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About the Cover Photo

Scarlet Macaw This strikingly beautiful parrot species lives in the subtropical 
forests in Central and South America, including Costa Rica, southern Panama, and 
the Amazon Basin in Brazil and Peru. They have a lifespan of 30 to 50 years and 
eat mostly seeds and fruits. The squawks and screams of these noisy birds can be 
heard for long distances throughout the forests. The scarlet macaws are threatened 
by their popularity as pets, which is due to their beautiful plumage and affection-
ate ways with humans. Under an international agreement, it is illegal to remove 
them from the wild without special permits. However, a number of these rare par-
rots are illegally captured, smuggled from their native habitats to the United States 
and Canada, and sold on the black market for thousands of dollars a piece. During 
their trip north many of the smuggled birds die from stress and poor care. An even 
worse threat for the scarlet macaw is the clear-cutting and fragmentation of much 
of its forest habitat, which is taking place at a rapid and increasing rate. For these 
reasons, scarlet macaws and a number of other tropical bird species are threatened 
with extinction.

©
 J

UP
IT

ER
IM

AG
ES

/C
om

st
oc

k 
Im

ag
es

/A
la

m
y



vii

Learning Skills 1 

HUMANS AND SUSTAINABILITY: 
AN OVERVIEW

1 Environmental Problems, 
Their Causes, and Sustainability 5
CORE CASE STUDY  Living in an Exponential Age 5

KEY QUESTIONS AND CONCEPTS 6

1-1 What Is an Environmentally Sustainable 
Society? 6

1-2 How Can Environmentally Sustainable Societies 
Grow Economically? 10

1-3 How Are Our Ecological Footprints Affecting 
the Earth? 12

CASE STUDY  China’s New Affluent Consumers 15

1-4 What Is Pollution, and What Can We Do 
about It? 16

1-5 Why Do We Have Environmental Problems? 17

CASE STUDY  The Environmental Transformation 
of Chattanooga, Tennessee 21

INDIVIDUALS MATTER  Aldo Leopold’s 
Environmental Ethics 22

1-6 What Are Four Scientific Principles 
of Sustainability? 23

REVISITING  Exponential Growth and 
Sustainability 24

SCIENCE, ECOLOGICAL PRINCIPLES, 
AND SUSTAINABILITY

2 Science, Matter, Energy, 
and Systems 28 
CORE CASE STUDY  Carrying Out a Controlled 
Scientific Experiment 28

KEY QUESTIONS AND CONCEPTS 29

2-1 What is Science? 29

SCIENCE FOCUS  Easter Island: Some Revisions 
to a Popular Environmental Story 31

SCIENCE FOCUS  The Scientific Consensus over 
Global Warming 33

SCIENCE FOCUS  Statistics and Probability 34

2-2 What Is Matter? 35

2-3 How Can Matter Change? 39

Detailed Contents

Photo 1 The endangered brown pelican was protected in the first 
U.S. wildlife refuge in Florida.

Su
pe

rS
to

ck



viii

2-4 What Is Energy and How Can It Be 
Changed? 40

2-5 What Are Systems and How Do They Respond 
to Change? 44

SCIENCE FOCUS  The Usefulness of Models 44

REVISITING  The Hubbard Brook Experimental 
Forest and Sustainability 47

3 Ecosystems: What Are They 
and How Do They Work? 50 
CORE CASE STUDY  Tropical Rain Forests 
Are Disappearing 50

KEY QUESTIONS AND CONCEPTS 51

3-1 What Is Ecology? 51

SCIENCE FOCUS  Have You Thanked the Insects 
Today? 54

3-2 What Keeps Us and Other Organisms Alive? 54

3-3 What Are the Major Components of an 
Ecosystem? 57

SCIENCE FOCUS  Many of the World’s Most 
Important Species Are Invisible to Us 61

3-4 What Happens to Energy in an Ecosystem? 61

3-5 What Happens to Matter in an Ecosystem? 65

SCIENCE FOCUS  Water’s Unique Properties 67

3-6 How Do Scientists Study Ecosystems? 72

REVISITING  Tropical Rain Forests and 
Sustainability 74

4 Biodiversity and Evolution 77 
CORE CASE STUDY  Why Should We Care 
about the American Alligator? 77

KEY QUESTIONS AND CONCEPTS 78

4-1 What Is Biodiversity and Why Is It 
Important? 78

4-2 Where Do Species Come From? 80

CASE STUDY  How Did Humans Become Such 
a Powerful Species? 83 

4-3 How Do Geological Processes and Climate 
Change Affect Evolution? 84

SCIENCE FOCUS  Earth Is Just Right for Life 
to Thrive 86 

Photo 2 Homeless people in Calcutta India

Ha
rtm

ut
 S

ch
w

ar
tz

ba
ch

/P
et

er
 A

rn
ol

d,
 In

c.

Photo 3 Endangered ring-tailed lemur in Madagascar

Su
pe

rS
to

ck



ix

4-4 How Do Speciation, Extinction, and Human 
Activities Affect Biodiversity? 86

SCIENCE FOCUS  We Have Developed Two Ways 
to Change the Genetic Traits of Populations 88

4-5 What Is Species Diversity and Why Is 
It Important? 89

SCIENCE FOCUS  Species Richness on Islands 90

4-6 What Roles Do Species Play in Ecosystems? 91

CASE STUDY  Cockroaches: Nature’s Ultimate 
Survivors 92

CASE STUDY  Why Are Amphibians Vanishing? 93

CASE STUDY  Why Should We Protect Sharks? 96

REVISITING  The American Alligator and 
Sustainability 97

5 Biodiversity, Species Interactions, 
and Population Control 100 
CORE CASE STUDY  Southern Sea Otters: 
Are They Back from the Brink of 
Extinction? 100

KEY QUESTIONS AND CONCEPTS 101

5-1 How Do Species Interact? 101

SCIENCE FOCUS  Why Should We Care About 
Kelp Forests? 104

5-2 How Can Natural Selection Reduce 
Competition between Species? 107

5-3 What Limits the Growth of Populations? 108

SCIENCE FOCUS  Why Are Protected Sea Otters 
Making a Slow Comeback? 110

CASE STUDY  Exploding White-Tailed Deer 
Populations in the United States 114 

5-4 How Do Communities and Ecosystems 
Respond to Changing Environmental 
Conditions? 115

SCIENCE FOCUS  How Do Species Replace One 
Another in Ecological Succession? 118

REVISITING  Southern Sea Otters and 
Sustainability 119

6 The Human Population 
and Its Impact  122
CORE CASE STUDY  Are There Too Many 
of Us? 122

KEY QUESTIONS AND CONCEPTS 123

6-1 How Many People Can the Earth 
Support? 123

SCIENCE FOCUS  How Long Can the Human 
Population Keep Growing?  124

6-2 What Factors Influence the Size of the 
Human Population? 125

CASE STUDY  The U.S. Population Is Growing 
Rapidly 126 

CASE STUDY  The United States: A Nation 
of Immigrants 129

Photo 4 Temperate deciduous forest, winter, Rhode Island (USA)

Pa
ul

 W
. J

oh
ns

on
/B

io
lo

gi
ca

l P
ho

to
 S

er
vi

ce

Photo 5 Sea star species helps to control mussel populations in 
intertidal zone communities in the U.S. Pacific northwest.
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Photo 12 Photochemical smog in Mexico City, Mexico
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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 
additional Data Analysis exercises in the 
Supplements

■ New design along with many new pieces of art and 
photographs

■ 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 
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. 101, 145, and 219). 

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 134 new or upgraded 
diagrams and 44 new photos—amounting to half of the 
book’s 337 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 over-
arching theme of this introductory ecological  textbook. 
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 are introduced in Chapter 1, depicted 
in Figure 1-17 (p. 23 and the back cover of the student 
edition), and used throughout the book, with each ref-
erence is marked in the margin by . (See Chapter 3, 
pp. 59, 60, 65, 74, and 75.) 

Core Case Studies and the 
Sustainability Theme
Each chapter opens with a Core Case Study (see 
Chapter 5, p. 100), which is applied throughout the 
chapter. These connections to the Core Case Study
are indicated in the book’s margin by . (See Chap-
ter 5, pp. 102, 103, 104, 108, 110, 111, 119, and 120.)

Each chapter ends with a Revisiting box (see Chap-
ter 5, p. 119), which connects the Core Case Study
and other material in the chapter to the four scientific
principles of sustainability. Thinking About exer-
cises placed throughout each chapter (see Chapter 7, 
pp. 144, 145, 146, 148, 152, 157, and 159) 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 of 
student edition). 

■ Natural capital. Sustainability focuses on the nat-
ural resources and natural services that support 
all life and economies. Examples of diagrams that 
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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), 6-A (p. 124), 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. A number of fig-
ures and chapter sections and subsections present 
proven and possible solutions to various environ-
mental problems. Examples are Section 9-4 (pp. 
206–211), Figure 10-17 (p. 227), and Figure 10-19 
(p. 231).

■ Trade-Offs. The search for solutions involves trade-
offs, because any solution requires weighing advan-
tages against disadvantages. (See p. 9 and Figure 
10-9, p. 220.) 

■ 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. 205, 230, and 261.) 
Also, several What Can You Do? boxes describe 
how readers can deal with the problems we face. 
Examples are Figures 9-18 (p. 201), 9-24 (p. 210), 
and 10-29 (p. 245).

Case Studies
In addition to the 11 Core Case Studies described above, 
31 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 42 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 66 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 
rather than waiting until the end of the chapter 
(see pp. 56, 62, and 87).

■ In all Science Focus boxes (see pp. 54, 188, and 
195).

■ In the captions of many of the book’s figures (see 
Figures 5-17, p. 117; 7-12, p. 151; and 8-5, p. 166).

■ As 10 How Would You Vote? exercises (see pp. 10, 
114, and 223).

■ As end-of-chapter questions (see pp. 120 and 212).

Visual Learning
This book’s 233 diagrams—90 of them new to this edi-
tion—are designed to present complex ideas in under-
standable ways relating to the real world. (See Figures 
3-18, p. 68; 4-2, p. 79; and 7-11, p. 149.) We have also 
carefully selected 104 photographs—34 of them new to 
this edition—to illustrate key ideas. (See Figures 3-4, p. 53; 
4-10, p. 89; and 10-11, p. 222.) We have avoided the com-
mon practice of including numerous “filler” photographs 
that are not very effective or that show the obvious. 

And to enhance visual learning, nearly 53 Cengage-
NOW animations, many referenced in figures (see Fig-
ures 8-15, p. 175 and 10-26, p. 241), are available 
online. CengageNOW provides students with a more 
complete learning experience 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 11, page S61. 

■ New design serving the concept-centered approach 
and integration of Core Case Studies, with 134 new 
or upgraded figures and 34 new photographs. 

■ 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)

■ Reduced the number of chapters from 12 to 11 by 
rearranging and combining some material to im-
prove flow.

■ 2 new chapter opening Core Case Studies (pp. 28 
and 50)

■ 26 Science Focus boxes that provide greater depth 
on scientific concepts and on the work of environ-
mental scientists (see pp. 197, 235, and 253).

■ 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. 72, 218, and 254). 

■ Review section at the end of each chapter with com-
prehensive review questions that include all key 
terms in boldface. (See pp. 74, 75, and 180.)

■ A Data Analysis or Ecological Footprint Analysis 
exercise at the end of each chapter (see pp. 26, 76, 
98–99, and 274) and additional exercises analyzing 
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graphs or maps in the book’s Supplements (see 
pp. S7, S14, and S27).

■ Research Frontier boxes list key areas of cutting-
edge research, with links to such research provided 
on the website for this book (see pp. 71, 96, and 
172).

■ Green Career items in the text list various green 
careers with further information found on the web-
site for this book (see pp. 72, 73, and 244).

■ Student projects listed by chapter are found in Sup-
plement 10, pp. S59–S60. 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 2,000 updates based on information and 
data published in 2005, 2006, 2007, and 2008.

■ Integration of material on the growing ecological 
and economic impacts of China. (See Index cita-
tions for China.)

■ Many new or expanded topics including 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, population, 
hunger, health, and waste production data (Sup-
plement 3, pp. S10–S19); revisiting Easter Island 
(p. 31); tipping points (p. 46); tropical forest losses 
(p. 50); hurricanes and New Orleans (pp. 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 ecology (pp. 244–245); restoring 
mangroves (p. 255); and endangered marine turtles 
(pp. 259–260).

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.

Sixty-six Thinking About exercises reinforce learning 
by asking students to think critically about the implica-
tions of various environmental issues and solutions im-
mediately after they are discussed in the text. The cap-
tions of many figures contain questions that involve stu-
dents in thinking about and evaluating their content. 

Each chapter ends with a Review section containing a 
detailed set of review questions that include all chapter 
key terms in boldface (p. 75), followed by a set of Criti-
cal Thinking (p. 180) 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 quali-
fied adopters of this textbook with 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 Cengage-
NOW 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: Living in the Environment, 16th edition (674 
pages, Brooks/Cole 2009), Environmental Science, 12th 
edition (430 pages, Brooks/Cole 2008), and Sustaining
the Earth: An Integrated Approach, 9th edition (339 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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dence that we are in the process of seriously degrading our 
own life support system. In other words, we are living 
unsustainably. Second, within your lifetime we have the 
opportunity to learn how to live more sustainably by 
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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
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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 

Organic
matter in
animals

Decomposition

Dead
organic
matter

Organic
matter in

plants

Inorganic
matter in soil

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 

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?

Image not available due to copyright restrictions
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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)
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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 



 CONCEPTS 1-5A AND 1-5B 21

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 
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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 
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Figure 2-7 Types of nuclear changes: natural radioactive decay (top), nuclear fission (middle), and nuclear fusion 
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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)
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Waste
heat
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 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.
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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.

▲
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Atmosphere

Biosphere
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(soil and rock)
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(living organisms)
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(crust, mantle, core)
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(water)
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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 

Solar
radiation

Lower Stratosphere
(ozone layer)

Troposphere

Heat radiated  
by the earthHeat

UV radiation

Visible 
light

Greenhouse 
effect
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by the earth

Most
absorbed 
by ozone

Reflected by 
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
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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.
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 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?



CONCEPT 3-5 67

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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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-
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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™.



 CONCEPTS 4-2A AND 4-2B 81

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.
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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
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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 
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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

5

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.

Kuai Akialaoa

Akiapolaau

Apapane

Unkown finch ancestor

Crested Honeycreeper

Amakihi

Fruit and seed eaters Insect and nectar eaters

Greater Koa-finch

Kona Grosbeak

Maui Parrotbill

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 

T

Year

N
um

be
r 

of
 s

ea
 o

tt
er

s

1983 1986 1998 200620021990 1994

500

0

1000

1500

2000

2500

3000

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.
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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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Figure 5-14 Positions of r-selected and K-selected species on the 
sigmoid (S-shaped) population growth curve.
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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 

Year

Br
ee

di
ng

 p
ai

rs

1955 1960 1965 1970 1975 1980 1985 1990 1995 2000

2,000

3,000

4,000

5,000

6,000

 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.
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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).

L.
 Y

ou
ng

/U
N

EP
/P

et
er

 A
rn

ol
d,

 In
c.



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

Married women working
outside the home

High school
graduates

Homes with
flush toilets

Homes with
electricity

Living in
suburbs

Hourly manufacturing job
wage (adjusted for inflation)

Homicides per
100,000 people

47 years

77 years

8%

1900

2000

81%

15%
83%

10%

98%

2%

99%

10%

52%

$3

$15

1.2

5.8

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 

Expanding Rapidly
Guatemala

Nigeria
Saudi Arabia

Expanding Slowly
United States

Australia
China

Stable
Japan
Italy

Greece

Declining
Germany
Bulgaria
Russia

Prereproductive ages 0–14 Reproductive ages 15–44 Postreproductive ages 45–85+

Male Female Male Female Male Female Male Female

 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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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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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.
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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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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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Moist surface warmed by sun
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and 
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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, Warm, lessless
salty, salty, shallowshallow
currentcurrent

Warm, less
salty, shallow
current
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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,
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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).

Tropic of
Cancer

Tropic of
Capricorn

Equator

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.

Mountain
ice and snow

Tundra (herbs,
lichens, mosses)

Coniferous
Forest

Deciduous
Forest

Tropical
Forest

Elevation

Latitude

Polar ice 
and snow

Tundra (herbs,
lichens, mosses)

Coniferous
Forest

Deciduous
Forest

Tropical
Forest

Image not available due to copyright restrictions
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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 

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 

Copyright 2009 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.
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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
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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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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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NATURAL CAPITAL
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burning grassland
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livestock grazing, timber, 
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Figure 7-20 
Major human 
impacts on the 
world’s deserts, 
grasslands, for-
ests, and moun-
tains. Question: 
Which two of 
the impacts on 
each of these 
biomes do you 
think are the 
most harmful?



ACADEMIC.CENGAGE.COM/BIOLOGY/MILLER 159

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?



160 CHAPTER 7  Climate and Terrestrial Biodiversity

 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.

▲

Food

Animal and pet feed

Pharmaceuticals

Harbors and 
transportation routes

Coastal habitats for 
humans

Recreation

Employment

Oil and natural gas

Minerals

Building materials

Climate moderation

CO2 absorption

Nutrient cycling

Waste treatment

Reduced storm impact 
(mangroves, barrier islands, 
coastal wetlands)

Habitats and nursery areas

Genetic resources and 
biodiversity

Scientific information

Ecological
Services

Economic
Services

N A T U R A L
C A P I T A L

Marine Ecosystems

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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Figure 8-5 
Natural capital: 
major life zones 
and vertical 
zones (not 
drawn to scale) 
in an ocean. 
Actual depths of 
zones may vary. 
Available light 
determines the 
euphotic, bathyal 
and abyssal 
zones. Tempera-
ture zones also 
vary with depth, 
shown here by 
the red curve. 
Question: 
How is an 
ocean like a 
rain forest? 
( Hint: see 
Figure 7-17, 
p. 156.) 
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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.”

White sand macoma Sand dollar Moon snail

Mole
shrimp

Ghost
shrimp

Tiger
beetle

Beach flea

High tide

Clam

Sandpiper

Dwarf
olive

Peanut worm

Blue crab

Low tideSilversides

Barrier Beach

Nudibranch

Sculpin

Sea urchin Anemone

Low tide

Monterey flatworm

Kelp Sea lettuce

Barnacles

Mussel

Periwinkle

High tide

Shore crabHermit crabSea starRocky Shore Beach

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

Soil erosion

Algae growth from fertilizer runoff

Bleaching

Rising sea levels

Increased UV exposure

Damage from anchors

Damage from fishing and diving

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

Beaches eroding because of 
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


 CONCEPT 8-3 173

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
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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



 ACADEMIC.CENGAGE.COM/BIOLOGY/MILLER 181

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
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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-

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).
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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.

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)

Image not available due to copyright restrictions
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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.
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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.

C O R E  C A S E  S T U D Y
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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).
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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 
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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.
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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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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.

▲
Image not available due to copyright restrictions
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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 
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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
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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


266 CHAPTER 11  Sustaining Aquatic Biodiversity

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.



CONCEPT 11-5 269

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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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 
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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, 
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Energy Information 
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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 9 
Estimated annual 
average net pri-
mary pro ductivity 
(NPP) in major 
life zones and 
ecosystems, 
expressed as 
kilocalories of 
energy produced 
per square meter 
per year (kcal/m2/
yr). (Data from 
R. H. Whittaker, 
Communities and 
Ecosystems, 2nd 
ed., New York: 
Macmillan, 1975) 
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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)

Lab pH

5.2

5.2

5.2

5.2

5.3

5.3

5.3

5.3

5.3

5.0

5.0

5.0

5.0

5.2

5.2

5.3

5.3

5.3

5.3

5.3

5.2

5.2

5.2

5.2

5.2

5.2

5.0

5.0

5.0

4.8

4.9

4.9

4.9

4.9

4.9
4.8

4.8
4.8

4.8

4.7

4.7

4.7

4.7

4.7
4.7

4.7

4.6

4.6

4.6

4.6

4.6

4.6
4.6

4.6

4.6

4.6

4.6

4.6

4.6

4.6

4.6

4.6
4.7

4.7
4.7

4.9

4.7 4.7

4.7
4.7

4.7

4.7

4.6 4.6

4.7
4.7 4.4

4.5

4.5

4.5

4.4

4.4

4.4
4.4

4.4

4.4
4.5

4.5 4.5
4.5

4.5

4.5

4.54.5

4.5
4.54.6

4.6 4.6

4.6
4.8

4.7
4.7

4.7

4.74.7

4.7

4.8
4.8 4.8

4.8

4.8

4.8

4.5

4.5
4.5

4.5
4.8

4.3

4.8

4.8

4.8 4.8

4.7

4.7

4.9
4.9

4.9

5.1

4.8

4.8

4.8

4.9

4.9
4.8

4.9

4.9

4.9

4.8

5.2

5.2

5.2

5.4

5.1 5.1

5.1

5.1

5.1

5.1

5.1

5.1

5.1

5.3

5.3

5.3
5.3

5.5

5.5

5.5

5.5

5.5

5.8

5.8

5.5

5.4
5.4

5.4

5.4

5.4

5.4

5.4

5.4

5.4

5.4

5.5

5.9

5.4

5.4

5.4

6.2
6.4

6.1

5.4

5.4

5.4

5.4

5.6

5.6

5.6
5.65.0

5.6

5.7

5.7

5.8

5.8

5.8

5.8

5.6

5.6

5.6

≥ 5.3
5.2–5.3
5.1–5.2
5.0–5.1
4.9–5.0
4.8–4.9
4.7–4.8
4.6–4.7
4.5–4.6
4.4–4.5
4.3–4.4
< 4.3

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)
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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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Year Event
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Black Death (Plague); 75 million people die
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Irish potato famine: 1 million people die

 2 billion

Penicillin used against infection

Contraceptive pill introduced

Great famine in China; 20 million die
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Projected human population: 7 billion

Projected human population: 8 billion
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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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High: Greater than 2%
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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?

0

In
fa

nt
 m

or
ta

lit
y 

ra
te

(d
ea

th
s 

pe
r 

1,
00

0 
liv

e 
bi

rt
hs

)

200

150

100

50

1960 1970

Developing
countries

World

Developed
countries

1980 20001990 2010

Year

2020 2040 20502030

2–9 10–19 20–49 50–99 100–200 No data

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.
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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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<0.1%

Adult prevalence rate
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15.0–34.0%
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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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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?

Sudan
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Ivory Coast

NigeriaGuinea

Haiti

Democratic
Republic of
the Congo

Central African
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Somalia

Myanmar
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North Korea
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Uganda

Iraq
Afghanistan
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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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(Chapters 1, 3–9)
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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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Image not available due to copyright restrictions
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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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Image not available due to copyright restrictions
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Image not available due to copyright restrictions
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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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SUPPLEMENT

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)
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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 



 SUPPLEMENT 5 S35

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)

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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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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Figure 12 Relative size of simple molecules, complex molecules, cells, and multicellular organisms. This scale is 
exponential, not linear. Each unit of measure is 10 times larger than the unit preceding it. (Used by permission from 
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
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Energy is stored in ATP
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Figure 13 
Energy storage 
and release in 
cells. 
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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.
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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)
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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

Movement ofMovement of
surface watersurface water

Wind

Movement of
surface water

UpwellingUpwelling

NutrientsNutrients

Upwelling
ZooplanktonZooplankton

FishFish

PhytoplanktonPhytoplankton

Zooplankton

Fish

Phytoplankton

Nutrients

Diving birdsDiving 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.

Severe 
thunderstorm
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cool air

Rising 
warm air

Rising
updraft 
of air

    Severe thunderstorms 
  can trigger a number 
of smaller tornadoes

Tornado forms when 
cool downdraft and
warm updraft of air 
meet and interact

Warm moist air drawn in

Highest risk

Lowest risk
0

5

10

15

20

25

30

35

40

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?
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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 
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Hawaii
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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)
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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?
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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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SUPPLEMENT

10Chapter Projects (Chapters 3–11)

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.
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SUPPLEMENT

11Key Concepts (by Chapter)

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 
selection).

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 
biodiversity and tends to increase the sustainability of eco-
systems.

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 
matter and energy, and their behavior can be affected by feed-
back.

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.
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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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marine reserves to protect ecosystems, and using community-
based integrated coastal management.

Concept 11-3 Sustaining marine fi sheries will require im-
proved monitoring of fi sh populations, cooperative fi sher-
ies management 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 re-
maining wetlands 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.

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 
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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.

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, 
mutation, 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.

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.

air pollution  One or more chemicals in 
high enough concentrations in the air to harm 
humans, other animals, vegetation, or materials. 
Excess heat is also considered a form of air pol-
lution. Such chemicals or physical conditions are 
called air pollutants.

alien species  See nonnative species.

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.

annual Plant that grows, sets seed, and dies in 
one growing season. Compare perennial.

anthropocentric Human-centered.

applied ecology  See reconciliation ecology.

aquatic Pertaining to water. Compare 
terrestrial.

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.

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 common 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.

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 extinc-
tion of various species as a result of changes in 
local environmental conditions. Compare mass
 extinction.

bacteria Prokaryotic, one-celled organisms. 
Some transmit diseases. Most act as decom-
posers 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.

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.

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.

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 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 popu-
lations by natural predators, parasites, or dis-
ease-causing bacteria and viruses (pathogens).

Glossary
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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.

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.

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.

carbon cycle  Cyclic movement of carbon in 
different chemical forms from the environment 
to organisms and then back to the environment.

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.

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 ele-
ments 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.

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 Styro-
foam. 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, over-
nutrition.

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.

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.

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.

cold front  Leading edge of an advancing mass 
of cold air. Compare warm front.

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.

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 spe-
cies (interspecifi c competition) attempting to use 
the same scarce resources in the same ecosys-
tem.

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-
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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.

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.

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.

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.

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 
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 scientists.

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.

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.

deforestation Removal of trees from a for-
ested area.

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.

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.

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.

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.

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.

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.
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renewable (on a human time scale) or nonexis-
tent (extinct). See also sustainable yield.

environmental ethics  Human beliefs about 
what is right or wrong with how we treat the 
environment.

environmentalism Social movement dedi-
cated 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 movement   Citizens orga-
nized to demand that political leaders enact laws 
and develop policies to curtail pollution, clean 
up polluted environments, and protect un-
spoiled areas from environmental degradation.

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 al-
tering lifestyles, political and economic systems, 
and the way we treat the environment with the 
goal of living more sustainably. It requires work-
ing 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, chemistry, 
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 

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.

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-

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.

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 different 
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 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 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.
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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 (environ-
mental ethics). See deep ecology worldview, environ-
mental wisdom worldview, frontier worldview, plan-
etary 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.

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 
sequoias. 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 
conditions. Scientists conduct some experi-
ments 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 measurements, ideally by several different 
investigators.

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.

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.

fermentation See anaerobic respiration.

fertility rate  Number of children born to an 
average woman in a population during her life-
time. Compare replacement-level fertility.

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 shprint  Area of ocean needed to sustain the 
consumption of an average person, a nation, or 
the world. Compare ecological footprint.

fl oodplain  Flat valley fl oor next to a stream 
channel. For legal purposes, the term often 
applies 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 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. 
Examples 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.

functional diversity  Biological and chemical 
processes or functions such as energy fl ow and 
matter cycling needed for the survival of species 
and biological communities. See biodiversity, eco-
logical 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.

game species  Type of wild animal that people 
hunt or fi sh for, for sport and recreation and 
sometimes for food.
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gamma ray  Form of 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 different 
places, eat a variety of foods, and tolerate a wide 
range of environmental conditions. Examples 
include fl ies, cockroaches, mice, rats, and hu-
mans. Compare specialist species.

genes Coded units of information about specifi c 
traits that are passed from parents to offspring 
during reproduction. They consist of segments of 
DNA molecules found in chromosomes.

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)  Or-
ganism 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.

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.

global climate change  Broad term referring 
to changes in any aspects of the earth’s climate, 
including temperature, precipitation, and storm 
activity. Compare weather.

global warming  Warming of the earth’s lower 
atmosphere (troposphere) because of increases 
in the concentrations of one or more green-
house gases. It can result in climate change that 
can last for decades to thousands of years. See 
greenhouse effect, greenhouse gases, natural green-
house effect.

GMO See genetically modifi ed organism.

GPP See gross primary productivity.

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.

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; under-
ground 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.

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.

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-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.

hydrocarbon Organic compound made of hy-
drogen and carbon atoms. The simplest hydro-
carbon is methane (CH4), the major component 
of natural gas.

hydrologic cycle  Biogeochemical cycle that 
collects, purifi es, and distributes the earth’s 
fi xed supply of water from the environment to liv-
ing organisms and then back to the environment.

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.

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.

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.
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infi ltration  Downward movement of water 
through soil.

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.

input Matter, energy, or information entering 
a system. Compare output, throughput.

input pollution control  See pollution
 prevention.

instrumental value  Value of an organism, 
species, ecosystem, or the earth’s biodiversity 
based on its usefulness to humans. Compare 
intrinsic value.

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.

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.

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.

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 precipitation, 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 eutro-
phic 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.

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.

LDC See developing country.

less developed country (LDC)  See developing
country.

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.

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-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.

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.

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.

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.

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.
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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.

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.

microorganisms Organisms such as bacteria 
that are so small that it takes a microscope to see 
them.

migration Movement of people into and out 
of specifi c geographic areas. Compare emigration
and immigration.

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).

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 dif-
ferent chemical elements (such as H2O) held 
together by chemical bonds. Compare atom, ion.

more developed country (MDC)  See devel-
oped country.

mutation Random change in DNA mol-
ecules making up genes that can alter anatomy, 
physiology, or behavior in offspring. See mutagen.

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 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 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 difference 
between the rate at which the plants in an eco-
system produce useful chemical energy (gross 
primary productivity) and the rate at which 
they use some of that energy through cellu-
lar respiration. Compare gross primary productivity.

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.

nitrogen cycle  Cyclic movement of nitrogen in 
different chemical forms from the environment 
to organisms and then back to the environment.

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.

nondegradable pollutant  Material that 
is not broken down by natural processes. 
Examples include the toxic elements lead and 
mercury. Compare biodegradable pollutant.

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.

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.

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.
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oligotrophic lake  Lake with a low supply of 
plant nutrients. Compare eutrophic lake, mesotro-
phic 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 sea  Part of an ocean that lies beyond the 
continental shelf. Compare coastal zone.

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.

organism Any form of life.

output Matter, energy, or information leaving 
a system. Compare input, throughput.

output pollution control  See pollution cleanup.

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.

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 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.

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.

pathogen Living organism that can cause 
disease in another organism. Examples include 
bacteria, viruses, and parasites.

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.

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.

petroleum See crude oil.

phosphorus cycle  Cyclic movement of 
phosphorus in different chemical forms from the 
environment to organisms and then back to the 
environment.

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.

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.

planetary management worldview  World-
view 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.

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.

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.

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.

population dispersion  General pattern in 
which the members of a population are arranged 
throughout its habitat.

population distribution  Variation of popula-
tion density over a particular geographic area or 
volume. For example, a country has a high popu-
lation density in its urban areas and a much lower 
population density in rural areas.
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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.

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 productivity  See gross primary pro-
ductivity, net primary productivity.

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.

radioactive decay  Change of a radioisotope 
to a different isotope by the emission of radio-
activity.

radioactive isotope  See radioisotope.

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.

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. 
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 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 
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.

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 sim-
ilar needs (overlapping ecological niches) use the 
same scarce resources at different times, in differ-
ent ways, or in different places. See ecological niche, 
fundamental niche, realized niche.

resource productivity  See material effi ciency.

respiration See aerobic respiration.

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.

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.
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r-strategists  See r-selected species.

rule of 70  Doubling time (in years) �
70/(percentage growth rate). See doubling time, 
exponential growth.

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.

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 sci-
entifi 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 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.

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.

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.

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.

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 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.

sound science  See reliable science.

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.

S-shaped curve  Leveling off of an expo-
nential, J-shaped curve when a rapidly grow-
ing population reaches or exceeds the carrying 
capacity of its environment and ceases to grow.

statistics Mathematical tools used to collect, 
organize, and interpret numerical data.

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 ultra-
violet radiation emitted by the sun. Compare 
troposphere.

stream Flowing body of surface water. 
Examples are creeks and rivers.

subatomic particles  Extremely small par-
ticles—electrons, protons, and neutrons—that 
make up the internal structure of atoms.

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.

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 water  Precipitation that does not in-
fi ltrate the ground or return to the atmosphere 
by evaporation or transpiration. See runoff.
Compare groundwater.
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survivorship curve  Graph showing the 
number of survivors in different age groups for a 
particular species.

sustainability Ability of earth’s various 
systems, including human cultural systems and 
economies, to survive and adapt to changing 
environmental conditions indefi nitely.

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
 degradation.

synergistic interaction  Interaction of two or 
more factors or processes so that the combined 
effect is greater than the sum of their separate 
effects.

system Set of components that function and 
interact in some regular and theoretically pre-
dictable manner.

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.

tentative science  Preliminary scientifi c data, 
hypotheses, and models that have not been 
widely tested and accepted. Compare reliable
 science, unreliable science.

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.

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.

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.

throwaway society  See high-throughput
economy.

tipping point  Threshold level at which an 
environmental 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.

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.

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.

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 bottom 
water to the ocean’s surface. It can occur far 
from shore but usually takes place along cer-
tain steep coastal areas where the surface layer 
of ocean water is pushed away from shore and 
replaced by cold, nutrient-rich bottom water.

utilitarian value  See instrumental value.

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.

water cycle  See hydrologic cycle.

watershed Land area that delivers water, 
sediment, and dissolved substances via small 
streams to a major stream (river).

weather Short-term changes in the tempera-
ture, barometric pressure, humidity, precipita-
tion, sunshine, cloud cover, wind direction 
and speed, and other conditions in the tro-
posphere at a given place and time. Compare 
climate.

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.

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.

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.

zooplankton Animal plankton; small fl oating 
herbivores that feed on plant plankton (phyto-
plankton). Compare phytoplankton.
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Abiotic, 57, 57f
Abyssal zone, 170
Acid deposition, 69, 71
Acidic solution, 37
Acidity, 37
Acid rain, 69
Adaptation, 82
Adaptive trait, 82
Advocates for Animals, 205b
Aerobic respiration, 59, 67
Aesthetic value, 190, 191f
Affl uence
 in China, 15
 environmental effects of, 19
Age-structure diagram, 130, 131f, 132f
Age structure of populations, 109, 130–33
Agricultural revolution, 16
AIDS and population decline, 132–33
Air circulation, 141, 142f, 143–44
Air plants, 106, 106f
Alien species, 92
Alligator, American, 77, 77f,  97
Alpine tundra, 152
American bald eagle, 202
Amino acids, 38
Ammonifi cation, 69
Amphibians, vanishing, 93–95, 94f
Anaerobic respiration, 59
Animal farms, 209
Applied ecology, 244
Aquariums, 209–10
Aquatic biodiversity, 162–80
Aquatic life zones, 56, 163
 organisms in, 164–65
 types of, 163–64
Aquatic systems,
 general nature of, 163–65
 importance of, 165–70
 invasive species in, 252, 252f, 253b, 269–70
 sustaining biodiversity of, 250–72
 threats to, 250–57
Aquifers, 65
Arboreta, 209
Arctic tundra, 150, 151f, 152, 178
Argentina fi re ant, 199–200, 200f
Army cutworm moths and grizzly bears, 102
Artifi cial coral reef, 261b
Artifi cial selection, 88b
Asian carp, 270
Asian swamp eel, 252
Asteroid collisions with earth, 85
Atmosphere, 54
 ocean and, 143, 144f
Atomic charge, 36

Atomic number, 36
Atomic theory, 35
Atoms, 35–36, 36f, 52f
Audubon, John James, 183
Autotrophs, 58

Baby boom (U.S.), 127, 131–32, 132f
Baby bust, 132
Background extinction, 87–88, 185
Bacon, Sir Francis, 119
Bacteria
 natural selection and, 82, 83f
 nitrogen fi xing and, 68–69
Balance of nature, 118
Baleen whales, 257, 258f
Barrier beaches, 168–69, 170f
Barrier islands, 168
Baseline data, 73, 74
Basic solution, 37
Bathyal zone, 170
Bats, ecological roles of, 192b
Bats and moths (coevolution), 105f
Baum, Julia, 96
Beavers, 96
Bees
 colony collapse disorder, 202–3
 nonnative, 93
Benthic zone, 174, 175f
Benthos, 164
Bequest value, 190
Bias and scientists, 35
Biocultural restoration, 242b
Biodegradable pollutants, 16
Biodiversity, 23, 23f, 78–80
 aquatic, 162–80, 250–72
 coral reefs and, 170
 climate and, 141–59
 components of, 79, 79f
 ecosystem approach to preserving, 239–45
 extinction and, 87–89, 183–211
 priorities for sustaining, 271–72
 speciation and, 86
 species diversity and, 89–91
 wilderness and, 238
Biodiversity-friendly development, 239
Biodiversity hotspots, 239, 240, 241f
Biogeochemical cycles, 65
Biological capacity, 14
Biological community, 53
Biological diversity. See biodiversity
Biological evolution, 80
Biological extinction, 185, 255
Biomass, 62
Biomes, 55, 55f, 145
 air circulation, ocean currents, and, 144f

climate’s effect on, 145–57
 major types of, 146f
 wind, climate, and, 140
Biophilia, 192

Biophobia, 192
Biosphere, 52f, 53, 55
 nutrients cycle in, 65
 water cycles through, 65–67
Biosphere reserves, 237, 237f
Biotic, 57, 57f
Biotic potential of species, 109
Birds, decline of species, 195–97
Birth dearth, 132
Birth rate, 126
 factors affecting, 128
Blackfoot Challenge, 245
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ecology, 244–45
Black rhinoceros (mutualism), 106f
Bluefi n tuna, 255
Blue whales, 258
Boom-and-bust population cycles, 113
Boreal forests, 155
Bormann, F. Herbert, 28
Botanical gardens, 209
Bottom-up population regulation, 113, 114f
Brazil, and tropical forests, 224–27
Broadleaf deciduous trees, 155
Broadleaf evergreen plants, 153
Brown, Lester R., 15, 137
Brown tree snake, 110–11
Buffer zone concept, 236–37, 237f
Burmese python snake, 200
Bush, George W., 261
Bush meat, 205–6, 206f
Bycatch, 255

California condor, 210
Callender, Jim, 266b
Camoufl age, 102
Captive breeding, 209–10
Carbon cycle, 67–68, 68f
Carnivores, 59
Carrying capacity (K) in populations, 110,

111, 112f
Case study. See also Core case study
 biodiversity hotspot in East Africa, 240
 Blackfoot River Valley, 244–45
 California condor, 210
 Chattanooga, Tennessee, and environmental 

transformation, 21–22, 21f
 Chesapeake Bay, 172–73, 173f
 China’s new affl uent consumers, 15–16
 China’s one-child policy, 135–36
 cockroaches, 92
 Costa Rica and conservation, 237–38
 decline of bird species, 195–97
 Endangered Species Act, U.S., 207–8
 Everglades restoration, 267–68
 forest regrowth in U.S., 223
 fuelwood and deforestation, 229
 grazing, urban development in American 

West, 233
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Case study (cont’d)
 Great Lakes and invasive species, 269–70
 honeybees disappearing, 202–3
 human species and evolution, 83
 industrial fi sh harvesting, 256–57
 inland wetlands losses in United States, 179
 kudzu vine, 198
 marine turtles, 259–60
 New Orleans and fl ood control, 177–78
 polar bears and global warming, 203
 sharks, protection of, 96–97
 slowing population growth in India, 136–37
 United States and immigration, 129–30
 U.S. national parks, stresses on, 234–35
 vanishing amphibians, 93–95
 whales, 257–59
 white-tailed deer populations, 114–15
 wilderness protection in U.S., 238–39
Catastrophic events
 evolution and, 85
 extinction and, 88–89
Cells (atmospheric), 141, 144, 144f
Cells (biological), 38, 38f, 51, 52f

eukaryotic, 51, 52f
 prokaryotic, 51, 52f
Cell theory, 51
Chain reaction, 40
Chaparral, 152–53, 152f
Chattanooga, Tennessee, 21–22, 21f
China
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 air pollutants from, 140
 giant panda, 92
 one-child policy and, 135–36
 per capita ecological footprint, 14, 122, 136
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Chemical bonds, 37
Chemical change in matter, 40
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Chemical formula, 37
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Chemical warfare by species, 102
Chemosynthesis, 59
Chesapeake Bay, 172–73, 173f
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Chlorinated hydrocarbons, 38
Clear-cutting, 219, 219f, 220f
Climate, 141

biomes, wind, and, 140
 biodiversity and, 141–59
 effect on biomes, 145–57
Climate change, 5. See also Global warming
 evolution and, 84–85, 85f, 86b
 extinction of toad, frog species and, 87
 forests and, 222, 222f, 230b
 as threat to aquatic systems, 254
 vanishing amphibians and, 95
Climate zones of earth, 142f
Climax community, 118
Clownfi sh (mutualism), 106f
Clumping, population dispersion and, 108, 109f
Cockroaches, 92, 92f
Coastal coniferous forests, 156
Coastal wetlands, 166
Coastal zone, 165
Coevolution, 104, 105f
Cold deserts, 148, 149f
Cold forests, 153, 154f, 155–56
Cold grasslands, 150–152, 151f, 152f

Collins Pine, 228b
Colonizing species, 115
Colony collapse disorder, 202–3
Columbia River, 270
Comanagement of fi sheries, 264
Commensalism, 101, 106, 106f
Commercial extinction, 254
Commercial fi shing methods, 256–57, 256f
Common property rights, 13
Community (biological), 52f, 53
 ecosystems, environmental changes, and, 

115–19
Community-based conservation, 244
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 reduction by natural selection, 107–8
Competitive exclusion principle, 102
Complex carbohydrates, 38
Compounds, 35

important to environmental science, 37t
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 organic, 38
Comprehensive Everglades Restoration Plan 

(CERP), 268
Conduction, 41
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(U.N.), 134–35
Coniferous evergreen trees, 156
Conservation, 12
Conservation concessions, 231
Conservation International, 239
Consumers, in ecosystems, 59
Consumption, and species extinctions, 201
Continental shelf, 166
Controlled scientifi c experiment, 28, 28f
Control group, 28
Control site, 28
Convection, 42
Convention on Biological Diversity (CBD), 207
Convention on International Trade in 

Endangered Species (CITES), 206–7, 257
Coral bleaching, 162
Coral reefs, 162, 170, 171f, 180, 250
 artifi cial, 261b
Core case study
 American alligator’s ecological role, 77, 97
 controlled scientifi c experiment, 28, 47
 coral reefs, 162, 180
 disappearing tropical rain forests, 50, 74
 exponential growth, 5, 24
 gray wolves in Yellowstone National Park, 

214, 245
 Nile perch in Lake Victoria, 249, 253, 272
 passenger pigeon, 183, 211
 population of earth and resource 

consumption, 122, 137
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 wind, climate, and biomes, 140, 159
Costanza, Robert, 218
Costa Rica, 87
 conservation and, 237–38, 238f
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 tropical dry forest restoration, 242b
Cousteau, Jacques-Yves, 180
Crabtree, Robert, 235b
Crown fi res, 220–21, 220f
Crude birth rate, 126
Crude death rate, 126
Crust, earth’s, 55
Cultural carrying capacity, 125
Cultural eutrophication, 175
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Currents (ocean), 143, 143f, 144f
Curtis Prairie, 243, 243f
Cyclic population fl uctuations, 113
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177–78

Darwin, Charles, 78, 80, 101
Data, 30
DDT, 201, 201f
Death rate, 126
 AIDS and, 132–33
 factors affecting, 128–29
Debt-for-nature swaps, 230–31
Decomposers, 59, 60f, 61, 164
Deductive reasoning, 32
Deforestation, 193, 222–23, 222f, 223f

fuelwood and, 229
 of tropical forests, 223–27, 224f, 225f, 226f
Deltas, 177–78
Demographic bottleneck, 113
Demographic transition, 133, 134f
Demographic trap, 69
Denitrifi cation, 69
Density-dependent population controls, 113
Density independent, 113
Deposit feeders, 170
Desert(s), 148
 types of, 148, 149f
Detritivores, 59, 60f
Detritus, 59
Detritus feeders, 59, 61
Developed countries, 10–11, 11f
Developing countries, 11, 11f
 deforestation and, 222
 population growth and, 133–34
Dieback (crash), 111, 112f
Differential reproduction, 82
Discontinuity, 46
Dissolved oxygen content, 58
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Dominican Republic, whale watching 

in, 259
Drainage basin, 176
Drift-net fi shing, 257
Dubos, René, 6
Dunes, 169, 170f

Early (pioneer) successional species, 116
Earth
 biomes of, 146f
 climate zones of, 142f
 conditions for life and, 86b
 life-support system of, 54–55
 population and resource consumption, 123
 surface of and effect on climate, 144–45, 145f
Earthquakes, 84
East Africa
 biodiversity hotspot, 240
 Nile perch in Lake Victoria, 249
Easter Island, 31b
Ecological defi cit, 14
Ecological effi ciency, 62
Ecological extinction, 185
Ecological footprint, 14–16
 cultural changes and, 16
Ecological footprint analysis, 26, 76, 139, 

247, 274
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Ecological niche, 91, 93f, 101–2
Ecological restoration, 242, 242b
Ecological services
 estimating value of, 218b
 of rivers, 270f
Ecological succession, 115, 118b
Ecological value, 191
Ecologists, 72
Ecology, 7, 51, 52
Economic development, 10
Economic growth, 10–11, 14, 24
Economic incentives, to sustain aquatic 

biodiversity, 259
Eco-philanthropists, 236
Ecosystem(s), 7–8, 52f, 53
 alligator and, 77, 79
 carbon cycle and, 67–68
 communities, change, and, 115–19
 energy and, 61–65
 energy fl ow, nutrient cycling and, 60–61
 food chains, food webs and, 61–62
 forest, threats to, 215–27
 four-point approach to protect, 239
 freshwater, 174–79
 human effects on freshwater, 179
 human effects on marine, 171–73
 human effects on terrestrial, 158–59
 limiting factors, 58
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 matter and, 65–72
 nitrogen cycle and, 68–70
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 phosphorus cycle and, 70
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 important to environmental science, 36t
Elephants, protecting using DNA, 191b
Eliat, Israel, 261b
Emergency action strategy, 239
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