH 
greater than 7.

Each single unit change in pH represents a 
10-fold increase or decrease in the concentra-
tion of hydrogen ions per liter. For example, an 
acidic solution with a pH of 3 is 10 times more 
acidic than a solution with a pH of 4. Figure 5 
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Hydrochloric
acid (HCl)

1
0

2
3

4

5

6

7

8
9

10
11

12
13

14

Gastric fluid
(1.0–3.0)

Lemon juice,
some acid rain

Vinegar, wine,
beer, oranges

Tomatoes
Bananas

Black coffee
Bread
Typical rainwater

Urine (5.0–7.0)
Milk (6.6)

Pure water

Blood (7.3–7.5)
Egg white (8.0)

Seawater (7.8–8.3)
Baking soda
Phosphate detergents

Bleach, Tums
Soapy solutions,
Milk of magnesia

Household ammonia
(10.5–11.9)

Hair remover

Oven cleaner

Sodium hydroxide (NaOH) 

100

10–1

10–2

10–3

10–4

10–5

10–6

10–7

10–8

10–9

10–10

10–11

10–12

10–13

10–14

Figure 5 The pH scale, representing the concentration of hydrogen ions (H#) in one liter 
of solution is shown on the righthand side. On the left side are the approximate pH values 
for solutions of some common substances. A solution with a pH less than 7 is acidic, one 
with a pH of 7 is neutral, and one with a pH greater than 7 is basic. A change of 1 on the 
pH scale means a tenfold increase or decrease in H# concentration. (Modified from Cecie 
Starr, Biology: Today and Tomorrow, Pacific Grove, Calif.: Brooks/Cole, © 2005) 

shows the approximate pH and hydrogen 
ion concentration per liter of solution for 
various common substances. Figure 14 on 
p. S9 of Supplement 2 shows how the pH of 
precipitation varies in the lower U,S. states as a 
result of acidic air pollutants discussed in detail 
on pp. 479–480.

THINKING ABOUT
pH

A solution has a pH of 2. How many times more 
acidic is this solution than one with a pH of 6?

There Are Weak Forces 
of Attraction between 
Some Molecules

Ionic and covalent bonds form between the ions 
or atoms within a compound. There are also 
weaker forces of attraction between the mol-
ecules of covalent compounds (such as water) 
resulting from an unequal sharing of electrons 
by two atoms.

For example, an oxygen atom has a much 
greater attraction for electrons than does a 
hydrogen atom. Thus, in a water molecule the 
electrons shared between the oxygen atom and 
its two hydrogen atoms are pulled closer to the 
oxygen atom, but not actually transferred to the 
oxygen atom. As a result, the oxygen atom in 
a water molecule has a slightly negative partial 
charge and its two hydrogen atoms have a 
slightly positive partial charge (Figure 6).

The slightly positive hydrogen atoms in one 
water molecule are then attracted to the slightly 
negative oxygen atoms in another water mol-
ecule. These forces of attraction between water 
molecules are called hydrogen bonds (Figure 6). 
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Figure 6 Hydrogen bond: slightly 
unequal sharing of electrons in the 
water molecule creates a molecule 
with a slightly negatively charged 
end and a slightly positively charged 
end. Because of this electrical po-
larity, the hydrogen atoms of one 
water molecule are attracted to 
the oxygen atoms in other water 
molecules. These fairly weak forces 
of attraction between molecules 
(represented by the dashed lines) are 
called hydrogen bonds.
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Figure 7 Straight-chain and ring structural formulas of glucose, a simple sugar that can be 
used to build long chains of complex carbohydrates such as starch and cellulose.
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Figure 8 General structural formula of amino acids and a specific structural formula of one of 
the 20 different amino acid molecules that can be linked together in chains to form proteins 
that fold up into more complex shapes.

They account for many of water’s unique prop-
erties (Science Focus, p. 67). Hydrogen bonds 
also form between other covalent molecules or 
portions of such molecules containing hydrogen 
and nonmetallic atoms with a strong ability to 
attract electrons.

Four Types of Large Organic 
Compounds Are the Molecular 
Building Blocks of Life

Larger and more complex organic compounds, 
called polymers, consist of a number of basic 
structural or molecular units (monomers) linked 
by chemical bonds, somewhat like rail cars 
linked in a freight train. Four types of macro-

Phosphate 5-Carbon sugar Nucleotide base

Deoxyribose in DNA
Ribose in RNA

Figure 9 Generalized structures of the nucleotide 
molecules linked in various numbers and sequences 
to form large nucleic acid molecules such as various 
types of DNA (deoxyribonucleic acid) and RNA (ri-
bonucleic acid). In DNA, the 5-carbon sugar in each 
nucleotide is deoxyribose; in RNA it is ribose. The 
four basic nucleotides used to make various forms 
of DNA molecules differ in the types of nucleotide 
bases they contain—guanine (G), cytosine (C), ad-
enine (A), and thymine (T). (Uracil, labeled U, occurs 
instead of thymine in RNA.)

molecules—complex carbohydrates, proteins, 
nucleic acids, and lipids—are molecular building 
blocks of life.

Complex carbohydrates consist of two 
or more monomers of simple sugars (such as 
glucose, Figure 7) linked together. One example 
is the starches that plants use to store energy 
and also to provide energy for animals that feed 
on plants. Another is cellulose, the earth’s most 
abundant organic compound, which is found in 
the cell walls of bark, leaves, stems, and roots.

Proteins, are large polymer molecules 
formed by linking together long chains of 
monomers called amino acids (Figure 8). Living 
organisms use about 20 different amino acid 
molecules to build a variety of proteins, which 

play different roles. Some help to store energy. 
Some are components of the immune system that 
protects the body against diseases and harm-
ful substances by forming antibodies that make 
invading agents harmless. Others are hormones 
that are used as chemical messengers in the 
bloodstreams of animals to turn various bodily 
functions on or off. In animals, proteins are also 
components of hair, skin, muscle, and tendons. 
In addition, some proteins act as enzymes that 
catalyze or speed up certain chemical reactions.

Nucleic acids are large polymer molecules 
made by linking hundreds to thousands of four 
types of monomers called nucleotides. Two nucleic 
acids—DNA (deoxyribonucleic acid) and RNA 
(ribonucleic acid)—participate in the building 
of proteins and carry hereditary information 
used to pass traits from parent to offspring. Each 
nucleotide consists of a phosphate group, a sugar 
molecule containing fi ve carbon atoms (deoxy-
ribose in DNA molecules and ribose in RNA 
molecules), and one of four different nucleotide 
bases (represented by A, G, C, and T, the fi rst let-
ter in each of their names, or A, G, C, and U in 
RNA; see Figure 9). In the cells of living organ-
isms, these nucleotide units combine in different 
numbers and sequences to form nucleic acids such 
as various types of RNA and DNA (Figure 10).

Hydrogen bonds formed between parts of the 
four nucleotides in DNA hold two DNA strands 
together like a spiral staircase, forming a double 
helix (Figure 10). DNA molecules can unwind 
and replicate themselves.

The total weight of the DNA needed to 
reproduce all of the world’s people is only about 
50 milligrams—the weight of a small match. If 
the DNA coiled in your body were unwound, 
it would stretch about 960 million kilometers 
(600 million miles)—more than six times the 
distance between the sun and the earth.

The different molecules of DNA that make 
up the millions of species found on the earth are 
like a vast and diverse genetic library. Each spe-
cies is a unique book in that library. The genome 
of a species is made up of the entire sequence 
of DNA “letters” or base pairs that combine to 
“spell out” the chromosomes in typical members 
of each species. In 2002, scientists were able to 
map out the genome for the human species by 
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Figure 10 Portion of the double helix of a 
DNA molecule. The double helix is composed of 
two spiral (helical) strands of nucleotides. Each 
nucleotide contains a unit of phosphate (P), de-
oxyribose (S), and one of four nucleotide bases: 
guanine (G), cytosine (C), adenine (A), and thy-
mine (T). The two strands are held together by 
hydrogen bonds formed between various pairs 
of the nucleotide bases. Guanine (G) bonds with 
cytosine (C), and adenine (A) with thymine (T).
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Figure 11 Structural formula of fatty acid that is one form of lipid (left). 
Fatty acids are converted into more complex fat molecules that are 
stored in adipose cells (right).
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analyzing the 3.1 billion base sequences in hu-
man DNA.

Lipids, a fourth building block of life, are a 
chemically diverse group of large organic com-
pounds that do not dissolve in water. Examples 
are fats and oils for storing energy (Figure 11), 
waxes for structure, and steroids for producing 
hormones.

Figure 12 shows the relative sizes of simple 
and complex molecules, cells, and multicelled 
organisms.
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Cecie Starr and Ralph Taggart, Biology, 11th ed, Belmont, Calif.: Thomson Brooks/Cole, © 2006)
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Certain Molecules Store and 
Release Energy in Cells

Chemical reactions occurring in photosynthesis 
(pp. 58–59) release energy that is absorbed by 
adenosine diphosphate (ADP) molecules and 
stored as chemical energy in adenosine triphos-
phate (ATP) molecules (Figure 13, left). When 
cellular processes require energy, ATP molecules 
release it to form ADP molecules (Figure 13, 
right).

A Closer Look at Photosynthesis

In photosynthesis, sunlight powers a complex 
series of chemical reactions that combine water 
taken up by plant roots and carbon dioxide 
from the air to produce sugars such as glucose. 
This process converts solar energy into chemi-
cal energy in sugars for use by plant cells, with 
the solar energy captured, stored, and released 
as chemical energy in ATP and ADP molecules 
(Figure 13). Figure 14 is a greatly simplifi ed 
summary of the photosynthesis process.

Photosynthesis takes place within tiny en-
closed structures called chloroplasts found within 
plant cells. Chlorophyll, a special compound 
in chloroplasts, absorbs incoming visible light 
mostly in the violet and red wavelengths. The 
green light that is not absorbed is refl ected back, 
which is why photosynthetic plants look green. 
The absorbed wavelengths of solar energy initi-
ate a sequence of chemical reactions with other 
molecules in what are called light-dependent 
reactions.

This series of reactions splits water into 
hydrogen ions (H#) and oxygen (O2) which 
is released into the atmosphere. Small ADP 
molecules in the cells absorb the energy released 
and store it as chemical energy in ATP mol-
ecules (Figure 13). The chemical energy released 
by the ATP molecules drives a series of light-
independent (dark) reactions in the plant cells. In 
this second sequence of reactions, carbon atoms 
stripped from carbon dioxide combine with 
hydrogen and oxygen to produce sugars such 

as glucose (C6H12O6, Figure 7, p. S42) that plant 
cells can use as a source of energy and carbon.

Chemists Balance Chemical 
Equations to Keep Track 
of Atoms

Chemists use a shorthand system to 
represent chemical reactions. These chemi-
cal equations are also used as an accounting 
system to verify that no atoms are created or 
destroyed in a chemical reaction as required 
by the law of conservation of matter (p. 39 
and Concept 2-3, p. 40). As a con-
sequence, each side of a chemical 
equation must have the same number of atoms 
or ions of each element involved. Ensuring that 
this condition is met leads to what chemists call 
a balanced chemical equation. The equation for 

the burning of carbon (C # O2 CO2) is bal-
anced because one atom of carbon and two at-
oms of oxygen are on both sides of the equation.

Consider the following chemical reaction: 
When electricity passes through water (H2O), 
the latter can be broken down into hydrogen 
(H2) and oxygen (O2), as represented by the fol-
lowing equation: 

 H2O  H2 # O2

 2 H atoms 2 H atoms 2 O atoms
 1 O atom

This equation is unbalanced because one 
atom of oxygen is on the left side of the equa-
tion but two atoms are on the right side.

We cannot change the subscripts of any of 
the formulas to balance this equation because 
that would change the arrangements of the 
atoms, leading to different substances. Instead, 
we must use different numbers of the molecules 
involved to balance the equation. For example, 
we could use two water molecules:

 2 H2O  H2  #  O2

 4 H atoms 2 H atoms 2 O atoms
 2 O atoms

This equation is still unbalanced. Although 
the numbers of oxygen atoms on both sides of 
the equation are now equal, the numbers of 
hydrogen atoms are not.

We can correct this problem by having the 
reaction produce two hydrogen molecules:

 2 H2O  2 H2  #  O2

 4 H atoms 4 H atoms 2 O atoms
 2 O atoms

ATP synthesis:
Energy is stored in ATP

PA PP +

PA PP

Energy

ADP

ATP

Phosphate

ATP breakdown:
Energy stored in ATP is released

Energy

PA PP

ATP
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ADP Phosphate

Figure 13 
Energy storage 
and release in 
cells. 

Light-independent
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H2O
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CO2

6CO2 + 6H2O C6H12O6 + 6O2
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Figure 14 Simplified overview of photosynthesis. 
In this process, chlorophyll molecules in the chlo-
roplasts of plant cells absorb solar energy. This 
initiates a complex series of chemical reactions in 
which carbon dioxide and water are converted to 
sugars such as glucose and oxygen.



SUPPLEMENT 6 S45

Now the equation is balanced, and the law of 
conservation of matter has been observed. For 
every two molecules of water through which we 
pass electricity, two hydrogen molecules and one 
oxygen molecule are produced.

THINKING ABOUT
Chemical Equations

Try to balance the chemical equation for the 
reaction of nitrogen gas (N2) with hydrogen gas 
(H2) to form ammonia gas (NH3).

Scientists Are Learning How 
to Build Materials from the 
Bottom Up: Nanotechnology

Nanotechnology (Science Focus, p. 362) uses 
atoms and molecules to build materials from the 
bottom up using atoms of the elements in the 
periodic table as its raw materials. A nanometer
(nm) is one-billionth of a meter—equal to the 
length of about 10 hydrogen atoms lined up side 
by side. A DNA molecule (Figure 10) is about 
2.5 nanometers wide. A human hair has a width 
of 50,000 to 100,000 nanometers.

For objects smaller than about 100 nano-
meters, the properties of materials change dra-
matically. At this nanoscale level, materials can 
exhibit new properties, such as extraordinary 
strength or increased chemical activity, that they 
do not exhibit at the much larger macroscale level 
that we are all familiar with.

For example, scientists have learned how 
to make tiny tubes of carbon atoms linked 
together in hexagons. Experiments have shown 
that these carbon nanotubes are the strongest 
material ever made—60 times stronger than 
high-grade steel. Such nanotubes have been 
linked together to form a rope so thin that it is 
invisible, but strong enough to suspend a pickup 
truck.

At the macroscale, zinc oxide (ZnO) can be 
rubbed on the skin as a white paste to protect 
against the sun’s harmful UV rays; at the nano-
scale it becomes transparent and is being used as 
invisible coatings to protect the skin and fabrics 
from UV damage. Because silver (Ag) can kill 
harmful bacteria, silver nanocrystals are being 
incorporated into bandages for wounds.

Researchers hope to incorporate nanopar-
ticles of hydroxyapatite, with the same chemical 
structure as tooth enamel, into toothpaste to 
put coatings on teeth that prevent bacteria from 
penetrating. Nanotech coatings now being used 
on cotton fabrics form an impenetrable barrier 
that causes liquids to bead and roll off. Such 
stain-resistant fabrics used to make clothing, 
rugs, and furniture upholstery could eliminate 
the need to use harmful chemicals for removing 
stains.

Self-cleaning window glass coated with a 
layer of nanoscale titanium dioxide (TiO2) par-
ticles is now available. As the particles interact 
with UV rays from the sun, dirt on the surface of 
the glass loosens and washes off when it rains. 
Similar products can be used for self-cleaning 
sinks and toilet bowls.

Scientists are working on ways to replace 
the silicon in computer chips with carbon-based 
nanomaterials that greatly increase the process-
ing power of computers. Biological engineers are 
working on nanoscale devices that could deliver 
drugs. Such devices could penetrate cancer cells 
and deliver nanomolecules that could kill the 
cancer cells from the inside. Researchers also 
hope to develop nanoscale crystals that could 
change color when they detect tiny amounts 
(measured in parts per trillion) of harmful 
substances such chemical and biological warfare 
agents and food pathogens. For example, a color 
change in food packaging could alert a consumer 
when a food is contaminated or has begun to 
spoil. The list of possibilities could go on.

By 2008, more than 1,000 products contain-
ing nanoscale particles were commercially avail-
able and thousands more were in the pipeline. 
Examples are found in cosmetics, sunscreens, 
fabrics, pesticides, and food additives.

So far, these products are unregulated and 
unlabeled. This concerns many health and 
environmental scientists because the tiny size of 
nanoparticles can allow them to penetrate the 
natural defenses of the body against invasions 
by foreign and potentially harmful chemicals 
and pathogens. Nanoparticles of a chemical 
tend to be much more chemically reactive than 
macroparticles of the chemical, largely because 
the tiny nanoparticles have relatively large sur-
face areas for their small mass. This means that a 
chemical that is harmless at the macroscale may 

be hazardous at the nanoscale when they are 
inhaled, ingested, or absorbed through the skin.

We know little about such effects and risks at 
a time when the use of untested and unregu-
lated nanoparticles is increasing exponentially. 
A few toxicological studies are sending up red 
fl ags:
• In 2004, Eva Olberdorster, an environmental 

toxicologist at Southern Methodist Uni-
versity, found that fish swimming in water 
loaded with a certain type of carbon nano-
molecule called buckyballs experienced brain 
damage within 48 hours.

• In 2005, NASA researchers found that inject-
ing commercially available carbon nanotubes 
into rats caused significant lung damage.

• A 2005 study by researchers at the U.S. Na-
tional Institute of Occupational Safety and 
Health found substantial damage to the heart 
and aortic arteries of mice exposed to carbon 
nanotubes.

• In 2005, researchers at New York’s University 
of Rochester found increased blood clotting 
in rabbits inhaling carbon buckyballs.

In 2004, the British Royal Society and Royal 
Academy of Engineering recommended that we 
avoid the environmental release of nanoparticles 
and nanotubes as much as possible until more 
is known about their potential harmful impacts. 
They recommended as a precautionary measure 
that factories and research laboratories treat 
manufactured nanoparticles and nanotubes as if 
they were hazardous to their workers and to the 
general public. GREEN CAREER: Nanotechnology

THINKING ABOUT
Nanotechnology

Do you think that the benefits of nanotechnol-
ogy outweigh its potentially harmful effects? 
Explain. What are three things you would do to 
reduce its potentially harmful effects?

RESEARCH FRONTIER

Learning more about nanotechnology and how 
to reduce its potentially harmful effects. See 
academic.cengage.com/biology/miller.
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All organisms on the earth today are descen-
dants of single-cell organisms that lived almost 4 
billion years ago. As a result of biological evolu-
tion through natural selection, life has evolved 
into six major groups of species, called kingdoms: 
eubacteria, archaebacteria, protists, fungi, plants, and 
animals (Figure 4-3, p. 81).

Eubacteria are prokaryotes with single cells 
that lack a nucleus and other internal compart-
ments (Figure 3-2b, p. 52) found in the cells of 
species from other kingdoms. Examples include 
various cyanobacteria and bacteria such as 
staphylococcus and streptococcus.

Archaebacteria are single-celled bacteria that 
are closer to eukaryotic cells (Figure 3-2a, p. 52) 
than to eubacteria. Examples include metha-
nogens, which live in oxygen-free sediments of 
lakes and swamps and in animal guts; halo-
philes, which live in extremely salty water; and 
thermophiles, which live in hot springs, hydro-

Classifying and Naming Species 
(Chapters 3, 4, 8)

SUPPLEMENT

7

           Many-celled eukaryotic 
organisms

Animalia

          Animals with notochord (a 
long rod of stiffened tissue), nerve 
cord, and a pharynx (a muscular tube 
used in feeding, respiration, or both)

Chordata

           Spinal cord enclosed in
a backbone of cartilage or bone; and
skull bones that protect the brain

Vertebrata

            Animals whose young are
nourished by milk produced by 
mammary glands of females, and 
that have hair or fur and warm blood

Mammalia

         Animals that live in trees 
or are descended from 
tree dwellers

Primates

            Upright animals with 
two-legged locomotion and 
binocular vision

Hominidae

    Upright animals with large brain, 
language, and extended parental 
care of young

Homo

       Animals with sparse body hair, 
high forehead, and large brain

sapiens

Phylum

Subphylum

Class

Order

Family

Genus

sapiens sapiens
Species

Species

Kingdom

       Animals capable
of sophisticated cultural evolution

Figure 1 Taxonomic classification of the latest 
human species, Homo sapiens sapiens.

thermal vents, and acidic soil. These organisms 
live in extreme environments.

The remaining four kingdoms—protists, 
fungi, plants, and animals (Figure 4-3, p. 81) 
are eukarotes with one or more cells that have 
a nucleus and complex internal compartments 
(Figure 3-2a, p. 52). Protists are mostly single-
celled eukaryotic organisms, such as diatoms, 
dinofl agellates, amoebas, golden brown and 
yellow-green algae, and protozoans. Some 
protists cause human diseases such as malaria 
(pp. 444–447) and sleeping sickness.

Fungi are mostly many-celled, sometimes 
microscopic, eukaryotic organisms such as 
mushrooms, molds, mildews, and yeasts. Many 
fungi are decomposers (Figure 3-11, p. 60). 
Other fungi kill various plants and animals and 
cause huge losses of crops and valuable trees.

Plants are mostly many-celled eukaryotic 
organisms such as red, brown, and green algae 

and mosses, ferns, and fl owering plants 
(whose fl owers produce seeds that 

perpetuate the species). Some 
plants such as corn and mari-

golds are annuals, meaning 
that they complete their 

life cycles in one growing 
season. Others are 

perennials, which 
can live for more 

than 2 years, such as roses, grapes, elms, and 
magnolias.

Animals are also many-celled, eukaryotic 
organisms. Most have no backbones and hence 
are called invertebrates. Invertebrates include 
sponges, jellyfi sh, worms, arthropods (e.g., 
insects, shrimp, and spiders), mollusks (e.g., 
snails, clams, and octopuses), and echinoderms 
(e.g., sea urchins and sea stars). Vertebrates 
(animals with backbones and a brain protected 
by skull bones) include fi shes (e.g., sharks and 
tuna), amphibians (e.g., frogs and salamanders), 
reptiles (e.g., crocodiles and snakes), birds (e.g., 
eagles and robins), and mammals (e.g., bats, 
elephants, whales, and humans).

Within each kingdom, biologists have created 
subcategories based on anatomical, physiologi-
cal, and behavioral characteristics. Kingdoms are 
divided into phyla, which are divided into sub-
groups called classes. Classes are subdivided into 
orders, which are further divided into families. 
Families consist of genera (singular, genus), and 
each genus contains one or more species. Note 
that the word species is both singular and plural. 
Figure 1 shows this detailed taxonomic classifi -
cation for the current human species.

Most people call a species by its common 
name, such as robin or grizzly bear. Biologists 
use scientifi c names (derived from Latin) con-
sisting of two parts (printed in italics, or under-
lined) to describe a species. The fi rst word is the 
capitalized name (or abbreviation) for the genus 
to which the organism belongs. It is followed by 
a lowercase name that distinguishes the species 
from other members of the same genus. For ex-
ample, the scientifi c name of the robin is Turdus 
migratorius (Latin for “migratory thrush”) and 
the grizzly bear goes by the scientifi c name Ursus 
horribilis (Latin for “horrible bear”).
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winds, called jet streams, follow rising and falling 
paths that have a strong infl uence on weather 
patterns (Figure 2).

Weather Is Affected by Changes 
in Atmospheric Pressure

Changes in atmospheric pressure also affect 
weather. Atmospheric pressure results from mol-
ecules of gases (mostly nitrogen and oxygen) 
in the atmosphere zipping around at very high 
speeds and hitting and bouncing off everything 
they encounter.

A cold front (Figure 1, right) is the leading 
edge of an advancing mass of cold air. Because 
cold air is denser than warm air, an advancing 
cold front stays close to the ground and wedges 
underneath less dense warmer air. An approach-
ing cold front produces rapidly moving, tower-
ing clouds called thunderheads.

As a cold front passes through, we may ex-
perience high surface winds and thunderstorms. 
After it leaves the area, we usually have cooler 
temperatures and a clear sky.

Near the top of the troposphere, hurricane-
force winds circle the earth. These powerful 

Weather Is Affected by Moving 
Masses of Warm and Cold Air

Weather is the set of short-term atmospheric 
conditions—typically those occurring over hours 
or days—for a particular area. Examples of at-
mospheric conditions include temperature, pres-
sure, moisture content, precipitation, sunshine, 
cloud cover, and wind direction and speed.

Meteorologists use equipment mounted on 
weather balloons, aircraft, ships, and satellites, 
as well as radar and stationary sensors, to obtain 
data on weather variables. They then feed these 
data into computer models to draw weather 
maps. Other computer models project the 
weather for a period of several days by calculat-
ing the probabilities that air masses, winds, and 
other factors will change in certain ways.

Much of the weather we experience results 
from interactions between the leading edges of 
moving masses of warm or cold air. Weather 
changes as one air mass replaces or meets 
another. The most dramatic changes in weather 
occur along a front, the boundary between 
two air masses with different temperatures and 
densities.

A warm front is the boundary between an 
advancing warm air mass and the cooler one it 
is replacing (Figure 1, left). Because warm air 
is less dense (weighs less per unit of volume) 
than cool air, an advancing warm front rises up 
over a mass of cool air. As the warm front rises, 
its moisture begins condensing into droplets, 
forming layers of clouds at different altitudes. 
Gradually the clouds thicken, descend to a lower 
altitude, and often release their moisture as 
rainfall. A moist warm front can bring days of 
cloudy skies and drizzle.

Weather Basics: El Niño, Tornadoes, and 
Tropical Cyclones (Chapters 4, 7, 11, 19)
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Figure 1 Weather fronts: a warm front (left) arises when an advancing mass of warm air meets and rises up over a 
mass of denser cool air. A cold front (right) forms when a moving mass of cold air wedges beneath a mass of less 
dense warm air.

Figure 2 A jet stream is a 
rapidly flowing air current 
that moves west to east 
in a wavy pattern. This 
figure shows a polar jet 
stream and a subtropi-
cal jet stream in winter. 
In reality, jet streams are 
discontinuous and their 
positions vary from day to 
day. (Used by permission 
from C. Donald Ahrens, 
Meteorology Today, 8th 
ed. Belmont, Calif.: Brooks/
Cole, 2006)
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Atmospheric pressure is greater near the 
earth’s surface because the molecules in the 
atmosphere are squeezed together under the 
weight of the air above them. An air mass with 
high pressure, called a high, contains cool, 
dense air that descends toward the earth’s sur-
face and becomes warmer. Fair weather follows 
as long as this high-pressure air mass remains 
over the area.

In contrast, a low-pressure air mass, called 
a low, produces cloudy and sometimes stormy 
weather. Because of its low pressure and low 
density, the center of a low rises, and its warm 
air expands and cools. When the temperature 
drops below a certain level where condensation 
takes place, called the dew point, moisture in the 
air condenses and forms clouds.

If the droplets in the clouds coalesce into 
larger drops or snowfl akes heavy enough to fall 
from the sky, then precipitation occurs. The con-
densation of water vapor into water drops usu-
ally requires that the air contain suspended tiny 
particles of material such as dust, smoke, sea 
salts, or volcanic ash. These so-called condensa-
tion nuclei provide surfaces on which the droplets 
of water can form and coalesce.

Every Few Years Major Wind 
Shifts in the Pacifi c Ocean Affect 
Global Weather Patterns

An upwelling, or upward movement of ocean 
water, can mix the water, bringing cool and nu-
trient-rich water from the bottom of the ocean 
to the surface where it supports large popula-
tions of phytoplankton, zooplankton, fi sh, and 
fi sh-eating seabirds.

Figure 7-2 (p. 142) shows the oceans’ major 
upwelling zones. Upwellings far from shore oc-
cur when surface currents move apart and draw 

water up from deeper layers. Strong upwellings 
are also found along the steep western coasts 
of some continents when winds blowing along 
the coasts push surface water away from the 
land and draw water up from the ocean bottom 
(Figure 3).

Every few years in the Pacifi c Ocean, normal 
shore upwellings (Figure 4, left) are affected 
by changes in weather patterns called the El 
Niño–Southern Oscillation, or ENSO (Figure 4, 
right). In an ENSO, often called simply El Niño, 
prevailing tropical trade winds blowing east to 
west weaken or reverse direction. This allows 

WindWind
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surface water
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surface water
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Nutrients

Upwelling
Zooplankton

Fish

Phytoplankton

Zooplankton

Fish

Phytoplankton

Nutrients

Diving birdsDiving birds

Figure 4 Normal trade winds blowing east to west cause shore upwellings of cold, nutrient-rich bottom water in 
the tropical Pacific Ocean near the coast of Peru (left). A zone of gradual temperature change called the thermo-
cline separates the warm and cold water. Every few years a shift in trade winds known as the El Niño–Southern 
Oscillation (ENSO) disrupts this pattern. Trade winds blowing from east to west weaken or reverse direction, which 
depresses the coastal upwellings and warms the surface waters off South America (right). When an ENSO lasts 
12 months or longer, it severely disrupts populations of plankton, fish, and seabirds in upwelling areas and can alter 
weather conditions over much of the globe (Figure 5).

Figure 3 A shore upwelling occurs when deep, cool, nutri-
ent-rich waters are drawn up to replace surface water that 
has been moved away from a steep coast by wind flowing 
along the coast toward the equator.
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the warmer waters of the western Pacifi c to 
move toward the coast of South America, 
which suppresses the normal upwellings of 
cold, nutrient-rich water (Figure 4, right). The 
decrease in nutrients reduces primary productiv-
ity and causes a sharp decline in the populations 
of some fi sh species.

A strong ENSO can alter the weather of 
at least two-thirds of the globe (Figure 5)—
especially in lands along the Pacifi c and Indian 
Oceans. Scientists do not know for sure the 
causes of an ENSO, but they know how to de-
tect its formation and track its progress.

La Niña, the reverse of El Niño, cools some 
coastal surface waters, and brings back upwell-
ings. Typically, La Niña means more Atlantic 
Ocean hurricanes, colder winters in Canada and 
the northeastern United States, and warmer and 
drier winters in the southeastern and southwest-
ern United States. It also usually leads to wetter 
winters in the Pacifi c Northwest, torrential rains 
in Southeast Asia, lower wheat yields in Argen-
tina, and more wildfi res in Florida. Figure 6 uses 
satellite data to show changes in the locations 
of masses of warm and cold water in the Pacifi c 
Ocean during an El Niño (top) and a La Niña 
(bottom).

Drought

Unusually high rainfall

Unusually warm periods

El Niño

Figure 5 Typical global weather effects of an El Niño–
Southern Oscillation. During the 1996–1998 ENSO, huge 
waves battered the coast in the U.S. state of California and 
torrential rains caused widespread flooding and mudslides. 
In Peru, floods and mudslides killed hundreds of people, 
left about 250,000 people homeless, and ruined harvests. 
Drought in Brazil, Indonesia, and Australia led to mas-
sive wildfires in tinder-dry forests. India and parts of Africa 
also experienced severe drought. A catastrophic ice storm 
hit Canada and the northeastern United States, but the 
southeastern United States had fewer hurricanes. (Data 
from United Nations Food and Agriculture Organization) 

Data and Map Analysis

1. How might an ENSO affect the weather where you live or 
go to school?

2. Why do you think the area to the west of El Niño suffers 
drought?

November 10, 1997

February 27, 1999

Cool Warm

Warm water of El Niño

Cool water of La Niña
Figure 6 Locations 
of flowing masses of 
warm and cold water 
in the Pacific Ocean 
during an El Niño 
(top) and a La Niña 
(bottom). (Data from 
Jet Propulsion Lab, 
NASA) 
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Tropical cyclones are spawned by the formation 
of low-pressure cells of air over warm tropical 
seas. Figure 9 shows the formation and structure 
of a tropical cyclone. Hurricanes are tropical 

cyclones that form in the Atlantic Ocean; those 
forming in the Pacifi c Ocean usually are called 
typhoons. Tropical cyclones take a long time to 
form and gain strength. As a result, meteorolo-
gists can track their paths and wind speeds and 
warn people in areas likely to be hit by these 
violent storms.

For a tropical cyclone to form, the tem-
perature of ocean water has to be at least 
27 °C (80 °F) to a depth of 46 meters (150 feet). 
A tropical cyclone forms when areas of low 
pressure over the warm ocean draw in air from 
surrounding higher-pressure areas. The earth’s 
rotation makes these winds spiral counter-
clockwise in the northern hemisphere and 
clockwise in the southern hemisphere (Fig-
ure 7-3, p. 142). Moist air warmed by the heat 
of the ocean rises in a vortex through the center 
of the storm until it becomes a tropical cyclone 
(Figure 9).

The intensities of tropical cyclones are rated 
in different categories based on their sustained 
wind speeds: Category 1: 119–153 kilometers 
per hour (74–95 miles per hour); Category 2: 
154–177 kilometers per hour (96–110 miles per 
hour); Category 3: 178–209 kilometers per hour 
(111–130 miles per hour); Category 4: 210–
249 kilometers per hour (131–155 miles per 
hour); and Category 5: greater than 249 kilome-
ters per hour (155 miles per hour). The longer 
a tropical cyclone stays over warm waters, the 
stronger it gets. Signifi cant hurricane-force 
winds can extend 64–161 kilometers (40–100 
miles) from the center, or eye, of a tropical 
cyclone.

Figure 10 shows the change in the average 
surface temperature of the global ocean between 
1871 and 2000. Note the rise in this tempera-
ture since 1980. These higher temperatures, 
especially in tropical waters, may explain why 

Tornadoes and Tropical Cyclones 
Are Violent Weather Extremes

Sometimes we experience weather extremes. 
Two examples are violent storms called torna-
does (which form over land) and tropical cyclones 
(which form over warm ocean waters and some-
times pass over coastal land).

Tornadoes or twisters are swirling funnel-
shaped clouds that form over land. They can 
destroy houses, cause other serious dam-
age, and kill people in areas where they touch 
down on the earth’s surface. The United States 
is the world’s most tornado-prone country, fol-
lowed by Australia.

Tornadoes in the plains of the midwestern 
United States usually occur when a large, dry, 
cold-air front moving southward from Canada 
runs into a large mass of humid air moving 
northward from the Gulf of Mexico. Most 
tornadoes occur in the spring and summer 
when fronts of cold air from the north penetrate 
deeply into the midwestern plains.

As the large warm-air mass moves rapidly 
over the more dense cold-air mass, it rises 
swiftly and forms strong vertical convection 
currents that suck air upward, as shown in 
Figure 7. Scientists hypothesize that the rising 
vortex of air starts spinning because the air near 
the ground in the funnel is moving more slowly 
than the air above. This difference causes the air 
ahead of the advancing front to roll or spin in a 
vertically rising air mass or vortex.

Figure 8 shows the areas of greatest risk from 
tornadoes in the continental United States.
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updraft 
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    Severe thunderstorms 
  can trigger a number 
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Figure 7 Formation of a tornado or twister. Although twisters can form at any time of the year, the 
most active tornado season in the United States is usually March through August. Meteorologists cannot 
tell us with great accuracy when and where most tornadoes will form.

Figure 8 States with very high and high tornado risk in the continental United States. (Data from NOAA) 

Data and Map Analysis

1. How many states have areas with a risk factor of 25 or higher? How many have areas with a risk factor 
of 20 or higher?

2. What is the level of risk where you live? If you live in a far western state, does this mean you are guaran-
teed never to see a tornado in your area?



 SUPPLEMENT 8 S51

the barrier islands along the coast, allowing 
huge quantities of seawater to fl ood the bays 
and marshes.

This fl ushing of the bays and marshes reduced 
brown tides consisting of explosive growths of 
algae that had fed on excess nutrients. It also 
increased growth of sea grasses, which serve as 
nurseries for shrimp, crabs, and fi sh and provide 
food for millions of ducks wintering in Texas 
bays. Production of commercially important spe-
cies of shellfi sh and fi sh also increased.

Moist surface winds
spiral in  toward the
center of the storm.

Warm
moist air

Gales circle the eye at speeds
of up to  320 kilometers

(200 miles) per hour

The calm central
eye usually is about 

24 kilometers
(15 miles) wide.

Rising winds exit
from the  storm at
high altitudes.

1

2

3

4

Figure 9 Formation of a tropical cyclone. Those forming in the Atlantic Ocean usually are called hurricanes; those 
forming in the Pacific Ocean usually are called typhoons.
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Figure 10 Change in global ocean tempera-
ture from its average baseline temperature from 
1880 to 2000. (Data from National Oceanic and 
Atmospheric Administration)

Data and Graph Analysis

1. In 1900, the global ocean temperature dropped 
from its baseline temperature by how many 
degrees? (Give answer in both Centigrade and 
Fahrenheit.)

2. Since about what year after 1980 have global 
ocean temperatures consistently increased (with 
all changes being positive)? What has been the 
highest temperature increase since then, and in 
about what year did it happen?

benefi ts of a tropical cyclone exceed its short-
term harmful effects.

For example, in parts of the U.S. state of 
Texas along the Gulf of Mexico, coastal bays and 
marshes normally are closed off from freshwater 
and saltwater infl ows. In August 1999, Hurri-
cane Brett struck this coastal area. According to 
marine biologists, it fl ushed out excess nutrients 
from land runoff and swept dead sea grasses 
and rotting vegetation from the coastal bays and 
marshes. It also carved out 12 channels through 

the average intensity of tropical cyclones has in-
creased since 1990. With the number of people 
living along the world’s coasts increasing, the 
danger to lives and property has risen dramati-
cally. The greatest risk from hurricanes in the 
continental United States is along the gulf and 
eastern coasts, as shown in Figure 11 (p. S52).

Hurricanes and typhoons kill and injure 
people and damage property (Figure 8-18, 
p. 177) and agricultural production. Sometimes, 
however, the long-term ecological and economic 



S52 SUPPLEMENT 8
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Figure 11 The number of hurricanes expected to 
occur during a 100-year period in the continental 
United States (based on historical data from U.S. 
Geological Survey) 

Data and Map Analysis

1. What is the degree of risk where you live or go to 
school?

2. How many states include an area with some risk 
of hurricanes?
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Components and Interactions in Major 
Biomes (Chapters 8, 9, 10, 15)

SUPPLEMENT

9
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Figure 1 Some components and interactions in a 
temperate desert ecosystem. When these organ-
isms die, decomposers break down their organic 
matter into minerals that plants use. Colored 
arrows indicate transfers of matter and energy 
among producers, primary consumers (herbivores), 
secondary or higher-level consumers (carnivores), 
and decomposers. Organisms are not drawn to 
scale. Question: What species might undergo 
population growth and what species might suffer a 
population decline if the diamondback rattlesnake 
were eliminated from this ecosystem?
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 Active Figure 2 Some compo-
nents and interactions in a temperate tall-grass 
prairie ecosystem in North America. When these 
organisms die, decomposers break down their 
organic matter into minerals that plants can use. 
Colored arrows indicate transfers of matter and 
energy among producers, primary consumers 
(herbivores), secondary or higher-level consumers 
(carnivores), and decomposers. Organisms are not 
drawn to scale. See an animation based on this 
figure at CengageNOW™. Question: What species 
might increase and what species might decrease in 
population size if the threatened prairie dog were 
eliminated from this ecosystem?
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Figure 3 Some components and interactions in 
an arctic tundra (cold grassland) ecosystem. When 
these organisms die, decomposers break down their 
organic matter into minerals that plants use. Col-
ored arrows indicate transfers of matter and energy 
among producers, primary consumers (herbivores), 
secondary or higher-level consumers (carnivores), 
and decomposers. Organisms are not drawn to 
scale. Question: What species might increase and 
what species might decrease in population size if the 
arctic fox were eliminated from this ecosystem?
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Figure 4 Some components and interactions in a 
temperate deciduous forest ecosystem. When these 
organisms die, decomposers break down their or-
ganic matter into minerals that plants use. Colored 
arrows indicate transfers of matter and energy 
among producers, primary consumers (herbivores), 
secondary or higher-level consumers (carnivores), 
and decomposers. Organisms are not drawn to 
scale. Question: What species might increase and 
what species might decrease in population size if 
the broad-winged hawk were eliminated from this 
ecosystem?
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Figure 5 Some components and interactions in an 
evergreen coniferous (boreal or taiga) forest ecosys-
tem. When these organisms die, decomposers break 
down their organic matter into minerals that plants 
use. Colored arrows indicate transfers of matter and 
energy among producers, primary consumers (her-
bivores), secondary or higher-level consumers (carni-
vores), and decomposers. Organisms are not drawn 
to scale. Question: What species might increase 
and what species might decrease in population size 
if the great horned owl were eliminated from this 
ecosystem?



S58 SUPPLEMENT 9

Producer 
to primary
consumer

Primary
to secondary
consumer

Secondary to
higher-level
consumer

All producers and
consumers to
decomposers

Gray reef shark

Parrot fish

Hard corals

Symbiotic
algae

Phytoplankton

Algae

Sponges

Zooplankton  

Bacteria

Moray 
eel

Coney

Blackcap basslet

Banded coral 
shrimp

Brittle star
Sergeant major

Fairy bassletBlue 
tang

Sea nettle

Green sea 
turtle

Gray reef shark

Parrot fish

Hard corals

Symbiotic
algae

Phytoplankton

Algae

Sponges

Zooplankton  

Bacteria

Moray 
eel

Coney

Blackcap basslet

Banded coral 
shrimp

Brittle star
Sergeant major

Fairy bassletBlue 
tang

Sea nettle

Green sea 
turtle

Figure 6 Components and interactions in a coral 
reef ecosystem. When these organisms die, decom-
posers break down their organic matter into miner-
als used by plants. Colored arrows indicate transfers 
of matter and energy among producers, primary 
consumers (herbivores), secondary or higher-level 
consumers (carnivores), and decomposers. Organ-
isms are not drawn to scale. See the photo of a 
coral reef in Figure 8-1, left, p. 162. Question: How 
would the species in this ecosystem be affected if 
phytoplankton populations suffered a sharp drop?
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Energy and Climate Data and Maps 
(Chapters 7, 15, 16, 19, 24)

SUPPLEMENT

10
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Figure 1 Energy use per person in 2003 (latest data available) in kilograms 
per person oil equivalent. Question: What are two conclusions you can draw 
from these data? (Data from International Energy Agency, 2006)

Data and Map Analysis

1. How many countries have energy consumption levels of 5,000 or more 
kilograms per person? How many have levels of 500 or less?

2. Find an example where a country with consumption levels of 5,000 or 
more kilograms per person borders a country or countries with levels of 
1,000 or less, and list the countries. (See Figure 1, pp. S10–S11, in Supple-
ment 3 for country names.)
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Figure 2 Total (left) and per capita (right) energy consumption in the United 
States, 1999–2007. (Data from U.S. Energy Information Administration/
Annual Energy Review 2008)

Data and Graph Analysis

1. In what year or years did the total U. S. energy consumption reach 
80 quadrillion Btu?

2. In what year did energy consumption per person reach its highest level 
shown on this graph, and about what was that level of consumption?
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Figure 3 Energy consumption by fuel in the United States, 1980–2007, with 
projections to 2030. (Data from U.S. Energy Information Administration/
Annual Energy Outlook 2008)

Data and Graph Analysis

1. Which energy source grew the most between 1990 and 2007? How much 
did it grow (in quadrillion Btu)?

2. In what years after 2007 was it projected that coal use would be higher 
than the use of natural gas?
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Figure 4 World oil consumption, 1950–2007. (Data 
from U.S. Energy Information Administration, British 
Petroleum, International Energy Agency, and United 
Nations)

Data and Graph Analysis

1. In 2000, the world consumed about how many 
times as much oil as it consumed in 1950?

2. In what years since 1950 was oil consumption 
declining?
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Figure 5 World coal and natural gas consumption, 
1950–2007. (Data from U.S. Energy Information 
Administration, British Petroleum, International Energy 
Agency, and United Nations)

Data and Graph Analysis

1. Which energy source has grown more steadily —coal 
or natural gas? In what years has coal use grown 
the most sharply?

2. In what year did coal use reach a level twice as high 
as it was in 1960?
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Figure 6 Locations of the major known deposits of oil, natural gas, and coal 
in North America, and offshore areas where more crude oil and natural gas 
might be found. Geologists do not expect to find very much new oil and 
natural gas in North America. Offshore drilling for oil accounts for about 
one-fourth of U.S. oil production. Nine of every ten barrels of this oil comes 
from the Gulf of Mexico, where there are 4,000 oil drilling platforms and 
53,000 kilometers (33,000 miles) of underwater pipeline (see insert). (Data 
from Council on Environmental Quality and U.S. Geological Survey)

Data and Map Analysis

1. If you live in North America, where are the major oil, coal, and natural gas 
deposits closest to where you live?

2. Which country has the longest total coastal area with high potential 
for oil and natural gas deposits?
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Known deposits

Suspected deposits

Figure 7 Known and suspected deposits of meth-
ane hydrates in North American, Central American, 
and some South American coastal waters. Develop-
ing the technology to tap into only 1% of these 
deposits could double the nation’s supply of natural 
gas. (Data from U.S. Geological Survey)

Data and Map Analysis

1. How many known deposits lie in U.S. and 
Mexican coastal waters?

2. Most suspected deposits lie along which coast 
of North America?
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First commercial oil well drilled near Titusville, Pennsylvania.

Oil supplies 10% of U.S. energy.

The United States produces 71% of the world’s oil.

Because of an oil glut, oil sells for 10¢ per barrel.

U.S. oil companies account for about half the world’s oil production, and the United States is the world’s
leading oil exporter.

The United States has 20% of the world’s estimated oil reserves.

OPEC is formed so that developing countries, with most of the world’s known oil and projected oil reserves,
can get a higher price for their oil.

The United States uses 30% of the world’s oil, imports 36% of this oil, and has only 5% of the world’s
proven oil reserves. 

OPEC reduces oil imports to the West and bans oil exports to the United States because of its support for Israel
in the 18-day Yom Kippur War with Egypt and Syria. World oil prices rise sharply and lead to double-digit
inflation in the United States and many other countries and a global economic recession.

Production of estimated U.S. oil reserves peaks.

Iran’s Islamic Revolution shuts down most of Iran’s oil production and reduces world oil production.

The Iran-Iraq war pushes global oil prices to an historic high.

Facing an oil glut, OPEC cuts its oil prices.

U.S. domestic oil production begins to decline and is not expected to increase enough to affect the global
price of oil or to reduce U.S. dependence on oil imports.

August 1990–June 1991 The United States and its allies fight the Persian Gulf War to oust Iraqi invaders of Kuwait and to protect
Western access to Saudi Arabian and Kuwaiti oil supplies.

2004–??? The United States and a small number of allies fight a second Persian Gulf War to oust Saddam Hussein from
power in Iraq and to protect Western access to Saudi Arabian, Kuwaiti, and Iraqi oil.

2008 OPEC has 67% of the world oil reserves and produces 40% of the world’s oil. The United States has only 2.9%
of oil reserves, uses 26% of the world’s oil production, and imports 60% of its oil. Oil prices surpass $140 per
barrel for the first time.

2020 The United States could be importing at least 70% of the oil it uses, as consumption continues to
exceed production.

2010–2030 Production of oil from the world’s estimated oil reserves is expected to peak as half of the world’s oil reserves
are used up. Oil prices are expected to increase gradually as the demand for oil increasingly exceeds the supply—
unless the world decreases its demand by wasting less energy and shifting to other sources of energy.

2010–2048 Domestic U.S. oil reserves are projected to be 80% depleted.

2042–2083 A gradual decline in dependence on oil is expected.

Figure 8 Brief history of the Age of Oil.
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Figure 9 Worldwide electrical generating capacity of nuclear power 
plants, 1960–2006. (Data from International Energy Agency and 
Worldwatch Institute) 

Data and Graph Analysis

1. After 1980, how long did it take to double the generating capac-
ity that existed in 1980?

2. Considering the decades of the 1970s, 1980s, and 1990s, which 
decade saw the sharpest growth in generating capacity? During 
which decade did this growth level off?

Figure 10 Population density and location of the 104 commercial nuclear 
power reactors in the United States and proposed Yucca Mountain 
nuclear waste storage site in Nevada. (Data from U.S. Nuclear Regulatory 
Commission)

Data and Map Analysis

1. If you live in the Untied States, do you live or go to school within about 
97 kilometers (60 miles) of a commercial nuclear power reactor?

2. Which state has the largest number of commercial nuclear 
power reactors?
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Figure 11 Global availability of direct solar energy. Areas with more than 
3.5 kilowatt-hours per square meter per day (see scale) are good candidates 
for passive and active solar heating systems and use of solar cells to produce 
electricity. The United Nations is mapping the potential wind and solar energy 
resources of 13 developing countries in Africa, Asia, and South and Central 
America. (Data from U.S. Department of Energy)

Data and Map Analysis

1. What is the potential for making greater use of solar energy to provide 
heat and produce electricity (with solar cells) where you live or go to 
school?

2. List the continents in order of overall availability of direct solar energy, 
from those with the highest to those with the lowest. (See Figure 1 of 
Supplement 3, pp. S10–S11, for continent names.)

2 3 4 5

Kilowatt-hours per square meter per day

6 6.8
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Figure 12 Global cumulative production of electricity by solar (photo-
voltaic) cells, 1980–2006. (Data from PV News, Worldwatch Institute). 

Data and Graph Analysis

1. About how many times as much solar cell production had occurred 
by 2005 as had occurred by 2000?

2. How long did it take the world to go from zero to 6,000 mega-
watts in its cumulative production of electricity by solar cells?
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Figure 13 Availability of direct solar energy in the 
continental United States and Canada. If prices come 
down as expected, large banks of solar cells in des-
ert areas in the southwestern United States could 
produce enough energy to meet all U.S. electricity 
needs. Electricity produced by such solar-cell power 
plants would be distributed through an upgraded 
and expanded version of the country’s electric power 
grid. (Data from the U.S. Department of Energy and 
the National Wildlife Federation) 

Data and Map Analysis

1. If you live in the United States, what is the poten-
tial for making increased use of solar energy to 
provide heat and electricity (with solar cells) where 
you live or go to school?

2. How many states have areas with excellent, very 
good, or good availability of direct solar energy?
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Figure 15 Global generation of electricity by wind energy, 
1980–2006. (Data from Global Wind Energy Council, European 
Wind Energy Association, American Wind Energy Association, and 
Worldwatch Institute)

Data and Graph Analysis

1. How long did it take for the world to go from zero to 40,000 
megawatts in generation of electricity by wind energy?

2. In 2006, the world generated about how many times as much 
electricity by wind power as it generated in 1995?

6.9≤V<7.5

Wind speed at 
height of 80m
(meters per second)

7.5≤V<8.1

8.1≤V<8.6

8.6≤V<9.4

V≥9.4

Figure 14 Global potential of winds (an indirect form of solar energy) at a 
height of 80 meters (260 feet) above the earth’s surface based on analysis 
of over 8,000 wind speed measurements around the world in 2000. This 
map shows locations of Category 3 through 7 wind speeds, with Category 3 
(wind speeds of 6.9–7.5 meters per second or 15–17 miles per hour) being 
the minimum speed required for economically useful wind generation. The 
U.S. Department of Energy, National Renewable Energy Laboratory website at 
www.nrel.gov/wind/resource_assessment.html shows that areas with great 
wind potential are found in northern Europe along the North Sea, the southern 
tip of the South American continent, the island of Tasmania in Australia, the 
Great Lakes region, and the northeastern and northwestern coasts of North 
America. The United Nations is mapping the potential wind (and solar) energy 
resources of 13 developing countries in Africa, Asia, and South and Central 
America. (Data from Cristina L. Archer and Mark Z. Jacobson, Department of 
Civil and Environmental Engineering, Stanford University, Stanford, California, 
USA)

Data and Map Analysis

1. What are five large countries with little or no wind energy potential? (See 
Figure 1, pp. S10–S11, in Supplement 3 for country names.)

2. Name a country on each continent (excluding Antarctica) with category 6 or 7 
wind energy potential.

www.nrel.gov/wind/resource_assessment.html
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Normal winds

Moderate winds

Good winds

Excellent winds

Figure 16 Potential supply of land-based wind energy 
(an indirect form of solar energy) in the United States. 
Locate the areas with the highest potential for wind 
power. Other excellent sites are found offshore along 
coasts in parts of the United States. Electricity produced 
by wind farms at such sites can be distributed through 
an updated and expanded version of the country’s 
electric power grid. For more detailed maps by state see 
the U.S. Department of Energy, National Renewable 
Energy Laboratory website at www.nrel.gov/wind/
resource_assessment.html.

Data and Map Analysis

1. If you live in the United States, what is the gen-
eral wind energy potential where you live or go to 
school?

2. How many states have areas with good or excellent 
potential for wind energy?

Figure 17 Known global reserves of moderate- to 
high-temperature geothermal energy. (Data from 
Canadian Geothermal Resources Council)

Data and Map Analysis

1. Between North and South America, which conti-
nent appears to have the greatest total potential 
for geothermal energy?

2. What country in Asia has the greatest known 
reserves of geothermal energy? (See Figure 1, 
pp. S10–S11, in Supplement 3 for country and 
continent names.)

www.nrel.gov/wind/resource_assessment.html
www.nrel.gov/wind/resource_assessment.html
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Figure 19 Global potential for renewable solar, wind, hydroelectric, and 
biomass energy. The circle sizes represent the energy potentially available 
from these resources in millions of metric tons of oil. (Data from Worldwatch 
Institute)

Data and Map Analysis

1. Which two renewable energy sources have the most potential in the 
country or region where you live?

2. Which two continents appear to have the greatest potential for wind 
energy? Which two continents appear to have the greatest potential for 
solar energy? (See Figure 1, pp. S10–S11, in Supplement 3 for continent 
names.)

Excellent

Very good

Good

Moderate

Figure 18 Potential geothermal energy resources 
in the continental United States. (Data from U.S. 
Department of Energy)

Data and Map Analysis

1. If you live in the United States, what is the po-
tential for using geothermal energy to provide 
heat or to produce electricity where you live or 
go to school?

2. How many states have areas with very good or 
excellent potential for using geothermal energy?
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Figure 21 Carbon dioxide (CO2) emissions per person, 2004 (Data from 
World Resources Institute and International Energy Agency) 

Data and Map Analysis

1. What two countries have the highest CO2 emissions per person? 
(See Figure 1, pp. S10–S11, in Supplement 3 for country and continent 
names.)

2. Which continent has the largest area with CO2 emissions 
of 0–1 metric tons?
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Figure 20 Atmospheric concentration of carbon dioxide (CO2), 
1950–2007. (Data from Scripps Institute of Oceanography and 
U.S. Energy Information Agency) 

Data and Graph Analysis

1. How much did atmospheric CO2 concentrations grow between 
1960 and 2007 (in parts per million)?

2. Assuming that atmospheric CO2 concentrations continue grow-
ing as is reflected on this graph, estimate the year in which such 
concentrations will reach 400 parts per million.
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North America

■ In the western mountains, decreased  
 snowpack, earlier snowmelt, more winter  
 flooding, and reduced summer water flows

■ Increased forest growth and increased  
 forest fires

■ Rapid melting of Alaska glaciers

■ Increased intensity, duration and number  
 of heat waves in many cities

■ Sea-level rises, tidal surges, and flooding  
 along Gulf and Atlantic coasts

■ More intense Atlantic and Gulf hurricanes

■ Thinning and shrinking  
 of glaciers and ice sheets

■ Decreased Arctic summer  
 sea ice

■ Decreased permafrost

■ Increased agriculture and  
 forest cover in Siberia

■ Arctic tundra replaced by  
 forest

■ Decreased water availability by 2020  
 for 75 million–250 million people

■ Loss of arable land, reduced  
 growing seasons and reduced crop  
 yields in some areas

■ Decreased fish stocks in large lakes

■ Coastal flooding from rising sea  
 levels

■ Flooding, drought, spread of disease

■ Intensified water shortages in  
 southern and eastern Australia and  
 parts of New Zealand by 2030

■ Increased loss of biodiversity by  
 2020

■ Increased bush fires

■ Increased storm severity and  
 frequency in several places

■ Coastal flooding from sea-level rise

■ Replacement of tropical forest by  
 savannah in eastern Amazonia

■ Desertification of farmland from  
 increased drought in dry areas

■ Melting of glaciers in tropical  
 Andes with reduced water   
 supplies and hydropower   
 generation

■ Rice yields may fall but soybean  
 yields may increase

■ Severe flooding and loss of low-
 lying islands from seal-level rise

■ Reduced water resources in  
 many places

■ Beach erosion, coral bleaching,  
 loss of mangroves, and  
 declining fisheries

■ Increased invasion by nonnative  
 species

■ Decreased tourism

■ Increased risk of inland flash floods and coastal flooding

■ Disappearance of alpine glaciers

■ In the south, more health-threatening heat waves and  
 wildfires, reduced forest area, reduced water availability  
 and hydropower potential, reduced crop yields, and  
 reduced summer tourism

■ In the central and eastern areas, more heat waves and  
 peatland fires and reduced summer rainfall and forest  
 productivity

■ In the north, negative impacts eventually outweigh such  
 initial benefits as reduced heating demand, less severe  
 winters, increased forest area, and increased crop yields  
 and forest growth

■ Increased flooding, rock avalanches  
 and water resource disruptions from  
 melting Himalayan glaciers

■ Ongoing risk of hunger in several  
 developing regions because of crop  
 productivity declines combined with  
 rapid population growth and  
 urbanization

■ Coastal flooding from rising sea levels

Europe

Asia

Polar Regions

Africa Australia and New Zealand

Latin America

Small Islands

Figure 22 Projected regional impacts of global warming during this century. 
(Data from Intergovernmental Panel on Climate Change, 4th Assessment, 
2007)

Data and Map Analysis

1. In the area where you were born, what do you think will be the two most 
serious projected impacts of global warming?

2. Find three impacts listed on this map that you think may be happening 
already. Describe these effects, and tell exactly where you think they are 
occurring.
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Figure 23 Projected June–July–August temperature changes in 
the continental United States, 2091–2100, relative to 1971–2000 
averages. (Data from Martin Hoerling and Jon Eischeid, Earth 
System Research Laboratory National Oceanic and Atmospheric 
Administration, 2007)

Data and Map Analysis

1. If you live in one of these lower 48 states, what will be the 
projected temperature change between 2091 and 2100 where 
you live or go to school?

2. If these temperature projections are correct, what might be 
the most desirable and least desirable states to live in between 
2091 and 2100?

Figure 24 Projected annual precipitation changes in the conti-
nental United States, 2091–2100, relative to 1971–2000 aver-
ages. (Data from Martin Hoerling and Jon Eischeid, Earth System 
Research Laboratory National Oceanic and Atmospheric Adminis-
tration, 2007)

Data and Map Analysis

1. If you live in one of these lower 48 states, what will be the pro-
jected change between 2091 and 2100 in annual precipitation 
where you live or go to school?

2. How many states will have areas with declines of 5% or more 
in annual precipitation, according to these projections?

3. If these projections are correct, what might be the most desir-
able and least desirable states to live in between 2091 and 
2100. Taking into account these projections based on precipi-
tation and the projection in Figure 23 based on temperature, 
what might be the most desirable and least desirable states to 
live in between 2091 and 2100.
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fish-harvesting methods be protective of dol-
phins or turtles.

• Current WTO rules do not recognize the 
rights of countries to take action to protect 
the atmosphere, the oceans, and other parts 
of the global commons. There is concern 
that some provisions of international treaties 
to protect biodiversity and the ozone layer 
and to reduce the threats of global warming 
might be ruled illegal under WTO rules.

• All national, state, or local environmental, 
health, and safety laws and regulations 
must be based on globally accepted scientific 
evidence and risk analysis showing there 
is a worldwide scientific consensus on the 
danger. Otherwise, they are considered 
to be trade barriers that exceed WTO inter-
national standards. Because of the inherent 
scientific uncertainties in determining health 
risks and carrying out risk analysis, this 
requirement is almost impossible to meet. 
In other words, the burden of proof falls 
on those trying to prevent pollution rather 
than on polluters. This means that chemi-
cals, products, and technologies cannot be 
banned on the basis of the pollution preven-
tion and precautionary principles—two of 
the foundation stones of modern environ-
mental protection.

• National laws covering packaging, recycling, 
and eco-labeling of items involved in inter-
national markets are illegal barriers to trade. 
Enforcing this rule can effectively cancel the 
third mainstay of modern environmental 
protection: consumers’ right to know about 
the safety and content of products through 
labeling.

Environmental scientists and environmen-
tal groups contend that the four WTO rules 
described above, if they are allowed to stand, 
will force us back to an earlier and less effective 
era of using an end-of-pipe pollution cleanup 
strategy, based on uncertain and easily manipu-
lated risk assessment, as the primary way to deal 
with pollution.

On a more positive note, nations may 
be able to use the WTO to reduce environ-
mentally harmful subsidies that distort the 
economic playing fi eld. But this would also 
prevent using subsidies to reward companies 
producing environmentally benefi cial goods 
and services—an important part of proposed 
strategies for developing eco-economies (Fig-
ure 23-14, p. 630).

There Are Some Environmental 
Concerns about Free Trade

Expanding international trade is seen as a way 
to stimulate economies around the world, 
help distribute wealth, and decrease poverty. 
International free trade allows companies 
providing goods and services to take advantage 
of the cheapest labor and resources anywhere 
in the world. In theory, this should also lower 
the market prices of goods and services for 
consumers.

On April 15, 1994, representatives of 
120 nations signed the Uruguay Round of 
the General Agreement on Tariffs and Trade 
(GATT). This is a revised version of the 1948 
GATT convention, which attempted to lower 
tariff barriers to world trade between member 
nations. The new GATT established a World 
Trade Organization (WTO) and gave it the status 
of a major international organization similar in 
stature and power to the United Nations and 
the World Bank. The WTO’s role is to enforce 
the new GATT rules of world trade and settle 
disputes about these rules between participating 
nations.

Currently, the WTO has 151 member coun-
tries. Representatives of the Quad Countries—
the United States, Canada, Japan, and the 
European Union—determine most WTO 
policy.

Most WTO offi cials are trade experts and 
corporate lawyers, representing primarily the 
interests of transnational corporations. The WTO 
has no elected representatives and is not subject 
to freedom of information laws or public review 
of its proceedings and decisions. Any member 
country can charge any other WTO member 
country with violating one of the WTO’s com-
plex international trade rules.

When this occurs, several important condi-
tions apply. First, the case is decided in closed 
session by a tribunal of three anonymous WTO 
judges, usually corporate lawyers with no 
particular expertise in the issues being decided. 
There are no confl ict-of-interest restraints on 
tribunal members, and no information about 
their possible confl icts of interest is available to 
the public. 

Second, all documents, transcripts, and de-
tails of the proceedings are kept secret and only 
the results are announced. 

Third, only offi cial government representa-
tives of the countries involved can submit docu-
ments or appear before the tribunal. 

Fourth, decisions are binding worldwide 
and can be appealed only to another tribunal 
of judges within the WTO. A fi nal panel ruling 

can be appealed to the entire WTO, but the 
ruling can be overturned only by agreement of 
all WTO members. This is virtually impossible 
because the winning country is unlikely to vote 
to overturn a ruling in its favor.

Any country (or part of a country) that 
violates a ruling of WTO panels has four choices: 
amend its laws to comply with WTO rules, pay 
annual compensation to the winning country, 
pay high tariffs imposed on the disputed goods 
by the WTO, or fi nd itself shunned and locked 
out of global commerce.

Proponents of this arrangement argue that 
the signifi cant transfer of power from nations 
to the WTO is necessary and benefi cial for 
several reasons. First, globalization of trade is 
inevitable and we have to take part in guiding 
it. Second, reducing global trade barriers will 
benefi t developing countries, whose products 
often are at a competitive disadvantage in the 
global marketplace because of trade barri-
ers erected by developed countries. Third, 
reducing global trade barriers can stimulate 
economic growth in all countries by allowing 
consumers to buy more things at lower prices. 
Fourth, globalization of trade will raise the en-
vironmental and health standards of developing 
countries.

Opponents contend that current WTO rules 
will have several harmful consequences. First, 
they will increase the economic and politi-
cal power of transnational corporations and 
decrease the power of small businesses, citizens, 
and democratically elected governments. 
Second, they will eliminate many jobs and will 
lower wages in developed countries, and even-
tually in developing countries, as transnational 
companies move their operations throughout 
the world in search of cheap labor and natural 
resources and lower environmental standards. 
Third, current WTO rules will weaken envi-
ronmental and health and safety standards in 
developed countries.

According to critics, some WTO rules and 
omissions of important environmental and 
health principles can limit the ability of national, 
state, and local governments to protect the 
environment, the health of citizens, and worker 
health and safety. Here are some examples:

• Governments cannot set standards for 
how imported products are produced or 
harvested. This means, for example, that 
government purchasing policies cannot 
discriminate against materials produced 
by child labor or slave labor. Also, they 
cannot require that items be manufac-
tured from recycled materials or that 

Global Trade and the Environment 
(Chapters 23, 24)
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• Protect the rights of consumers to know 
about the health and environmen-
tal impacts of imported products they 
purchase by allowing eco-labeling 
programs.

• Recognize the right of countries to use 
trade measures to protect the global 
commons.

• Allow countries to require that imported 
or exported items be manufactured 
totally or partially from recycled 
materials.

• Allow national, state, or local governments 
to restrict imports of products from coun-
tries shown by international investigation 
to have used child or slave labor or to have 
violated universally recognized human 
rights.

• Allow international environmental agree-
ments and treaties to prevail when they con-
flict with WTO rules or the rules of any other 
trade agreement.

We Can Improve Global Trade 
Agreements

Critics call for changing trade agreements 
to make WTO proceedings more open and 
to establish global standards for protecting 
the environment, consumers, and workers. 
They would correct what they believe are 
serious weaknesses in GATT, turning it into 
GAST: the General Agreement for Sustainable 
Trade.

They offer several suggestions for doing 
this:

• Set minimum environmental, con-
sumer protection, and worker health 
and safety standards for all participating 
countries.

• Open all discussions and findings of any 
GATT panel or other WTO body to global 
public scrutiny and inputs from experts on 
the issues involved.

• Incorporate the precautionary and pollution 
prevention principles into WTO rules.

• Set up and fund a World Environmental 
Organization (WEO) as a counterbal-
ance to the power and influence of the 
WTO over global and national environmental 
policy.

Unless citizens and nongovernmental organi-
zationals exert intense pressure on legislators in 
the Quad Countries governing the WTO, critics 
warn that such safeguards will not be incorpo-
rated into GATT and other international trade 
agreements.

HOW WOULD YOU VOTE?

Do you favor changing trade agreements to 
make WTO proceedings more open and to 
establish global standards for protecting the 
environment, consumers, and workers? Cast 
your vote online at academic.cengage.com/
biology/miller.
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forms of life, including spiders, rodents, and 
forms of life many people regard as pests. To 
Buddhists, the desire to own land and things is 
a form of greed that promotes violent confl ict, 
environmental destruction and degradation, and 
chaos. They see all life as integrated into a web 
of mutual interdependence where humans can 
develop an ecological ethic based on restraint, 
simplicity, compassion, loving kindness, calm-
ness, patience, generosity, nonviolence, and 
wisdom.

Taoism views all systems as coexisting in an 
interdependent network, which adapts and 
changes through dynamic interactions between 
two opposite forces, Yin and Yang. Taoists 
believe that through personal and social change 
we can convert the destructive elements of life 
into constructive elements and thus achieve 
harmony and peace through nonaggressive and 
peaceful coexistence. Taoists call for us to respect 
and revere the earth and all life. They do not be-
lieve in trying to control or manage everything; 
instead they believe in preventing trouble before 
it arises, focusing on simplicity, and encouraging 
those who have too much to give to those who 
have too little.

Islam, the world’s second largest religion 
after Christianity, is based on the teachings 
of the prophet Muhammad in the 7th cen-
tury as laid down in the Qur’an. It charges its 
believers to submit themselves to the will of 
Allah (God). Allah has commanded Muslims 
to respect and revere the environment and 
nature’s many bounties given to them by the 
Almighty. Islam puts humans on a higher plane 
of life than other species and puts the earth in 
the hands of Muslims. However, the Qur’an calls 
for Muslims to “walk on the Earth in humil-
ity” and recognize that they have a profound 
responsibility to be good stewards of the earth. 
To Muslims, the color green is the most blessed 
of all colors and some Muslin leaders call for a 
“green jihad” to deal with the global environ-
mental crisis.

Hinduism, the world’s third largest religion, 
consists of several thousand different religious 
groups that have developed in India dur-
ing the past 3,000 years. Hinduism calls for 
respecting nature by living in harmony with 
all life, instead of trying to change or con-
quer it. Hindus believe that a universal God 
(Brahman) is present in all nature (including 
rivers, mountains, lakes, and minerals), in all 
creatures, and in all human beings regard-
less of their faith or lack of it. Because God is 
in all things and all things are in God, all of 
nature is sacred and should be respected and 
celebrated with gratitude based a tradition of 

phies are superfi cial and incomplete. There are 
many complex arguments involved in evaluat-
ing these and other moral philosophies, which 
you can explore by studying philosophy.

THINKING ABOUT
Philosophies of Right and Wrong

Based on the limited discussion provided here, 
which one of these philosophies has the great-
est appeal for you? Why? You might want to 
use the library or the Internet to explore these 
philosophies in greater detail.

Many Cultures and Religions 
Have a Deep Respect for Life 
and Nature

Several of the world’s cultures and religions 
have a reverence for life and nature. Examples 
of such nature-based cultural beliefs or religions 
are Shamanism, Shintoism, Buddhism, Taoism, and 
Hinduism, which date back for thousands of 
years.

Shamanism holds that all living creatures 
have souls or sacred spirits that should be 
revered and respected. Before killing an animal 
or cutting a tree, one should honor and placate 
the spirit or deity residing in these forms of 
life. Shamanism provides the basis for many 
different forms of religion practiced among 
indigenous tribal societies of North and South 
America, Africa, Asia, and Australia.

Shintoism, the earliest Japanese religion, 
holds that all trees, animals, and other forms of 
life and all natural objects such as mountains, 
seas, rivers, and rocks have divine spirits or 
deities that one should respect and revere to 
secure their continued favor. Its most promi-
nent values are a sense of gratitude and respect 
for life and a deep appreciation of the beauty 
and power of nature. Shintos put this belief 
into practice by establishing sacred shrines such 
as groves of trees or parts of a river that are 
to be protected from human degradation and 
destruction. Currently, the only green spaces 
in crowded and heavily industrialized urban 
Japan are groves of trees that surround Shinto 
shrines.

Buddhism, a later Japanese religion, holds 
that all human beings have the potential 
to attain the wisdom that can bring an end 
to suffering, primarily by dismissing their at-
tachments to material things. Most Buddhists 
have a respect and compassion for life and the 
earth, and they believe that we should not 
unnecessarily kill trees, animals, and other 

There Are Different Philosophies 
Concerning Right and Wrong 
Behavior

Several major moral philosophical systems deal 
with the concepts of what constitutes right and 
wrong environmental (or other) behavior.

One is universalism, developed by phi-
losophers such as Plato (427–347 B.C.) and 
Immanuel Kant (1724–1804). According to 
this view, there are basic principles of ethics, 
or rules of right and wrong, that are universal 
and unchanging. Some believe that God or 
other sources of wisdom have provided ethical 
guidelines. Others believe that these rules can 
be discovered through reason, experience, and 
knowledge.

Another philosophy is utilitarianism, devel-
oped by Jeremy Bentham (1748–1832) and 
John Stuart Mill (1806–1873). It says that 
an action is right if it produces the greatest 
satisfaction or pleasure for the greatest number 
of people. Critics contend that this assumes 
that we can somehow quantitatively measure 
happiness and compare it among different 
people.

A related moral philosophy is consequential-
ism, which proposes that whether an act is mor-
ally right or wrong depends on its consequences. 
In effect, we determine correct moral conduct 
solely by analyzing the benefi cial and harmful 
consequences of our actions. Thus, an action is 
morally right if its consequences as a whole are 
more favorable than unfavorable.

Another philosophy of right and wrong is 
relativism, promoted by ancient Greek teach-
ers called Sophists who disagreed with Plato’s 
universalist ethics. It asserts that moral values of 
right and wrong are relative to cultures, eras, or 
situations and that there are no absolute prin-
ciples of right and wrong.

According to the philosophy of rationalism,
we can develop principles of right and wrong 
by using logic to analyze ideas and arguments. 
This philosophy based on the power of reason 
was developed by philosophers such as René 
Descartes (1596–1650), Benedict De Spi-
noza (1632–1677), and Gottfried W. Leibniz 
(1646–1716).

According to nihilism, often associated 
with Friedrich Nietzsche (1844–1900), the 
concepts of values and moral beliefs are useless 
because nothing can be known or commu-
nicated. There is no purpose or meaning to life 
except the struggle to survive in which “might 
is right.”

Because this is not a philosophy textbook, 
these brief summaries of several moral philoso-
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religion put its beliefs into practice. For example, 
Buddhism and Shintoism are widespread 
religions in Japan. This has led the country to 
revere and protect its own forests. At the same 
time, however, Japan is one of the world’s larg-
est importers of timber harvested from tropical 
areas where deforestation is a threat.

Because this is not a religious history text-
book, these brief summaries of various major 
religions and their relationships to nature 
are superfi cial and incomplete. They do not 
refl ect the many different sects and beliefs 
within each of these religions. Nor do they 
cover more geographically limited, but no less 
important, religious views such as those of the 
many native American tribes and indigenous 
cultures in other parts of the world. However, 
this overview might help you understand some 
of the roots of various environmental world-
views.

THINKING ABOUT
Religion and Environmental Problems

What religion do you believe has the greatest 
potential for dealing with the environmental 
problems we face? What role, if any, does reli-
gion play in your environmental worldview and 
in how you deal with environmental problems?

other Bible passages that call for humans to love 
and nurture creation rather than to dominate 
and exploit it. Many Biblical passages, especially 
in the New Testament, call for Christians to 
practice stewardship by caring for and responsibly 
managing the earth with humility and reverence 
for places and species. According to many Chris-
tian leaders, Christians have a moral responsibil-
ity to sustain life and to make the earth a better 
and more socially just place for humans and 
other forms of life, out of respect for the earth as 
God’s creation.

Judaism includes belief in a single and unique 
God as revealed by the teachings of the written
Torah (the fi rst 5 books of the Bible) and the oral
Torah (teachings now contained in the Talmud
and other writings). Like Christianity, Juda-
ism believes that humans are superior to other 
forms of life, were created in God’s image, and 
have dominion over the earth as described in 
Genesis 1:28. However, scholars point to various 
writings in the Torah and other Jewish texts 
that call for believers in Judaism to respect and 
care for the earth with humility and to live 
lightly on the earth. The earth belongs to God 
and we are given permission to enjoy it, but we 
must not waste or wantonly destroy the earth’s 
abundance. Judaist teachings also call for us to 
preserve the earth for our descendants.

Of course, the real test of any religion’s 
effectiveness is whether people following the 

simple living and nonviolence to nature and one 
another.

Hinduism has great respect for the tree, 
which helps to explain India’s long history of 
forest protection. It also includes respect for 
rivers, such as India’s Ganges, as holy bod-
ies of water (Figure 20-9, p. 539). Accord-
ing to some scholars, Hinduism places more 
emphasis on environmental ethics than any 
other religion.

Christianity, the world’s largest religion, is 
based on a belief in a single, supreme God as 
revealed by the teachings of the Bible. In gen-
eral, Christians believe that God gave humans 
dominion over the world as evidenced by the 
biblical command to “Be fruitful and multiply, 
and replenish the earth, and subdue it; and have 
dominion over the fi sh of the sea, and over 
the fowl of the air, and over every living thing 
that moveth upon the earth.” (Genesis 1:28). 
Christian scholars disagree on how to interpret 
this biblical passage. Most agree that humans are 
more important than other species, but many 
argue that subduing the earth does not mean 
destroying or severely degrading it. Later in 
Genesis 2:15, God installs Adam in the Garden 
of Eden “to cultivate and to preserve it.” Accord-
ing to this interpretation, nature is a sacred gift 
from God.

Biblical scholars also point out that 
Genesis 1:28 must be taken in context with 
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Chapter Projects (Chapters 3–25)

for cutting the world’s population growth rate by half 
within the next 20 years. Develop a detailed plan that 
would achieve this goal, including any differences between 
policies in developing countries and those in developed 
countries. Justify each part of your plan. Try to antici-
pate what problems you might face in implementing the 
plan, and devise strategies for dealing with these 
problems.

2. Prepare an age structure diagram for your community. Use 
the diagram to project future population growth and eco-
nomic and social problems.

CHAPTER 7 Climate and Terrestrial Biodiversity
1. How has the climate changed in the area where you live 

during the past 50 years? Investigate the benefi cial and 
harmful effects of these changes. How have these changes 
benefi ted or harmed you personally?

2. How have human activities over the past 50 years affected 
the characteristic vegetation and animal life normally found 
where you live?

CHAPTER 8 Aquatic Biodiversity
1. Develop three guidelines for preserving the earth’s 

aquatic biodiversity based on the four scientific
principles of sustainability (see back cover).

2. Visit a nearby lake or reservoir. Would you classify it as 
oligotrophic, mesotrophic, eutrophic, or hypereutrophic? 
What are the primary factors contributing to its nutrient 
enrichment? Which of these factors are related to human 
activities? Try to determine the specifi c activities in your 
area that may be affecting this body of water.

3. Developers want to drain a large area of inland wetland in 
your community and build a large housing development. List 
(a) the main arguments the developers would use to support 
this project and (b) the main arguments ecologists would 
use in opposing it. If you were an elected city offi cial, would 
you vote for or against this project? Can you come up with a 
compromise plan?

CHAPTER 9 Sustaining Biodiversity: 
The Species Approach

1. Make a record of your own consumption of all products for 
a single day. Relate your level and types of consumption 
to the decline of wildlife species and the increased destruc-
tion, degradation, and fragmentation of wildlife habitats 
in (a) the country where you live and (b) tropical forests. 
Compare your results with those of your classmates.

2. Identify examples of habitat destruction or degradation in 
your community that have had harmful effects on the popu-
lations of various wild plant and animal species. Develop 
a management plan for rehabilitating these habitats and 
species.

CHAPTER 3 Ecosystems: What Are They 
and How Do They Work?

1. Visit a nearby terrestrial ecosystem or aquatic life zone and 
try to identify major producers, primary and secondary con-
sumers, detritus feeders, and decomposers.

2. Write a brief scenario describing the major consequences 
for us and other species if each of the following biogeo-
chemical cycles were to stop functioning: (a) water; 
(b) carbon; (c) nitrogen; (d) phosphorus; and (e) sulfur.

CHAPTER 4 Biodiversity and Evolution
1. Visit a nearby terrestrial or aquatic ecosystem and try to 

identify a native, nonnative, indicator, keystone, and foun-
dation species.

2. Visit a nearby terrestrial or aquatic ecosystem, try to identify 
a generalist species and a specialist species, and try to esti-
mate the area’s species richness and species evenness.

3. Use the library or the Internet to learn about the emerging 
fi eld of synthetic biology, which combines biology, genetics, 
and engineering. How might synthetic biology get around 
some of the problems raised by genetic engineering? What 
problems does it pose?

CHAPTER 5 Biodiversity, Species Interactions, 
and Population Control

1. Use the library or Internet to fi nd and describe two spe-
cies not discussed in this textbook that are engaged in a (a)
commensalistic interaction, (b) mutualistic interaction, and 
(c) parasite–host relationship.

2. Visit a nearby natural area and try to identify examples of 
(a) mutualism and (b) resource partitioning.

3. Do some research to identify the parasites likely to be found 
in your body.

4. Choose one wild plant species and one wild animal species 
and use the library or the Internet to help you analyze the 
factors that are likely to limit the population of each 
species.

5. Visit a nearby land area such as a partially cleared or burned 
forest or grassland or an abandoned crop fi eld and record 
signs of secondary ecological succession. Was the disturbance 
that led to this succession natural or caused by humans? 
Study the area carefully to see whether you can fi nd patches 
that are at different stages of succession because of various 
disturbances.

CHAPTER 6 The Human Population 
and Its Impact

1. Assume your entire class (or each of a number of groups 
from your class) is charged with coming up with a plan 
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3. Choose a particular animal or plant species that interests 
you and use the library or the Internet to fi nd out (a)  its 
numbers and distribution, (b)  whether it is threatened 
with extinction, (c) the major future threats to its survival, 
(d) actions that are being taken to help sustain this species, 
and (e) a type of reconciliation ecology that might be useful 
in sustaining this species.

CHAPTER 10 Sustaining Terrestrial Biodiversity: 
The Ecosystem Approach

1. If possible, try to visit (a) a diverse old-growth forest, (b) an 
area that has been recently clear-cut, and (c) an area that 
was clear-cut 5–10 years ago. Compare the biodiversity, soil 
erosion, and signs of rapid water runoff in each of these 
areas.

2. For many decades, New Zealand has had a policy of meeting 
all its demand for wood and wood products by growing tim-
ber on intensively managed tree plantations. Use the library 
or Internet to evaluate the effectiveness of this approach and 
its major advantages and disadvantages.

3. Try to fi nd an area near where you live that includes a de-
graded ecosystem. Assume you are the conservation biologist 
in charge of restoring the ecosystem, and write a fi ve-step 
plan for completing the project. Would your plan involve use 
of reconciliation ecology? Explain.

4. Use the library or the Internet to fi nd one example of a 
successful ecological restoration project not discussed in 
this chapter and an example of one that failed. For each 
example, describe the strategy used, the ecological principles 
involved, and why the project succeeded or failed.

CHAPTER 11 Sustaining Aquatic Biodiversity
1. Survey the condition of a nearby wetland, coastal area, river, 

or stream and research its history. Has its condition improved 
or deteriorated during the last 10 years? What local, state, or 
national efforts are being used to protect this aquatic system? 
Develop a plan for protecting it.

2. Pick a major seafood species and describe its life cycle, 
including its reproductive cycle. Find out if the species has 
been overfi shed, and if so, where in the world it has been 
depleted, to what degree, and by what methods. Describe 
your fi ndings. Write a brief script for telling a friend or rela-
tive why you would or would not recommend choosing that 
species from a seafood restaurant menu.

3. Work with your classmates to develop an experiment in 
aquatic reconciliation ecology for your campus or local com-
munity.

CHAPTER 12 Food, Soil, and Pest Management
1. Use public health records and other local government 

records to estimate how many people in your commu-
nity suffer from undernutrition or malnutrition. Has this 
problem increased or decreased since 1980? What are 
the basic causes of this problem, and what is being done 
to alleviate it? Share the results of your study with local 
offi cials, and present a plan for reducing hunger in your 
community.

2. Make a list of all the food you eat in one day and read all 
labels or look up the amount of calories, fat, protein, and 
carbohydrates in each food. Then determine how many 
calories you took in that day and the percentages that came 
from fat, protein, and carbohydrates. Rate your diet as 

healthy, borderline healthy, or unhealthy. Compare your 
results with those of your classmates.

3. If possible, visit both a conventional industrialized farm 
and an organic or low-input farm. Compare (a) soil erosion 
and other forms of land degradation, (b) use and costs of 
energy, (c) use and costs of pesticides and inorganic fertilizer, 
(d) use and costs of natural pest control and organic fertil-
izer, (e) yields per hectare for the same crops, and (f) overall 
profi t per hectare for the same crops.

4. If you live in an urban area, survey vacant lots that could 
be used for food production. Pick a lot and write a plan for 
how you would use it for growing food, including what you 
would grow and how you would do it.

5. Conduct a survey of soil erosion and soil conservation in and 
around your community on cropland, construction sites, 
mining sites, grazing land, and deforested land. Use these 
data to develop a plan for reducing soil erosion in your com-
munity.

6. Weigh the food purchased in your home and the food 
thrown out for a week. Develop a plan for cutting the result-
ing food waste in half. Make a similar study for your school 
cafeteria and reporting the results and your recommenda-
tions to school offi cials.

7. Use the library or the Internet to learn about the four types 
of vegetarians and the advantages and disadvantages of a 
vegetarian diet in terms of your health and the environment.

8. Interview a sample of people and/or food providers in 
your community in order to make an estimate of how 
much of the food consumed in your community is grown 
locally (within a 160-kilometer (100-mile) radius). Develop 
a plan for increasing the amount of food grown in the area 
where you live.

CHAPTER 13 Water Resources
1. In your community,

(a) What are the major sources of the water supply?

(b) How is water use divided among agricultural, industrial, 
power plant cooling, and public uses?

(c) Who are the biggest consumers of water?

(d) What has happened to water prices (adjusted for infl a-
tion) during the past 20 years? Are they too low to 
encourage water conservation and reuse?

(e) What water supply problems are projected?

2. Who owns and manages the water supply and distribu-
tion system in your community? If it is privately owned or 
managed, is the company a domestic or foreign corporation? 
Does this make any difference to you? Explain.

3. The direct use of water per person in the United States is 
570 liters (150 gallons) per day. Many of the world’s poor 
have to live on only 4 liters (1 gallon) of water per day. To 
get an idea of what this means try to survive on this daily 
amount of water for 2 days. Describe your experience and 
how it differs from your normal water usage.

4. Develop a water conservation plan for your school and sub-
mit it to school offi cials.

5. Consult with local offi cials to identify any fl oodplain areas 
in your community. Develop a map showing these areas 
and the types of activities (such as housing, manufacturing, 
roads, and recreational use) found on these lands. Evaluate 
management of such fl oodplains in your community and 
come up with suggestions for improvement.
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CHAPTER 14 Geology and Nonrenewable Minerals
1. Write a brief scenario describing the series of consequences 

that would arise for us and other life forms if the rock cycle 
were to stop functioning.

2. What nonrenewable mineral resources, if any, are ex-
tracted in your area? What mining methods are used, 
and what have been their harmful environmental impacts? 
How has mining benefi ted the local economy?

3. Do some research to determine what each of the following 
is made of and how much of those materials are required to 
make each item: (a) a class ring, (b) a wide-screen plasma 
television screen, and (c) a large pickup truck.

4. Use the library or Internet to fi nd out what major advances 
have recently been made in the nanotechnology industry 
and what attempts, if any, have been made to control its 
potentially harmful effects.

CHAPTER 15 Nonrenewable Energy
1. How is the electricity in your community produced? How 

has the infl ation-adjusted cost of that electricity changed 
since 1970?

2. Write a two-page scenario of what your life might be like 
without oil (Core Case Study, p. 399). Compare 
it with scenarios developed by other members of 
your class.

3. Use the library or the Internet to fi nd information about the 
accident at the Three Mile Island (TMI) nuclear power plant 
near Harrisburg, Pennsylvania (USA), in 1979. According to 
the nuclear power industry, the TMI accident showed that its 
safety systems work because the accident caused no known 
deaths. Other analysts argue that the accident was a wake-
up call about the potential dangers of nuclear power plants 
and that it led to tighter and better safety regulations. Use 
the information you fi nd to choose one of these positions, 
and defend your choice.

CHAPTER 16 Energy Effi ciency and 
Renewable Energy

1. Make a study of energy use in your school and use the fi nd-
ings to develop an energy-effi ciency improvement program. 
Present your plan to school offi cials.

2. Learn how easy it is to produce hydrogen gas from water 
using a battery, some wire for two electrodes, and a dish of 
water. Hook a wire to each of the poles of the battery, im-
merse the electrodes in the water, and observe bubbles of 
hydrogen gas being produced at the negative electrode and 
bubbles of oxygen at the positive electrode.

3. Study the maps in Figures 11, 13, 14, 16, and 19 in Supple-
ment 10 to determine what renewable-energy resources 
could be used in your local community or region. Which, if 
any, of these renewable forms of natural capital are being 
used in your community? How would you increase your 
own use of these resources and their use in your commu-
nity?

4. Use the library or the Internet to compare the energy 
policies of the United States, Germany, and China. Write a 
brief description of each, and compare key points to deter-
mine which of the three you think is the most sustainable.

5. Visit a local appliance store and compare energy-effi ciency 
labels for several products, including, but not limited to, 
refrigerators, clothes washers, driers, and dehumidifi ers. 
Compile a table listing the most and least effi cient brands for 
each of these appliances.

CHAPTER 17 Environmental Hazards 
and Human Health

1. Use the library or the Internet to fi nd recent articles describ-
ing the increasing genetic resistance in disease-causing 
bacteria to commonly used antibiotics. Evaluate the evidence 
and claims in these articles.

2. Pick an emerging viral disease not discussed in this chapter 
and use the library or Internet to fi nd out (a) how it spreads, 
(b) its effects, (c) strategies for controlling its spread, and 
(d) possible treatments.

3. Pick a potentially harmful chemical not discussed in detail in 
this chapter and use the library or Internet to evaluate (a) its 
potential harm, (b) the scientifi c evidence for such claims, 
and (c) solutions for dealing with this threat.

CHAPTER 18 Air Pollution
1. Identify climate and topographic factors in your local com-

munity that (a) intensify air pollution and (b) help reduce 
air pollution.

2. Evaluate your exposure to some or all of the indoor air pol-
lutants in Figure 18-16 (p. 484) in your school, workplace, 
and home. Come up with a plan for reducing your exposure 
to these pollutants.

3. Have buildings at your school been tested for radon? If so, 
what were the results? What has been done about areas with 
unacceptable levels? If this testing has not been done, talk 
with school offi cials about having it done.

CHAPTER 19 Climate Change 
and Ozone Depletion

1. As a class, conduct a poll of students at your school to 
determine (a) whether they understand the difference 
between global warming of the troposphere and ozone 
depletion in the stratosphere, and (b) whether they believe 
global warming from an enhanced greenhouse effect is a 
very serious problem, a moderately serious problem, or 
of little concern. Tally the results to see whether there are 
differences related to each poll participant’s year in school, 
political leaning (liberal, conservative, independent), age, 
and sex.

2. As a class, conduct a poll of students at your school to de-
termine whether they believe stratospheric ozone depletion 
is a very serious problem, a moderately serious problem, or 
of little concern. Tally the results to see whether there are 
differences related to each poll participant’s year in school, 
political leaning (liberal, conservative, independent), age, 
and sex.

3. Use the library or the Internet to determine how the current 
government policy on global warming in the country where 
you live compares with the policy suggestions made by 
various analysts and listed in Figures 19-13 (p. 515), 19-15 
(p. 516), and 19-17 (p. 522).

4. If you drive a car, calculate how much CO2 it emits per 
day by taking the number of miles you drive, multiplying 
it by 20, and dividing the result by the number of miles 
per gallon your car gets. If you use the metric system, 
multiply the kilometers driven by the number of liters 
of gasoline it takes to drive your car 100 kilometers and 
divide the result by 42 to get your daily CO2 emissions 
in kilograms. In either case, add another 20% to include 
the CO2 emitted in manufacturing the gasoline you used. 
Compare your results with those of other members of 
your class.
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5. Write a one- to two-page scenario of what your life could 
be like by 2060 if nations, companies, and individuals do 
not take steps to reduce global warming and the resulting 
climate change caused mostly by human activities. Com-
pare and critique scenarios written by other members of 
your class.

CHAPTER 20 Water Pollution
1. Are the storm drains and sanitary sewers in your com-

munity combined or separate? Are there plans to reduce 
pollution from runoff of storm water? If not, evaluate 
the costs and benefi ts of developing separate storm drains 
and sanitary sewers, and present your fi ndings to local 
offi cials.

2. Use library research, the Internet, and user interviews 
to evaluate the relative effectiveness and costs of home 
water purifi cation devices. Determine the types of pol-
lutants each device removes and the effectiveness of this 
process.

3. Find out the price of tap water where you live. Then go to 
a grocery or other store and record prices per liter (or other 
volume unit) on all the available types of bottled water. Use 
these data to compare the prices of various brands of bottled 
water with the price of tap water.

CHAPTER 21 Solid and Hazardous Waste
1. Collect all of the trash (excluding food waste) that you 

generate in a typical week. Measure its total weight and 
volume. Sort it into major categories such as paper, plastic, 
metal, and glass. Then weigh each category and calculate 
the percentage by weight of the trash in each category. 
What percentage by weight of this waste consists of materi-
als that could be recycled? What percentage consists of 
materials for which you could have used a reusable substi-
tute, such as a coffee mug instead of a disposable cup? What 
percentage by weight of the items could you have done 
without? Tally and compare your results with those of your 
classmates.

2. What percentage of the municipal solid waste (MSW) in 
your community is (a) placed in a landfi ll, (b) inciner-
ated, (c) composted, and (d) recycled? What technology 
is used in local landfi lls and incinerators? What leakage 
and pollution problems have local landfi lls or incinerators 
had? Does your community have a recycling program? Is it 
voluntary or mandatory? Does it have curbside collection? 
Drop-off centers? A hazardous waste collection system? 
Devise a plan for improving the MSW system and reducing 
hazardous waste in your community and submit it to local 
offi cials.

3. Make a survey of the hazardous materials (Figure 21-2, 
p. 562) found in your house or apartment, or in your family 
home if you live in a dorm. Which of these materials are 
actually used? Contact city offi cials to fi nd out how you can 
dispose of hazardous chemicals you do not need.

4. What hazardous wastes are produced at your school? What 
happens to these wastes?

5. If you live in the United States, go to the EPA Superfund 
website at www.epa.gov/superfund/sites/npl/npl.htm.
Click on your state to fi nd out how many hazardous sites 
it has on the National Priority List. Find any sites close to 
where you live or go to school. Click on each site near you to 
learn about its history, what types of pollutants it contains, 
the sources of these pollutants, how it is being cleaned up, 
and progress toward this goal.

6. If you live in the United States, go to the EPA’s Toxic Release 
Inventory website at www.epa.gov/tri/ to fi nd out what 
toxic chemicals are being stored and released in your neigh-
borhood.

7. If possible, visit a local recycling center or materials-recovery 
facility to fi nd out how it works, where the materials sepa-
rated out for recycling go, how the prices of these separated 
materials have fl uctuated in the last 3 years, and the major 
problems faced by the facility.

CHAPTER 22 Sustainable Cities
1. Consult local offi cials to determine how land use is decided 

in your community. What roles do citizens play in this 
process?

2. For a class or group project, borrow one or more decibel me-
ters from your school’s physics or engineering department or 
from a local electronics repair shop. Make a survey of sound 
pressure levels at various times of day and at several loca-
tions. Plot the results on a map. Also, measure sound levels 
in a room with a sound system and from the earphones of 
an iPod or other listening device at several different volume 
settings. If possible, measure sound levels at an indoor 
concert, a club, and inside and outside a boom car at various 
distances from the speakers. Correlate your fi ndings with 
those in Figure 22-9, p. 596.

3. Pick a city (the one in which you live or the one near-
est you) that has experienced sprawl. Do some research to 
determine (a) the increased monetary costs to taxpayers of 
providing city services to the areas of sprawl and (b) the in-
crease in tax revenues resulting from the growth of the city. 
Compare the two numbers. List three other costs and three 
other benefi ts that cannot be measured monetarily that re-
sulted from the city’s growth. (For example, consider health 
costs of increased air pollution versus the health benefi ts to 
those living outside of the city center.)

4. As a class project, use the following criteria to rate the com-
munity where you live or go to school on a green index 
from 0 to 10. Rate the community on each of the following 
questions and average the results to get an overall score. 
Are existing trees protected and new ones planted through-
out the city? Do you have parks to enjoy? Can you swim 
in any nearby lakes and rivers? What is the quality of your 
water and air? Is there an effective noise pollution reduc-
tion program? Does your city have a recycling program, 
a composting program, and a hazardous waste collection 
program, with the goal of reducing the current solid waste 
output by at least 60%? Is there an effective mass transit 
system? Are there bicycle paths? Are all buildings required 
to meet high energy-effi ciency standards? How much of 
the energy is obtained from locally available renewable re-
sources? Are environmental regulations for existing industry 
tough enough and enforced well enough to protect citizens? 
Do local offi cials look carefully at an industry’s environ-
mental record and plans before encouraging it to locate in 
your city or county? Are city offi cials actively planning to 
improve the quality of life for all its citizens? If so, what is 
the plan? (Add any other questions that you think should be 
included.)

CHAPTER 23 Economics, Environment, 
and Sustainability

1. List all the goods you use, and then identify those that meet 
your basic needs and those that satisfy your wants. Identify 
any economic wants that (a) you would be willing to give up 
and (b) you believe you should give up but are unwilling to 

www.epa.gov/tri/
www.epa.gov/superfund/sites/npl/npl.htm
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give up. Relate the results of this analysis to your personal 
impact on the environment. Compare your results with 
those of your classmates.

2. Pick one of the suggestions listed under “Eco-Friendly Busi-
nesses” in Figure 23-15 (p. 630) and develop a business plan 
for a company that would provide the service you selected. 
For example, assume you’ll go into the business of ecological 
restoration and describe: (a) your service, (b) your custom-
ers, (c) your mission statement, and (d) your strategy for 
promoting the business.

3. Pick an environmental regulation in the state or country 
where you live (such as a water pollution law or regulation) 
and examine how it affects businesses and other organiza-
tions. Determine whether it is an innovation-friendly regula-
tion and explain why or why not. If not, how could it be 
made more innovation-friendly?

4. Interview offi cials at a company in your town or region to get 
their views on an environmental regulation affecting their 
industry. Describe the effects of that regulation on the com-
pany and the company’s approach toward dealing with it.

CHAPTER 24 Politics, Environment, 
and Sustainability

1. Polls have identifi ed fi ve categories of U.S. citizens in terms 
of their concern over environmental quality: (a) those in-
volved in a wide range of environmental activities, (b) those 
who do not want to get involved but are willing to pay more 
for a cleaner environment, (c) those who are not involved 
because they disagree with many environmental laws and 
regulations, (d) those who are concerned but do not believe 
individual action will make much difference, and (e) those 
who strongly oppose the environmental movement. To 
which group do you belong? Compare your answer to those 
of other members in your class, and determine the percent-
age for each category of the total number of people in your 
class. As a class, conduct a similar poll on your campus.

2. Rate the last three presidents of the United States (or leaders 
of the country where you live) on a scale of 1–10 in terms 
of their performance as environmental leaders. Explain your 
rankings, giving three reasons for each. See Supplement 5, 
pp. S35–S38, for information on the environmental policies 
of various U.S. presidents.

3. Obtain a topographic map of the region where you live and 
use it to identify federally, locally, and state-owned lands 
designated as parks, rangeland, forests, and wilderness areas. 
Identify the government agency or agencies responsible for 
managing each of these areas, and try to evaluate how well 
these agencies are preserving the natural resources on this 
public land on your behalf.

4. Pick a particular environmental law in the United States or 
in the country where you live. Use the library or the Inter-
net to evaluate the law’s major strengths and weaknesses. 
Decide whether the law should be weakened, strengthened, 
or abolished, and explain why. List the three most important 
ways you believe the law should be improved.

5. What student environmental groups, if any, are active at 
your school? How many people actively participate in them? 

Pick one of these groups and fi nd out what they have done 
that is environmentally benefi cial. What actions taken by 
this group, if any, do you disagree with? Why?

6. Use the library or the Internet to do some research on a large 
national or global environmental group. Describe three proj-
ects undertaken by the group in recent years. Assume you 
are in charge of the group and, for each of these projects, 
explain why you would or would not have chosen to under-
take the project. For any that you would not have chosen, 
explain where you would instead have spent the group’s 
resources.

CHAPTER 25 Environmental Worldviews, Ethics, 
and Sustainability

1. Using major societal, economic, and environmental trends, 
possible new trends, and your imagination, construct three 
different scenarios of what the world might be like in 2060. 
Identify the scenario you favor, and outline a strategy for 
achieving this alternative future. Compare your scenarios 
and strategies with those of your classmates.

2. Interview three people (friends, relatives or acquaintances) 
to determine for each which of the following corresponds 
most closely to their environmental worldviews: a planetary 
management worldview, a stewardship worldview, or an 
environmental wisdom worldview (Figure 25-2, p. 662). 
Construct four or fi ve questions to use in determining this. 
Ask each person the same questions and record the answers 
with equal care. Compare your results with those of your 
classmates.

3. Does your school’s curriculum provide all graduates with 
the basic elements of environmental literacy (Figure 25-6, 
p. 666)? Over the past 20 years, what important roles have 
its graduates played in making the world a better and more 
sustainable place to live? Using such information, rate your 
school on a 1–10 scale in terms of its contributions to envi-
ronmental awareness and sustainability. Develop a detailed 
plan illustrating how your school could become better at 
achieving such goals, and present this information to school 
offi cials, alumni, parents, and fi nancial backers.

4. Try to answer the following fundamental ecological ques-
tions about the corner of the world you inhabit: Where does 
your water come from? Where does the energy you use 
come from? What kinds of soils are under your feet? What 
types of wildlife are your neighbors? Where does your food 
come from? Where does your waste go? Does any of this 
information surprise you? If so, explain.

5. Write an essay in which you identify key environmental 
experiences that have infl uenced your life and thus helped 
you to form your current ecological identity. Examples may 
include (a) fond childhood memories of special places where 
you connected with the earth in some way; (b) places you 
knew and cherished that have been polluted, developed, 
or destroyed; (c) key events that forced you to think about 
environmental values or worldviews; (d) people or educa-
tional experiences that infl uenced your understanding of 
and concern about environmental problems and challenges; 
and (e) direct experience and contemplation of wild places. 
Share your experiences with other members of your class.
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CHAPTER 3 Ecosystems: What Are They 

and How Do They Work?
Concept 3-1 Ecology is the study of how organisms interact 
with one another and with their physical environment of matter 
and energy.

Concept 3-2 Life is sustained by the fl ow of energy from the 
sun through the biosphere, the cycling of nutrients within the 
biosphere, and gravity.

Concept 3-3A Ecosystems contain living (biotic) and nonliving 
(abiotic) components.

Concept 3-3B Some organisms produce the nutrients they 
need, others get their nutrients by consuming other organisms, 
and some recycle nutrients back to producers by decomposing 
the wastes and remains of organisms.

Concept 3-4A Energy fl ows through ecosystems in food chains 
and webs.

Concept 3-4B As energy fl ows through ecosystems in food 
chains and webs, the amount of chemical energy available to 
organisms at each succeeding feeding level decreases.

Concept 3-5 Matter, in the form of nutrients, cycles within and 
among ecosystems and the biosphere, and human activities are 
altering these chemical cycles.

Concept 3-6 Scientists use fi eld research, laboratory research, 
and mathematical and other models to learn about ecosystems.

CHAPTER 4 Biodiversity and Evolution
Concept 4-1 The biodiversity found in genes, species, eco-
systems, and ecosystem processes is vital to sustaining life 
on earth.

Concept 4-2A The scientifi c theory of evolution explains how 
life on earth changes over time through changes in the genes of 
populations.

Concept 4-2B Populations evolve when genes mutate and 
give some individuals genetic traits that enhance their abilities to 
survive and to produce offspring with these traits (natural selec-
tion).

Concept 4-3 Tectonic plate movements, volcanic eruptions, 
earthquakes, and climate change have shifted wildlife habitats, 
wiped out large numbers of species, and created opportunities for 
the evolution of new species.

Concept 4-4A As environmental conditions change, the balance 
between formation of new species and extinction of existing spe-
cies determines the earth’s biodiversity.

Concept 4-4B Human activities can decrease biodiversity by 
causing the premature extinction of species and by destroying 
or degrading habitats needed for the development of new 
species.

Concept 4-5 Species diversity is a major component of biodiver-
sity and tends to increase the sustainability of ecosystems.

CHAPTER 1 Environmental Problems, 
Their Causes, and Sustainability

Concept 1-1A Our lives and economies depend on energy 
from the sun (solar capital) and on natural resources and natural 
services (natural capital) provided by the earth.

Concept 1-1B Living sustainably means living off the earth’s 
natural income without depleting or degrading the natural capital 
that supplies it.

Concept 1-2 Societies can become more environmentally sus-
tainable through economic development dedicated to improving 
the quality of life for everyone without degrading the earth’s life 
support systems.

Concept 1-3 As our ecological footprints grow, we are depleting 
and degrading more of the earth’s natural capital.

Concept 1-4 Preventing pollution is more effective and less 
costly than cleaning up pollution.

Concept 1-5A Major causes of environmental problems are 
population growth, wasteful and unsustainable resource use, 
poverty, exclusion of environmental costs of resource use from 
the market prices of goods and services, and attempts to manage 
nature with insuffi cient knowledge.

Concept 1-5B People with different environmental worldviews 
often disagree about the seriousness of environmental problems 
and what we should do about them.

Concept 1-6 Nature has sustained itself for billions of years by 
using solar energy, biodiversity, population control, and nutrient 
cycling—lessons from nature that we can apply to our lifestyles 
and economies.

CHAPTER 2 Science, Matter, Energy, 
and Systems

Concept 2-1 Scientists collect data and develop theories, mod-
els, and laws about how nature works.

Concept 2-2 Matter consists of elements and compounds, which 
are in turn made up of atoms, ions, or molecules.

Concept 2-3 When matter undergoes a physical or chemical 
change, no atoms are created or destroyed (the law of conserva-
tion of matter).

Concept 2-4A When energy is converted from one form to 
another in a physical or chemical change, no energy is created or 
destroyed (fi rst law of thermodynamics).

Concept 2-4B Whenever energy is changed from one form to 
another, we end up with lower-quality or less usable energy than 
we started with (second law of thermodynamics).

Concept 2-5A Systems have inputs, fl ows, and outputs of mat-
ter and energy, and their behavior can be affected by feedback.

Concept 2-5B Life, human systems, and the earth’s lifesupport 
systems must conform to the law of conservation of matter and 
the two laws of thermodynamics.

Key Concepts (by Chapter)
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Concept 8-2 Saltwater ecosystems are irreplaceable reservoirs 
of biodiversity and provide major ecological and economic 
services.

Concept 8-3 Human activities threaten aquatic biodiversity and 
disrupt ecological and economic services provided by saltwater 
systems.

Concept 8-4 Freshwater ecosystems provide major ecological 
and economic services and are irreplaceable reservoirs of biodi-
versity.

Concept 8-5 Human activities threaten biodiversity and disrupt 
ecological and economic services provided by freshwater lakes, 
rivers, and wetlands.

CHAPTER 9 Sustaining Biodiversity: 
The Species Approach 

Concept 9-1A We are degrading and destroying biodiversity in 
many parts of the world, and these threats are increasing.

Concept 9-1B Species are becoming extinct 100 to 1,000 times 
faster than they were before modern humans arrived on the 
earth (the background rate), and by the end of this century, the 
extinction rate is expected to be 10,000 times the background 
rate.

Concept 9-2 We should prevent the premature extinction of 
wild species because of the economic and ecological services they 
provide and because they have a right to exist regardless of their 
usefulness to us.

Concept 9-3 The greatest threats to any species are (in order) 
loss or degradation of its habitat, harmful invasive species, hu-
man population growth, pollution, climate change, and overex-
ploitation.

Concept 9-4A We can use existing environmental laws and 
treaties and work to enact new laws designed to prevent prema-
ture species extinction and protect overall biodiversity.

Concept 9-4B We can help to prevent premature species extinc-
tion by creating and maintaining wildlife refuges, gene banks, 
botanical gardens, zoos, and aquariums.

Concept 9-4C According to the precautionary principle, we 
should take measures to prevent or reduce harm to the 
environment and to human health, even if some of the 
cause-and-effect relationships have not been fully established, 
scientifi cally.

CHAPTER 10 Sustaining Terrestrial Biodiversity: 
The Ecosystem Approach 

Concept 10-1A Forest ecosystems provide ecological services far 
greater in value than the value of raw materials obtained from 
forests.

Concept 10-1B Unsustainable cutting and burning of forests, 
along with diseases and insects, made worse by global warming, 
are the chief threats to forest ecosystems.

Concept 10-1C Tropical deforestation is a potentially cata-
strophic problem because of the vital ecological services at risk, 
the high rate of tropical deforestation, and its growing contribu-
tion to global warming.

Concept 10-2 We can sustain forests by emphasizing the eco-
nomic value of their ecological services, protecting old-growth 
forests, harvesting trees no faster than they are replenished, and 
using sustainable substitute resources.

Concept 10-3 We can sustain the productivity of grasslands by 
controlling the number and distribution of grazing livestock and 
by restoring degraded grasslands.

Concept 4-6A Each species plays a specifi c ecological role called 
its niche.Any given species may play one or more of fi ve impor-
tant roles—native, nonnative, indicator, keystone, or foundation-
roles—in a particular ecosystem.

CHAPTER 5 Biodiversity, Species Interactions, 
and Population Control 

Concept 5-1 Five types of species interactions—competition, 
predation, parasitism, mutualism, and commensalism—affect 
the resource use and population sizes of the species in an ecosys-
tem.

Concept 5-2 Some species develop adaptations that allow them 
to reduce or avoid competition with other species for resources.

Concept 5-3 No population can continue to grow indefi nitely 
because of limitations on resources and because of competition 
among species for those resources.

Concept 5-4 The structure and species composition of commu-
nities and ecosystems change in response to changing environ-
mental conditions through a process called ecological succession.

CHAPTER 6 The Human Population and 
Its Impact

Concept 6-1 We do not know how long we can continue 
increasing the earth’s carrying capacity for humans without seri-
ously degrading the life-support system for humans and many 
other species.

Concept 6-2A Population size increases because of births and 
immigration and decreases through deaths and emigration.

Concept 6-2B The average number of children born to women 
in a population (total fertility rate) is the key factor that determines 
population size.

Concept 6-3 The numbers of males and females in young, 
middle, and older age groups determine how fast a population 
grows or declines.

Concept 6-4 Experience indicates that the most effective ways 
to slow human population growth are to encourage family plan-
ning, to reduce poverty, and to elevate the status of women.

CHAPTER 7 Climate and Terrestrial Biodiversity 
Concept 7-1 An area’s climate is determined mostly by solar 
radiation, the earth’s rotation, global patterns of air and water 
movement, gases in the atmosphere, and the earth’s surface 
features.

Concept 7-2 Differences in average annual precipitation and 
temperature lead to the formation of tropical, temperate, and 
cold deserts, grasslands, and forests, and largely determine their 
locations.

Concept 7-3 In many areas, human activities are impairing 
ecological and economic services provided by the earth’s deserts, 
grasslands, forests, and mountains.

CHAPTER 8 Aquatic Biodiversity
Concept 8-1A Saltwater and freshwater aquatic life zones cover 
almost three-fourths of the earth’s surface with oceans dominat-
ing the planet.

Concept 8-1B The key factors determining biodiversity in 
aquatic systems are temperature, dissolved oxygen content, avail-
ability of food, and availability of light and nutrients necessary 
for photosynthesis.
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Concept 12-6A Sustainable food production will require 
reducing topsoil erosion, sharply reducing overgrazing and 
overfi shing, irrigating more effi ciently, using integrated pest 
management, promoting agrobiodiversity, and providing gov-
ernment subsidies for more sustainable farming, fi shing, and 
aquaculture.

Concept 12-6B Producing enough food to feed the rap-
idly growing human population will require growing crops 
in a mix of monocultures and polycultures and decreasing 
the enormous environmental impacts of industrialized food 
production.

CHAPTER 13 Water Resources 
Concept 13-1A We are using available freshwater unsustain-
ably by wasting it, polluting it, and charging too little for this 
irreplaceable natural resource.

Concept 13-1B One of every six people does not have suffi cient 
access to clean water, and this situation will almost certainly get 
worse.

Concept 13-2 Groundwater that is used to supply cities and 
grow food is being pumped from aquifers in some areas faster 
than it is renewed by precipitation.

Concept 13-3 Building dam and reservoir systems has greatly 
increased water supplies in some areas, but it has disrupted eco-
systems and displaced people.

Concept 13-4 Transferring water from one place to another has 
greatly increased water supplies in some areas, but it has also 
disrupted ecosystems.

Concept 13-5 We can convert salty ocean water to freshwater, 
but the cost is high, and the resulting salty brine must be dis-
posed of without harming aquatic or terrestrial ecosystems.

Concept 13-6 We can use water more sustainably by cutting 
water waste, raising water prices, slowing population growth, 
and protecting aquifers, forests, and other ecosystems that store 
and release water.

Concept 13-7 We can lessen the threat of fl ooding by protecting 
more wetlands and natural vegetation in watersheds and by not 
building in areas subject to frequent fl ooding.

CHAPTER 14 Geology and Nonrenewable 
Minerals

Concept 14-1A Gigantic plates in the earth’s crust move very 
slowly atop the planet’s mantle, and wind and water move mat-
ter from place to place across the earth’s surface.

Concept 14-1B Natural geological hazards such as earthquakes, 
tsunamis, volcanoes, and landslides can cause considerable 
damage.

Concept 14-2 The three major types of rocks found in the 
earth’s crust—sedimentary, igneous, and metamorphic—are 
recycled very slowly by the processes of erosion, melting, and 
metamorphism.

Concept 14-3A Some naturally occurring materials in the 
earth’s crust can be extracted and made into useful products in 
processes that provide economic benefi ts and jobs.

Concept 14-3B Extracting and using mineral resources can dis-
turb the land, erode soils, produce large amounts of solid waste, 
and pollute the air, water, and soil.

Concept 14-4A All nonrenewable mineral resources exist in 
fi nite amounts, and as we get closer to depleting any mineral 
resource, the environmental impacts of extracting it generally 
become more harmful.

Concept 10-4 Sustaining biodiversity will require protecting 
much more of the earth’s remaining undisturbed land area as 
parks and nature reserves.

Concept 10-5A We can help to sustain biodiversity by identi-
fying severely threatened areas and protecting those with high 
plant diversity (biodiversity hotspots) and those where ecosystem 
services are being impaired.

Concept 10-5B Sustaining biodiversity will require a global ef-
fort to rehabilitate and restore damaged ecosystems.

Concept 10-5C Humans dominate most of the earth’s land, and 
preserving biodiversity will require sharing as much of it as pos-
sible with other species.

CHAPTER 11 Sustaining Aquatic Biodiversity
Concept 11-1 Aquatic species are threatened by habitat loss, 
invasive species, pollution, climate change, and overexploitation, 
all made worse by the growth of the human population.

Concept 11-2 We can help to sustain marine biodiversity by us-
ing laws and economic incentives to protect species, setting aside 
marine reserves to protect ecosystems, and using community-
based integrated coastal management.

Concept 11-3 Sustaining marine fi sheries will require improved 
monitoring of fi sh populations, cooperative fi sheries manage-
ment among communities and nations, reduction of fi shing 
subsidies, and careful consumer choices in seafood markets.

Concept 11-4 To maintain the ecological and economic services 
of wetlands, we must maximize preservation of remaining wet-
lands and restoration of degraded and destroyed wetlands.

Concept 11-5 Freshwater ecosystems are strongly affected by 
human activities on adjacent lands, and protecting these ecosys-
tems must include protection of their watersheds.

Concept 11-6 Sustaining the world’s biodiversity and eco-
system services will require mapping terrestrial and aquatic 
biodiversity, maximizing protection of undeveloped terrestrial 
and aquatic areas, and carrying out ecological restoration projects 
worldwide.

CHAPTER 12 Food, Soil, and Pest Management 
Concept 12-1A Many of the poor suffer health problems from 
chronic lack of food and poor nutrition, while many people in 
developed countries have health problems from eating too much 
food.

Concept 12-1B The greatest obstacles to providing enough food 
for everyone are poverty, political upheaval, corruption, war, and 
the harmful environmental effects of food production.

Concept 12-2A We have sharply increased crop production us-
ing a mix of industrialized and traditional agriculture.

Concept 12-2B We have used industrialized and traditional 
methods to greatly increase supplies of meat, fi sh, and shellfi sh.

Concept 12-3 Food production in the future may be lim-
ited by its serious environmental impacts, including soil ero-
sion and degradation, desertifi cation, water and air pollution, 
greenhouse gas emissions, and degradation and destruction of 
biodiversity.

Concept 12-4 We can sharply cut pesticide use without decreas-
ing crop yields by using a mix of cultivation techniques, biological 
pest controls, and small amounts of selected chemical pesticides 
as a last resort (integrated pest management).

Concept 12-5 We can improve food security by creating pro-
grams to reduce poverty and chronic malnutrition, relying more 
on locally grown food, and cutting food waste.
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Concept 14-4B An increase in the price of a scarce mineral 
resource can lead to increased supplies and more effi cient use of 
the mineral, but there are limits to this effect.

Concept 14-5 We can try to fi nd substitutes for scarce resources, 
reduce resource waste, and recycle and reuse minerals.

CHAPTER 15 Nonrenewable Energy 
Concept 15-1A About three-quarters of the world’s commercial 
energy comes from nonrenewable fossil fuels and the rest comes 
from nonrenewable nuclear fuel and renewable sources.

Concept 15-1B Net energy is the amount of high-quality usable 
energy available from a resource after the amount of energy 
needed to make it available is subtracted.

Concept 15-2A Conventional oil is currently abundant, has a 
high net energy yield, and is relatively inexpensive, but using it 
causes air and water pollution and releases greenhouse gases to 
the atmosphere.

Concept 15-2B Heavy oils from oil sand and oil shale exist in 
potentially large supplies but have low net energy yields and 
higher environmental impacts than conventional oil has.

Concept 15-3 Conventional natural gas is more plentiful than 
oil, has a high net energy yield and a fairly low cost, and has the 
lowest environmental impact of all fossil fuels.

Concept 15-4A Conventional coal is very plentiful and has a 
high net energy yield and low cost, but it has a very high envi-
ronmental impact.

Concept 15-4B Gaseous and liquid fuels produced from coal 
could be plentiful, but they have lower net energy yields and 
higher environmental impacts than conventional coal has.

Concept 15-5 Nuclear power has a low environmental impact 
and a very low accident risk, but high costs, a low net energy 
yield, long-lived radioactive wastes, vulnerability to sabotage, 
and the potential for spreading nuclear weapons technology have 
limited its use.

CHAPTER 16 Energy Effi ciency and 
Renewable Energy

Concept 16-1 We could save as much as 43% of all the energy 
we use by improving energy effi ciency.

Concept 16-2 We have a variety of technologies for sharply 
increasing the energy effi ciency of industrial operations, motor 
vehicles, and buildings.

Concept 16-3 Passive and active solar heating systems can heat 
water and buildings effectively, and the costs of using direct sun-
light to produce high-temperature heat and electricity are coming 
down.

Concept 16-4 Water fl owing over dams, tidal fl ows, and ocean 
waves can be used to generate electricity, but environmental con-
cerns and limited availability of suitable sites may limit the use of 
these energy resources.

Concept 16-5 When environmental costs of energy resources 
are included in market prices, wind energy is the least expensive 
and least polluting way to produce electricity.

Concept 16-6A Solid biomass is a renewable resource, but 
burning it faster than it is replenished produces a net gain in 
atmospheric greenhouse gases, and creating biomass plantations 
can degrade soil and biodiversity.

Concept 16-6B Liquid biofuels derived from biomass can be 
used in place of gasoline and diesel fuels, but creating biofuel 
plantations could degrade soil and biodiversity and increase food 
prices and greenhouse gas emissions.

Concept 16-7 Geothermal energy has great potential for supply-
ing many areas with heat and electricity and generally has a low 
environmental impact, but locations where it can be exploited 
economically are limited.

Concept 16-8 Hydrogen fuel holds great promise for powering 
cars and generating electricity, but to be environmentally benefi -
cial, it would have to be produced without the use of fossil fuels.

Concept 16-9 We can make a transition to a more sustainable 
energy future if we greatly improve energy effi ciency, use a mix 
of renewable energy resources, and include environmental costs 
in the market prices of all energy resources.

CHAPTER 17 Environmental Hazards and 
Human Health 

Concept 17-1 People face health hazards from biological, 
chemical, physical, and cultural factors, and from the lifestyle 
choices they make.

Concept 17-2 In terms of death rates, the most serious infec-
tious diseases are fl u, AIDS, diarrheal diseases, malaria, and 
tuberculosis; most of these deaths occur in developing countries.

Concept 17-3 There is growing concern about chemicals that 
can cause birth defects and cancers and disrupt the human im-
mune, nervous, and endocrine systems.

Concept 17-4A Scientists use live laboratory animals, nonani-
mal tests, case reports of poisonings, and epidemiological studies 
to estimate the toxicity of chemicals, but these methods have 
limitations.

Concept 17-4B Many health scientists call for much greater 
emphasis on pollution prevention to reduce our exposure to 
potentially harmful chemicals.

Concept 17-5 We can reduce the major risks we face if we 
become informed, think critically about risks, and make careful 
choices.

CHAPTER 18 Air Pollution 
Concept 18-1 The atmosphere is structured in layers, including 
the troposphere, which supports life, and the stratosphere, which 
contains the protective ozone layer.

Concept 18-2 Pollutants mix in the air to form industrial smog,
mostly the result of burning coal, and photochemical smog, caused 
by motor vehicle, industrial, and power plant emissions.

Concept 18-3 Acid deposition is caused mainly by coalburning 
power plant and motor vehicle emissions, and in some regions, 
threatens human health, aquatic life and ecosystems, forests, and 
human-built structures.

Concept 18-4 The most threatening indoor air pollutants are 
smoke and soot from wood and coal cooking fi res (a hazard 
found mostly in developing countries) and chemicals used in 
building materials and products.

Concept 18-5 Air pollution can contribute to asthma, chronic 
bronchitis, emphysema, lung cancer, heart attack, and stroke.

Concept 18-6 Legal, economic, and technological tools can help 
to clean up air pollution, but much greater emphasis should be 
focused on preventing air pollution.

CHAPTER 19 Climate Change and 
Ozone Depletion 

Concept 19-1 The overwhelming scientifi c consensus is that the 
earth’s atmosphere is warming rapidly, mostly because of human 
activities, and that this will lead to signifi cant climate change dur-
ing this century.
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Concept 19-2 The projected rapid change in the atmosphere’s 
temperature during this century is very likely to increase drought 
and fl ooding, shift areas where food can be grown, raise sea 
levels, result in intense heat waves, and cause the premature 
extinction of many species.

Concept 19-3A To slow the rate of global warming and climate 
change, we can increase energy effi ciency, sharply reduce green-
house gas emissions, rely more on renewable energy resources, 
and slow population growth.

Concept 19-3B Governments can subsidize energy effi ciency 
and renewable energy use, tax greenhouse gas emissions, set 
up cap-and-trade emissions reduction systems, and help to slow 
population growth.

Concept 19-4A Widespread use of certain chemicals has re-
duced ozone levels in the stratosphere, which allows for more 
harmful ultraviolet radiation to reach the earth’s surface.

Concept 19-4B To reverse ozone depletion, we must stop 
producing ozone-depleting chemicals and adhere to the interna-
tional treaties that ban such chemicals.

CHAPTER 20 Water Pollution 
Concept 20-1A Water pollution causes illness and death in 
humans and other species and disrupts ecosystems.

Concept 20-1B The chief sources of water pollution are agri-
cultural activities, industrial facilities, and mining, but growth in 
population and resource use makes it increasingly worse.

Concept 20-2A While streams are extensively polluted world-
wide by human activities, they can cleanse themselves of many 
pollutants if we do not overload them or reduce their fl ows.

Concept 20-2B Addition of excessive nutrients to lakes from 
human activities can disrupt lake ecosystems, and prevention of 
such pollution is more effective and less costly than cleaning it 
up.

Concept 20-3A Chemicals used in agriculture, industry, trans-
portation, and homes can spill and leak into groundwater and 
make it undrinkable.

Concept 20-3B There are simple ways and complex ways to 
purify drinking water, but protecting it through pollution preven-
tion is the least expensive and most effective strategy.

Concept 20-4A The great majority of ocean pollution originates 
on land and includes oil and other toxic chemicals and solid 
wastes, which threaten aquatic species and other wildlife and 
disrupt marine ecosystems.

Concept 20-4B The key to protecting the oceans is to reduce 
the fl ow of pollutants from land and air and from streams empty-
ing into these waters.

Concept 20-5 Reducing water pollution requires preventing it, 
working with nature to treat sewage, cutting resource use and 
waste, reducing poverty, and slowing population growth.

CHAPTER 21 Solid and Hazardous Waste 
Concept 21-1 Solid waste represents pollution and unnecessary 
waste of resources, and hazardous waste contributes to pollu-
tion, natural capital degradation, health problems, and premature 
deaths.

Concept 21-2 A sustainable approach to solid waste is fi rst to 
reduce it, then to reuse or recycle it, and fi nally to safely dispose 
of what is left.

Concept 21-3 Reusing items decreases the use of matter and 
energy resources and reduces pollution and natural capital degra-
dation; recycling does so to a lesser degree.

Concept 21-4 Technologies for burning and burying solid wastes 
are well developed, but burning contributes to pollution and 
greenhouse gas emissions, and buried wastes eventually contrib-
ute to pollution and land degradation.

Concept 21-5 A sustainable approach to hazardous waste is fi rst 
to produce less of it, then to reuse or recycle it, then to convert it 
to less hazardous materials, and fi nally, to safely store what is left.

Concept 21-6 Shifting to a low-waste society requires indi-
viduals and businesses to reduce resource use and to reuse and 
recycle wastes at local, national, and global levels.

CHAPTER 22 Sustainable Cities
Concept 22-1 Urbanization continues to increase steadily and 
the numbers and sizes of urban areas are growing rapidly, espe-
cially in developing countries.

Concept 22-2 Most cities are unsustainable because of high 
levels of resource use, waste, pollution, and poverty.

Concept 22-3 A combination of plentiful land, inexpensive 
fuel, and expanding networks of highways in some countries 
has resulted in dispersed cities whose residents depend on motor 
vehicles for most transportation.

Concept 22-4 Urban land use planning can help to reduce 
uncontrolled sprawl and to slow the resulting degradation of air, 
water, land, biodiversity, and other natural resources.

Concept 22-5 An ecocity allows people to: choose walking, 
biking, or mass transit for most transportation needs; recycle or 
reuse most of their wastes; grow much of their food; and protect 
biodiversity by preserving surrounding land.

CHAPTER 23 Economics, Environment, 
and Sustainability 

Concept 23-1A Ecological economists and most sustainability 
experts regard human economic systems as subsystems of the 
biosphere and subject to its processes and limiting factors.

Concept 23-1B Governments intervene in market economies 
to help correct or prevent market failures such as the failure to 
protect natural capital, which supports life and all economies.

Concept 23-2A Economists have developed several ways to 
estimate the present and future values of a resource or ecological 
service and optimum levels of pollution control and resource use.

Concept 23-2B Comparing the likely costs and benefi ts of an 
environmental action is useful but involves many uncertainties.

Concept 23-3A Using resources more sustainably will require 
including the harmful environmental and health costs of resource 
use in the market prices of goods and services (full-cost pricing).

Concept 23-3B Governments can help to improve and sustain 
environmental quality by subsidizing environmentally benefi cial 
activities and taxing pollution and waste instead of wages and 
profi ts.

Concept 23-4 Reducing poverty can help us to reduce popula-
tion growth, resource use, and environmental degradation.

Concept 23-5 We can use the four principles of sustainability and 
various economic and environmental strategies to develop more 
environmentally sustainable economies.

CHAPTER 24 Politics, Environment, and 
Sustainability

Concept 24-1 Government can help to protect environmental 
and public interests and encourage more environmentally sus-
tainable economic development through its policies.
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Concept 24-2A Policy making involves law making, program 
funding, rule writing, and enforcement of rules by agencies—a 
complex process that is affected at each stage by political 
processes.

Concept 24-2B Individuals can work with each other to become 
part of political processes that infl uence how environmental 
policies are made and whether or not they succeed. (Individuals
matter.)

Concept 24-3 Environmental laws and regulations can 
be used to control pollution, set safety standards, encourage 
resource conservation, and protect species and ecosystems.

Concept 24-4 Grassroots groups are growing and combining 
efforts with large environmental organizations in a global sus-
tainability movement.

Concept 24-5 Environmental security is necessary for economic 
security and is at least as important as military security.

Concept 24-6 Making the transition to more sustainable societ-
ies will require that nations implement green plans and that 

people and nations cooperate, agree on principles, and make the 
political commitment to achieve this transition.

CHAPTER 25 Environmental Worldviews, 
Ethics, and Sustainability 

Concept 25-1 Major environmental worldviews differ on which 
is more important—human needs and wants, or the overall 
health of ecosystems and the biosphere.

Concept 25-2 The fi rst step to living more sustainably is to 
become environmentally literate, partly by learning from 
nature.

Concept 25-3A We can live more sustainably by using certain 
guidelines to convert environmental literacy and concerns into 
action.

Concept 25-3B We can live more sustainably by living more 
simply and lightly on the earth and by becoming informed and 
active environmental citizens.



GLOSSARY G1

abiotic Nonliving. Compare biotic.

acid See acid solution.

acid deposition  The falling of acids and acid-
forming compounds from the atmosphere to the 
earth’s surface. Acid deposition is commonly 
known as acid rain, a term that refers to the wet 
deposition of droplets of acids and acid-forming 
compounds.

acid rain  See acid deposition.

acid solution  Any water solution that has 
more hydrogen ions (H#) than hydroxide ions 
(OH!); any water solution with a pH less than 7. 
Compare basic solution, neutral solution.

active solar heating system  System that 
uses solar collectors to capture energy from the 
sun and store it as heat for space heating and 
water heating. Liquid or air pumped through 
the collectors transfers the captured heat to 
a storage system such as an insulated water 
tank or rock bed. Pumps or fans then distrib-
ute the stored heat or hot water throughout a 
dwelling as needed. Compare passive solar heating 
system.

adaptation Any genetically controlled struc-
tural, physiological, or behavioral characteristic 
that helps an organism survive and reproduce 
under a given set of environmental conditions. 
It usually results from a benefi cial mutation. See 
biological evolution, differential reproduction, muta-
tion, natural selection.

adaptive radiation  Process in which numer-
ous new species evolve to fi ll vacant and new 
ecological niches in changed environments, 
usually after a mass extinction. Typically, this 
process takes millions of years.

adaptive trait  See adaptation.

administrative laws  Administrative rules 
and regulations, executive orders, and enforce-
ment decisions related to the implementation 
and interpretation of statutory laws.

advanced sewage treatment  Third level of 
sewage cleanup, which uses a series of special-
ized chemical and physical processes to remove 
specifi c pollutants left in the water after primary 
and secondary treatment. See primary sewage 
treatment and secondary sewage treatment.

aerobic respiration  Complex process that 
occurs in the cells of most living organisms, 
in which nutrient organic molecules such as 
glucose (C6H12O6) combine with oxygen (O2) to 
produce carbon dioxide (CO2), water (H2O), and 
energy. Compare photosynthesis.

age structure  Percentage of the population 
(or number of people of each sex) at each age 
level in a population.

agricultural revolution  Gradual shift from 
small, mobile hunting and gathering bands 
to settled agricultural communities in which 
people survived by breeding and raising wild 
animals and cultivating wild plants near where 
they lived. It began 10,000–12,000 years ago. 
Compare environmental revolution, hunter–gather-
ers, industrial–medical revolution, information and 
globalization revolution.

agroforestry Planting trees and crops to-
gether.

air pollution  One or more chemicals in 
high enough concentrations in the air to harm 
humans, other animals, vegetation, or materi-
als. Excess heat is also considered a form of air 
pollution. Such chemicals or physical conditions 
are called air pollutants. See primary pollutant, 
secondary pollutant.

albedo Ability of a surface to refl ect light.

alien species  See nonnative species.

alley cropping  Planting of crops in strips with 
rows of trees or shrubs on each side.

alpha particle  Positively charged matter, 
consisting of two neutrons and two protons, 
which is emitted as radioactivity from the nuclei 
of some radioisotopes. See also beta particle, 
gamma rays.

altitude Height above sea level. Compare 
latitude.

anaerobic respiration  Form of cellular 
respiration in which some decomposers get the 
energy they need through the breakdown of 
glucose (or other nutrients) in the absence of 
oxygen. Compare aerobic respiration.

ancient forest  See old-growth forest.

animal manure  Dung and urine of animals 
used as a form of organic fertilizer. Compare 
green manure.

annual Plant that grows, sets seed, and dies in 
one growing season. Compare perennial.

anthropocentric Human-centered.

applied ecology  See reconciliation ecology.

aquaculture Growing and harvesting of 
fi sh and shellfi sh for human use in freshwater 
ponds, irrigation ditches, and lakes, or in cages 
or fenced-in areas of coastal lagoons and estuar-
ies or in the open ocean. See fi sh farming, fi sh 
ranching.

aquatic Pertaining to water. Compare ter-
restrial.

aquatic life zone  Marine and freshwater por-
tions of the biosphere. Examples include fresh-
water life zones (such as lakes and streams) and 
ocean or marine life zones (such as estuaries, 
coastlines, coral reefs, and the open ocean).

aquifer Porous, water-saturated layers of 
sand, gravel, or bedrock that can yield an eco-
nomically signifi cant amount of water.

arable land  Land that can be cultivated to 
grow crops.

arbitration Formal effort, somewhat similar 
to a trial, to resolve a dispute; overseen by a 
trained and certifi ed arbitrator who takes a more 
active role than a judge and is not constrained 
by legal precedent. Compare mediation.

area strip mining  Type of surface mining 
used where the terrain is fl at. An earthmover 
strips away the overburden, and a power shovel 
digs a cut to remove the mineral deposit. The 
trench is then fi lled with overburden, and a new 
cut is made parallel to the previous one. The 
process is repeated over the entire site. Compare 
mountaintop removal, open-pit mining, subsurface 
mining.

arid Dry. A desert or other area with an arid 
climate has little precipitation.

artifi cial selection  Process by which humans 
select one or more desirable genetic traits in the 
population of a plant or animal species and then 
use selective breeding to produce populations con-
taining many individuals with the desired traits. 
Compare genetic engineering, natural selection.

asexual reproduction  Reproduction in 
which a mother cell divides to produce two 
identical daughter cells that are clones of the 
mother cell. This type of reproduction is com-
mon in single-celled organisms. Compare sexual
reproduction.

atmosphere Whole mass of air surrounding 
the earth. See stratosphere, troposphere. Compare 
biosphere, geosphere, hydrosphere.

atmospheric pressure  Force or mass per unit 
area of air, caused by the bombardment of a 
surface by the molecules in air.

atom Minute unit made of subatomic particles 
that is the basic building block of all chemical 
elements and thus all matter; the smallest unit 
of an element that can exist and still have the 
unique characteristics of that element. Compare 
ion, molecule.

Glossary
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atomic number  Number of protons in the 
nucleus of an atom. Compare mass number.

atomic theory  Idea that all elements are 
made up of atoms; the most widely accepted 
scientifi c theory in chemistry.

autotroph See producer.

background extinction  Normal extinction 
of various species as a result of changes in local 
environmental conditions. Compare mass extinc-
tion.

bacteria Prokaryotic, one-celled organisms. 
Some transmit diseases. Most act as decompos-
ers and get the nutrients they need by break-
ing down complex organic compounds in the 
tissues of living or dead organisms into simpler 
inorganic nutrient compounds.

barrier islands  Long, thin, low offshore 
islands of sediment that generally run parallel to 
the shore along some coasts.

basic solution  Water solution with more 
hydroxide ions (OH!) than hydrogen ions (H#);
water solution with a pH greater than 7. Com-
pare acid solution, neutral solution.

benthos Bottom-dwelling organisms. Com-
pare decomposer, nekton, plankton.

beta particle  Swiftly moving electron emitted 
by the nucleus of a radioactive isotope. See also 
alpha particle, gamma ray.

bioaccumulation An increase in the con-
centration of a chemical in specifi c organs or 
tissues at a level higher than would normally be 
expected. Compare biomagnifi cation.

biocentric Life-centered. Compare anthropo-
centric.

biodegradable Capable of being broken down 
by decomposers.

biodegradable pollutant  Material that can 
be broken down into simpler substances (ele-
ments and compounds) by bacteria or other de-
composers. Paper and most organic wastes such 
as animal manure are biodegradable but can 
take decades to biodegrade in modern landfi lls. 
Compare nondegradable pollutant.

biodiversity Variety of different species (spe-
cies diversity), genetic variability among individu-
als within each species (genetic diversity), variety 
of ecosystems (ecological diversity), and functions 
such as energy fl ow and matter cycling needed 
for the survival of species and biological com-
munities (functional diversity).

biodiversity hot spots  Areas especially rich 
in plant species that are found nowhere else 
and are in great danger of extinction. These 
areas suffer serious ecological disruption, mostly 
because of rapid human population growth and 
the resulting pressure on natural resources.

biofuel Gas (such as methane) or liquid fuel 
(such as ethyl alcohol) made from plant material 
(biomass).

biogeochemical cycle  Natural processes that 
recycle nutrients in various chemical forms from 
the nonliving environment to living organisms 

and then back to the nonliving environment. 
Examples include the carbon, oxygen, nitrogen, 
phosphorus, sulfur, and hydrologic cycles.

biological amplifi cation  See biomagnifi cation.

biological community  See community.

biological diversity  See biodiversity.

biological evolution  Change in the genetic 
makeup of a population of a species in succes-
sive generations. If continued long enough, it 
can lead to the formation of a new species. Note 
that populations, not individuals, evolve. See 
also adaptation, differential reproduction, natural 
selection, theory of evolution.

biological pest control  Control of pest 
populations by natural predators, parasites, or 
disease-causing bacteria and viruses (patho-
gens).

biomagnifi cation  Increase in concentration 
of DDT, PCBs, and other slowly degradable, fat-
soluble chemicals in organisms at successively 
higher trophic levels of a food chain or web. 
Compare bioaccumulation.

biomass Organic matter produced by plants 
and other photosynthetic producers; total dry 
weight of all living organisms that can be sup-
ported at each trophic level in a food chain or 
web; dry weight of all organic matter in plants 
and animals in an ecosystem; plant materials 
and animal wastes used as fuel.

biome Terrestrial regions inhabited by certain 
types of life, especially vegetation. Examples 
include various types of deserts, grasslands, and 
forests.

biosphere Zone of the earth where life is 
found. It consists of parts of the atmosphere (the 
troposphere), hydrosphere (mostly surface water 
and groundwater), and lithosphere (mostly soil 
and surface rocks and sediments on the bottoms 
of oceans and other bodies of water) where 
life is found. Compare atmosphere, geosphere, 
hydrosphere.

biotic Living organisms. Compare abiotic.

biotic pollution  The effect of invasive species 
that can reduce or wipe out populations of many 
native species and trigger ecological disruptions.

biotic potential  Maximum rate at which the 
population of a given species can increase when 
there are no limits on its rate of growth. See 
environmental resistance.

birth rate  See crude birth rate.

bitumen Gooey, black, high-sulfur, heavy oil 
extracted from oil sand and then upgraded to 
synthetic fuel oil. See oil sand.

breeder nuclear fi ssion reactor  Nuclear
fi ssion reactor that produces more nuclear fuel 
than it consumes by converting nonfi ssionable 
uranium-238 into fi ssionable plutonium-239.

broadleaf deciduous plants  Plants such as 
oak and maple trees that survive drought and 
cold by shedding their leaves and becoming 
dormant. Compare broadleaf evergreen plants, 
coniferous evergreen plants.

broadleaf evergreen plants  Plants that 
keep most of their broad leaves year-round. An 
example is the trees found in the canopies of 
tropical rain forests. Compare broadleaf deciduous 
plants, coniferous evergreen plants.

buffer Substance that can react with hydrogen 
ions in a solution and thus hold the acidity or 
pH of a solution fairly constant. See pH.

calorie Unit of energy; amount of energy 
needed to raise the temperature of 1 gram of 
water by 1 C° (unit on Celsius temperature 
scale). See also kilocalorie.

cancer Group of more than 120 different 
diseases, one for each type of cell in the human 
body. Each type of cancer produces a tumor in 
which cells multiply uncontrollably and invade 
surrounding tissue.

carbon capture and storage (CCS)  Process
of removing carbon dioxide gas from coal-
burning power and industrial plants and storing 
it somewhere (usually underground or under 
the seabed) so that it is not released into the 
atmosphere, essentially forever.

carbon cycle  Cyclic movement of carbon in 
different chemical forms from the environment 
to organisms and then back to the environment.

carcinogen Chemicals, ionizing radiation, and 
viruses that cause or promote the development 
of cancer. See cancer. Compare mutagen, teratogen.

carnivore Animal that feeds on other animals. 
Compare herbivore, omnivore.

carrying capacity (K) Maximum population 
of a particular species that a given habitat can 
support over a given period. Compare cultural
carrying capacity.

cell Smallest living unit of an organism. Each 
cell is encased in an outer membrane or wall 
and contains genetic material (DNA) and other 
parts to perform its life function. Organisms such 
as bacteria consist of only one cell, but most 
organisms contain many cells.

cell theory  The idea that all living things are 
composed of cells; the most widely accepted 
scientifi c theory in biology.

CFCs See chlorofl uorocarbons.

chain reaction  Multiple nuclear fi ssions, tak-
ing place within a certain mass of a fi ssionable 
isotope, which release an enormous amount of 
energy in a short time.

chemical One of the millions of different 
elements and compounds found naturally 
and synthesized by humans. See compound,
element.

chemical change  Interaction between 
chemicals in which the chemical composition of 
the elements or compounds involved changes. 
Compare nuclear change, physical change.

chemical formula  Shorthand way to show 
the number of atoms (or ions) in the basic 
structural unit of a compound. Examples include 
H2O, NaCl, and C6H12O6.

chemical reaction  See chemical change.
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chemosynthesis Process in which certain 
organisms (mostly specialized bacteria) extract 
inorganic compounds from their environ-
ment and convert them into organic nutrient 
compounds without the presence of sunlight. 
Compare photosynthesis.

chlorinated hydrocarbon  Organic com-
pound made up of atoms of carbon, hydrogen, 
and chlorine. Examples include DDT and PCBs.

chlorofl uorocarbons (CFCs)  Organic com-
pounds made up of atoms of carbon, chlorine, 
and fl uorine. An example is Freon-12 (CCl2F2),
which is used as a refrigerant in refrigerators 
and air conditioners and in making plastics 
such as Styrofoam. Gaseous CFCs can deplete 
the ozone layer when they slowly rise into the 
stratosphere and their chlorine atoms react 
with ozone molecules. Their use is being phased 
out.

chromosome A grouping of genes and as-
sociated proteins in plant and animal cells that 
carry certain types of genetic information. See 
genes.

chronic undernutrition  Condition suffered 
by people who cannot grow or buy enough food 
to meet their basic energy needs. Most chroni-
cally undernourished children live in developing 
countries and are likely to suffer from mental 
retardation and stunted growth and to die from 
infectious diseases. Compare malnutrition, overnu-
trition.

civil suit  Court case brought to settle disputes 
or damages between one party and another.

clear-cutting  Method of timber harvesting in 
which all trees in a forested area are removed 
in a single cutting. Compare selective cutting, strip 
cutting.

climate Physical properties of the troposphere 
of an area based on analysis of its weather re-
cords over a long period (at least 30 years). The 
two main factors determining an area’s climate 
are its average temperature, with its seasonal 
variations, and the average amount and distri-
bution of precipitation. Compare weather.

climax community  See mature community.

closed-loop recycling  See primary recycling.

coal Solid, combustible mixture of organic 
compounds with 30–98% carbon by weight, 
mixed with various amounts of water and small 
amounts of sulfur and nitrogen compounds. It 
forms in several stages as the remains of plants 
are subjected to heat and pressure over millions 
of years.

coal gasifi cation  Conversion of solid coal to 
synthetic natural gas (SNG).

coal liquefaction  Conversion of solid coal 
to a liquid hydrocarbon fuel such as synthetic 
gasoline or methanol.

coastal wetland  Land along a coastline, 
extending inland from an estuary that is covered 
with salt water all or part of the year. Examples 
include marshes, bays, lagoons, tidal fl ats, and 
mangrove swamps. Compare inland wetland.

coastal zone  Warm, nutrient-rich, shallow 
part of the ocean that extends from the high-
tide mark on land to the edge of a shelf-like 
extension of continental land masses known as 
the continental shelf. Compare open sea.

coevolution Evolution in which two or more 
species interact and exert selective pressures on 
each other that can lead each species to undergo 
adaptations. See evolution, natural selection.

cogeneration Production of two useful forms 
of energy, such as high-temperature heat or 
steam and electricity, from the same fuel source.

cold front  Leading edge of an advancing mass 
of cold air. Compare warm front.

combined heat and power (CHP) produc-
tion See cogeneration.

commensalism An interaction between 
organisms of different species in which one 
type of organism benefi ts and the other type is 
neither helped nor harmed to any great degree. 
Compare mutualism.

commercial extinction  Depletion of the 
population of a wild species used as a resource 
to a level at which it is no longer profi table to 
harvest the species.

commercial forest  See tree plantation.

commercial inorganic fertilizer  Commer-
cially prepared mixture of inorganic plant nutri-
ents such as nitrates, phosphates, and potassium 
applied to the soil to restore fertility and increase 
crop yields. Compare organic fertilizer.

common law  A body of unwritten rules and 
principles derived from court decisions along 
with commonly accepted practices, or norms, 
within a society. Compare statutory law.

common-property resource  Resource that 
is owned jointly by a large group of individuals. 
One example is the roughly one-third of the 
land in the United States that is owned jointly 
by all U.S. citizens and held and managed for 
them by the government. Another example is 
an area of land that belongs to a whole village 
and that can be used by anyone for grazing cows 
or sheep. Compare open access renewable resource 
and private property resource. See tragedy of the 
commons. Compare open access renewable resource, 
private property resource.

community Populations of all species living 
and interacting in an area at a particular time.

competition Two or more individual organ-
isms of a single species (intraspecifi c compe-
tition) or two or more individuals of different 
species (interspecifi c competition) attempting to 
use the same scarce resources in the same 
ecosystem.

compost Partially decomposed organic plant 
and animal matter used as a soil conditioner or 
fertilizer.

compound Combination of atoms, or op-
positely charged ions, of two or more elements 
held together by attractive forces called chemical 
bonds. Examples are NaCl, CO2, and C6H12O6.
Compare element.

concentration Amount of a chemical in a 
particular volume or weight of air, water, soil, or 
other medium.

condensation nuclei  Tiny particles on which 
droplets of water vapor can collect.

coniferous evergreen plants  Cone-bearing
plants (such as spruces, pines, and fi rs) that keep 
some of their narrow, pointed leaves (needles) 
all year. Compare broadleaf deciduous plants, 
broad leaf evergreen plants.

coniferous trees  Cone-bearing trees, mostly 
evergreens, that have needle-shaped or scale-
like leaves. They produce wood known commer-
cially as softwood. Compare deciduous plants.

consensus science   See reliable science.

conservation Sensible and careful use of 
natural resources by humans. People with this 
view are called conservationists.

conservation biology  Multidisciplinary sci-
ence created to deal with the crisis of maintain-
ing the genes, species, communities, and ecosys-
tems that make up earth’s biological diversity. 
Its goals are to investigate human impacts on 
biodiversity and to develop practical approaches 
to preserving biodiversity.

conservationist Person concerned with using 
natural areas and wildlife in ways that sustain 
them for current and future generations of hu-
mans and other forms of life.

conservation-tillage farming  Crop cul-
tivation in which the soil is disturbed little 
(minimum-tillage farming) or not at all (no-till 
farming) in an effort to reduce soil erosion, 
lower labor costs, and save energy. Compare 
conventional-tillage farming.

constancy Ability of a living system, such as a 
population, to maintain a certain size. Compare 
inertia, resilience.

consumer Organism that cannot synthe-
size the organic nutrients it needs and gets its 
organic nutrients by feeding on the tissues of 
producers or of other consumers; generally di-
vided into primary consumers (herbivores), second-
ary consumers (carnivores), tertiary (higher-level )
consumers, omnivores, and detritivores (decompos-
ers and detritus feeders). In economics, one who 
uses economic goods. Compare producer.

contour farming  Plowing and planting 
across the changing slope of land, rather than in 
straight lines, to help retain water and reduce 
soil erosion.

contour strip mining  Form of surface mining 
used on hilly or mountainous terrain. A power 
shovel cuts a series of terraces into the side of 
a hill. An earthmover removes the overbur-
den, and a power shovel extracts the coal. The 
overburden from each new terrace is dumped 
onto the one below. Compare area strip mining, 
mountaintop removal, open-pit mining, subsurface 
mining.

controlled burning  Deliberately set, carefully 
controlled surface fi res that reduce fl ammable 
litter and decrease the chances of damaging 
crown fi res. See ground fi re, surface fi re.
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democracy Government by the people 
through their elected offi cials and appointed 
representatives. In a constitutional democracy, a 
constitution provides the basis of government 
authority and puts restraints on government 
power through free elections and freely ex-
pressed public opinion.

demographic transition  Hypothesis that 
countries, as they become industrialized, have 
declines in death rates followed by declines in 
birth rates.

density Mass per unit volume.

depletion time  The time it takes to use a 
certain fraction (usually 80%) of the known or 
estimated supply of a nonrenewable resource at 
an assumed rate of use. Finding and extracting 
the remaining 20% usually costs more than it is 
worth.

desalination Purifi cation of salt water or 
brackish (slightly salty) water by removal of dis-
solved salts.

desert Biome in which evaporation exceeds 
precipitation and the average amount of precipi-
tation is less than 25 centimeters (10 inches) per 
year. Such areas have little vegetation or have 
widely spaced, mostly low vegetation. Compare 
forest, grassland.

desertifi cation  Conversion of rangeland, 
rain-fed cropland, or irrigated cropland to 
desert-like land, with a drop in agricultural 
productivity of 10% or more. It usually is caused 
by a combination of overgrazing, soil erosion, 
prolonged drought, and climate change.

detritivore Consumer organism that feeds on 
detritus, parts of dead organisms, and cast-off 
fragments and wastes of living organisms. Ex-
amples include earthworms, termites, and crabs. 
Compare decomposer.

detritus Parts of dead organisms and cast-off 
fragments and wastes of living organisms.

detritus feeder  See detritivore.

deuterium (D; hydrogen-2)  Isotope of the 
element hydrogen, with a nucleus containing 
one proton and one neutron and a mass number 
of 2.

developed country  Country that is highly 
industrialized and has a high per capita GDP. 
Compare developing country.

developing country  Country that has low to 
moderate industrialization and low to moderate 
per capita GDP. Most are located in Africa, Asia, 
and Latin America. Compare developed country.

dieback Sharp reduction in the population of 
a species when its numbers exceed the carrying 
capacity of its habitat. See carrying capacity.

differential reproduction  Phenomenon in 
which individuals with adaptive genetic traits 
produce more living offspring than do individu-
als without such traits. See natural selection.

dioxins Family of 75 chlorinated hydrocarbon 
compounds formed as unwanted by-products 
in chemical reactions involving chlorine and 
hydrocarbons, usually at high temperatures.

ability of the planet to sustain future genera-
tions. Compare carrying capacity.

cultural eutrophication  Overnourishment of 
aquatic ecosystems with plant nutrients (mostly 
nitrates and phosphates) because of human 
activities such as agriculture, urbanization, and 
discharges from industrial plants and sewage 
treatment plants. See eutrophication.

culture Whole of a society’s knowledge, be-
liefs, technology, and practices.

currents Mass movements of surface water 
produced by prevailing winds blowing over the 
oceans.

dam A structure built across a river to control 
the river’s fl ow or to create a reservoir. See 
reservoir.

data Factual information collected by scien-
tists.

DDT Dichlorodiphenyltrichloroethane, a chlo-
rinated hydrocarbon that has been widely used 
as an insecticide but is now banned in some 
countries.

death rate  See crude death rate.

debt-for-nature swap  Agreement in which 
a certain amount of foreign debt is canceled in 
exchange for local currency investments that 
will improve natural resource management or 
protect certain areas in the debtor country from 
environmentally harmful development.

deciduous plants  Trees, such as oaks and 
maples, and other plants that survive during dry 
seasons or cold seasons by shedding their leaves. 
Compare coniferous trees, succulent plants.

decomposer Organism that digests parts 
of dead organisms and cast-off fragments and 
wastes of living organisms by breaking down the 
complex organic molecules in those materials 
into simpler inorganic compounds and then ab-
sorbing the soluble nutrients. Producers return 
most of these chemicals to the soil and water for 
reuse. Decomposers consist of various bacteria 
and fungi. Compare consumer, detritivore, producer.

deductive reasoning  Use of logic to arrive at 
a specifi c conclusion based on a generalization 
or premise. Compare inductive reasoning.

deep ecology worldview  Worldview holding 
that each form of life has inherent value, that 
the fundamental interdependence and diversity 
of life forms helps all life to thrive, that humans 
have no right to reduce this interdependence 
and diversity except to satisfy vital needs, and 
that present human interference with the 
nonhuman world is excessive, and the situation 
is worsening rapidly. Compare environmental
wisdom worldview, frontier worldview, planetary 
management worldview, stewardship worldview.

defendant The party in a court case being 
charged with creating a harm. See plaintiff and 
civil suit.

deforestation Removal of trees from a for-
ested area.

degree of urbanization  Percentage of the 
population in the world, or in a country, living 
in urban areas. Compare urban growth.

conventional-tillage farming  Crop cultiva-
tion method in which a planting surface is 
made by plowing land, breaking up the exposed 
soil, and then smoothing the surface. Compare 
conservation-tillage farming.

convergent plate boundary  Area where the 
earth’s lithospheric plates are pushed together. 
See subduction zone. Compare divergent plate 
boundary, transform fault.

coral reef  Formation produced by mas-
sive colonies containing billions of tiny coral 
animals, called polyps, that secrete a stony 
substance (calcium carbonate) around them-
selves for protection. When the corals die, their 
empty outer skeletons form layers and cause 
the reef to grow. Coral reefs are found in the 
coastal zones of warm tropical and subtropical 
oceans.

core Inner zone of the earth. It consists of a 
solid inner core and a liquid outer core. Com-
pare crust, mantle.

corrective feedback loop  See negative feed-
back loop.

cost–benefi t analysis  A comparison of 
estimated costs and benefi ts of actions such as 
implementing a pollution control regulation, 
building a dam on a river, or preserving an area 
of forest.

critical mass  Amount of fi ssionable nuclei 
needed to sustain a nuclear fi ssion chain reac-
tion.

crop rotation  Planting a fi eld, or an area of 
a fi eld, with different crops from year to year 
to reduce soil nutrient depletion. A plant such 
as corn, tobacco, or cotton, which removes 
large amounts of nitrogen from the soil, is 
planted one year. The next year a legume such 
as soybeans, which adds nitrogen to the soil, is 
planted.

crown fi re  Extremely hot forest fi re that 
burns ground vegetation and treetops. Compare 
controlled burning, ground fi re, surface fi re.

crude birth rate  Annual number of live 
births per 1,000 people in the population of a 
geographic area at the midpoint of a given year. 
Compare crude death rate.

crude death rate  Annual number of deaths 
per 1,000 people in the population of a geo-
graphic area at the midpoint of a given year. 
Compare crude birth rate.

crude oil  Gooey liquid consisting mostly of 
hydrocarbon compounds and small amounts 
of compounds containing oxygen, sulfur, and 
nitrogen. Extracted from underground accu-
mulations, it is sent to oil refi neries, where it is 
converted to heating oil, diesel fuel, gasoline, 
tar, and other materials.

crust Solid outer zone of the earth. It consists 
of oceanic crust and continental crust. Compare 
core, mantle.

cultural carrying capacity  The limit on 
population growth that would allow most 
people in an area or the world to live in reason-
able comfort and freedom without impairing the 
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discount rate  An estimate of a resource’s 
future economic value compared to its present 
value; based on the idea that having something 
today may be worth more than it will be in the 
future.

dissolved oxygen (DO) content  Amount of 
oxygen gas (O2) dissolved in a given volume of 
water at a particular temperature and pressure, 
often expressed as a concentration in parts of 
oxygen per million parts of water.

disturbance An event that disrupts an 
ecosystem or community. Examples of natural
disturbances include fi res, hurricanes, tornadoes, 
droughts, and fl oods. Examples of human-caused
disturbances include deforestation, overgrazing, 
and plowing.

divergent plate boundary  Area where the 
earth’s lithospheric plates move apart in opposite 
directions. Compare convergent plate boundary, 
transform fault.

DNA (deoxyribonucleic acid)  Large mol-
ecules in the cells of organisms that carry genetic 
information in living organisms.

domesticated species  Wild species tamed or 
genetically altered by crossbreeding for use by 
humans for food (cattle, sheep, and food crops), 
pets (dogs and cats), or enjoyment (animals in 
zoos and plants in botanical gardens). Compare 
wild species.

dose Amount of a potentially harmful sub-
stance an individual ingests, inhales, or absorbs 
through the skin. Compare response. See dose-
response curve, median lethal dose.

dose-response curve  Plot of data showing 
the effects of various doses of a toxic agent on a 
group of test organisms. See dose, median lethal 
dose, response.

doubling time  Time it takes (usually in years) 
for the quantity of something growing exponen-
tially to double. It can be calculated by dividing 
the annual percentage growth rate into 70.

drainage basin  See watershed.

drift-net fi shing  Catching fi sh in huge nets 
that drift in the water.

drought Condition in which an area does not 
get enough water because of lower-than-normal 
precipitation or higher-than-normal tempera-
tures that increase evaporation.

earthquake Shaking of the ground resulting 
from the fracturing and displacement of rock, 
which produces a fault, or from subsequent 
movement along the fault.

ecological diversity  The variety of forests, 
deserts, grasslands, oceans, streams, lakes, and 
other biological communities interacting with 
one another and with their nonliving environ-
ment. See biodiversity. Compare functional diver-
sity, genetic diversity, species diversity.

ecological effi ciency  Percentage of energy 
transferred from one trophic level to another in 
a food chain or web.

ecological footprint  Amount of biologically 
productive land and water needed to supply 

a population with the renewable resources it 
uses and to absorb or dispose of the wastes from 
such resource use. It is a measure of the average 
environmental impact of populations in differ-
ent countries and areas. See per capita ecological 
footprint.

ecological niche  Total way of life or role of a 
species in an ecosystem. It includes all physical, 
chemical, and biological conditions that a species 
needs to live and reproduce in an ecosystem. 
See fundamental niche, realized niche.

ecological restoration  Deliberate alteration 
of a degraded habitat or ecosystem to restore as 
much of its ecological structure and function as 
possible.

ecological succession  Process in which com-
munities of plant and animal species in a par-
ticular area are replaced over time by a series of 
different and often more complex communities. 
See primary succession, secondary succession.

ecologist Biological scientist who studies 
relationships between living organisms and their 
environment.

ecology Biological science that studies the 
relationships between living organisms and their 
environment; study of the structure and func-
tions of nature.

economic depletion  Exhaustion of 80% 
of the estimated supply of a nonrenewable 
resource. Finding, extracting, and processing 
the remaining 20% usually costs more than 
it is worth. May also apply to the depletion of 
a renewable resource, such as a fi sh or tree spe-
cies.

economic development  Improvement of 
human living standards by economic growth. 
Compare economic growth, environmentally sustain-
able economic development.

economic growth  Increase in the capac-
ity to provide people with goods and services; 
an increase in gross domestic product (GDP). 
Compare economic development, environmentally 
sustainable economic development. See gross domestic 
product.

economic resources  Natural resources, 
capital goods, and labor used in an economy to 
produce material goods and services. See natural
resources.

economic system  Method that a group of 
people uses to choose which goods and ser-
vices to produce, how to produce them, how 
much to produce, and how to distribute them to 
people.

economy System of production, distribution, 
and consumption of economic goods.

ecosphere See biosphere.

ecosystem One or more communities of dif-
ferent species interacting with one another and 
with the chemical and physical factors making 
up their nonliving environment.

ecosystem services  Natural services or natu-
ral capital that support life on the earth and are 
essential to the quality of human life and the 

functioning of the world’s economies. Examples 
are the chemical cycles, natural pest control, and 
natural purifi cation of air and water. See natural
resources.

electromagnetic radiation  Forms of kinetic 
energy traveling as electromagnetic waves. 
Examples include radio waves, TV waves, micro-
waves, infrared radiation, visible light, ultravio-
let radiation, X rays, and gamma rays. Compare 
ionizing radiation, nonionizing radiation.

electron (e)  Tiny particle moving around out-
side the nucleus of an atom. Each electron has 
one unit of negative charge and almost no mass. 
Compare neutron, proton.

element Chemical, such as hydrogen (H), iron 
(Fe), sodium (Na), carbon (C), nitrogen (N), or 
oxygen (O), whose distinctly different atoms 
serve as the basic building blocks of all matter. 
Two or more elements combine to form the 
compounds that make up most of the world’s 
matter. Compare compound.

elevation Distance above sea level.

endangered species  Wild species with so 
few individual survivors that the species could 
soon become extinct in all or most of its natural 
range. Compare threatened species.

endemic species  Species that is found in only 
one area. Such species are especially vulnerable 
to extinction.

energy Capacity to do work by performing 
mechanical, physical, chemical, or electrical 
tasks or to cause a heat transfer between two 
objects at different temperatures.

energy conservation  Reducing or eliminat-
ing the unnecessary waste of energy.

energy effi ciency  Percentage of the total 
energy input that does useful work and is not 
converted into low-quality, generally useless 
heat in an energy conversion system or process. 
See energy quality, net energy. Compare material
effi ciency.

energy productivity  See energy effi ciency.

energy quality  Ability of a form of energy 
to do useful work. High-temperature heat and 
the chemical energy in fossil fuels and nuclear 
fuels are concentrated high-quality energy. 
Low-quality energy such as low-temperature 
heat is dispersed or diluted and cannot do much 
useful work. See high-quality energy, low-quality 
energy.

enhanced greenhouse effect  See global
warming, greenhouse effect.

environment All external conditions, factors, 
matter, and energy, living and nonliving, that 
affect any living organism or other specifi ed 
system.

environmental degradation  Depletion or 
destruction of a potentially renewable resource 
such as soil, grassland, forest, or wildlife that is 
used faster than it is naturally replenished. If 
such use continues, the resource becomes non-
renewable (on a human time scale) or nonexis-
tent (extinct). See also sustainable yield.
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environmental ethics  Human beliefs about 
what is right or wrong with how we treat the 
environment.

environmentalism Social movement dedicat-
ed to protecting the earth’s life support systems 
for us and other species.

environmentalist Person who is concerned 
about the impacts of human activities on the 
environment.

environmental justice  Fair treatment and 
meaningful involvement of all people regardless 
of race, color, sex, national origin, or income 
with respect to the development, implementa-
tion, and enforcement of environmental laws, 
regulations, and policies.

environmentally sustainable economic 
development Development that meets 
the basic needs of the current generations of 
humans and other species without prevent-
ing future generations of humans and other 
species from meeting their basic needs. It is 
the economic component of an environmentally
sustainable society. Compare economic development, 
economic growth.

environmentally sustainable society  Soci-
ety that meets the current and future needs of 
its people for basic resources in a just and equi-
table manner without compromising the ability 
of future generations of humans and other spe-
cies from meeting their basic needs.

environmental law  Body of statements de-
fi ning what is acceptable environmental behav-
ior for individuals and groups, according to the 
larger community, and attempting to balance 
competing social and private interests.

environmental movement   Citizens
organized to demand that political leaders 
enact laws and develop policies to curtail pol-
lution, clean up polluted environments, and 
protect unspoiled areas from environmental 
degradation.

environmental policy  Laws, rules, and 
regulations related to an environmental prob-
lem that are developed, implemented, and 
enforced by a particular government body or 
agency.

environmental resistance  All of the limiting 
factors that act together to limit the growth of a 
population. See biotic potential, limiting factor.

environmental revolution  Cultural change 
that includes halting population growth and 
altering lifestyles, political and economic 
systems, and the way we treat the environ-
ment with the goal of living more sustainably. 
It requires working with the rest of nature by 
learning more about how nature sustains 
itself.

environmental science  Interdisciplinary
study that uses information and ideas from 
the physical sciences (such as biology, chem-
istry, and geology) with those from the social 
sciences and humanities (such as economics, 
politics, and ethics) to learn how nature works, 
how we interact with the environment, and 
how we can to help deal with environmental 
problems.

environmental scientist  Scientist who uses 
information from the physical sciences and so-
cial sciences to understand how the earth works, 
learn how humans interact with the earth, and 
develop solutions to environmental problems. 
See environmental science.

environmental wisdom worldview  World-
view holding that humans are part of and totally 
dependent on nature and that nature exists for 
all species, not just for us. Our success depends 
on learning how the earth sustains itself and 
integrating such environmental wisdom into 
the ways we think and act. Compare deep ecology 
worldview, frontier worldview, planetary management 
worldview, stewardship worldview.

environmental worldview  Set of assump-
tions and beliefs about how people think the 
world works, what they think their role in 
the world should be, and what they believe 
is right and wrong environmental behavior 
(environmental ethics). See deep ecology world-
view, environmental wisdom worlview, frontier world-
view, planetary management worldview, stewardship 
worldview.

EPA  U.S. Environmental Protection Agency; 
responsible for managing federal efforts to con-
trol air and water pollution, radiation and pesti-
cide hazards, environmental research, hazardous 
waste, and solid waste disposal.

epidemiology Study of the patterns of disease 
or other harmful effects from toxic exposure 
within defi ned groups of people to fi nd out why 
some people get sick and some do not.

epiphyte Plant that uses its roots to attach 
itself to branches high in trees, especially in 
tropical forests.

erosion Process or group of processes by 
which loose or consolidated earth materials are 
dissolved, loosened, or worn away and removed 
from one place and deposited in another. See 
weathering.

estuary Partially enclosed coastal area at the 
mouth of a river where its fresh water, carrying 
fertile silt and runoff from the land, mixes with 
salty seawater.

eukaryotic cell  Cell that is surrounded by a 
membrane and has a distinct nucleus. Compare 
prokaryotic cell.

euphotic zone  Upper layer of a body of water 
through which sunlight can penetrate and sup-
port photosynthesis.

eutrophication Physical, chemical, and 
biological changes that take place after a 
lake, estuary, or slow-fl owing stream receives 
inputs of plant nutrients—mostly nitrates and 
phosphates—from natural erosion and runoff 
from the surrounding land basin. See cultural
eutrophication.

eutrophic lake  Lake with a large or excessive 
supply of plant nutrients, mostly nitrates and 
phosphates. Compare mesotrophic lake, oligotrophic 
lake.

evaporation Conversion of a liquid into a gas.

evergreen plants  Plants that keep some of 
their leaves or needles throughout the year. 

Examples include cone-bearing trees (conifers) 
such as fi rs, spruces, pines, redwoods, and se-
quoias. Compare deciduous plants, succulent plants.

evolution See biological evolution.

exhaustible resource  See nonrenewable
resource.

exotic species  See nonnative species.

experiment Procedure a scientist uses to 
study some phenomenon under known condi-
tions. Scientists conduct some experiments 
in the laboratory and others in nature. The 
resulting scientifi c data or facts must be verifi ed 
or confi rmed by repeated observations and mea-
surements, ideally by several different investiga-
tors.

exponential growth  Growth in which some 
quantity, such as population size or economic 
output, increases at a constant rate per unit of 
time. An example is the growth sequence 2, 
4, 8, 16, 32, 64, and so on, which increases by 
100% at each interval. When the increase in 
quantity over time is plotted, this type of growth 
yields a curve shaped like the letter J. Compare 
linear growth.

external benefi t  Benefi cial social effect of 
producing and using an economic good that is 
not included in the market price of the good. 
Compare external cost, full cost.

external cost  Harmful environmental, eco-
nomic, or social effect of producing and using an 
economic good that is not included in the mar-
ket price of the good. Compare external benefi t, 
full cost, internal cost.

extinction Complete disappearance of a 
species from the earth. It happens when a spe-
cies cannot adapt and successfully reproduce 
under new environmental conditions or when 
a species evolves into one or more new species. 
Compare speciation. See also endangered species, 
mass extinction, threatened species.

extinction rate  Percentage or number of 
species that go extinct within a certain time such 
as a year.

family planning  Providing information, clini-
cal services, and contraceptives to help people 
choose the number and spacing of children they 
want to have.

famine Widespread malnutrition and starva-
tion in a particular area because of a shortage 
of food, usually caused by drought, war, fl ood, 
earthquake, or other catastrophic events that 
disrupt food production and distribution.

feedback Any process that increases (positive 
feedback) or decreases (negative feedback) a 
change to a system.

feedback loop  Occurs when an output of 
matter, energy, or information is fed back into 
the system as an input and leads to changes in 
that system. See positive feedback loop and negative
feedback loop.

feedlot Confi ned outdoor or indoor space 
used to raise hundreds to thousands of domesti-
cated livestock.

fermentation See anaerobic respiration.
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fertility rate  Number of children born to an 
average woman in a population during her life-
time. Compare replacement-level fertility.

fertilizer Substance that adds inorganic or 
organic plant nutrients to soil and improves its 
ability to grow crops, trees, or other vegetation. 
See commercial inorganic fertilizer, organic fertilizer.

fi rst law of thermodynamics  In any physi-
cal or chemical change, no detectable amount of 
energy is created or destroyed, but energy can 
be changed from one form to another; you can-
not get more energy out of something than you 
put in; in terms of energy quantity, you cannot 
get something for nothing. This law does not 
apply to nuclear changes, in which energy can 
be produced from small amounts of matter. See 
second law of thermodynamics.

fi shery  Concentration of particular aquatic 
species suitable for commercial harvesting in a 
given ocean area or inland body of water.

fi sh farming  Form of aquaculture in which 
fi sh are cultivated in a controlled pond or other 
environment and harvested when they reach 
the desired size. See also fi sh ranching.

fi shprint  Area of ocean needed to sustain the 
consumption of an average person, a nation, or 
the world. Compare ecological footprint.

fi sh ranching  Form of aquaculture in which 
members of a fi sh species such as salmon are 
held in captivity for the fi rst few years of their 
lives, released, and then harvested as adults 
when they return from the ocean to their 
freshwater birthplace to spawn. See also fi sh 
farming.

fi ssionable isotope  Isotope that can split 
apart when hit by a neutron at the right speed 
and thus undergo nuclear fi ssion. Examples 
include uranium-235 and plutonium-239.

fl oodplain  Flat valley fl oor next to a stream 
channel. For legal purposes, the term often ap-
plies to any low area that has the potential for 
fl ooding, including certain coastal areas.

fl ows  See throughputs.

fl yway  Generally fi xed route along which 
waterfowl migrate from one area to another at 
certain seasons of the year.

food chain  Series of organisms in which each 
eats or decomposes the preceding one. Compare 
food web.

food insecurity  Condition under which 
people live with chronic hunger and malnu-
trition that threatens their ability to lead healthy 
and productive lives. Compare food security.

food security  Condition under which every 
person in a given area has daily access to 
enough nutritious food to have an active and 
healthy life. Compare food insecurity.

food web  Complex network of many inter-
connected food chains and feeding relationships. 
Compare food chain.

forest Biome with enough average annual 
precipitation to support the growth of tree spe-
cies and smaller forms of vegetation. Compare 
desert, grassland.

fossil fuel  Products of partial or complete 
decomposition of plants and animals; occurs 
as crude oil, coal, natural gas, or heavy oils as 
a result of exposure to heat and pressure in he 
earth’s crust over millions of years. See coal,
crude oil, natural gas.

fossils Skeletons, bones, shells, body parts, 
leaves, seeds, or impressions of such items that 
provide recognizable evidence of organisms that 
lived long ago.

foundation species  Species that plays a ma-
jor role in shaping a community by creating and 
enhancing a habitat that benefi ts other species. 
Compare indicator species, keystone species, native 
species, nonnative species.

free-access resource  See open access renewable 
resource.

freons See chlorofl uorocarbons.

freshwater life zones  Aquatic systems where 
water with a dissolved salt concentration of less 
than 1% by volume accumulates on or fl ows 
through the surfaces of terrestrial biomes. Ex-
amples include standing (lentic) bodies of fresh 
water such as lakes, ponds, and inland wetlands 
and fl owing (lotic) systems such as streams and 
rivers. Compare biome.

front The boundary between two air masses 
with different temperatures and densities. See 
cold front, warm front.

frontier science  See tentative science.

frontier worldview  View held by European 
colonists settling North America in the 1600s 
that the continent had vast resources and was a 
wilderness to be conquered by settlers clearing 
and planting land.

full cost  Cost of a good when its internal costs 
and its estimated short- and long-term external 
costs are included in its market price. Compare 
external cost, internal cost.

functional diversity  Biological and chemi-
cal processes or functions such as energy fl ow 
and matter cycling needed for the survival of 
species and biological communities. See bio-
diversity, ecological diversity, genetic diversity, species 
diversity.

fundamental niche  Full potential range of 
the physical, chemical, and biological factors a 
species can use if it does not face any competi-
tion from other species. See ecological niche. 
Compare realized niche.

fungicide Chemical that kills fungi.

game species  Type of wild animal that people 
hunt or fi sh for, for sport and recreation and 
sometimes for food.

gamma ray  Form of ionizing electromagnetic 
radiation with a high energy content emitted by 
some radioisotopes. It readily penetrates body 
tissues. See also alpha particle, beta particle.

GDP See gross domestic product.

gene mutation  See mutation.

gene pool  Sum total of all genes found in 
the individuals of the population of a particular 
species.

generalist species  Species with a broad 
ecological niche. They can live in many differ-
ent places, eat a variety of foods, and tolerate 
a wide range of environmental conditions. 
Examples include fl ies, cockroaches, mice, 
rats, and humans. Compare specialist species.

genes Coded units of information about 
specifi c traits that are passed from parents 
to offspring during reproduction. They con-
sist of segments of DNA molecules found in 
chromosomes.

gene splicing  See genetic engineering.

genetic adaptation  Changes in the genetic 
makeup of organisms of a species that allow 
the species to reproduce and gain a competi-
tive advantage under changed environmental 
conditions. See differential reproduction, evolution, 
mutation, natural selection.

genetically modifi ed organism (GMO)
Organism whose genetic makeup has been 
altered by genetic engineering.

genetic diversity  Variability in the genetic 
makeup among individuals within a single spe-
cies. See biodiversity. Compare ecological diversity, 
functional diversity, species diversity.

genetic engineering  Insertion of an alien 
gene into an organism to give it a benefi cial 
genetic trait. Compare artifi cial selection, natural 
selection.

geographic isolation  Separation of popula-
tions of a species for long times into different 
areas.

geology Study of the earth’s dynamic history. 
Geologists study and analyze rocks and the 
features and processes of the earth’s interior and 
surface.

geosphere Earth’s intensely hot core, thick 
mantle composed mostly of rock, and thin outer 
crust that contains most of the earth’s rock, soil, 
and sediment. Compare atmosphere, biosphere, 
hydrosphere.

geothermal energy  Heat transferred from 
the earth’s underground concentrations of 
dry steam (steam with no water droplets), 
wet steam (a mixture of steam and water 
droplets), or hot water trapped in fractured or 
porous rock.

global climate change  Broad term referring 
to changes in any aspects of the earth’s climate, 
including temperature, precipitation, and storm 
activity. Compare weather.

globalization Broad process of global social, 
economic, and environmental change that leads 
to an increasingly integrated world.

global warming  Warming of the earth’s 
lower atmosphere (troposphere) because of 
increases in the concentrations of one or more 
greenhouse gases. It can result in climate change 
that can last for decades to thousands of years. 
See greenhouse effect, greenhouse gases, natural 
greenhouse effect.

GMO See genetically modifi ed organism.

GPP See gross primary productivity.
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grassland Biome found in regions where 
enough annual average precipitation to support 
the growth of grass and small plants but not 
enough to support large stands of trees. Com-
pare desert, forest.

greenhouse effect  Natural effect that re-
leases heat in the atmosphere (troposphere) 
near the earth’s surface. Water vapor, carbon 
dioxide, ozone, and other gases in the lower 
atmosphere (troposphere) absorb some of the 
infrared radiation (heat) radiated by the earth’s 
surface. Their molecules vibrate and transform 
the absorbed energy into longer-wavelength 
infrared radiation (heat) in the troposphere. If 
the atmospheric concentrations of these green-
house gases increase and other natural processes 
do not remove them, the average temperature 
of the lower atmosphere will increase gradu-
ally. Compare global warming. See also natural
greenhouse effect.

greenhouse gases  Gases in the earth’s lower 
atmosphere (troposphere) that cause the green-
house effect. Examples include carbon dioxide, 
chlorofl uorocarbons, ozone, methane, water 
vapor, and nitrous oxide.

green manure  Freshly cut or still-growing 
green vegetation that is plowed into the soil to 
increase the organic matter and humus avail-
able to support crop growth. Compare animal
manure.

green revolution  Popular term for the intro-
duction of scientifi cally bred or selected varieties 
of grain (rice, wheat, maize) that, with adequate 
inputs of fertilizer and water, can greatly in-
crease crop yields.

gross domestic product (GDP)  Annual
market value of all goods and services produced 
by all fi rms and organizations, foreign and 
domestic, operating within a country. See per
capita GDP.

gross primary productivity (GPP)  Rate at 
which an ecosystem’s producers capture and 
store a given amount of chemical energy as 
biomass in a given length of time. Compare net
primary productivity.

ground fi re  Fire that burns decayed leaves or 
peat deep below the ground surface. Compare 
crown fi re, surface fi re.

groundwater Water that sinks into the soil 
and is stored in slowly fl owing and slowly 
renewed underground reservoirs called aquifers; 
underground water in the zone of saturation, 
below the water table. Compare runoff, surface 
water.

habitat Place or type of place where an organ-
ism or population of organisms lives. Compare 
ecological niche.

habitat fragmentation  Breakup of a habitat 
into smaller pieces, usually as a result of human 
activities.

half-life Time needed for one-half of the 
nuclei in a radioisotope to emit their radiation. 
Each radioisotope has a characteristic half-life, 
which may range from a few millionths of a sec-
ond to several billion years. See radioisotope.

hazard Something that can cause injury, dis-
ease, economic loss, or environmental damage. 
See also risk.

hazardous chemical  Chemical that can cause 
harm because it is fl ammable or explosive, can 
irritate or damage the skin or lungs (such as 
strong acidic or alkaline substances), or can 
cause allergic reactions of the immune system 
(allergens). See also toxic chemical.

hazardous waste  Any solid, liquid, or 
containerized gas that can catch fi re easily, is 
corrosive to skin tissue or metals, is unstable and 
can explode or release toxic fumes, or has harm-
ful concentrations of one or more toxic materials 
that can leach out. See also toxic waste.

heat Total kinetic energy of all randomly 
moving atoms, ions, or molecules within a 
given substance, excluding the overall motion 
of the whole object. Heat always fl ows sponta-
neously from a warmer sample of matter to a 
colder sample of matter. This is one way to state 
the second law of thermodynamics. Compare 
temperature.

herbicide Chemical that kills a plant or inhib-
its its growth.

herbivore Plant-eating organism. Examples 
include deer, sheep, grasshoppers, and zoo-
plankton. Compare carnivore, omnivore.

heterotroph See consumer.

high Air mass with a high pressure. Compare 
low.

high-grade ore  Ore containing a large 
amount of the desired mineral. Compare low-
grade ore.

high-input agriculture  See industrialized
agriculture.

high-quality energy  Energy that is concen-
trated and has great ability to perform useful 
work. Examples include high-temperature heat 
and the energy in electricity, coal, oil, gasoline, 
sunlight, and nuclei of uranium-235. Compare 
low-quality energy.

high-quality matter  Matter that is concen-
trated and contains a high concentration of a 
useful resource. Compare low-quality matter.

high-throughput economy  Economic sys-
tem in most advanced industrialized countries, 
in which ever-increasing economic growth is 
sustained by maximizing the rate at which mat-
ter and energy resources are used, with little 
emphasis on pollution prevention, recycling, 
reuse, reduction of unnecessary waste, and 
other forms of resource conservation. Compare 
low-throughput economy, matter-recycling economy.

high-waste economy  See high-throughput
economy.

HIPPCO Acronym used by conservation biolo-
gists for the six most important secondary causes 
of premature extinction: Habitat destruction, 
degradation, and fragmentation; Invasive (non-
native) species; Population growth (too many 
people consuming too many resources); Pollu-
tion; Climate change; and Overexploitation.

host Plant or animal on which a parasite feeds.

human capital  People’s physical and mental 
talents that provide labor, innovation, culture, 
and organization. Compare manufactured capital, 
natural capital.

human resources  See human capital.

humus Slightly soluble residue of undigested 
or partially decomposed organic material in 
topsoil. This material helps retain water and 
water-soluble nutrients, which can be taken up 
by plant roots.

hunger   See chronic undernutrition.

hunter–gatherers People who get their food 
by gathering edible wild plants and other mate-
rials and by hunting wild animals and fi sh.

hydrocarbon Organic compound made of hy-
drogen and carbon atoms. The simplest hydro-
carbon is methane (CH4), the major component 
of natural gas.

hydroelectric power plant  Structure in 
which the energy of falling or fl owing water 
spins a turbine generator to produce electricity.

hydrologic cycle  Biogeochemical cycle that 
collects, purifi es, and distributes the earth’s 
fi xed supply of water from the environment to 
living organisms and then back to the environ-
ment.

hydropower Electrical energy produced by 
falling or fl owing water. See hydroelectric power 
plant.

hydrosphere Earth’s liquid water (oceans, 
lakes, other bodies of surface water, and un-
derground water), frozen water (polar ice caps, 
fl oating ice caps, and ice in soil, known as 
permafrost), and water vapor in the atmosphere. 
See also hydrologic cycle. Compare atmosphere,
biosphere, geosphere.

hypereutrophic Result of excessive inputs of 
nutrients in a lake. See cultural eutrophication.

igneous rock  Rock formed when molten rock 
material (magma) wells up from the earth’s 
interior, cools, and solidifi es into rock masses. 
Compare metamorphic rock, sedimentary rock. See 
rock cycle.

immature community  Community at an 
early stage of ecological succession. It usually 
has a low number of species and ecological 
niches and cannot capture and use energy and 
cycle critical nutrients as effi ciently as more 
complex, mature communities. Compare mature
community.

immigrant species  See nonnative species.

immigration Migration of people into a coun-
try or area to take up permanent residence.

indicator species  Species that serve as early 
warnings that a community or ecosystem is be-
ing degraded. Compare foundation species, keystone 
species, native species, nonnative species.

inductive reasoning  Using specifi c observa-
tions and measurements to arrive at a general 
conclusion or hypothesis. Compare deductive
reasoning.
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industrialized agriculture  Production
of large quantities of crops and livestock for 
domestic and foreign sale; involves use of large 
inputs of energy from fossil fuels (especially oil 
and natural gas), water, fertilizer, and pesticides. 
Compare subsistence farming.

industrial–medical revolution  Use of new 
sources of energy from fossil fuels and later from 
nuclear fuels, and use of new technologies, to 
grow food and manufacture products. Compare 
agricultural revolution, environmental revolution, 
hunter–gatherers, information and globalization 
revolution.

industrial smog  Type of air pollution con-
sisting mostly of a mixture of sulfur dioxide, 
suspended droplets of sulfuric acid formed from 
some of the sulfur dioxide, and suspended solid 
particles. Compare photochemical smog.

industrial solid waste  Solid waste produced 
by mines, factories, refi neries, food growers, and 
businesses that supply people with goods and 
services. Compare municipal solid waste.

inertia Ability of a living system, such as a 
grassland or a forest, to survive moderate distur-
bances. Compare constancy, resilience.

infant mortality rate  Number of babies out 
of every 1,000 born each year who die before 
their fi rst birthday.

infectious disease  Disease caused when a 
pathogen such as a bacterium, virus, or parasite 
invades the body and multiplies in its cells and 
tissues. Examples are fl u, HIV, malaria, tuber-
culosis, and measles. See transmissible disease.
Compare nontransmissible disease.

infi ltration  Downward movement of water 
through soil.

information and globalization revolu-
tion Use of new technologies such as the 
telephone, radio, television, computers, the 
Internet, automated databases, and remote sens-
ing satellites to enable people to have increas-
ingly rapid access to much more information 
on a global scale. Compare agricultural revolu-
tion, environmental revolution, hunter–gatherers, 
industrial–medical revolution.

inherent value  See intrinsic value.

inland wetland  Land away from the coast, 
such as a swamp, marsh, or bog, that is covered 
all or part of the time with fresh water. Compare 
coastal wetland.

inorganic compounds  All compounds not 
classifi ed as organic compounds. See organic
compounds.

inorganic fertilizer  See commercial inorganic 
fertilizer.

input Matter, energy, or information entering 
a system. Compare output, throughput.

input pollution control  See pollution
prevention.

insecticide Chemical that kills insects.

instrumental value  Value of an organism, 
species, ecosystem, or the earth’s biodiversity 

based on its usefulness to humans. Compare 
intrinsic value.

integrated pest management (IPM)  Com-
bined use of biological, chemical, and cultivation 
methods in proper sequence and timing to keep 
the size of a pest population below the size that 
causes economically unacceptable loss of a crop 
or livestock animal.

integrated waste management  Variety of 
strategies for both waste reduction and waste 
management designed to deal with the solid 
wastes we produce.

intercropping Growing two or more different 
crops at the same time on a plot. For example, 
a carbohydrate-rich grain that depletes soil 
nitrogen and a protein-rich legume that adds ni-
trogen to the soil may be intercropped. Compare 
monoculture, polyculture.

internal cost  Direct cost paid by the producer 
and the buyer of an economic good. Compare 
external benefi t, external cost, full cost.

interspecifi c competition  Attempts by 
members of two or more species to use the same 
limited resources in an ecosystem. See competi-
tion, intraspecifi c competition.

intertidal zone  The area of shoreline be-
tween low and high tides.

intraspecifi c competition  Attempts by two 
or more organisms of a single species to use the 
same limited resources in an ecosystem. See com-
petition, interspecifi c competition.

intrinsic rate of increase (r)  Rate at which 
a population could grow if it had unlimited 
resources. Compare environmental resistance.

intrinsic value  Value of an organism, species, 
ecosystem, or the earth’s biodiversity based on 
its existence, regardless of whether it has any 
usefulness to humans. Compare instrumental
value.

invasive species  See nonnative species.

inversion See temperature inversion.

invertebrates Animals that have no back-
bones. Compare vertebrates.

ion Atom or group of atoms with one or more 
positive (#) or negative (!) electrical charges. 
Examples are Na# and Cl!. Compare atom,
molecule.

ionizing radiation  Fast-moving alpha or beta 
particles or high-energy radiation (gamma rays) 
emitted by radioisotopes. They have enough 
energy to dislodge one or more electrons from 
atoms they hit, thereby forming charged ions 
in tissue that can react with and damage living 
tissue. Compare nonionizing radiation.

isotopes Two or more forms of a chemical 
element that have the same number of protons 
but different mass numbers because they have 
different numbers of neutrons in their nuclei.

J-shaped curve  Curve with a shape similar 
to that of the letter J; can represent prolonged 
exponential growth. See exponential growth.

junk science  See unreliable science.

kerogen Solid, waxy mixture of hydrocar-
bons found in oil shale rock. Heating the rock 
to high temperatures causes the kerogen to 
vaporize. The vapor is condensed, purifi ed, and 
then sent to a refi nery to produce gasoline, 
heating oil, and other products. See also oil shale, 
shale oil.

keystone species  Species that play roles af-
fecting many other organisms in an ecosystem. 
Compare foundation species, indicator species, native 
species, nonnative species.

kilocalorie (kcal)  Unit of energy equal to 
1,000 calories. See calorie.

kilowatt (kW)  Unit of electrical power equal 
to 1,000 watts. See watt.

kinetic energy  Energy that matter has 
because of its mass and speed, or velocity. Com-
pare potential energy.

K-selected species  Species that produce 
a few, often fairly large offspring but invest a 
great deal of time and energy to ensure that 
most of those offspring reach reproductive age. 
Compare r-selected species.

K-strategists See K-selected species.

lake Large natural body of standing fresh 
water formed when water from precipita-
tion, land runoff, or groundwater fl ow fi lls a 
depression in the earth created by glaciation, 
earth movement, volcanic activity, or a giant 
meteorite. See eutrophic lake, mesotrophic lake, 
oligotrophic lake.

land degradation  Decrease in the ability of 
land to support crops, livestock, or wild species 
in the future as a result of natural or human-
induced processes.

landfi ll  See sanitary landfi ll.

land-use planning  Planning to determine 
the best present and future uses of each parcel 
of land.

latitude Distance from the equator. Compare 
altitude.

law of conservation of energy  See fi rst law 
of thermodynamics.

law of conservation of matter  In any 
physical or chemical change, matter is neither 
created nor destroyed but merely changed from 
one form to another; in physical and chemi-
cal changes, existing atoms are rearranged into 
different spatial patterns (physical changes) or 
different combinations (chemical changes).

law of nature  See scientifi c law.

law of tolerance  Existence, abundance, and 
distribution of a species in an ecosystem are de-
termined by whether the levels of one or more 
physical or chemical factors fall within the range 
tolerated by the species. See threshold effect.

LD50 See median lethal dose.

LDC See developing country.

leaching Process in which various chemicals 
in upper layers of soil are dissolved and carried 
to lower layers and, in some cases, to ground-
water.
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less developed country (LDC)  See developing
country.

life-cycle cost  Initial cost plus lifetime operat-
ing costs of an economic good. Compare full cost.

life expectancy  Average number of years a 
newborn infant can be expected to live.

limiting factor  Single factor that limits the 
growth, abundance, or distribution of the popu-
lation of a species in an ecosystem. See limiting
factor principle.

limiting factor principle  Too much or too 
little of any abiotic factor can limit or prevent 
growth of a population of a species in an ecosys-
tem, even if all other factors are at or near the 
optimal range of tolerance for the species.

linear growth  Growth in which a quantity 
increases by some fi xed amount during each 
unit of time. An example is growth that in-
creases by 2 units in the sequence 2, 4, 6, 8, 10, 
and so on. Compare exponential growth.

liquefi ed natural gas (LNG)  Natural gas con-
verted to liquid form by cooling it to a very low 
temperature.

liquefi ed petroleum gas (LPG)  Mixture of 
liquefi ed propane (C3H8) and butane (C4H10) gas 
removed from natural gas and used as a 
fuel.

lithosphere Outer shell of the earth, com-
posed of the crust and the rigid, outermost 
part of the mantle outside the asthenosphere; 
material found in the earth’s plates. See crust,
geosphere, mantle.

loams Soils containing a mixture of clay, sand, 
silt, and humus. Good for growing most crops.

lobbying Process in which individuals or 
groups use public pressure, personal contacts, 
and political action to persuade legislators to 
vote or act in their favor.

logistic growth  Pattern in which exponential 
population growth occurs when the popula-
tion is small, and population growth decreases 
steadily with time as the population approaches 
the carrying capacity. See S-shaped curve.

low Air mass with a low pressure. Compare 
high.

low-grade ore  Ore containing a small amount 
of a desired mineral. Compare high-grade ore.

low-input agriculture  See sustainable agri-
culture.

low-quality energy  Energy that is dispersed 
and has little ability to do useful work. An 
example is low-temperature heat. Compare 
high-quality energy.

low-quality matter  Matter that is dilute or 
dispersed or contains a low concentration of a 
useful resource. Compare high-quality matter.

low-throughput economy  Economy based 
on working with nature by recycling and reus-
ing discarded matter, preventing pollution, con-
serving matter and energy resources by reducing 
unnecessary waste and use, not degrading 
renewable resources, building things that are 

easy to recycle, reuse, and repair, not allowing 
population size to exceed the carrying capacity 
of the environment, and preserving biodiversity. 
Compare high-throughput economy, matter-recycling 
economy.

low-waste economy  See low-throughput
economy.

LPG See liquefi ed petroleum gas.

magma Molten rock below the earth’s surface.

malnutrition Faulty nutrition, caused by 
a diet that does not supply an individual with 
enough protein, essential fats, vitamins, miner-
als, and other nutrients needed for good health. 
Compare overnutrition, undernutrition.

mangrove swamps  Swamps found on the 
coastlines in warm tropical climates. They are 
dominated by mangrove trees, any of about 
55 species of trees and shrubs that can live partly 
submerged in the salty environment of coastal 
swamps.

mantle Zone of the earth’s interior between 
its core and its crust. Compare core, crust. See 
geosphere, lithosphere.

manufactured capital  See manufactured
resources.

manufactured resources  Manufactured
items made from natural resources and used 
to produce and distribute economic goods and 
services bought by consumers. They include 
tools, machinery, equipment, factory buildings, 
and transportation and distribution facilities. 
Compare human resources, natural resources.

manure See animal manure, green manure.

mass Amount of material in an object.

mass extinction  Catastrophic, widespread, 
often global event in which major groups of spe-
cies are wiped out over a short time compared 
with normal (background) extinctions. Compare 
background extinction.

mass number  Sum of the number of neu-
trons (n) and the number of protons (p) in the 
nucleus of an atom. It gives the approximate 
mass of that atom. Compare atomic number.

mass transit  Buses, trains, trolleys, and other 
forms of transportation that carry large numbers 
of people.

mass wasting  Process that occurs when rock 
and soil masses become detached from under-
lying material and move downhill under the 
infl uence of gravity.

material effi ciency  Total amount of material 
needed to produce each unit of goods or ser-
vices. Also called resource productivity. Compare 
energy effi ciency.

matter Anything that has mass (the amount 
of material in an object) and takes up space. On 
the earth, where gravity is present, we weigh an 
object to determine its mass.

matter quality  Measure of how useful a 
matter resource is, based on its availability and 
concentration. See high-quality matter, low-quality 
matter.

matter-recycling-and-reuse economy  
Economy that emphasizes recycling the 
maximum amount of all resources that can 
be recycled and reused. The goal is to allow 
economic growth to continue without depleting 
matter resources and without producing exces-
sive pollution and environmental degradation. 
Compare high-throughput economy, low-throughput 
economy.

mature community  Fairly stable, self-
sustaining community in an advanced stage of 
ecological succession; usually has a diverse array 
of species and ecological niches; captures and 
uses energy and cycles critical chemicals more 
effi ciently than simpler, immature communities. 
Compare immature community.

maximum sustainable yield  See sustainable
yield.

MDC See developed country.

median lethal dose (LD50)  Amount of a 
toxic material per unit of body weight of test 
animals that kills half the test population in a 
certain time.

mediation Approach for settling a dispute 
in which the parties involved are encouraged 
to sit down and talk under the guidance of a 
professional mediator, with the goal of resolving 
the dispute in a way that is acceptable to both 
parties. Compare arbitration.

megacity City with 10 million or more 
people.

meltdown Melting of the highly radioactive 
core of a nuclear reactor.

mesotrophic lake  Lake with a moderate 
supply of plant nutrients. Compare eutrophic lake, 
oligotrophic lake.

metabolism Ability of a living cell or organ-
ism to capture and transform matter and energy 
from its environment to supply its needs for 
survival, growth, and reproduction.

metamorphic rock  Rock produced when a 
preexisting rock is subjected to high tempera-
tures (which may cause it to melt partially), 
high pressures, chemically active fl uids, or a 
combination of these agents. Compare igneous
rock, sedimentary rock. See rock cycle.

metastasis Spread of malignant (cancerous) 
cells from a tumor to other parts of the body.

metropolitan area  See urban area.

microorganisms Organisms such as bacteria 
that are so small that it takes a microscope to see 
them.

micropower systems  Systems of small-scale 
decentralized units that generate 1–10,000 kilo-
watts of electricity. Examples include microtur-
bines, fuel cells, wind turbines, and household 
solar-cell panels and solar-cell roofs.

migration Movement of people into and out 
of specifi c geographic areas. Compare emigration
and immigration.

mineral Any naturally occurring inorganic 
substance found in the earth’s crust as a crystal-
line solid. See mineral resource.
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mineral resource  Concentration of naturally 
occurring solid, liquid, or gaseous material in or 
on the earth’s crust in a form and amount such 
that extracting and converting it into useful ma-
terials or items is currently or potentially profi t-
able. Mineral resources are classifi ed as metallic
(such as iron and tin ores) or nonmetallic (such as 
fossil fuels, sand, and salt).

minimum-tillage farming  See conservation-
tillage farming.

mixture Combination of one or more ele-
ments and compounds.

model Approximate representation or simula-
tion of a system being studied.

molecule Combination of two or more atoms 
of the same chemical element (such as O2)
or different chemical elements (such as H2O)
held together by chemical bonds. Compare atom,
ion.

monoculture Cultivation of a single crop, 
usually on a large area of land. Compare poly-
culture.

more developed country (MDC)  See devel-
oped country.

mountaintop removal  Type of surface min-
ing that uses explosives, massive shovels, and 
large machines called draglines to remove the 
top of a mountain to expose seams of coal un-
derneath a mountain. Compare area strip mining, 
contour strip mining.

MSW See municipal solid waste.

multiple use  Use of an ecosystem such as a 
forest for a variety of purposes such as timber 
harvesting, wildlife habitat, watershed protec-
tion, and recreation. Compare sustainable yield.

municipal solid waste (MSW)  Solid materi-
als discarded by homes and businesses in or near 
urban areas. See solid waste. Compare industrial
solid waste.

mutagen Chemical or form of radiation that 
causes inheritable changes (mutations) in the 
DNA molecules in genes. See carcinogen, muta-
tion, teratogen.

mutation Random change in DNA mol-
ecules making up genes that can alter anatomy, 
physiology, or behavior in offspring. See muta-
gen.

mutualism Type of species interaction in 
which both participating species generally ben-
efi t. Compare commensalism.

native species  Species that normally live 
and thrive in a particular ecosystem. Compare 
foundation species, indicator species, keystone species, 
nonnative species.

natural capital  Natural resources and natural 
services that keep us and other species alive and 
support our economies. See natural resources, 
natural services.

natural gas  Underground deposits of gases 
consisting of 50–90% by weight methane gas 
(CH4) and small amounts of heavier gaseous 
hydrocarbon compounds such as propane (C3H8)
and butane (C4H10).

natural greenhouse effect  Heat buildup 
in the troposphere caused by the presence of 
certain gases, called greenhouse gases. Without 
this effect, the earth would be nearly as cold as 
Mars, and life as we know it could not exist. See 
global warming.

natural income  Renewable resources such 
as plants, animals, and soil provided by natural 
capital.

natural law  See scientifi c law.

natural radioactive decay  Nuclear change in 
which unstable nuclei of atoms spontaneously 
shoot out particles (usually alpha or beta par-
ticles) or energy (gamma rays) at a fi xed rate.

natural rate of extinction  See background
extinction.

natural recharge  Natural replenishment of 
an aquifer by precipitation, which percolates 
downward through soil and rock. See recharge
area.

natural resources  Materials such as air, 
water, and soil and energy in nature that are es-
sential or useful to humans. See natural capital.

natural selection  Process by which a 
particular benefi cial gene (or set of genes) is 
reproduced in succeeding generations more than 
other genes. The result of natural selection is a 
population that contains a greater proportion 
of organisms better adapted to certain environ-
mental conditions. See adaptation, biological evolu-
tion, differential reproduction, mutation.

natural services  Processes of nature, such as 
purifi cation of air and water and pest control, 
which support life and human economies. See 
natural capital.

negative feedback loop  Feedback loop that 
causes a system to change in the opposite direc-
tion from which is it moving. Compare positive
feedback loop.

nekton Strongly swimming organisms found 
in aquatic systems. Compare benthos, plankton.

net energy  Total amount of useful energy 
available from an energy resource or energy 
system over its lifetime, minus the amount of 
energy used (the fi rst energy law), automatically
wasted (the second energy law), and unnecessarily
wasted in fi nding, processing, concentrating, and 
transporting it to users.

net primary productivity (NPP)  Rate at 
which all the plants in an ecosystem produce 
net useful chemical energy; equal to the differ-
ence between the rate at which the plants in 
an ecosystem produce useful chemical energy 
(gross primary productivity) and the rate at 
which they use some of that energy through 
cellular respiration. Compare gross primary 
productivity.

neurotoxins Chemicals that can harm the hu-
man nervous system (brain, spinal cord, peripheral 
nerves).

neutral solution  Water solution containing 
an equal number of hydrogen ions (H#) and 
hydroxide ions (OH!); water solution with a pH 
of 7. Compare acid solution, basic solution.

neutron (n)  Elementary particle in the nuclei 
of all atoms (except hydrogen-1). It has a rela-
tive mass of 1 and no electric charge. Compare 
electron, proton.

niche See ecological niche.

nitric oxide (NO)  Colorless gas that forms 
when nitrogen and oxygen gas in air react at the 
high-combustion temperatures in automobile 
engines and coal-burning plants. Lightning and 
certain bacteria in soil and water also produce 
NO as part of the nitrogen cycle.

nitrogen cycle  Cyclic movement of nitrogen 
in different chemical forms from the environ-
ment to organisms and then back to the envi-
ronment.

nitrogen dioxide (NO2) Reddish-brown gas 
formed when nitrogen oxide reacts with oxygen 
in the air.

nitrogen fi xation  Conversion of atmospheric 
nitrogen gas into forms useful to plants by light-
ning, bacteria, and cyanobacteria; it is part of the 
nitrogen cycle.

nitrogen oxides (NOx) See nitric oxide and 
nitrogen dioxide.

noise pollution  Any unwanted, disturbing, 
or harmful sound that impairs or interferes with 
hearing, causes stress, hampers concentration 
and work effi ciency, or causes accidents.

nondegradable pollutant  Material that 
is not broken down by natural processes. 
Examples include the toxic elements lead and 
mercury. Compare biodegradable pollutant.

nonionizing radiation  Forms of radiant 
energy such as radio waves, microwaves, infra-
red light, and ordinary light that do not have 
enough energy to cause ionization of atoms in 
living tissue. Compare ionizing radiation.

nonnative species  Species that migrate into 
an ecosystem or are deliberately or accidentally 
introduced into an ecosystem by humans. Com-
pare native species.

nonpoint sources  Broad and diffuse areas, 
rather than points, from which pollutants enter 
bodies of surface water or air. Examples include 
runoff of chemicals and sediments from crop-
land, livestock feedlots, logged forests, urban 
streets, parking lots, lawns, and golf courses. 
Compare point source.

nonrenewable resource  Resource that exists 
in a fi xed amount (stock) in the earth’s crust 
and has the potential for renewal by geological, 
physical, and chemical processes taking place 
over hundreds of millions to billions of years. 
Examples include copper, aluminum, coal, and 
oil. We classify these resources as exhaustible 
because we are extracting and using them at a 
much faster rate than they are formed. Compare 
renewable resource.

nontransmissible disease  Disease that is 
not caused by living organisms and does not 
spread from one person to another. Examples 
include most cancers, diabetes, cardiovascular 
disease, and malnutrition. Compare transmissible
disease.
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no-till farming  See conservation-tillage farming.

NPP See net primary productivity.

nuclear change  Process in which nuclei of cer-
tain isotopes spontaneously change, or are forced 
to change, into one or more different isotopes. 
The three principal types of nuclear change are 
natural radioactivity, nuclear fi ssion, and nuclear 
fusion. Compare chemical change, physical change.

nuclear energy  Energy released when atomic 
nuclei undergo a nuclear reaction such as the 
spontaneous emission of radioactivity, nuclear 
fi ssion, or nuclear fusion.

nuclear fi ssion  Nuclear change in which the 
nuclei of certain isotopes with large mass num-
bers (such as uranium-235 and plutonium-239) 
are split apart into lighter nuclei when struck by 
a neutron. This process releases more neutrons 
and a large amount of energy. Compare nuclear
fusion.

nuclear fusion  Nuclear change in which two 
nuclei of isotopes of elements with a low mass 
number (such as hydrogen-2 and hydrogen-3) 
are forced together at extremely high tempera-
tures until they fuse to form a heavier nucleus 
(such as helium-4). This process releases a large 
amount of energy. Compare nuclear fi ssion.

nucleus Extremely tiny center of an atom, 
making up most of the atom’s mass. It contains 
one or more positively charged protons and 
one or more neutrons with no electrical charge 
(except for a hydrogen-1 atom, which has one 
proton and no neutrons in its nucleus).

nutrient Any chemical element or compound 
an organism must take in to live, grow, or 
reproduce.

nutrient cycle  See biogeochemical cycle.

nutrient cycling  The circulation of chemicals 
necessary for life, from the environment (mostly 
from soil and water) through organisms and 
back to the environment

oil See crude oil.

oil sand  Deposit of a mixture of clay, sand, 
water, and varying amounts of a tar-like heavy 
oil known as bitumen. Bitumen can be extracted 
from oil sand by heating. It is then purifi ed and 
upgraded to synthetic crude oil. See bitumen.

oil shale  Fine-grained rock containing various 
amounts of kerogen, a solid, waxy mixture of 
hydrocarbon compounds. Heating the rock to 
high temperatures converts the kerogen into a 
vapor that can be condensed to form a slow-
fl owing heavy oil called shale oil. See kerogen,
shale oil.

old-growth forest  Virgin and old, second-
growth forests containing trees that are often 
hundreds—sometimes thousands—of years old. 
Examples include forests of Douglas fi r, western 
hemlock, giant sequoia, and coastal redwoods 
in the western United States. Compare second-
growth forest, tree plantation.

oligotrophic lake  Lake with a low sup-
ply of plant nutrients. Compare eutrophic lake, 
mesotrophic lake.

omnivore Animal that can use both plants 
and other animals as food sources. Examples 
include pigs, rats, cockroaches, and humans. 
Compare carnivore, herbivore.

open access renewable resource   Renew-
able resource owned by no one and available for 
use by anyone at little or no charge. Examples 
include clean air, underground water supplies, 
the open ocean and its fi sh, and the ozone layer. 
Compare common property resource, private property 
resource.

open dump  Fields or holes in the ground 
where garbage is deposited and sometimes 
covered with soil. They are rare in developed 
countries, but are widely used in many develop-
ing countries, especially to handle wastes from 
megacities. Compare sanitary landfi ll.

open-pit mining  Removing minerals such as 
gravel, sand, and metal ores by digging them out 
of the earth’s surface and leaving an open pit 
behind. Compare area strip mining, contour strip 
mining, mountaintop removal, subsurface mining.

open sea  Part of an ocean that lies beyond the 
continental shelf. Compare coastal zone.

ore Part of a metal-yielding material that 
can be economically extracted from a mineral; 
typically containing two parts: the ore mineral, 
which contains the desired metal, and waste 
mineral material (gangue). See high-grade ore, 
low-grade ore.

organic agriculture  Growing crops with 
limited or no use of synthetic pesticides and 
synthetic fertilizers; raising livestock without use 
of synthetic growth regulators and feed addi-
tives; using organic fertilizer (manure, legumes, 
compost) and natural pest control (bugs that 
eat harmful bugs, plants that repel bugs, and 
environmental controls such as crop rotation). 
See sustainable agriculture.

organic compounds  Compounds containing 
carbon atoms combined with each other and 
with atoms of one or more other elements such 
as hydrogen, oxygen, nitrogen, sulfur, phospho-
rus, chlorine, and fl uorine. All other compounds 
are called inorganic compounds.

organic farming  See organic agriculture and 
sustainable agriculture.

organic fertilizer  Organic material such as 
animal manure, green manure, and compost, 
applied to cropland as a source of plant nutri-
ents. Compare commercial inorganic fertilizer.

organism Any form of life.

output Matter, energy, or information leaving 
a system. Compare input, throughput.

output pollution control  See pollution
cleanup.

overburden Layer of soil and rock overlying 
a mineral deposit. Surface mining removes this 
layer.

overfi shing  Harvesting so many fi sh of a spe-
cies, especially immature individuals, that not 
enough breeding stock is left to replenish the 
species and it becomes unprofi table to harvest 
them.

overgrazing Destruction of vegetation when 
too many grazing animals feed too long and 
exceed the carrying capacity of a rangeland or 
pasture area.

overnutrition Diet so high in calories, satu-
rated (animal) fats, salt, sugar, and processed 
foods and so low in vegetables and fruits that 
the consumer runs a high risk of developing 
diabetes, hypertension, heart disease, and other 
health hazards. Compare malnutrition, undernu-
trition.

oxygen-demanding wastes  Organic materi-
als that are usually biodegraded by aerobic 
(oxygen-consuming) bacteria if there is enough 
dissolved oxygen in the water.

ozone (O3) Colorless and highly reactive gas 
and a major component of photochemical smog. 
Also found in the ozone layer in the strato-
sphere. See photochemical smog.

ozone depletion  Decrease in concentration of 
ozone (O3) in the stratosphere. See ozone
layer.

ozone layer  Layer of gaseous ozone (O3) in 
the stratosphere that protects life on earth by 
fi ltering out most harmful ultraviolet radiation 
from the sun.

PANs  Peroxyacyl nitrates; group of chemicals 
found in photochemical smog.

paradigm shift  Shift in thinking that occurs 
when the majority of scientists in a fi eld or 
related fi elds agree that a new explanation or 
theory is better than the old one

parasite Consumer organism that lives on or 
in, and feeds on, a living plant or animal, known 
as the host, over an extended period. The 
parasite draws nourishment from and gradually 
weakens its host; it may or may not kill the host. 
See parasitism.

parasitism Interaction between species in 
which one organism, called the parasite, preys 
on another organism, called the host, by living 
on or in the host. See host, parasite.

particulates Also known as suspended par-
ticulate matter (SPM); variety of solid particles 
and liquid droplets small and light enough to 
remain suspended in the air for long periods. 
About 62% of the SPM in outdoor air comes 
from natural sources such as dust, wild fi res, and 
sea salt. The remaining 38% comes from human 
sources such as coal-burning electric power and 
industrial plants, motor vehicles, plowed fi elds, 
road construction, unpaved roads, and tobacco 
smoke.

parts per billion (ppb)  Number of parts of a 
chemical found in 1 billion parts of a particular 
gas, liquid, or solid.

parts per million (ppm)  Number of parts of 
a chemical found in 1 million parts of a particu-
lar gas, liquid, or solid.

parts per trillion (ppt)  Number of parts of a 
chemical found in 1 trillion parts of a particular 
gas, liquid, or solid.

passive solar heating system  System that 
captures sunlight directly within a structure and 
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converts it into low-temperature heat for space 
heating or for heating water for domestic use 
without the use of mechanical devices. Compare 
active solar heating system.

pasture Managed grassland or enclosed mead-
ow that usually is planted with domesticated 
grasses or other forage to be grazed by livestock. 
Compare feedlot.

pathogen Living organism that can cause 
disease in another organism. Examples include 
bacteria, viruses, and parasites.

PCBs See polychlorinated biphenyls.

peer review  Process of scientists reporting 
details of the methods and models they used, 
the results of their experiments, and the reason-
ing behind their hypotheses for other scientists 
working in the same fi eld (their peers) to exam-
ine and criticize.

per capita ecological footprint  Amount of 
biologically productive land and water needed 
to supply each person or population with the 
renewable resources they use and to absorb or 
dispose of the wastes from such resource use. It 
measures the average environmental impact of 
individuals or populations in different countries 
and areas. Compare ecological footprint.

per capita GDP  Annual gross domestic prod-
uct (GDP) of a country divided by its total popu-
lation at midyear. It gives the average slice of the 
economic pie per person. Used to be called per 
capita gross national product (GNP). See gross
domestic product.

per capita GDP PPP (Purchasing Power 
Parity) Measure of the amount of goods and 
services that a country’s average citizen could 
buy in the United States.

percolation Passage of a liquid through the 
spaces of a porous material such as soil.

perennial Plant that can live for more than 2 
years. Compare annual.

permafrost Perennially frozen layer of the 
soil that forms when the water there freezes. It 
is found in arctic tundra.

perpetual resource  Essentially inexhaust-
ible resource on a human time scale because 
it is renewed continuously. Solar energy is an 
example. Compare nonrenewable resource, renew-
able resource.

persistence  (1) the ability of a living system, 
such as a grassland or a forest, to survive moder-
ate disturbances (2) the tendency for a pollutant 
to stay in the air, water, soil, or body. Compare 
constancy, resilience.

pest Unwanted organism that directly or indi-
rectly interferes with human activities.

pesticide Any chemical designed to kill or 
inhibit the growth of an organism that people 
consider undesirable. See fungicide, herbicide, 
insecticide.

petrochemicals Chemicals obtained by 
refi ning (distilling) crude oil. They are used as 
raw materials in manufacturing most industrial 
chemicals, fertilizers, pesticides, plastics, syn-

thetic fi bers, paints, medicines, and many other 
products.

petroleum See crude oil.

pH Numeric value that indicates the relative 
acidity or alkalinity of a substance on a scale of 0 
to 14, with the neutral point at 7. Acid solutions 
have pH values lower than 7; basic or alkaline 
solutions have pH values greater than 7.

phosphorus cycle  Cyclic movement of 
phosphorus in different chemical forms from the 
environment to organisms and then back to the 
environment.

photochemical smog  Complex mixture of air 
pollutants produced in the lower atmosphere by 
the reaction of hydrocarbons and nitrogen ox-
ides under the infl uence of sunlight. Especially 
harmful components include ozone, peroxyacyl 
nitrates (PANs), and various aldehydes. Com-
pare industrial smog.

photosynthesis Complex process that takes 
place in cells of green plants. Radiant energy 
from the sun is used to combine carbon dioxide 
(CO2) and water (H2O) to produce oxygen (O2),
carbohydrates (such as glucose, C6H12O6), and 
other nutrient molecules. Compare aerobic respi-
ration, chemosynthesis.

photovoltaic (PV) cell  Device that converts 
radiant (solar) energy directly into electrical 
energy. Also called a solar cell.

physical change  Process that alters one 
or more physical properties of an element or 
a compound without changing its chemical 
composition. Examples include changing the 
size and shape of a sample of matter (crushing 
ice and cutting aluminum foil) and changing 
a sample of matter from one physical state to 
another (boiling and freezing water). Compare 
chemical change, nuclear change.

phytoplankton Small, drifting plants, mostly 
algae and bacteria, found in aquatic ecosystems. 
Compare plankton, zooplankton.

pioneer community  First integrated set of 
plants, animals, and decomposers found in an 
area undergoing primary ecological succession. 
See immature community, mature community.

pioneer species  First hardy species—often 
microbes, mosses, and lichens—that begin colo-
nizing a site as the fi rst stage of ecological suc-
cession. See ecological succession, pioneer community.

plaintiff Party in a court case bringing charges 
or seeking to collect damages for injuries to 
health or for economic loss; may also seek an 
injunction, by which the party being charged 
would be required to stop whatever action is 
causing harm. See defendant and civil suit.

planetary management worldview  
Worldview holding that humans are separate 
from nature, that nature exists mainly to meet 
our needs and increasing wants, and that we 
can use our ingenuity and technology to man-
age the earth’s life-support systems, mostly for 
our benefi t. It assumes that economic growth 
is unlimited. Compare deep ecology worldview, 
environmental wisdom worldview, stewardship 
worldview.

plankton Small plant organisms (phytoplank-
ton) and animal organisms (zooplankton) that 
fl oat in aquatic ecosystems.

plantation agriculture  Growing special-
ized crops such as bananas, coffee, and cacao in 
tropical developing countries, primarily for sale 
to developed countries.

plates See tectonic plates.

plate tectonics  Theory of geophysical pro-
cesses that explains the movements of litho-
spheric plates and the processes that occur at 
their boundaries. See lithosphere, tectonic plates.

point source  Single identifi able source that 
discharges pollutants into the environment. Ex-
amples include the smokestack of a power plant 
or an industrial plant, drainpipe of a meatpack-
ing plant, chimney of a house, or exhaust pipe 
of an automobile. Compare nonpoint source.

poison Chemical that adversely affects the 
health of a living human or animal by causing 
injury, illness, or death.

policies Set of laws and regulations that a 
government enforces and the programs it funds.

politics Process through which individuals 
and groups try to infl uence or control govern-
ment policies and actions that affect the local, 
state, national, and international communities.

pollutant Particular chemical or form of 
energy that can adversely affect the health, 
survival, or activities of humans or other living 
organisms. See pollution.

pollution Undesirable change in the physi-
cal, chemical, or biological characteristics of air, 
water, soil, or food that can adversely affect the 
health, survival, or activities of humans or other 
living organisms.

pollution cleanup  Device or process that re-
moves or reduces the level of a pollutant after it 
has been produced or has entered the environ-
ment. Examples include automobile emission 
control devices and sewage treatment plants. 
Compare pollution prevention.

pollution prevention  Device, process, or 
strategy used to prevent a potential pollutant 
from forming or entering the environment or to 
sharply reduce the amount entering the envi-
ronment. Compare pollution cleanup.

polychlorinated biphenyls (PCBs)  Group of 
209 toxic, oily, synthetic chlorinated hydrocar-
bon compounds that can be biologically ampli-
fi ed in food chains and webs.

polyculture Complex form of intercropping 
in which a large number of different plants 
maturing at different times are planted together. 
See also intercropping. Compare monoculture.

population Group of individual organisms of 
the same species living in a particular area.

population change  Increase or decrease in 
the size of a population. It is equal to (Births #
Immigration) ! (Deaths # Emigration).

population density  Number of organisms in 
a particular population found in a specifi ed area 
or volume.
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population dispersion  General pattern in 
which the members of a population are arranged 
throughout its habitat.

population distribution  Variation of 
population density over a particular geographic 
area or volume. For example, a country has 
a high population density in its urban areas 
and a much lower population density in rural 
areas.

population dynamics  Major abiotic and 
biotic factors that tend to increase or decrease 
the population size and affect the age and sex 
composition of a species.

population size  Number of individuals mak-
ing up a population’s gene pool.

positive feedback loop  Feedback loop that 
causes a system to change further in the same 
direction. Compare negative feedback loop.

potential energy  Energy stored in an object 
because of its position or the position of its parts. 
Compare kinetic energy.

poverty Inability to meet basic needs for food, 
clothing, and shelter.

ppb See parts per billion.

ppm See parts per million.

ppt See parts per trillion.

prairie See grassland.

precautionary principle  When there is sig-
nifi cant scientifi c uncertainty about potentially 
serious harm from chemicals or technologies, 
decision makers should act to prevent harm 
to humans and the environment. See pollution
prevention.

precipitation Water in the form of rain, sleet, 
hail, and snow that falls from the atmosphere 
onto land and bodies of water.

predation Interaction in which an organism 
of one species (the predator) captures and feeds 
on parts or all of an organism of another species 
(the prey).

predator Organism that captures and feeds 
on parts or all of an organism of another species 
(the prey).

predator–prey relationship  Relationship
that has evolved between two organisms, in 
which one organism has become the prey for 
the other, the latter called the predator. See 
predator, prey.

prey Organism that is captured and serves as 
a source of food for an organism of another spe-
cies (the predator).

primary consumer  Organism that feeds on 
all or part of plants (herbivore) or on other pro-
ducers. Compare detritivore, omnivore, secondary 
consumer.

primary pollutant  Chemical that has been 
added directly to the air by natural events or hu-
man activities and occurs in a harmful concen-
tration. Compare secondary pollutant.

primary productivity  See gross primary pro-
ductivity, net primary productivity.

primary recycling  Process in which materi-
als are recycled into new products of the same 
type—turning used aluminum cans into new 
aluminum cans, for example.

primary sewage treatment  Mechanical sew-
age treatment in which large solids are fi ltered 
out by screens and suspended solids settle out 
as sludge in a sedimentation tank. Compare ad-
vanced sewage treatment, secondary sewage treatment.

primary succession  Ecological succession in 
a bare area that has never been occupied by a 
community of organisms. See ecological succession.
Compare secondary succession.

principles of sustainability  Principles by 
which nature has sustained itself for billions of 
years by relying on solar energy, biodiversity, 
population regulation, and nutrient recycling.

private property resource  Land, mineral, 
or other resource owned by individuals or by 
a fi rm. Compare common property resource, open ac-
cess renewable resource.

probability Mathematical statement about 
how likely it is that something will happen.

producer Organism that uses solar energy 
(green plants) or chemical energy (some bac-
teria) to manufacture the organic compounds 
it needs as nutrients from simple inorganic 
compounds obtained from its environment. 
Compare consumer, decomposer.

prokaryotic cell  Cell containing no distinct 
nucleus or organelles. Compare eukaryotic cell.

proton (p)  Positively charged particle in the 
nuclei of all atoms. Each proton has a relative 
mass of 1 and a single positive charge. Compare 
electron, neutron.

pyramid of energy fl ow  Diagram represent-
ing the fl ow of energy through each trophic 
level in a food chain or food web. With each 
energy transfer, only a small part (typically 
10%) of the usable energy entering one trophic 
level is transferred to the organisms at the next 
trophic level.

radiation Fast-moving particles (particulate 
radiation) or waves of energy (electromag-
netic radiation). See alpha particle, beta particle, 
gamma ray.

radioactive decay  Change of a radioisotope 
to a different isotope by the emission of radio-
activity.

radioactive isotope  See radioisotope.

radioactive waste  Waste products of nuclear 
power plants, research, medicine, weapon 
production, or other processes involving nuclear 
reactions. See radioactivity.

radioactivity Nuclear change in which un-
stable nuclei of atoms spontaneously shoot out 
“chunks” of mass, energy, or both at a fi xed rate. 
The three principal types of radioactivity are 
gamma rays and fast-moving alpha particles and 
beta particles.

radioisotope Isotope of an atom that sponta-
neously emits one or more types of radioactivity 
(alpha particles, beta particles, gamma rays).

rain shadow effect  Low precipitation on 
the leeward side of a mountain when prevail-
ing winds fl ow up and over a high mountain or 
range of high mountains, creating semiarid and 
arid conditions on the leeward side of a high 
mountain range.

rangeland Land that supplies forage or veg-
etation (grasses, grass-like plants, and shrubs) 
for grazing and browsing animals and is not 
intensively managed. Compare feedlot, pasture.

range of tolerance  Range of chemical and 
physical conditions that must be maintained for 
populations of a particular species to stay alive 
and grow, develop, and function normally. See 
law of tolerance.

rare species  Species that has naturally small 
numbers of individuals (often because of limited 
geographic ranges or low population densities) 
or that has been locally depleted by human 
activities.

realized niche  Parts of the fundamental niche 
of a species that are actually used by that spe-
cies. See ecological niche, fundamental niche.

recharge area  Any area of land allowing 
water to percolate down through it and into an 
aquifer. See aquifer, natural recharge.

reconciliation ecology  Science of invent-
ing, establishing, and maintaining habitats to 
conserve species diversity in places where people 
live, work, or play.

recycling Collecting and reprocessing a re-
source so that it can be made into new prod-
ucts. An example is collecting aluminum cans, 
melting them down, and using the aluminum 
to make new cans or other aluminum products. 
See primary recycling, secondary recycling. Compare 
reuse.

reforestation Renewal of trees and other 
types of vegetation on land where trees have 
been removed; can be done naturally by seeds 
from nearby trees or artifi cially by planting seeds 
or seedlings.

reliable runoff  Surface runoff of water that 
generally can be counted on as a stable source of 
water from year to year. See runoff.

reliable science  Concepts and ideas that are 
widely accepted by experts in a particular fi eld 
of the natural or social sciences. Compare tenta-
tive science, unreliable science.

renewable resource  Resource that can be 
replenished rapidly (hours to several decades) 
through natural processes as long as it is not 
used up faster than it is replaced. Examples 
include trees in forests, grasses in grasslands, 
wild animals, fresh surface water in lakes and 
streams, most groundwater, fresh air, and fertile 
soil. If such a resource is used faster than it is 
replenished, it can be depleted and converted 
into a nonrenewable resource. Compare nonre-
newable resource and perpetual resource. See also 
environmental degradation.

replacement-level fertility  Average number 
of children a couple must bear to replace them-
selves. The average for a country or the world 
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usually is slightly higher than two children per 
couple (2.1 in the United States and 2.5 in some 
developing countries) mostly because some 
children die before reaching their reproductive 
years. See also total fertility rate.

reproduction Production of offspring by one 
or more parents.

reproductive isolation  Long-term geo-
graphic separation of members of a particular 
sexually reproducing species.

reproductive potential  See biotic potential.

reserves Resources that have been identifi ed 
and from which a usable mineral can be ex-
tracted profi tably at present prices with current 
mining or extraction technology.

reservoir Artifi cial lake created when a stream 
is dammed. See dam.

resilience Ability of a living system to be 
restored through secondary succession after a 
moderate disturbance.

resource Anything obtained from the envi-
ronment to meet human needs and wants. It 
can also be applied to other species.

resource partitioning  Process of dividing 
up resources in an ecosystem so that species 
with similar needs (overlapping ecological 
niches) use the same scarce resources at dif-
ferent times, in different ways, or in different 
places. See ecological niche, fundamental niche, 
realized niche.

resource productivity  See material effi ciency.

respiration See aerobic respiration.

response Amount of health damage caused 
by exposure to a certain dose of a harmful sub-
stance or form of radiation. See dose, dose-response 
curve, median lethal dose.

restoration ecology  Research and scientifi c 
study devoted to restoring, repairing, and recon-
structing damaged ecosystems.

reuse Using a product over and over again in 
the same form. An example is collecting, wash-
ing, and refi lling glass beverage bottles. Compare 
recycling.

riparian zones  Thin strips and patches of 
vegetation that surround streams. They are very 
important habitats and resources for wildlife.

risk Probability that something undesirable 
will result from deliberate or accidental expo-
sure to a hazard. See risk analysis, risk assessment, 
risk management.

risk analysis  Identifying hazards, evaluat-
ing the nature and severity of risks associated 
with the hazards (risk assessment), ranking risks 
(comparative risk analysis), using this and other 
information to determine options and make de-
cisions about reducing or eliminating risks (risk
management), and communicating information 
about risks to decision makers and the public 
(risk communication).

risk assessment  Process of gathering data 
and making assumptions to estimate short- and 
long-term harmful effects on human health or 

the environment from exposure to hazards as-
sociated with the use of a particular product or 
technology.

risk communication  Communicating infor-
mation about risks to decision makers and the 
public. See risk, risk analysis.

risk management  Use of risk assessment 
and other information to determine options and 
make decisions about reducing or eliminating 
risks. See risk, risk analysis, risk communication.

rock Any solid material that makes up a large, 
natural, continuous part of the earth’s crust. See 
mineral.

rock cycle  Largest and slowest of the earth’s 
cycles, consisting of geologic, physical, and 
chemical processes that form and modify rocks 
and soil in the earth’s crust over millions of 
years.

r-selected species  Species that reproduce 
early in their life span and produce large num-
bers of usually small and short-lived offspring in 
a short period. Compare K-selected species.

r-strategists  See r-selected species.

rule of 70  Doubling time (in years) "
70/(percentage growth rate). See doubling time, 
exponential growth.

runoff Freshwater from precipitation and 
melting ice that fl ows on the earth’s surface into 
nearby streams, lakes, wetlands, and reservoirs. 
See reliable runoff, surface runoff, surface water.
Compare groundwater.

salinity Amount of various salts dissolved in a 
given volume of water.

salinization Accumulation of salts in soil that 
can eventually make the soil unable to support 
plant growth.

saltwater intrusion  Movement of saltwater 
or brackish (slightly salty) water into freshwater 
aquifers in coastal and inland areas as ground-
water is withdrawn faster than it is recharged by 
precipitation.

sanitary landfi ll  Waste disposal site on land 
in which waste is spread in thin layers, com-
pacted, and covered with a fresh layer of clay or 
plastic foam each day. Compare open dump.

scavenger Organism that feeds on dead or-
ganisms that were killed by other organisms or 
died naturally. Examples include vultures, fl ies, 
and crows. Compare detritivore.

science Attempts to discover order in nature 
and use that knowledge to make predictions 
about what is likely to happen in nature. See 
reliable science, scientifi c data, scientifi c hypothesis, sci-
entifi c law, scientifi c methods, scientifi c model, scientifi c 
theory, tentative science, unreliable science.

scientifi c data  Facts obtained by making ob-
servations and measurements. Compare scientifi c 
hypothesis, scientifi c law, scientifi c methods, scientifi c 
model, scientifi c theory.

scientifi c hypothesis  An educated guess that 
attempts to explain a scientifi c law or certain 
scientifi c observations. Compare scientifi c data, 

scientifi c law, scientifi c methods, scientifi c model, 
scientifi c theory.

scientifi c law  Description of what scientists 
fi nd happening in nature repeatedly in the same 
way, without known exception. See fi rst law of 
thermodynamics, law of conservation of matter, second 
law of thermodynamics. Compare scientifi c data, 
scientifi c hypothesis, scientifi c methods, scientifi c model, 
scientifi c theory.

scientifi c methods  The ways scientists gather 
data and formulate and test scientifi c hypothe-
ses, models, theories, and laws. See scientifi c data, 
scientifi c hypothesis, scientifi c law, scientifi c model, 
scientifi c theory.

scientifi c model  A simulation of complex 
processes and systems. Many are mathematical 
models that are run and tested using computers.

scientifi c theory  A well-tested and widely 
accepted scientifi c hypothesis. Compare scientifi c 
data, scientifi c hypothesis, scientifi c law, scientifi c meth-
ods, scientifi c model.

secondary consumer  Organism that feeds 
only on primary consumers. Compare detritivore,
omnivore, primary consumer.

secondary pollutant  Harmful chemical 
formed in the atmosphere when a primary air 
pollutant reacts with normal air components or 
other air pollutants. Compare primary pollutant.

secondary recycling  A process in which 
waste materials are converted into different 
products; for example, used tires can be shred-
ded and turned into rubberized road surfacing. 
Compare primary recycling.

secondary sewage treatment  Second step in 
most waste treatment systems in which aerobic 
bacteria decompose as much as 90% of degrad-
able, oxygen-demanding organic wastes in 
wastewater. It usually involves bringing sewage 
and bacteria together in trickling fi lters or in the 
activated sludge process. Compare advanced sew-
age treatment, primary sewage treatment.

secondary succession  Ecological succession 
in an area in which natural vegetation has been 
removed or destroyed but the soil or bottom 
sediment has not been destroyed. See ecological
succession. Compare primary succession.

second-growth forest  Stands of trees result-
ing from secondary ecological succession. Com-
pare old-growth forest, tree farm.

second law of energy  See second law of ther-
modynamics.

second law of thermodynamics  In any 
conversion of heat energy to useful work, some 
of the initial energy input is always degraded 
to lower-quality, more dispersed, less useful 
energy—usually low-temperature heat that 
fl ows into the environment; you cannot break 
even in terms of energy quality. See fi rst law of 
thermodynamics.

sedimentary rock  Rock that forms from the 
accumulated products of erosion and in some 
cases from the compacted shells, skeletons, and 
other remains of dead organisms. Compare igne-
ous rock, metamorphic rock. See rock cycle.
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selective cutting  Cutting of intermediate-
aged, mature, or diseased trees in an uneven-
aged forest stand, either singly or in small 
groups. This encourages the growth of younger 
trees and maintains an uneven-aged stand. 
Compare clear-cutting, strip cutting.

septic tank  Underground tank for treating 
wastewater from a home in rural and sub-
urban areas. Bacteria in the tank decompose 
organic wastes, and the sludge settles to the 
bottom of the tank. The effl uent fl ows out of 
the tank into the ground through a fi eld of 
drainpipes.

sexual reproduction  Reproduction in organ-
isms that produce offspring by combining sex 
cells or gametes (such as ovum and sperm) from 
both parents. It produces offspring that have 
combinations of traits from their parents. Com-
pare asexual reproduction.

shale oil  Slow-fl owing, dark brown, heavy oil 
obtained when kerogen in oil shale is vaporized 
at high temperatures and then condensed. Shale 
oil can be refi ned to yield gasoline, heating oil, 
and other petroleum products. See kerogen, oil 
shale.

shelterbelt See windbreak.

shifting cultivation  Clearing a plot of ground 
in a forest, especially in tropical areas, and 
planting crops on it for a few years (typically 
2–5 years) until the soil is depleted of nutrients 
or the plot has been invaded by a dense growth 
of vegetation from the surrounding forest. Then 
a new plot is cleared and the process is repeated. 
The abandoned plot cannot successfully grow 
crops for 10–30 years. See also slash-and-burn
cultivation.

slash-and-burn cultivation  Cutting down 
trees and other vegetation in a patch of forest, 
leaving the cut vegetation on the ground to 
dry, and then burning it. The ashes that are left 
add nutrients to the nutrient-poor soils found 
in most tropical forest areas. Crops are planted 
between tree stumps. Plots must be abandoned 
after a few years (typically 2–5 years) because 
of loss of soil fertility or invasion of vegetation 
from the surrounding forest. See also shifting
cultivation.

sludge Gooey mixture of toxic chemicals, in-
fectious agents, and settled solids removed from 
wastewater at a sewage treatment plant.

smart growth  Form of urban planning which 
recognizes that urban growth will occur but uses 
zoning laws and other tools to prevent sprawl, 
direct growth to certain areas, protect ecologi-
cally sensitive and important lands and water-
ways, and develop urban areas that are more 
environmentally sustainable and more enjoyable 
places to live.

smelting Process in which a desired metal 
is separated from the other elements in an ore 
mineral.

smog Originally a combination of smoke and 
fog but now used to describe other mixtures of 
pollutants in the atmosphere. See industrial smog, 
photochemical smog.

social capital  Result of getting people with 
different views and values to talk and listen to 
one another, fi nd common ground based on 
understanding and trust, and work together to 
solve environmental and other problems.

soil Complex mixture of inorganic minerals 
(clay, silt, pebbles, and sand), decaying organic 
matter, water, air, and living organisms.

soil conservation  Methods used to reduce 
soil erosion, prevent depletion of soil nutrients, 
and restore nutrients previously lost by erosion, 
leaching, and excessive crop harvesting.

soil erosion  Movement of soil components, 
especially topsoil, from one place to another, 
usually by wind, fl owing water, or both. This 
natural process can be greatly accelerated by hu-
man activities that remove vegetation from soil. 
Compare soil conservation.

soil horizons  Horizontal zones, or layers, that 
make up a particular mature soil. Each horizon 
has a distinct texture and composition that vary 
with different types of soils. See soil profi le.

soil profi le  Cross-sectional view of the hori-
zons in a soil. See soil horizon.

solar capital  Solar energy that warms the 
planet and supports photosynthesis, the process 
that plants use to provide food for themselves 
and for us and other animals. This direct input 
of solar energy also produces indirect forms of 
renewable solar energy such as wind and fl ow-
ing water. Compare natural capital.

solar cell  See photovoltaic cell.

solar collector  Device for collecting radiant 
energy from the sun and converting it into heat. 
See active solar heating system, passive solar heating 
system.

solar energy  Direct radiant energy from the 
sun and a number of indirect forms of energy 
produced by the direct input of such radiant 
energy. Principal indirect forms of solar energy 
include wind, falling and fl owing water (hydro-
power), and biomass (solar energy converted 
into chemical energy stored in the chemical 
bonds of organic compounds in trees and other 
plants)—none of which would exist without 
direct solar energy.

solid waste  Any unwanted or discarded ma-
terial that is not a liquid or a gas. See industrial
solid waste, municipal solid waste.

sound science  See reliable science.

spaceship-earth worldview  View of the 
earth as a spaceship: a machine that we can 
understand, control, and change at will by using 
advanced technology. See planetary management 
worldview. Compare environmental wisdom world-
view, stewardship worldview.

specialist species  Species with a narrow eco-
logical niche. They may be able to live in only 
one type of habitat, tolerate only a narrow range 
of climatic and other environmental conditions, 
or use only one type or a few types of food. 
Compare generalist species.

speciation Formation of two species from one 
species because of divergent natural selection in 

response to changes in environmental condi-
tions; usually takes thousands of years. Compare 
extinction.

species Group of similar organisms, and for 
sexually reproducing organisms, they are a set 
of individuals that can mate and produce fertile 
offspring. Every organism is a member of a 
certain species.

species diversity  Number of different species 
(species richness) combined with the relative 
abundance of individuals within each of those 
species (species evenness) in a given area. See 
biodiversity, species evenness, species richness. Com-
pare ecological diversity, genetic diversity.

species equilibrium model  See theory of 
island biogeography.

species evenness  Relative abundance of indi-
viduals within each of the species in a commu-
nity. See species diversity. Compare species richness.

species richness  Number of different species 
contained in a community. See species diversity.
Compare species evenness.

spoils Unwanted rock and other waste materi-
als produced when a material is removed from 
the earth’s surface or subsurface by mining, 
dredging, quarrying, or excavation.

S-shaped curve  Leveling off of an exponen-
tial, J-shaped curve when a rapidly growing 
population exceeds, reaches, or exceeds the 
carrying capacity of its environment and ceases 
to grow.

statistics Mathematical tools used to collect, 
organize, and interpret numerical data.

statutory laws  Laws developed and passed 
by legislative bodies such as federal and state 
governments. Compare common law.

stewardship worldview  Worldview holding 
that we can manage the earth for our benefi t 
but that we have an ethical responsibility to be 
caring and responsible managers, or stewards,
of the earth. It calls for encouraging environ-
mentally benefi cial forms of economic growth 
and discouraging environmentally harmful 
forms. Compare deep ecology worldview, environ-
mental wisdom worldview, planetary management 
worldview.

stratosphere Second layer of the atmosphere, 
extending about 17–48 kilometers (11–30 miles) 
above the earth’s surface. It contains small 
amounts of gaseous ozone (O3), which fi lters out 
about 95% of the incoming harmful ultraviolet 
radiation emitted by the sun. Compare tropo-
sphere.

stream Flowing body of surface water. Ex-
amples are creeks and rivers.

strip cropping  Planting regular crops and 
close-growing plants, such as hay or nitrogen-
fi xing legumes, in alternating rows or bands to 
help reduce depletion of soil nutrients.

strip cutting  Variation of clear-cutting in 
which a strip of trees is clear-cut along the con-
tour of the land, with the corridor being narrow 
enough to allow natural regeneration within a 
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boundaries of these plates. See lithosphere, plate 
tectonics.

temperature Measure of the average speed 
of motion of the atoms, ions, or molecules in 
a substance or combination of substances at a 
given moment. Compare heat.

temperature inversion  Layer of dense, cool 
air trapped under a layer of less dense, warm 
air. It prevents upward-fl owing air currents 
from developing. In a prolonged inversion, air 
pollution in the trapped layer may build up to 
harmful levels.

tentative science  Preliminary scientifi c data, 
hypotheses, and models that have not been 
widely tested and accepted. Compare reliable sci-
ence, unreliable science.

teratogen Chemical, ionizing agent, or virus 
that causes birth defects. Compare carcinogen,
mutagen.

terracing Planting crops on a long, steep slope 
that has been converted into a series of broad, 
nearly level terraces with short vertical drops 
from one to another that run along the contour 
of the land to retain water and reduce soil ero-
sion.

terrestrial Pertaining to land. Compare 
aquatic.

tertiary (higher-level) consumers  Animals
that feed on animal-eating animals. They feed 
at high trophic levels in food chains and webs. 
Examples include hawks, lions, bass, and sharks. 
Compare detritivore, primary consumer, secondary 
consumer.

tertiary sewage treatment  See advanced sew-
age treatment.

theory of evolution  Widely accepted scientif-
ic idea that all life forms developed from earlier 
life forms. It is the way most biologists explain 
how life has changed over the past 3.6–3.8 bil-
lion years and why it is so diverse today.

theory of island biogeography  Widely ac-
cepted scientifi c theory holding that the number 
of different species (species richness) found on 
an island is determined by the interactions of 
two factors: the rate at which new species immi-
grate to the island and the rate at which species 
become extinct, or cease to exist, on the island. 
See species richness.

thermal inversion  See temperature inversion.

third and higher-level consumers   Carni-
vores such as tigers and wolves that feed on the 
fl esh of carnivores.

threatened species  Wild species that is still 
abundant in its natural range but is likely to 
become endangered because of a decline in 
numbers. Compare endangered species.

threshold effect  Harmful or fatal effect of a 
small change in environmental conditions that 
exceeds the limit of tolerance of an organism or 
population of a species. See law of tolerance.

throughput Rate of fl ow of matter, energy, or 
information through a system. Compare input,
output.

by evaporation or transpiration. See runoff.
Compare groundwater.

survivorship curve  Graph showing the 
number of survivors in different age groups for a 
particular species.

suspended particulate matter  See particu-
lates.

sustainability Ability of earth’s various 
systems, including human cultural systems and 
economies, to survive and adapt to changing 
environmental conditions indefi nitely.

sustainable agriculture  Method of grow-
ing crops and raising livestock based on organic 
fertilizers, soil conservation, water conservation, 
biological pest control, and minimal use of non-
renewable fossil-fuel energy.

sustainable development  See environmen-
tally sustainable economic development.

sustainable living  Taking no more poten-
tially renewable resources from the natural 
world than can be replenished naturally and not 
overloading the capacity of the environment to 
cleanse and renew itself by natural processes.

sustainable society  Society that manages 
its economy and population size without doing 
irreparable environmental harm by overloading 
the planet’s ability to absorb environmental in-
sults, replenish its resources, and sustain human 
and other forms of life over a specifi ed period, 
usually hundreds to thousands of years. During 
this period, the society satisfi es the needs of its 
people without depleting natural resources and 
thereby jeopardizing the prospects of current 
and future generations of humans and other 
species.

sustainable yield (sustained yield)  Highest
rate at which a potentially renewable resource 
can be used indefi nitely without reducing its 
available supply. See also environmental degrada-
tion.

synergistic interaction  Interaction of two or 
more factors or processes so that the combined 
effect is greater than the sum of their separate 
effects.

synergy See synergistic interaction.

synfuels Synthetic gaseous and liquid fuels 
produced from solid coal or sources other than 
natural gas or crude oil.

synthetic natural gas (SNG)  Gaseous fuel 
containing mostly methane produced from solid 
coal.

system Set of components that function and 
interact in some regular and theoretically pre-
dictable manner.

tailings Rock and other waste materials re-
moved as impurities when waste mineral mate-
rial is separated from the metal in an ore.

tar sand  See oil sand.

tectonic plates  Various-sized areas of the 
earth’s lithosphere that move slowly around 
with the mantle’s fl owing asthenosphere. Most 
earthquakes and volcanoes occur around the 

few years. After regeneration, another strip is 
cut above the fi rst, and so on. Compare clear-
cutting, selective cutting.

strip mining  Form of surface mining in which 
bulldozers, power shovels, or stripping wheels 
remove large chunks of the earth’s surface in 
strips. See area strip mining, contour strip mining, 
surface mining. Compare subsurface mining.

subatomic particles  Extremely small par-
ticles—electrons, protons, and neutrons—that 
make up the internal structure of atoms.

subduction zone  Area in which oceanic 
lithosphere is carried downward (subducted) 
under an island arc or continent at a convergent 
plate boundary. A trench ordinarily forms at the 
boundary between the two converging plates. 
See convergent plate boundary.

subsidence Slow or rapid sinking of part of 
the earth’s crust that is not slope-related.

subsistence farming  See traditional subsistence 
agriculture.

subsurface mining  Extraction of a metal ore 
or fuel resource such as coal from a deep under-
ground deposit. Compare surface mining.

succession See ecological succession, primary suc-
cession, secondary succession.

succulent plants  Plants, such as desert cacti, 
that survive in dry climates by having no leaves, 
thus reducing the loss of scarce water. They 
store water and use sunlight to produce the 
food they need in the thick, fl eshy tissue of their 
green stems and branches. Compare deciduous
plants, evergreen plants.

sulfur cycle  Cyclic movement of sulfur in 
various chemical forms from the environment to 
organisms and then back to the environment.

sulfur dioxide (SO2) Colorless gas with an 
irritating odor. About one-third of the SO2 in 
the atmosphere comes from natural sources as 
part of the sulfur cycle. The other two-thirds 
come from human sources, mostly combustion 
of sulfur-containing coal in electric power and 
industrial plants and from oil refi ning and smelt-
ing of sulfi de ores.

superinsulated house  House that is heavily 
insulated and extremely airtight. Typically, ac-
tive or passive solar collectors are used to heat 
water, and an air-to-air heat exchanger prevents 
buildup of excessive moisture and indoor air 
pollutants.

surface fi re  Forest fi re that burns only under-
growth and leaf litter on the forest fl oor. Com-
pare crown fi re, ground fi re. See controlled burning.

surface mining  Removing soil, subsoil, and 
other strata and then extracting a mineral de-
posit found fairly close to the earth’s surface. See 
area strip mining, contour strip mining, mountaintop 
removal, open-pit mining. Compare subsurface
mining.

surface runoff  Water fl owing off the land 
into bodies of surface water. See reliable runoff.

surface water  Precipitation that does not in-
fi ltrate the ground or return to the atmosphere 
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urbanization Creation or growth of urban 
areas, or cities, and their surrounding developed 
land. See degree of urbanization, urban area.

urban sprawl  Growth of low-density devel-
opment on the edges of cities and towns. See 
smart growth.

utilitarian value  See instrumental value.

volatile organic compounds (VOCs)  Or-
ganic compounds that exist as gases in the 
atmosphere and act as pollutants, some of which 
are hazardous.

volcano Vent or fi ssure in the earth’s surface 
through which magma, liquid lava, and gases 
are released into the environment.

warm front  Boundary between an advancing 
warm air mass and the cooler one it is replacing. 
Because warm air is less dense than cool air, an 
advancing warm front rises over a mass of cool 
air. Compare cold front.

waste management  Managing wastes to 
reduce their environmental harm without seri-
ously trying to reduce the amount of waste pro-
duced. See integrated waste management. Compare 
waste reduction.

waste reduction  Reducing the amount of 
waste produced; wastes that are produced are 
viewed as potential resources that can be reused, 
recycled, or composted. See integrated waste man-
agement. Compare waste reduction.

water cycle  See hydrologic cycle.

waterlogging Saturation of soil with irriga-
tion water or excessive precipitation so that the 
water table rises close to the surface.

water pollution  Any physical or chemical 
change in surface water or groundwater that can 
harm living organisms or make water unfi t for 
certain uses.

watershed Land area that delivers water, 
sediment, and dissolved substances via small 
streams to a major stream (river).

water table  Upper surface of the zone of 
saturation, in which all available pores in the 
soil and rock in the earth’s crust are fi lled with 
water.

watt Unit of power, or rate at which electrical 
work is done. See kilowatt.

weather Short-term changes in the tem-
perature, barometric pressure, humidity, 
precipitation, sunshine, cloud cover, wind 
direction and speed, and other conditions in the 
troposphere at a given place and time. Compare 
climate.

weathering Physical and chemical processes 
in which solid rock exposed at earth’s surface is 
changed to separate solid particles and dissolved 
material, which can then be moved to another 
place as sediment. See erosion.

wetland Land that is covered all or part of the 
time with salt water or fresh water, excluding 
streams, lakes, and the open ocean. See coastal
wetland, inland wetland.

and parasitic worms) and can spread from one 
person to another by air, water, food, or body 
fl uids (or in some cases by insects or other or-
ganisms). Compare nontransmissible disease.

transpiration Process in which water is 
absorbed by the root systems of plants, moves 
up through the plants, passes through pores 
(stomata) in their leaves or other parts, and 
evaporates into the atmosphere as water vapor.

tree farm  See tree plantation.

tree plantation  Site planted with one or 
only a few tree species in an even-aged stand. 
When the stand matures it is usually harvested 
by clear-cutting and then replanted. These farms 
normally raise rapidly growing tree species for 
fuelwood, timber, or pulpwood. Compare old-
growth forest, second-growth forest.

trophic level  All organisms that are the same 
number of energy transfers away from the origi-
nal source of energy (for example, sunlight) that 
enters an ecosystem. For example, all producers 
belong to the fi rst trophic level, and all herbi-
vores belong to the second trophic level in a 
food chain or a food web.

troposphere Innermost layer of the atmo-
sphere. It contains about 75% of the mass of 
earth’s air and extends about 17 kilometers 
(11 miles) above sea level. Compare stratosphere.

true cost  See full cost.

tsunami   Series of large waves generated 
when part of the ocean fl oor suddenly rises or 
drops.

turbidity Cloudiness in a volume of water; a 
measure of clarity of water in lakes, streams, and 
other bodies of water.

undergrazing Absence of grazing for long 
periods (at least 5 years), which can reduce the 
net primary productivity of grassland vegetation 
and grass cover.

undernutrition Consuming insuffi cient food 
to meet one’s minimum daily energy needs for 
a long enough time to cause harmful effects. 
Compare malnutrition, overnutrition.

unreliable science  Scientifi c results or hy-
potheses presented as reliable science but not 
having undergone the rigors of the peer review 
process. Compare reliable science, tentative 
science.

upwelling Movement of nutrient-rich bot-
tom water to the ocean’s surface. It can occur 
far from shore but usually takes place along 
certain steep coastal areas where the surface 
layer of ocean water is pushed away from shore 
and replaced by cold, nutrient-rich bottom 
water.

urban area  Geographic area containing a 
community with a population of 2,500 or more. 
The number of people used in this defi nition 
may vary, with some countries setting the mini-
mum number of people at 10,000–50,000.

urban growth  Rate of growth of an urban 
population. Compare degree of urbanization.

throwaway society  See high-throughput
economy.

tipping point  Threshold level at which an en-
vironmental problem causes a fundamental and 
irreversible shift in the behavior of a system.

tolerance limits  Minimum and maximum 
limits for physical conditions (such as tempera-
ture) and concentrations of chemical substances 
beyond which no members of a particular spe-
cies can survive. See law of tolerance.

total fertility rate (TFR)  Estimate of the 
average number of children who will be born 
alive to a woman during her lifetime if she 
passes through all her childbearing years (ages 
15–44) conforming to age-specifi c fertility rates 
of a given year. More simply, it is an estimate of 
the average number of children that women in 
a given population will have during their child-
bearing years.

toxic chemical  See poison, carcinogen, hazard-
ous chemical, mutagen, teratogen.

toxicity Measure of the harmfulness of a 
substance.

toxicology Study of the adverse effects of 
chemicals on health.

toxic waste  Form of hazardous waste that 
causes death or serious injury (such as burns, 
respiratory diseases, cancers, or genetic muta-
tions). See hazardous waste.

toxin See poison.

traditional intensive agriculture  Produc-
tion of enough food for a farm family’s survival 
and perhaps a surplus that can be sold. This 
type of agriculture uses higher inputs of labor, 
fertilizer, and water than traditional subsistence 
agriculture. See traditional subsistence agriculture.
Compare industrialized agriculture.

traditional subsistence agriculture  Pro-
duction of enough crops or livestock for a farm 
family’s survival and, in good years, a surplus 
to sell or put aside for hard times. Compare 
industrialized agriculture, traditional intensive 
agriculture.

tragedy of the commons  Depletion or deg-
radation of a potentially renewable resource to 
which people have free and unmanaged access. 
An example is the depletion of commercially de-
sirable fi sh species in the open ocean beyond ar-
eas controlled by coastal countries. See common-
property resource, open access renewable resource.

trait Characteristic passed on from parents to 
offspring during reproduction in an animal or 
plant.

transform fault  Area where the earth’s 
lithospheric plates move in opposite but paral-
lel directions along a fracture (fault) in the 
lithosphere. Compare convergent plate boundary, 
divergent plate boundary.

transgenic organisms  See genetically modifi ed 
organisms.

transmissible disease  Disease that is caused 
by living organisms (such as bacteria, viruses, 
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zone of aeration  Zone in soil that is not satu-
rated with water and that lies above the water 
table. See water table, zone of saturation.

zone of saturation  Zone where all 
available pores in soil and rock in the earth’s 
crust are fi lled by water. See water table, zone of 
aeration.

zoning Designating parcels of land for particu-
lar types of use.

zooplankton Animal plankton; small fl oating 
herbivores that feed on plant plankton (phyto-
plankton). Compare phytoplankton.

windbreak Row of trees or hedges planted to 
partially block wind fl ow and reduce soil erosion 
on cultivated land.

wind farm  Cluster of wind turbines in a 
windy area on land or at sea, built to capture 
wind energy and convert it into electrical 
energy.

worldview How people think the world 
works and what they think their role in the 
world should be. See environmental wisdom world-
view, planetary management worldview, stewardship 
worldview.

wilderness Area where the earth and its 
ecosystems have not been seriously disturbed by 
humans and where humans are only temporary 
visitors.

wildlife All free, undomesticated species. 
Sometimes the term is used to describe animals 
only.

wildlife resources  Wildlife species that 
have actual or potential economic value to 
people.

wild species  Species found in the natural 
environment. Compare domesticated species.
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