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Preface
UNDERSTANDING CRISIS  
AND OPPORTUNITY
Environmental science often emphasizes that while we are sur-
rounded by challenges, we also have tremendous opportunities. We 
face critical challenges in biodiversity loss, clean water protection, 
climate change, population growth, sustainable food systems, and 
many other areas. But we also have tremendous opportunities to 
take action to protect and improve our environment. By studying 
environmental science, you have the opportunity to gain the tools 
and the knowledge to make intelligent choices on these and count-
less other questions.

Because of its emphasis on problem solving, environmental 
science is often a hopeful field. Even while we face burgeoning cit-
ies, warming climates, looming water crises, we can observe solu-
tions in global expansion in access to education, health care, 
information, even political participation and human rights. Birth 
rates are falling almost everywhere, as women’s rights gradually 
improve. Creative individuals are inventing new ideas for alternative 
energy and transportation systems that were undreamed of a gen-
eration ago. We are rethinking our assumptions about how to 
improve cities, food production, water use, and air quality. Local 
action is rewriting our expectations, and even economic and politi-
cal powers feel increasingly compelled to show cooperation in 
improving environmental quality

Climate change is a central theme in this book and in environ-
mental science generally. As in other topics, we face dire risks but 
also surprising new developments and new paths toward sustain-
ability. China, the world’s largest emitter of carbon dioxide, expects 
to begin reducing its emissions within a decade, much sooner than 
predicted. Many countries are starting to show declining emissions, 
and there is clear evidence that economic growth no longer de-
pends on carbon fossil fuels. Greenhouse gas emissions continue to 
rise, but nations are showing unexpected willingness to cooperate 
in striving to reduce emissions. Much of this cooperation is driven 
by growing acknowledgment of the widespread economic and hu-
manitarian costs of climate change. Additional driving forces, 
though, are the growing list of alternatives that make carbon reduc-
tions far easier to envision, or even to achieve, than a few years ago.

Sustainability, also a central idea in this book, has grown from 
a fringe notion to a widely shared framework for daily actions (recy-
cling, reducing consumption) and civic planning (building energy-
efficient buildings, investing in public transit and bicycle routes). 
Sustainability isn’t just about the environment anymore. Increas-
ingly we know that sustainability is also smart economics and that 
it is essential for social equity. Energy efficiency saves money. Alter-
native energy can reduce our reliance on fuel sources in politically 
unstable regions. Healthier food options reduce medical costs. Ac-
counting for the public costs and burdens of pollution and waste 

disposal helps us rethink the ways we dispose of our garbage and 
protect public health. Growing awareness of these co-benefits helps 
us understand the broad importance of sustainability.

Students are providing leadership
Students are leading the way in reimagining our possible futures. 
Student movements have led innovation in technology and science, 
in sustainability planning, in environmental governance, and in en-
vironmental justice around the world. They have energized local 
communities to join the public debate on how to seek a sustainable 
future. Students have the vision and the motivation to create better 
paths toward sustainability and social justice, at home and globally.

You may be like many students who find environmental sci-
ence an empowering field. It provides the knowledge needed to use 
your efforts more effectively. Environmental science applies to our 
everyday lives and the places where we live, and we can apply ideas 
learned in this discipline to any place or occupation in which we 
find ourselves. And environmental science can connect to any set 
of interests or skills you might bring to it: Progress in the field in-
volves biology, chemistry, geography, and geology. Communicating 
and translating ideas to the public, who are impacted by changes in 
environmental quality, requires writing, arts, media, and other com-
munication skills. Devising policies to protect resources and en-
hance cooperation involves policy, anthropology, culture, and 
history. What this means is that while there is much to learn, this 
field can also connect with whatever passions you bring to the 
course.

WHAT SETS THIS BOOK APART?
Solid science and an emphasis on sustainability: This book reflects 
the authors’ decades of experience in the field and in the class-
room, which make it up-to-date in approach, in data, and in applica-
tions of critical thinking. The authors have been deeply involved in 
sustainability, environmental science, and conservation programs 
at the University of Minnesota and at Vassar College. Their experi-
ence and courses on these topics have strongly influenced the way 
ideas in this book are presented and explained.

Demystifying science: We make science accessible by showing how 
and why data collection is done and by giving examples, practice, 
and exercises that demonstrate central principles. Exploring Science 
readings empower students by helping them understand how scien-
tists do their work. These readings give examples of technology and 
methods in environmental science.

Quantitative reasoning: Students need to become comfortable with 
graphs, data, and comparing numbers. We provide focused discus-
sions on why scientists answer questions with numbers, the nature 
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Key concepts: In each chapter this section draws together compel-
ling illustrations and succinct text to create a summary “take-home” 
message. These key concepts draw together the major ideas, ques-
tions, and debates in the chapter but give students a central idea on 
which to focus. These can also serve as starting points for lectures, 
student projects, or discussions.

Positive perspective: All the ideas noted here can empower students 
to do more effective work for the issues they believe in. While we 
don’t shy away from the bad news, we highlight positive ways in 
which groups and individuals are working to improve their environ-
ment. What Can You Do? features in every chapter offer practical 
examples of things everyone can do to make progress toward 
sustainability.

Thorough coverage: No other book in the field addresses the multi-
faceted nature of environmental questions such as climate policy, 
sustainability, or population change with the thoroughness this 
book has. We cover not just climate change but also the nature of 
climate and weather systems that influence our day-to-day experi-
ence of climate conditions. We explore both food shortages and the 
emerging causes of hunger—such as political conflict, biofuels, and 
global commodity trading—as well as the relationship between food 
insecurity and the growing pandemic of obesity-related illness. In 
these and other examples, this book is a leader in in-depth coverage 
of key topics.

Student empowerment: Our aim is to help students understand that 
they can make a difference. From campus sustainability assess-
ments (chapter 16) to public activism (chapter 13) we show ways 
that student actions have led to policy changes on all scales. In all 
chapters we emphasize ways that students can take action to prac-
tice the ideas they learn and to play a role in the policy issues they 
care about. What Can You Do? boxed features give steps students 
can take to make a difference.

Exceptional online support: Online resources integrated with read-
ings encourage students to pause, review, practice, and explore 
ideas, as well as to practice quizzing themselves on information 
presented. McGraw-Hill’s ConnectPlus (www.mcgrawhillconnect.
com) is a web-based assignment and assessment platform that gives 
students the means to better connect with their coursework, with 
their instructors, and with the important concepts that they will 
need to know for success now and in the future. Valuable assets 
such as LearnSmart (an adaptive learning system), an interactive 
ebook, Data Analysis exercises, the extensive case study library, and 
Google Earth exercises are all available in Connect.

WHAT’S NEW IN THIS EDITION?
This edition continues our focus on two major themes, climate pro-
tection and sustainability. These topics are evolving rapidly, often 
with student leadership, and they greatly impact the future and the 
career paths of students. We explore emerging ideas and examples 
to help students consider these dominant issues of our time. The 
climate chapter (chapter 9), for example, provides up-to-date data 
from the Paris Accord to the latest Intergovernmental Panel on 

of statistics, of probability, and how to interpret the message in a 
graph. We give accessible details on population models, GIS (map-
ping and spatial analysis), remote sensing, and other quantitative 
techniques. In-text applications and online, testable Data Analysis 
questions give students opportunities to practice with ideas, rather 
than just reading about them.

Critical thinking: We provide a focus on critical thinking, one of the 
most essential skills for citizens, as well as for students. Starting 
with a focused discussion of critical thinking in chapter 1, we offer 
abundant opportunities for students to weigh contrasting evidence 
and evaluate assumptions and arguments, including What Do You 
Think? readings.

Up-to-date concepts and data: Throughout the text we introduce 
emerging ideas and issues such as ecosystem services, cooperative 
ecological relationships, epigenetics, and the economics of air pol-
lution control, in addition to basic principles such as population 
biology, the nature of systems, and climate processes. Current ap-
proaches to climate change mitigation, campus sustainability, sus-
tainable food production, and other issues give students current 
insights into major issues in environmental science and its applica-
tions. We introduce students to current developments such as eco-
system services, coevolution, strategic targeting of Marine Protected 
Areas, impacts of urbanization, challenges of REDD (reducing 
emissions through deforestation and degradation), renewable en-
ergy development in China and Europe, fertility declines in the de-
veloping world, and the impact of global food trade on world 
hunger.

Active learning: Learning how scientists approach problems can help 
students develop habits of independent, orderly, and objective thought. 
But it takes active involvement to master these skills. This book inte-
grates a range of learning aids—Active Learning exercises, Critical 
Thinking and Discussion questions, and Data Analysis exercises—that 
push students to think for themselves. Data and interpretations are 
presented not as immutable truths but rather as evidence to be exam-
ined and tested, as they should be in the real world. Taking time to 
look closely at figures, compare information in multiple figures, or 
apply ideas in text is an important way to solidify and deepen under-
standing of key ideas.

Synthesis: Students come to environmental science from a multi-
tude of fields and interests. We emphasize that most of our pressing 
problems, from global hunger or climate change to conservation of 
biodiversity, draw on sciences and economics and policy. This syn-
thesis shows students that they can be engaged in environmental 
science, no matter what their interests or career path.

A global perspective: Environmental science is a globally intercon-
nected discipline. Case studies, data, and examples from around the 
world give opportunities to examine international questions. Nearly 
half of the opening case studies, and many of the boxed readings, 
examine international issues of global importance, such as forest 
conservation in Indonesia, air quality in India, or family planning in 
Thailand. In addition, Google Earth place marks take students vir-
tually to locations where they can see and learn the context of the 
issues they read.

	



7 children per woman on average in 1974 to 1.5 in 2017. This dra-
matic change is linked to a new section later in the chapter describ-
ing how about half the world’s countries are now at or below the 
replacement rate. The What Do You Think? essay on China’s one-
child policy has been updated to reflect emerging worries about a 
birth dearth in China. Population data have been updated through-
out the chapter, reflecting ongoing demographic changes in many 
regions of the world.

Chapter 5 has a new opening case study on the growing threat of 
bark beetles in forest destruction and the frequency and cost of wild 
fires. This is a major case of ecosystem disturbance, state shift, and 
resource management policy, as well as a dramatic illustration of 
how climate shapes biomes. The Exploring Science essay in this 
chapter describes efforts to restore coral reefs, including breeding 
experiments that seek to create coral strains that can grow in 
warmer, more acidic sea water. Successful recovery of protected 
species under the Endangered Species Act is highlighted, along 
with the benefits of habitat protection.

Chapter 6 provides new data on the effects of palm oil plantations 
on biodiversity, including endangered orangutans, in the opening 
case study. Although many major food companies and oil traders 
have pledged to stop using or selling oil from recently deforested 
areas, compliance is difficult to monitor. In the meantime, orangs 
and people who try to protect them continue to be killed. Adding to 
this discussion, we have added a new Exploring Science essay on 
how we can use remote sensing to assess forest loss. We also have 
an updated What Can You Do? box with suggestions for individual 
actions to reduce forest impacts. Habitat loss isn’t just a problem in 
other countries; the U.S. also has continued threats to natural ar-
eas. We address threats to the Alaska National Wildlife Refuge and 
to recently created national monuments in two new boxes for this 
edition.

Chapter 7 opens with a new case study about introduction of crop 
varieties engineered to tolerate multiple herbicides, and herbicide 
“cocktails” containing mixtures of different herbicides. This innova-
tion is meant to combat pesticide resistance, but will it simply ac-
celerate evolution of super weeds? And what are the potential 
human health effects and the ecological consequences of ever 
greater exposure to these compounds? Fuel consumption in crop 
production is addressed in light of concern about global climate 
change, along with questions about how we’ll feed a growing human 
population in a changing world. Low-input, sustainable farming is 
discussed as an alternative to modern industrial-scale farming 
methods.

Chapter 8 introduces environmental health with a new case study 
about the toxic floods that inundated Houston after Hurricane 
Harvey in 2017. The long-term effects of flooding thousands of 
chemical plants and Superfund sites remain to be seen, but this is 
an excellent example of a growing threat from pollutants and syn-
thetic chemicals, especially in vulnerable coastal cities. Our discus-
sion of global health burdens is updated to reflect the threats 
of chronic conditions. Many new outbreaks of emergent diseases 
are noted. And we provide a new profile of important persistent 
organic pollutants (POPs).

Climate Change (IPCC) as well as in-depth explanations of climate 
dynamics, including positive feedbacks and how greenhouse gases 
capture energy. The energy chapter (chapter 13) explores the rap-
idly changing landscape of energy production, in which fossil fuels 
still dominate, but explosive growth of renewables in China, India, 
and Europe have altered what we think is possible for renewable 
energy systems.

We also provide a new emphasis on science and citizenship. In 
a world overflowing with conflicting views and arguments, students 
today need to understand the importance of being able to evaluate 
evidence, to think about data, to understand environmental sys-
tems, and to see linkages among systems we exploit and depend on. 
And they need to understand their responsibility, as voters and 
members of civil society, to apply these abilities to decision making 
and participation in their communities.

Many topics in environmental science are shifting rapidly, and 
so much of the material in this edition is updated. Nearly two-thirds 
of the chapters have new opening case studies, and data and figures 
have been updated throughout the book. Brief learning objectives 
have been added to every A head to help students focus on the most 
important topics in each major section.

We also recognize that students have a lot to remember from 
each chapter. As teachers, we have found it is helpful to provide a 
few key reference ideas, which students can focus on and even com-
pare to other data they encounter. So in this edition, we have pro-
vided short lists of benchmark data, selected to help students 
anchor key ideas and to understand the big picture. Specific chap-
ter changes include the following.

In Chapter 1, a new opening case study describes an important devel-
opment in renewable energy on the Navajo Reservation in Arizona. 
In a dramatic shift, the tribe has decided to move away from a reli-
ance on dirty fossil fuels and to turn instead to clean, renewable solar 
energy. This shift will protect precious water resources, improve air 
quality for the whole region, reduce health risks from mining and 
burning coal, and help fight climate change for all of us. The chapter 
also has a new Exploring Science box on recent United Nations Sus-
tainable Development Goals and the most current Human Develop-
ment Index. We also have added text and a figure explaining planetary 
boundaries for critical resources and ecosystem services as well as 
how we may transgress crucial systems on which we all depend. We 
introduce a new feature in this chapter on science and citizenship 
with a focus on evidence and critical thinking.

Chapter 2 opens with a case study on the Gulf of Mexico’s “dead 
zone,” which continues to grow in size despite the good intentions 
of many stake-holders. This example shows the importance of un-
derstanding principles of chemistry and biogeochemical cycles in 
ecology. We expand on the discussion of trophic levels in biological 
communities with an essay on how overexploitation of Antarctic 
krill is disrupting the entire Antarctic Ocean food chain.

Chapter 3 provides new insights into the importance of the microbi-
ome in chronic diseases and the possible effects of chronic expo-
sure to antimicrobial compounds on our microbiological symbionts.

Chapter 4 features a new opening case study on the success of fam-
ily planning in Thailand, where total fertility rates have fallen from 
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and efficiency of solar and wind power, which have made renewable 
energy cheaper than fossil fuels or nuclear even for existing facili-
ties. An extensive new section on an energy transition explores fu-
ture options for generating, storing, and transmitting energy. 
Drawing on the work of Jacobson and Delucchi, and Pawl Hawken’s 
recent Drawdown study, we show how sustainable energy could sup-
ply all our power needs.

Chapter 14 starts with a new opening case study about the huge 
problem of plastic trash accumulating in the oceans. In particular, 
the estimated 100 million tons of plastic circulating in a massive 
gyre the size of California just northwest of Hawaii is a threat both 
to fish and to oceanic birds. A new What Do You Think? essay exam-
ines new Chinese policies that outlaw shipment of two dozen kinds 
of low-quality or dangerous solid waste and threaten to upend waste 
disposal practices throughout the world.

Chapter 15 opens with an important new case study on British 
Columbia’s groundbreaking carbon tax. This revenue-neutral use 
tax has been a tremendous environmental and economic success 
and has provided millions to decrease corporate and personal taxes 
as well as to accomplish broader social goals while fostering an 
economic boom. This is an excellent and positive application of 
environmental economics. The section on cities and city planning 
in this chapter builds on the discussion in chapter 10 on New Delhi 
air pollution. We also return to the Human Development Index and 
the problems of massive urban agglomerations in developing coun-
tries, some of which, like Lagos, Nigeria, could reach 100 million 
inhabitants by the end of this century. Valuation of nature is dis-
cussed in a new Exploring Science essay, which examines a new esti-
mate that raises the value of all global ecological services from $33 
trillion to as much as $173 trillion, or more than twice the current 
global GDP.

Chapter 16 commences with a new case study on fossil fuel divest-
ment pledges by New York City and New York State. Decarboniza-
tion of these huge economies is inspired by the damage done by 
Hurricane Sandy, which resulted in more than $70 billion in dam-
ages. Even more notable than its divestment pledge, New York City 
is suing the world’s five largest publicly traded oil companies for 
their role in climate change. The divestment movement in colleges, 
universities, and other entities represents more than $6 trillion in 
assets. We support this discussion with a new section on policy 
making at both the individual and collective levels. We discuss the 
creation and implementation of some of our most important envi-
ronmental laws, but we also examine how those rules and laws are 
now under attack by the current administration. We also have 
added an extensive new section on how colleges and universities 
can be powerful catalysts for change. Finally, we end with a review 
of the 2016 UN Sustainable Development Goals.

Chapter 9’s focus on the causes and consequences of climate change 
remains among the most important topics in the book. An exten-
sive new section on the potential effects of a 2-degree average global 
temperature updates this discussion. Because no one can take ac-
tion without hope, we emphasize the many, readily available strate-
gies we can take to avoid these changes. A thorough examination of 
possible solutions, including goals and accomplishments of the 
Paris Accord, shows the many options that we have right now to 
solve our climate challenges. This chapter also contains updated 
discussions of basic climate processes and feedbacks.

Chapter 10 begins with a new case study about air quality in Delhi, 
India, which is now worse than that in Beijing, China. We amplify 
this case study with a new discussion in the text about health effects 
of air pollution, using Asia as an example. We also note that more 
than half of the 3 billion air pollution–related deaths worldwide are 
thought to be caused by indoor air. This is elaborated on in a new 
Exploring Science box about black carbon from combustion and its 
effects on health and climate.

Chapter 11 is a rare example in which the opening case study hasn’t 
changed because water emergencies in California remain a critical 
long-term problem. Other topics, such as inexpensive water purifi-
cation techniques and water recycling, also remain relevant and 
current.

Chapter 12 introduces a new case study on the Pebble mine, a pro-
posed giant strip mine at the headwaters of rivers flowing into 
Bristol Bay, Alaska. This mine, which had been blocked during the 
Obama administration, is now in play again with a new regime in 
Washington. It threatens the largest remaining sockeye salmon fish-
ery on the planet along with thousands of fish-related jobs and tra-
ditional native ways of life. It’s an example of the many controversies 
about mining and mineral production. We update the discussion of 
induced seismicity with a new Exploring Science box about saltwater 
injection wells associated with oil and gas production in Oklahoma. 
Surface mining and coal sludge storage remain a serious problem in 
many places, so we’ve incorporated a new section into the text 
about these topics. And discussion of 2017 floods in South Asia, 
which displaced more than 40 million people and killed at least 
1,200, illustrates the dangers of global climate change for geological 
hazards.

Chapter 13, which focuses on energy, is a focal chapter for climate 
solutions and sustainability. The opening case study on New York 
City’s commitment to 80 percent reduction of greenhouse gas 
reductions becomes even more important with the 2017 announce-
ment that both the city and state of New York would divest $5 billion 
in fossil fuel investments from their retirement funds (discussed in 
chapter 16). The chapter also reviews dramatic shifts in the price 
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xxvi	 GUIDED TOUR

Guided Tour
Application-based learning contributes 
to engaged scientific investigation. 

Key Concepts
Key concepts from each chapter are pre-

sented in a beautifully arranged layout to 

guide the student through the often 

complex network issues. 
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Could natural systems treat our wastewater?Conventional sewage treatment systems are designed to treat large volumes of effluent quickly and efficiently. Water treatment is necessary for public health and environmental quality, but it is expen-sive. Industrial-scale installations, high energy inputs, and caustic chemicals are needed. Huge quantities of sludge must be incin-erated or trucked off-site for disposal.

 An aeration tank helps aero-
bic (oxygen-using) bacteria 
 digest organic compounds.  
(left) ©Thinkstock Images/Getty Images; 
(right) ©Steve Allen/Brand X Pictures/
Alamy Stock Photo

In this system, after passing through the growing tanks, the effluent water runs over a waterfall and into a small fish pond for additional oxygenation and nutrient removal. This verdant greenhouse is open to the public and adds an appealing indoor space in a cold, dry climate. ©Mary Ann Cunningham 

 The process of conventional sewage treatment

Water is returned to
the environment

4

or

Solids and
sludge are
treated and 
sent to a 
landfill or 
incinerator, 
and
sometimes
sold as
fertilizer

Screening
removes large solids

1

Settlement tanks
remove most of the
remaining solids

2

Bacteria
in beds or tanks
purify the solids

3

The water may be 
disinfected with 
ultraviolet light

Conventional treatment misses new pollutants. Pharmaceuticals and  hormones, detergents, plasticizers, insecticides, and fire retardants are  released freely into surface waters, because these systems are not  designed for those contaminants.
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Constructed wetland systems can be 
 designed with endless varieties, but all  filter water through a combination of 
 beneficial microorganisms and plants. 
Here are common components:
•	 Anaerobic (oxygen-free) tanks: here 

anaerobic bacteria convert nitrate 
(NO3) to nitrogen gas (N2), and organic 
molecules to methane (CH4). In some 
systems, methane can be captured 
for fuel.

•	 Aerobic (oxygen-available) tanks: aero-
bic bacteria convert ammonium (NH4) 
to nitrate (NO3); green plants and algae 
take up nutrients.

•	 Gravel-bedded wetland: beneficial 
microorganisms and plants growing in a 
gravel bed capture nutrients and 
organic material. In some systems, the 
wetland provides wildlife habitat and 
recreational space.

•	 Presumable disinfection: water is clean 
leaving the system, but rules usually 
require that chlorine be added to 
ensure disinfection. Ozone or ultraviolet 
light can also be used.

 Where space is available, a larger constructed wetland can serve 
as recreational space, a wildlife 
 refuge, a living ecosystem, and a 
recharge area for groundwater or 
streamflow. ©William P. Cunningham

The growing tanks need to be  
in a greenhouse or other sunny 
space to provide light for plants.  
©Mary Ann Cunningham 

 A constructed wetland outside can 
be an attractive landscaping feature 
that further purifies water. ©William P. 
Cunningham
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1 ANAEROBIC TANKS
In the absence of 
oxygen, anaerobic 
bacteria decompose 
waste.

3 CONSTRUCTED WETLANDS
Plants take up remaining 
nutrients. Remaining nitrate is 
converted to nitrogen gas.

2 AEROBIC TANKS
Oxygen is mixed into water, 
supporting plants and bacteria 
that further break down and 
decontaminate waste. 
Remaining solids settle out.

4 DISINFECTION
Ozone, chlorine, UV light, or 
other methods ensure that no 
harmful bacteria remain. 
Water can then be reused or 
released.

Natural wastewater treatment is unfamiliar but usually cheaperWe depend on ecological systems—natural bacteria and plants in water and soil—to finish off conventional treatment. Can we use these systems 
for the entire treatment process? Although they remain unfamiliar to most cities and towns, wetland-based treatment systems have operated 
successfully for decades—at least as long as the lifetime of a conventional plant. Because they incorporate healthy bacteria and plant communi-
ties, there is potential for uptake of novel contaminants and metals as well as organic contaminants. These systems also remove nutrients better 
than most conventional systems do. These systems can be half as expensive as conventional systems because they have

· few sprayers, electrical systems, and pumps → cheaper installation· gravity water movement → low energy consumption· few moving parts or chemicals → low maintenance
· biotic treatment → little or no chlorine use
· nutrient uptake → more complete removal of nutrients, metals, and possibly organic compounds

 Drinkable quality water is produced by a well-designed natural system. This photo shows before and after treatment. Most people are squeamish about the prospect of drinking treated wastewater, so recycled water is generally used for other purposes such as toilets, washing, or irrigation. Since these uses make up about 95 percent of many municipal water sup-plies, they can represent a significant savings. ©Peter Essick/Getty Images
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CAN YOU EXPLAIN?
1. Based on your reading of this chapter, what are the primary contaminants for which water is treated?2. What is the role of bacteria in a system like this?
3. What factors make conventional treatment expensive?
4. Why is conventional treatment more widely used?
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What is biodiversity worth?
Often we consider biodiversity conservation a luxury: It’s nice if you can afford it, but most of us 

need to make a living. We find ourselves weighing the pragmatic economic value of resources 

against the ethical or aesthetic value of ecosystems. Is conservation necessarily contradictory to 

good economic sense? This question can only be answered if we can calculate the value of eco-

systems and biodiversity. For example, how does the value of a standing forest compare to the 

value of logs taken from the forest? Assigning value to ecosystems has always been hard. We 

take countless ecosystem services for granted: water purification, prevention of flooding and 

erosion, soil formation, waste disposal, nutrient cycling, climate regulation, crop pollination, 

food production, and more. We depend on these services, but because nobody sells them 

 directly, it’s harder to name a price for these services than for a truckload of timber.

In 2009–2010, a series of studies called The Economics of Ecosystems and Biodiversity 

(TEEB) compiled available research findings on valuing ecosystem services. TEEB reports 

found that the value of ecological services is more than double the total world GNP, or at 

least $33 trillion per year.

The graphs below show values for two sample ecosystems: tropical forests and coral 

reefs. These graphs show average values among studies, because values vary widely by region.

$0 $1,000 $2,000Climate regulation

Water supply regulation

Erosion prevention

Genetic resources

Raw materials

Recreation, tourism

Air quality

Medicines

Waste/water purification

Water

Food

$U.S. PER HECTARE OF TROPICAL FOREST

(Total: $6,120)

$20,000 $30,000 $70,000

$0 $10,000

$80,000

$U.S. PER HECTARE OF CORAL REEF

(Total: $115,000)

Recreation and tourism 

Shoreline protection 

Aesthetic amenities

Intellectual values

Climate regulation

Food

Raw materials

Ornamentals

Waste treatment 

Note that these graphs have different scales.
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Can we afford to restore biodiversity?

It’s harder to find money to restore ecosystems than to destroy them. But the benefits derived 

over time greatly exceed average restoration costs, according to TEEB calculations.

Foods and wood products These are easy to imagine but 

much lower in value than erosion prevention, climate controls, 

and water supplies provided by forested ecosystems. Still, we 

depend on biodiversity for foods. By one estimate, Indonesia 

produces 250 different edible fruits. All but 43, including this 

mangosteen, are little known outside the region.

Climate and water supplies These may be the most valuable aspects of 

 forests. Effects of these services impact areas far beyond forests themselves.

Medicines More than half of all prescriptions contain 

some natural products. The United Nations Development 

Programme estimates the value of pharmaceutical products 

derived from developing world plants, animals, and microbes 

to be more than $30 billion per year.

Pollination Most of the world 

is completely dependent on 

wild insects to pollinate crops. 

Natural ecosystems support 

populations year-round, so they 

are available when we need them.

Some natural medicine products

PRODUCT SOURCE USE

Penicillin Fungus Antibiotic

Bacitracin Bacterium Antibiotic

Tetracycline Bacterium Antibiotic

Erythromycin Bacterium Antibiotic

Digitalis Foxglove Heart stimulant

Quinine Chincona bank Malaria treatment

Diosgenin Mexican yam Birth control drug

Cortisone Mexican yam Anti-inflammation treatment

Cytarabine Sponge Leukemia cure

Vinblastine, vincristine Periwinkle plant Anticancer drugs

Reserpine Rauwolfia Hypertension drugs

Bee venom Bee Arthritis relief

Allantoin Blowfly larva Wound healer

Morphine Poppy Analgesic

KC 5.7

Fish nurseries As discussed in chapter 1, the  

biodiversity of reefs and mangroves is necessary  

for reproduction of the fisheries on which  

hundreds of millions of people depend. Marine  

fisheries, including most farmed fish, depend  

entirely on wild food sources. These fish are  

worth a great deal as food, but they are worth  

far more for their recreation and tourism value.

CAN YOU EXPLAIN?

1. Do the relative costs and benefits justify 

restoring a coral reef? a tropical forest?

2. Identify the primary economic benefits of 

tropical forest and reef systems. Can you 

explain how each works?

KC 5.7

©William P. Cunningham

©Stockbyte/Getty Images

©IT Stock/Age Fotostock

©Cynthia Shaw
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CASE STUDY

Palm Oil and Endangered Species

Are your donuts, tooth-
paste, and shampoo kill-
ing critically endangered 

orangutans in Sumatra and  Borneo? 
It seems remote, but they might be. 
Palm oil, a key ingredient in at least 
half of the packaged foods, cos-
metics, and soaps in the supermar-
ket, is almost entirely sourced from 
plantations that just 20 years ago 
were moist tropical forest. In Indo-
nesia and Malaysia these forests 
were the habitat of orangutans, 
 Sumatran tigers and rhinos, and 
other endangered species. As 
palm oil has become the world’s 
most widely used vegetable oil, 
expanding palm oil plantations 
have become one of the greatest 
causes of tropical deforestation.

A 2017 study of orangutan 
populations in Borneo, an island 
owned partly by Malaysia and partly by Indonesia, estimated that at 
least 100,000 of these rare and reclusive forest primates were 
killed in just 15 years, between 1999 and 2015. This represents over 
half of the region’s orangutans. By 2050 the population is expected 
to be only around 50,000, many of them in tiny, dispersed, and 
nonviable populations. The main reasons for this decline are the 
rapid conversion of primary forest to palm plantations, deforesta-
tion for wood products, and the increasing density of human popu-
lations as settlements expand to serve these industries. Habitat 
loss is a driving factor, but actual mortality in this study was attrib-
uted mainly to hunting in the forests around plantations, made pos-
sible by the expansion of the plantations and logging roads deep 
into the primary forest.

In Indonesian, orang utan means person of the forest. 
Orangutans are among our closest primate relatives, sharing at least 
97 percent of our genes. Traditional cultures in Borneo may recog-
nize this relationship, because taboos have discouraged hunting 
and eating them. These taboos seem to be diminishing, however, 
with the expansion of populations into once-forested regions.

Indonesia and Malaysia produce over 80 percent of the global 
palm oil supply. In 1960 the two countries together had about 
100,000 ha (247,000 acres) of palm oil plantations. That number is 
now nearly 14 million hectares (34 million acres), according to the UN 
Food and Agriculture Organization. Expansion of palm plantations 
usually  accompanies other deforestation practices. Often logging 
companies harvest the valuable hardwoods first; then logging debris 
is burned to clear the land for planting (and often to cover up illegal 
logging). Finally, a monoculture of palm trees is planted (fig. 6.1).

These thirsty trees need moist soil and a wet climate, so planta-
tions are often established in lowland peat swamps. Peat is 

composed mainly 
of ancient, undecom-
posed plant material, so draining and 
burning of a hectare of peatland can 
release 15,000 tons of CO2. More 
than 70 percent of the carbon 
released from Sumatran forests is 
from burning peat. Indonesia, which 
has the third largest area of rainforest 
in the world as well as the highest 
rate of deforestation, is now the 
world’s third highest emitter of green-
house gases. Smoke from burning 
peat often blankets Singapore, 
Malaysia, and surrounding regions.

At the 2014 UN Climate Summit in 
New York, 150 companies, including 
McDonald’s, Nestlé, General Mills, 
Kraft, and Procter & Gamble, promised 
to stop using palm oil from recently 
cleared rainforest and to protect 
human rights in forest regions. Several 

logging companies, including the giant Asia Pulp and Paper, pledged 
to stop draining peat lands and to reduce deforestation by 50 
percent by 2020.

Will these be effective promises or empty ones? It is difficult to 
trace oil origins or to monitor remote areas, but at least this 
movement sets a baseline for acceptable practices. In 2017 two of 
the world’s largest palm oil traders, Wilmar International and 
Cargill, announced they would no longer do business with a 
Guatemalan company, Reforestadora de Palmas del Petén S.A. 
(REPSA), because of environmental and human rights abuses. 
REPSA was implicated in the murder of Rigoberto Lilma Choc, a 
28-year-old Guatemalan schoolteacher who had protested when 
effluent from a REPSA palm oil operation poisoned the Pasión 
River, killing millions of fish. When a Guatemalan judge ordered 
REPSA to stop operations for 6 months, the ruling was quickly 
followed by the kidnappings of three human rights activists and by 
Choc’s murder. Cargill then cut ties with REPSA, citing its failure to 
meet critical criteria for sustainability and ethics.

While the death of 100,000 orangutans has not had the impact of 
a human murder on global palm oil production and trade, growing 
awareness can help defend forests, along with forest-dwelling species 
and people. Throughout the world, monitoring and defending forests 
is key to protecting biodiversity, climate, water, and cultural diversity. 
In this chapter we look at the state of forest and grassland reserves, 
and at efforts to conserve them for future generations. To see Google 
Earth placemarks that will help you explore these landscapes via 
 satellite images, visit www.connect.mheducation.com.

To read more, see Voigt et al., 2018, Global demand for natural 
resources eliminated more than 100,000 Bornean orangutans. 
Current Biology 28, 1–9. https://doi.org/10.1016/j.cub.2018.01.053 

 FIGURE 6.1 Over the past 15 years, palm plantation area in 
Southeast Asia has grown to more than 14 million hectares (34 million 
acres), replacing some of the world’s richest primary forest. This 
rapid growth has destroyed habitat and displaced many critically 
 endangered species. ©KhunJompol/Getty Images
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Case Studies
All chapters open with a real-world case study 
to help students appreciate and understand 
how environmental science impacts lives and 
how scientists study complex issues.
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 CHAPTER 3  Evolution, Species Interactions, and Biological Communities 69

from	 the	physical	 environment	 also	but	more	often	 are	 caused	by	
competition	 and	 territoriality.	 For	 example,	 penguins	 or	 seabirds	
compete	fiercely	for	nesting	sites	in	their	colonies.	Each	nest	tends	to	
be	just	out	of	reach	of	neighbors	sitting	on	their	own	nests.	Constant	
squabbling	produces	a	highly	regular	pattern	(fig.	3.24b).	Plants	also	
compete,	 producing	 a	 uniform	 pattern.	 Sagebrush	 releases	 toxins	
from	roots	and	fallen	leaves,	which	inhibit	the	growth	of	competitors	
and	create	a	circle	of	bare	ground	around	each	bush.	Neighbors	grow	
up	to	the	limit	of	this	chemical	barrier,	and	regular	spacing	results.

fleeting	 resources	 can	 survive.	 History	 also	 matters:	 Greenland’s	
coast	has	been	free	of	glaciers	for	only	about	10,000	years,	so	new	
species	have	had	little	time	to	develop.

Many	areas	in	the	tropics,	by	contrast,	were	never	covered	by	
glacial	ice	and	have	abundant	rainfall	and	warm	temperatures	year-
round,	so	ecosystems	there	are	highly	productive.	The	year-round	
availability	of	food,	moisture,	and	warmth	supports	an	exuberance	
of	life	and	allows	a	high	degree	of	specialization	in	physical	shape	
and	 behavior.	 Many	 niches	 exist	 in	 small	 areas,	 with	 associated	
high	species	diversity.	Coral	reefs	are	similarly	
stable,	 productive,	 and	 conducive	 to	 prolifera-
tion	of	 diverse	 and	 exotic	 life-forms.	An	 enor-
mous	 abundance	 of	 brightly	 colored	 and	
fantastically	shaped	fishes,	corals,	sponges,	and	
arthropods	live	in	the	reef	community.	Increas-
ingly,	human	activities	also	influence	biological	
diversity	 today.	 The	 cumulative	 effects	 of	 our	
local	actions	can	dramatically	alter	biodiversity	
(What	Can	You	Do?,	at	right).	We	discuss	this	
issue	in	chapter	5.	

Patterns produce community 
structure
The	spatial	distribution	of	 individuals,	 species,	
and	populations	can	influence	diversity,	produc-
tivity,	and	stability	in	a	community.	Niche	diver-
sity	 and	 species	 diversity	 can	 increase	 as	 the	
complexity	increases	at	the	landscape	scale,	for	
example.	Community	structure	is	a	general	term	
we	use	for	spatial	patterns.	Ecologists	focus	on	
several	 aspects	 of	 community	 structure,	 which	
we	discuss	here.

Distribution can be random, ordered, or 
patchy Even	 in	 a	 relatively	 uniform	 environ-
ment,	individuals	of	a	species’	population	can	be	
distributed	 randomly,	 arranged	 in	 uniform	 pat-
terns,	or	clustered	together.	In	randomly	distrib-
uted	 populations,	 individuals	 live	 wherever	
resources	are	available	and	chance	events	allow	
them	to	settle	(fig.	3.24a).	Uniform	patterns	arise	

(a) Random (b) Uniform (c) Clustered(a) Random (b) Unifrom (c) Clustered

 FIGURE 3.24 Distribution of a population can be random (a), uniform (b), or clustered (c). (a): ©Jim Zuckerman/Getty Images; (b): ©Eric and David Hosking/Getty 
Images; (c): ©anopdesignstock/Getty Images

What Can YOU DO?

Working Locally for Ecological Diversity
You might think that the diversity and complexity of ecological systems are too large 
or too abstract for you to have any influence. But you can contribute to a complex, 
resilient, and interesting ecosystem, whether you live in the inner city, a suburb, or a 
rural area.

• Take walks. The best way to learn about ecological systems in your area is to 
take walks and practice observing your environment. Go with friends, and try to 
identify some of the species and trophic relationships in your area.

• Keep your cat indoors. Our lovable domestic cats are also very successful 
predators. Migratory birds, especially those nesting on the ground, have not 
evolved defenses against these predators.

• Plant a butterfly garden. Use native plants that support a diverse insect popula-
tion. Native trees with berries or fruit also support birds. (Be sure to avoid non-
native invasive species.) Allow structural diversity (open areas, shrubs, and 
trees) to support a range of species.

• Join a local environmental organization. Often the best way to be effective is to 
concentrate your efforts close to home. City parks and neighborhoods support 
ecological communities, as do farming and rural areas. Join an organization 
working to maintain ecosystem health; start by looking for environmental clubs 
at your school, park organizations, a local Audubon chapter, or a local Nature 
Conservancy branch.

• Live in town. Suburban sprawl consumes wildlife habitat and reduces ecosys-
tem complexity by removing many specialized plants and animals. Replacing 
forests and grasslands with lawns and streets is the surest way to simplify, or 
eliminate, ecosystems.
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of	 income	 for	 local	 and	 regional	 farm	 economies.	 Although	 this	
policy	can	take	more	effort	and	creativity	than	ordering	from	cen-
tralized,	national	distributors,	many	college	food	service	adminis-
trators	are	happy	to	try	to	buy	locally,	if	they	see	that	students	are	
interested.	If	your	school	doesn’t	have	such	a	policy,	perhaps	you	
could	talk	to	administrators	about	starting	one.

Many	 areas	 also	 have	 “community	 supported	 agriculture”	
(CSA)	projects,	farms	supported	by	local	residents	who	pay	ahead	
of	time	for	shares	of	the	farm’s	products,	which	can	vary	from	veg-
etables	to	flowers	to	meat	and	eggs.	CSAs	require	a	lump	payment	
early	in	the	season,	but	the	net	cost	of	food	by	the	end	of	the	season	

Farmers’	markets	are	usually	the	easiest	way	to	eat		locally	(fig.	7.32).	
The	produce	is	fresh,	and	profits	go	directly	to	the	farmer	who	grows	
the	crop.	“Pick	your	own”	farms	also	let	you	buy	fresh	fruit	and	other	
products—and	they	make	a	fun	social	outing.	Many	conventional	gro-
cery	stores	also	now	offer	locally	produced,	organic,	and	pesticide-free	
foods.	Buying	these	products	may	(or	may	not)	cost	a	little	more	than	
nonorganic	and	nonlocal	produce,	but	they	can	be	better	for	you	and	
they	can	help	keep	farming	and	fresh,	local	food	in	the	community.

Many	colleges	and	universities	have	adopted	policies	to	buy	as	
much	locally	grown	food	as	possible.	Because	schools	purchase	a	
lot	of	vegetables,	meat,	eggs,	and	milk,	this	can	mean	a	large	amount	

What Do YOU THINK? 

Shade-Grown Coffee and Cocoa

coffee and cocoa plantations in these areas 
are converted to monocultures, an incalcu-
lable number of species will be lost.

The Brazilian state of Bahia demon-
strates both the ecological importance of 
these crops and how they might help pre-
serve forest species. At one time, Brazil 
produced much of the world’s cocoa, but in 

the early 1900s, the crop was introduced 
into West Africa. Now Côte d’Ivoire alone 

grows more than 40 percent of the world total. 
Rapid increases in global supplies have made 

prices plummet, and the value of Brazil’s harvest has 
dropped by 90 percent. Côte d’Ivoire is aided in this 

competition by a labor system that reportedly includes wide-
spread child slavery. Even adult workers in Côte d’Ivoire get only 
about $165 (U.S.) per year (if they get paid at all), compared with a 
minimum wage of $850 (U.S.) per year in Brazil. As African cocoa 
production ratchets up, Brazilian landowners are converting their 
plantations to pastures or other crops.

Atlantic 
world. Only 
cocoa 
do provide 

biodiversity that once was there. Brazilian cocoa will probably never 
be as cheap as that from other areas. There is room in the market, 
however, for specialty products. If consumers choose to pay a small 
premium for organic, fair-trade, shade-grown chocolate and coffee, 
it might provide the incentive needed to preserve biodiversity. 
Wouldn’t you like to know that your chocolate or coffee wasn’t 
grown with child slavery and is helping protect plants and animal 
species that might otherwise go extinct? What does it take to make 
that idea spread?

Do your purchases of coffee and chocolate 
help to protect or destroy tropical forests? 
Coffee and cocoa are two of the many 
products grown exclusively in developing 
countries but consumed almost entirely 
in the wealthier, developed nations. Cof-
fee grows in cool, mountain areas of the 
tropics, while cocoa is native to the 
warm, moist lowlands. What sets these 
two apart is that both come from small 
trees adapted to grow in low light, in the 
shady understory of a mature forest. 
Shade-grown coffee and cocoa (grown be-
neath an understory of taller trees) allow 
farmers to produce a crop at the same time as 
forest habitat remains for birds, butterflies, and 
other wild species.

Until a few decades ago, most of the world’s coffee and 
cocoa were shade-grown. But new varieties of both crops have been 
developed that can be grown in full sun. Growing in full sun, trees can 
be crowded together more closely. With more sunshine, photosyn-
thesis and yields increase.

There are costs, however. Sun-grown trees die earlier from stress 
and diseases common in crowded growing conditions. Crowding 
also requires increased use of expensive pesticides and fungicides. 
Shade-grown coffee and cocoa generally require fewer pesticides 
(or sometimes none) because the birds and insects residing in the 
forest canopy eat many of the pests. Ornithologists have found as 
little as 10 percent as many birds in a full-sun plantation, compared to 
a shade-grown plantation. The number of bird species in a shaded 
plantation can be twice that of a full-sun plantation. Shade-grown 
plantations also need less chemical fertilizer because many of the 
plants in these complex forests add nutrients to the soil. In addition, 
shade-grown crops rarely need to be irrigated because heavy leaf 
fall protects the soil while forest cover reduces evaporation.

Over half the world’s coffee and cocoa plantations have been 
converted to full-sun varieties. Thirteen of the world’s 25 biodiversity 
hot spots occur in coffee or cocoa regions. If all the 20 million ha of 

 Cocoa pods grow directly on the trunk and large 
branches of cocoa trees.

©William P. Cunningham
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What Do You Think?
Students are presented with chal-
lenging environmental studies 
that offer an opportunity to con-
sider contradictory data, special 
interest topics, and conflicting in-
terpretations within  
a real scenario. 

Exploring Science
Current environmental issues 
exemplify the principles of sci-
entific observation and data-
gathering techniques to 
promote scientific literacy.

What Can You Do?
Students can employ these practical ideas to 
make a positive difference in our environment.
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When Ashok Gadgil was 
a  child in Bombay, India, 

five of his cousins died in infancy 
from diarrhea spread by con-
taminated water. Although he 
didn’t understand the implica-
tions of those deaths at the time, 
as an adult he realized how 
heartbreaking and preventable 
those deaths were. After earn-
ing a degree in physics from the 
University of Bombay, Gadgil 
moved to the University of 
California at Berkeley, where he 
was awarded a PhD in 1979. 
He’s now senior staff scientist in 
the Environmental Energy 
Technology Division, where he 
works on solar energy and 
indoor air pollution.

But Dr. Gadgil wanted to do something about the problem of 
waterborne diseases in India and other developing countries. 
Although progress has been made in bringing clean water to 
poor people in many countries, about a billion people still lack 
access to safe drinking water. After studying ways to sterilize 
water, he decided that UV light treatment had the greatest 
potential for poor countries. It requires far less energy than boil-
ing, and it takes less sophisticated chemical monitoring than 
chlorination.

There are many existing UV water treatment systems, but they 
generally involve water flowing around an unshielded fluorescent 
lamp. However, minerals in the water collect on the glass lamp 
and must be removed regularly to maintain effectiveness. Regular 
disassembly, cleaning, and reassembly of the apparatus are diffi-
cult in primitive conditions. The solution, Gadgil realized, was to 

EXPLORING Inexpensive Water Purification

Science
mount the UV source above the 
water where it couldn’t develop 
mineral deposits. He designed a 
system in which water flows 
through a shallow, stainless steel 
trough. The apparatus can be 
gravity fed and requires only a 
car battery as an energy source.

The system can disinfect 
15  liters (4  gallons) of water per 
minute, killing more than 
99.9  percent of all bacteria and 
viruses. This produces enough 
clean water for a village of 
1,000 people. This simple system 
costs only about 5 cents per ton 
(950 liter). Of course, removing 
pathogens doesn’t do anything 
about minerals, such as arsenic, 

or dangerous organic chemicals, so UV sterilization is often com-
bined with filtering systems to remove those contaminants.

WaterHealth International, the company founded to bring this 
technology to market, now makes several versions of Gadgil’s 
disinfection apparatus for different applications. A popular version 
provides a complete water purification system, including a small 
kiosk, jugs for water distribution, and training on how to operate 
everything.

A village-size system costs about $5,000. Grants and loans 
are available for construction, but villagers own and run the facility 
to ensure there’s local responsibility. Each family in the coopera-
tive pays about $1 per month for pure water. These systems have 
been installed in thousands of villages in India, Bangladesh, Africa, 
and the Philippines. Currently, about 6.6 million people are getting 
clean, healthy water at an easily affordable price from the simple 
system Dr. Gadgil invented.

 A woman fills her jug with clean water from the village WaterHealth 
kiosk. More than 6 million people’s lives have been improved by this in-
novative system of water purification. ©Waterhealth International

Thousands of kilometers of streams in the United States have been 
acidified by acid mine drainage, some so severely that they are es-
sentially lifeless.
 Acid precipitation (see chapter 10) also acidifies surface-water 
systems. In addition to damaging living organisms directly, these 
acids leach aluminum and other elements from soil and rock, fur-
ther destabilizing ecosystems.

Organic chemicals include pesticides  
and industrial substances
Thousands of different natural and synthetic organic chemicals are 
used in the chemical industry to make pesticides, plastics, pharma-
ceuticals, pigments, and other products that we use in everyday life. 
Many of these chemicals are highly toxic (see chapter 8). Exposure 

 Ordinarily nontoxic salts, such as sodium chloride (table salt), 
that are harmless at low concentrations also can be mobilized by irri-
gation and concentrated by evaporation, reaching levels that are dan-
gerous for plants and animals. Salinity levels in the Colorado River 
and surrounding farm fields have become so high in recent years that 
millions of hectares of valuable croplands have had to be abandoned. 
In northern states, millions of tons of sodium chloride and calcium 
chloride are used to melt road ice in the winter. Leaching of road salts 
into surface waters has deleterious effects on aquatic ecosystems.

Acids and Bases Acids are released as by-products of industrial 
processes, such as leather tanning, metal smelting and plating, pe-
troleum distillation, and organic chemical synthesis. Coal mining is 
an especially important source of acid water pollution. Sulfur com-
pounds in coal react with oxygen and water to make sulfuric acid. 
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periodic	rain	to	support	plant	growth.	Many	of	the	trees	and	shrubs	
in	a	seasonal	 forest	are	drought-deciduous:	They	 lose	 their	 leaves	
and	cease	growing	when	no	water	is	available.	Seasonal	forests	are	
often	open	woodlands	that	grade	into	savannas.

Tropical	dry	forests	are	generally	more	attractive	than	wet	for-
ests	for	human	habitation	and	have,	therefore,	suffered	greater	deg-
radation	from	settlement.	Clearing	a	dry	forest	with	fire	is	relatively	
easy	during	the	dry	season.	Soils	of	dry	forests	often	have	higher	
nutrient	levels	and	are	more	agriculturally	productive	than	those	of	
a	rainforest.	Finally,	having	fewer	insects,	parasites,	and	fungal	dis-
eases	than	a	wet	forest	makes	a	dry	or	seasonal	forest	a	healthier	
place	for	humans	to	live.	Consequently,	these	forests	are	highly	en-
dangered	in	many	places.	Less	than	1	percent	of	the	dry	tropical	
forests	of	the	Pacific	coast	of	Central	America	or	the	Atlantic	coast	
of	South	America,	for	instance,	remain	in	an	undisturbed	state.

Tropical savannas and grasslands  
are dry most of the year
Where	 there	 is	 too	 little	 rainfall	 to	 support	 forests,	 we	 find	 open	
grasslands	or	grasslands	with	sparse	tree	cover,	which	we	call		savannas	
(fig.	5.8).	Like	tropical	seasonal	forests,	most	tropical	savannas	and	
grasslands	have	a	rainy	season,	but	generally	the	rains	are	less	abun-
dant	or	less	dependable	than	in	a	forest.	During	dry	seasons,	fires	can	
sweep	 across	 a	 grassland,	 killing	 off	 young	 trees	 and	 keeping	 the	
landscape	 open.	 Savanna	 and	 grassland	 plants	 have	 many	 adapta-
tions	to	survive	drought,	heat,	and	fires.	Many	have	deep,	long-lived	
roots	that	seek	groundwater	and	that	persist	when	leaves	and	stems	
above	the	ground	die	back.	After	a	fire	or	drought,	fresh,	green	shoots	
grow	quickly	from	the	roots.	Migratory	grazers,	such	as	wildebeest,	
antelope,	or	bison,	thrive	on	this	new	growth.	Grazing	pressure	from	
domestic	livestock	is	an	important	threat	to	both	the	plants	and	the	
animals	of	tropical	grasslands	and	savannas.

Tropical seasonal forests have  
annual dry seasons
Many	 tropical	 regions	 are	 characterized	 by	 distinct	 wet	 and	 dry	
seasons,	although	temperatures	remain	hot	year-round.	These	areas	
support	tropical seasonal forests:	drought-tolerant	forests	that	look	
brown	and	dormant	in	the	dry	season	but	burst	into	vivid	green	dur-
ing	rainy	months.	These	forests	are	often	called	dry	tropical	forests	
because	they	are	dry	much	of	the	year;	however,	there	must	be	some	

 FIGURE 5.7 Tropical rainforests have luxuriant and diverse plant growth. 
Heavy rainfall in most months, shown in the climate graph,  supports this growth.  
©Adalberto Rios Szalay/Sexto Sol/Getty Images
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Active LEARNING

Comparing Biome Climates
Look back at the climate graphs for San Diego, California, an 
arid region, and Belém, Brazil, in the Amazon rainforest (see 
fig. 5.6). How much colder is San Diego than Belém in January? 
in July? Which location has the greater range of temperature 
through the year? How much do the two locations differ in 
precipitation during their wettest months?

Compare the temperature and precipitation in these two 
places with those in the other biomes shown in the pages that 
follow. How wet are the wettest biomes? Which biomes have 
distinct dry seasons? How do rainfall and length of warm 
seasons explain vegetation conditions in these biomes?

ANSWERS: San Diego is about 13°C colder in January, about 6°C colder 
in July; San Diego has the greater range of temperature; there is about 
250 mm difference in precipitation in December–February.
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 FIGURE 5.8 Tropical 
 savannas and grasslands  
experience annual drought and 
rainy seasons and year-round 
warm temperatures. Thorny 
acacias and abundant grazers 
thrive in this savanna. Yellow 
areas show moisture deficit.  
©William P. Cunningham
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Active Learning
Students will be encouraged to practice critical think-
ing skills and apply their understanding of newly 
learned concepts and to propose possible solutions. 
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is destabilized by influxes of nitrogen from farmlands in the  Mississippi River basin; they also help us understand why teeming billions of tiny organisms, like krill, are so essential to all other or-ganisms in an ecosystem. These principles also help us understand issues of population dynamics, water quality, and biodiversity, all topics we will explore in the chapters ahead.

support a consumer. The food pyramid describes the rapidly dimin-ishing number of organisms that can exist at each successive tro-phic level.
Principles of how energy and matter cycle through earth systems and ecosystems are the foundation of much of environmental sci-ence. These principles help us understand why the Gulf of Mexico 

 9. Where do extremophiles live? How do they get the energy they need for survival?
 10. Ecosystems require energy to function. From where does most of this energy come? Where does it go?
 11. How do green plants capture energy, and what do they do with it? 12. Define the terms species, population, and biological community. 13. Why are big, fierce animals rare?
 14. Most ecosystems can be visualized as a pyramid with many organ-isms in the lowest trophic levels and only a few individuals at the top. Give an example of an inverted numbers pyramid.
 15. What is the ratio of human-caused carbon releases into the atmosphere shown in figure 2.18 compared to the amount released by terrestrial  respiration?

 1. What are the two most important nutrients causing eutrophication in the Gulf of Mexico?
 2. What are systems, and how do feedback loops regulate them? 3. Your body contains vast numbers of carbon atoms. How is it possi-ble that some of these carbons may have been part of the body of a prehistoric creature?
 4. List six unique properties of water. Describe, briefly, how each of these properties makes water essential to life as we know it. 5. What is DNA, and why is it important?
 6. The oceans store a vast amount of heat, but this huge reservoir of en-ergy is of little use to humans. Explain the difference between high-quality and low-quality energy.
 7. In the biosphere, matter follows circular pathways, while energy flows in a linear fashion. Explain.
 8. To which wavelengths do our eyes respond, and why? (Refer to fig. 2.13.) About how long are short ultraviolet wavelengths compared to  microwave lengths?

PRACTICE QUIZ

Apply the principles you have learned in this chapter to discuss these ques-tions with other students.
 1. Ecosystems are often defined as a matter of convenience because we can’t study everything at once. How would you describe the charac-teristics and boundaries of the ecosystem in which you live? In what respects is your ecosystem an open one?
 2. Think of some practical examples of increasing entropy in everyday life. Is a messy room really evidence of thermodynamics at work or merely personal preference?
 3. Some chemical bonds are weak and have a very short half-life  (fractions of a second, in some cases); others are strong and stable, 

lasting for years or even centuries. What would our world be like if all chemical bonds were either very weak or extremely strong? 4. If you had to design a research project to evaluate the relative bio-mass of producers and consumers in an ecosystem, what would you measure? (Note: This could be a natural system or a human-made one.)
 5. Understanding storage compartments is essential to understanding material cycles, such as the carbon cycle. If you look around your backyard, how many carbon storage compartments are there? Which ones are the biggest? Which ones are the longest lasting?

CRITICAL THINKING AND DISCUSSION
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Pedagogical Features Facilitate Student 
Understanding of Environmental Science
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 4. If anthropogenic processes introduce increasing amounts of atmo-

spheric N to the biosphere and hydrosphere, where does that N go? 

(Hint: Refer to the opening case study.)

 5. Why is N so important for living organisms?

 6. In marine systems, N is often a limiting factor. What is a “limiting 

factor”? What is a consequence of increasing the supply of N in a 

marine system?

 1. Which forms of N do plants take up? Can they capture N2 from the air?

 2. Refer to section 2.5. How is N2 captured, or fixed, from the air into 

the food web?

 3. Most of the processes are hard to quantify, but the figure shown here 

gives approximate amounts for fossil fuel burning and commercial N 

fixation, and for N fixing by bacteria. What do these terms mean? 

What is the magnitude of each? What is the difference?

DATA ANALYSIS:   A Closer Look at Nitrogen Cycling

 Nitrogen cycles through living and nonliving systems. This biogeochemical cycle is important to understand because it 

strongly influences how ecosystems function.

Plants absorb NH3, 
NH4, or NO3, to make 
organic compounds.

Nitrogen in atmosphere
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ammonia or
ammonium,  80 Tg.

Nitrifying bacteria oxidize 
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is destabilized by influxes of nitrogen from farmlands in the  Mississippi River basin; they also help us understand why teeming billions of tiny organisms, like krill, are so essential to all other or-ganisms in an ecosystem. These principles also help us understand issues of population dynamics, water quality, and biodiversity, all topics we will explore in the chapters ahead.

support a consumer. The food pyramid describes the rapidly dimin-ishing number of organisms that can exist at each successive tro-phic level.
Principles of how energy and matter cycle through earth systems and ecosystems are the foundation of much of environmental sci-ence. These principles help us understand why the Gulf of Mexico 

 9. Where do extremophiles live? How do they get the energy they need for survival?
 10. Ecosystems require energy to function. From where does most of this energy come? Where does it go?
 11. How do green plants capture energy, and what do they do with it? 12. Define the terms species, population, and biological community. 13. Why are big, fierce animals rare?
 14. Most ecosystems can be visualized as a pyramid with many organ-isms in the lowest trophic levels and only a few individuals at the top. Give an example of an inverted numbers pyramid.
 15. What is the ratio of human-caused carbon releases into the atmosphere shown in figure 2.18 compared to the amount released by terrestrial  respiration?

 1. What are the two most important nutrients causing eutrophication in the Gulf of Mexico?
 2. What are systems, and how do feedback loops regulate them? 3. Your body contains vast numbers of carbon atoms. How is it possi-ble that some of these carbons may have been part of the body of a prehistoric creature?
 4. List six unique properties of water. Describe, briefly, how each of these properties makes water essential to life as we know it. 5. What is DNA, and why is it important?
 6. The oceans store a vast amount of heat, but this huge reservoir of en-ergy is of little use to humans. Explain the difference between high-quality and low-quality energy.
 7. In the biosphere, matter follows circular pathways, while energy flows in a linear fashion. Explain.
 8. To which wavelengths do our eyes respond, and why? (Refer to fig. 2.13.) About how long are short ultraviolet wavelengths compared to  microwave lengths?

PRACTICE QUIZ

Apply the principles you have learned in this chapter to discuss these ques-tions with other students.
 1. Ecosystems are often defined as a matter of convenience because we can’t study everything at once. How would you describe the charac-teristics and boundaries of the ecosystem in which you live? In what respects is your ecosystem an open one?
 2. Think of some practical examples of increasing entropy in everyday life. Is a messy room really evidence of thermodynamics at work or merely personal preference?
 3. Some chemical bonds are weak and have a very short half-life  (fractions of a second, in some cases); others are strong and stable, 

lasting for years or even centuries. What would our world be like if all chemical bonds were either very weak or extremely strong? 4. If you had to design a research project to evaluate the relative bio-mass of producers and consumers in an ecosystem, what would you measure? (Note: This could be a natural system or a human-made one.)
 5. Understanding storage compartments is essential to understanding material cycles, such as the carbon cycle. If you look around your backyard, how many carbon storage compartments are there? Which ones are the biggest? Which ones are the longest lasting?

CRITICAL THINKING AND DISCUSSION
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Practice Quiz
Short-answer questions allow students to check their 
knowledge of chapter concepts. 

©g-miner/Getty Images

 What portion of the world’s original forests remains?

 What activities threaten global forests? What steps can be 
taken to preserve them?

 Why is road construction a challenge to forest conservation?

 Where are the world’s most extensive grasslands?

 How are the world’s grasslands distributed, and what 
 activities degrade grasslands?

 What are the original purposes of parks and nature preserves 
in North America?

 What are some steps to help restore natural areas?

LEARNING OUTCOMES
After studying this chapter, you should be able to answer the following questions:

Environmental Conservation: Forests, 
Grasslands, Parks, and Nature Preserves6

CHAPTER 

Orangutans are among the most critically endangered of all the great 
apes. Over the past 20 years, about 90 percent of their rainforest habitat 
in Borneo and Sumatra has been destroyed by logging and conversion to 
palm oil plantations.
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Learning Outcomes
Questions at the beginning of each chapter challenge 
students to find their own answers.

Critical Thinking and Discussion Questions
Brief scenarios of everyday occurrences or ideas challenge stu-dents to apply what they have learned to their lives.

Data Analysis
At the end of each chapter, these exercises 
give students further opportunities to apply 
critical thinking skills and analyze data. 
These are assigned through Connect in an 
interactive online environment. Students are 
asked to analyze data in the form of docu-
ments, videos, and animations.

©Martin Kubat/Shutterstock



Understanding Our Environment1
CHAPTER

LEARNING OUTCOMES
After studying this chapter, you should be able to answer the following questions:

	 List several major environmental challenges and some ways 
to address them.

	 Explain the idea of sustainability and some of its aims.

	 Why are scientists cautious about claiming absolute proof  
of particular theories?

	 What is critical thinking, and why is it important in  
environmental science?

	 Why do we use graphs and data to answer questions  
in science?

	 Identify several people who helped shape our ideas of  
resource conservation and preservation—why did they  
promote these ideas when they did?

The Kayenta solar plant in Monument Valley, AZ is the first step for the 
Navajo Tribe towards renewable energy, water conservation, clean air, 
green-collar jobs, and climate protection.



2	 Principles of Environmental Science

Sustainable development is a challenge faced by all devel-
oping nations and regions. How can they ensure a healthy, 
safe environment and also provide jobs for young people? 

Can they reduce air, water, and soil pollution and simultaneously 
reduce poverty?

These are questions members of the Navajo, or Diné, Na-
tion have been asking. The largest tribe in the United States, 
they are a nation within another nation, but they share chal-
lenges of most developing areas. They have half the per-capita 
income and twice the unemployment of the rest of Arizona. Ru-
ral poverty, lack of water and sanitation, and inadequate elec-
tricity connection are chronic conditions that hinder education 
and health care.

Also like other developing nations, the Navajo are debating 
their energy future. Since 1973 one of the most important employ-
ers on the reservation has been the Navajo Generating Station, a 
coal-powered plant that produces 16 percent of Arizona’s electricity 
and employs about 500 people, 90 percent of them Navajo. The 
power plant is also an environmental liability. It produces 30 per-
cent of Arizona’s carbon dioxide and 25 percent of the state’s sulfur 
dioxide, a source of smog and acid rain, as well as airborne mercury 
and cadmium. For over 45 years, the plant has been one of Arizona’s 
worst polluters, often obscuring visibility in the nearby Grand Canyon. 
The Kayenta coal mine, which supplies the plant, produces dust 
and other airborne pollutants and threatens local waterways with 
acidic runoff. The multinational Peabody Energy, one of the world’s 
largest coal companies, owns the mine. The plant and mine also 
consume water extravagantly: about 33 million m3 every year for 
steam, cooling, and dust control, with most of it from the declining 
Colorado River. Filters and other equipment capture much of the 
pollution at the Navajo station, but ongoing upgrades and mainte-
nance are costly. At the same time, other sources of power are be-
coming cheaper to produce. Despite opposition from Peabody and 
other interests, owners of the plant and Navajo leaders agreed that 
it was time to transition away from coal. They agreed to shutter the 
facility by 2020.

The decision has been controversial, as closing the plant 
eliminates hundreds of steady jobs. But many members of the 
Navajo Nation want independence from coal and they want to 
diversify energy and the economy, with more local ownership. 
They want to develop in green jobs that don’t undermine their 
children’s health. They are motivated to provide energy while 
protecting the land they live on and their scarce water resources. 
And they want to address climate change, to which coal is the 
worst single contributor. Financial cost doomed the plant, but 
these social and environmental costs also weighed heavily in the 
decision.

An important step in the energy transition was the Kayenta 
photovoltaic solar plant, owned by the Navajo Tribal Utility Author-
ity and the first utility-scale solar power plant on the reservation. 
Kayenta began delivering clean electricity in June 2017. Rated for 
27.5 megawatts (MW) of electricity, the solar plant produces far 

Sustainability and Power on the Reservation
less than the 1,700 MW delivered by the Navajo 
Generating Station. (A megawatt is a million watts, 
enough to power 100,000 10-watt lightbulbs simultaneously or 
about 500 U.S. households.) But it was just the beginning. Six 
months after Kayenta opened, tribal authorities signed an agree-
ment to build Kayenta II, doubling production to over 50 MW. Tribal 
officials have planned another 500 MW of solar in the next few 
years.

Constructing the Kayenta site took only about 6 months, 
which is good for energy production but employed its 275 work-
ers for only a short time. As installations scale up, however, em-
ployment is expected to increase and stabilize. Increasing 
investment in solar could also aid remote rural access to electric-
ity. Hooking up a household on the reservation to the electric grid 
can cost $50,000, far more than solar panels and battery storage.

A solar plant is cleaner than coal, but what about space and fi-
nancial costs? These are similar: The 120-hectare (300-acre) Kayenta 
plant uses about 4.5 hectares/MW (11 acres/MW), while the Navajo 
Generating Station, including its active coal mines (but excluding 
closed, spent mining areas), comes to about 4–5 hectares/MW 
(10–12  acres/MW). The $64 million cost of the Kayenta plant’s first 
phase amounted to about $2.3 million/MW. Adjusted for inflation, the 
coal plant cost about $2.5 million/MW, plus the cost of continuously 
supplying coal, at a rate of 240 100-ton train car loads every day.

Access to clean energy is often central to sustainable develop-
ment. Electric lights help you study and learn. Water pumps can 
improve sanitation. “Green-collar” jobs can transform lives and live-
lihoods. These aspects of sustainable development are goals for 
communities around the world. In this chapter we explore some of 
the ways environmental science contributes to understanding and 
addressing the widespread need for more equitable economies, 
societies, and environmental quality. 

CASE STUDY

 FIGURE 1.1  The Navajo Generating Station has been a major source 
of revenue and of pollution for almost 50 years.
©Mr. James Kelley/Shutterstock
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Environmental science is global
You are already aware of our global dependence on resources and 
people in faraway places, from computers built in China to oil ex-
tracted in Iraq or Venezuela. These interdependencies become 
clearer as we learn more about global and regional environmental 
systems. Often the best way to learn environmental science is to see 
how principles play out in real places. Familiarity with the world 
around us will help you understand the problems and their context. 
Throughout this book we’ve provided links to places you can see in 

Google Earth, a free online mapping program that you can 
download from googleearth.com. When you see a blue globe 

in the margin of this text, like the one at left, you can go to Connect 
and find placemarks that let you virtually visit places discussed. In 

Today we are faced with a challenge that calls for a 
shift in our thinking, so that humanity stops threat-
ening its life-support system.

—wangari maathai,  
winner of 2004 nobel peace prize

 1.1 	 WHAT IS ENVIRONMENTAL 
SCIENCE?

•	 Environmental science draws on diverse disciplines, skills, and 
interests.

•	 A global perspective helps us understand environmental systems.

•	 The scientific method makes inquiry orderly.

Environmental science uses scientific approaches to understand the 
complex systems in which we live. Often environmental science fo-
cuses on finding basic explanations for how systems function: How 
does biodiversity affect the ways an ecosystem functions, or how 
does land use affect a river system? But because human decisions 
about resources, land use, or waste management affect environmen-
tal systems, decisions and policies about resources are also a part of 
environmental science.

In this chapter we examine some central ideas and ap-
proaches in environmental science. You will explore these themes 
in greater depth in later chapters. We focus on issues of sustain-
ability, environmental justice, and the scientific method that un-
derlies our understanding of these ideas. We also examine some 
key ideas that have influenced our understanding of environmental 
science.

Environmental science integrates many fields
We inhabit both a natural world of biological diversity and physical 
processes and a human environment of ideas and practices. Envi-
ronmental science involves both these natural and human worlds. 
Because environmental systems are complex and interconnected, 
the field also draws on a wide range of disciplines and skills, and 
multiple ways of knowing are often helpful for finding answers 
(fig. 1.2). Biology, chemistry, earth science, and geography con-
tribute ideas and evidence of basic science. Political science, eco-
nomics, communications, and arts help us understand how people 
share resources, compete for them, and evaluate their impacts on 
society. One of your tasks in this course may be to understand 
where your own knowledge and interests contribute (Active Learn-
ing, p. 4). Identifying your particular interest will help you do bet-
ter in this class, because you’ll have more reason to explore the 
ideas you encounter.

Environmental science often informs policy, because it pro-
vides information for decision making about resources and the liv-
ing systems we occupy. This doesn’t imply particular policy 
positions, but it does provide an analytical approach to using 
observable evidence, rather than assumptions or hearsay, in making 
decisions.

Political Science
How do we develop
equitable fishing policies?

Environmental Economics
What are the long-term costs and
benefits of a marine preserve?

Population Biology
How many fish are
needed for reproduction?

Ecology
How does the reef
support fish?

Chemistry
What levels of oxygen, nutrients
are best for reef health?

Anthropology, Religion
What is the cultural value
of fishing for in coral reefs?

Problem:
Depleted fishery

 FIGURE 1.2  Many types of knowledge are needed in environmental 
science. A few examples are shown here.

Benchmark Data

Among the ideas and values in this chapter, these are a few 
worth remembering.

280 ppm Pre-industrial concentration of CO2 in the atmo-
sphere, in parts per million

410 ppm Approximate concentration of CO2 now

6 billion Global population 2000

9 billion Global population in 2050 (projected)

5 Average number of children per woman in 1950

2 Average number by 2050 (projected)
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From time to time we should pause to remember that, in spite 
of the challenges of life on earth, we are incredibly lucky to be here. 
Because environmental scientists observe this beauty around us, we 
often ask what we can do, and what we ought to do, to ensure that 
future generations have the same opportunities to enjoy this bounty.

Methods in environmental science
Keep an eye open for the ideas that follow as you read this book. 
These are a few of the methods that you will find in science gener-
ally. They reflect the fact that environmental science is based on 
careful, considered observation of the world around us.

Observation: A first step in understanding our environment is 
careful, detailed observation and evaluation of factors in-
volved in pollution, environmental health, conservation, pop-
ulation, resources, and other issues. Knowing about the world 
we inhabit helps us understand where our resources originate, 
and why.

The scientific method: Discussed later in this chapter, the sci-
entific method is an orderly approach to asking questions, 

collecting observations, and interpreting those observa-
tions to find an answer to a question. In daily life, 

many of us have prior expectations when we 
start an investigation, and it takes discipline 

to avoid selecting evidence that conve-
niently supports our prior assumptions. 
In contrast, the scientific method aims 
to be rigorous, using statistics, blind 
tests, and careful replication to avoid 
simply confirming the investigator’s 
biases and expectations.

Quantitative reasoning: This means un-
derstanding how to compare numbers 

and interpret graphs, to perceive what 
they show about problems that matter. 

Often this means interpreting changes in 
values, such as population size over time.

Uncertainty: A repeating theme in this book is 
that uncertainty is an essential part of science. 

Google Earth you can also save your own placemarks and share 
them with your class.

Environmental science helps us understand 
our remarkable planet
Imagine that you were an astronaut returning home after a trip to the 
moon or Mars. What a relief it would be, after the silent void of outer 
space, to return to this beautiful, bountiful planet (fig. 1.3). We live in 
an incredibly prolific and colorful world that is, as far as we know, 
unique in the universe. Compared with other planets in our solar 
system, temperatures on the earth are mild and relatively constant. 
Plentiful supplies of clean air, fresh water, and fertile soil are regener-
ated endlessly and spontaneously by biogeochemical cycles and bio-
logical communities (discussed in chapters 2 and 3). The value of 
these ecological services is almost incalculable, although economists 
estimate that they account for a substantial proportion of 
global economic activity (see chapter 15).

Perhaps the most amazing feature of our 
planet is its rich diversity of life. Millions of 
beautiful and intriguing species populate 
the earth and help sustain a habitable en-
vironment (fig. 1.4). This vast multitude 
of life creates complex, interrelated 
communities where towering trees and 
huge animals live together with, and 
depend upon, such tiny life-forms as 
viruses, bacteria, and fungi. Together, 
all these organisms make up delight-
fully diverse, self-sustaining ecosystems, 
including dense, moist forests; vast, sunny 
savannas; and richly colorful coral reefs.

Active LEARNING

Finding Your Strengths in This Class
A key strategy for doing well in this class is to figure out where 
your strengths and interests intersect with the subjects you will 
be reading about. As you have read, environmental science 
draws on many kinds of knowledge (fig. 1.2). Nobody is good at 
all of these, but everyone is good at some of them. Form a 
small group of students; then select one of the questions in 
section 1.2. Explain how each of the following might contribute 
to understanding or solving that problem:

artist, writer, politician, negotiator, chemist, mathematician, 
hunter, angler, truck driver, cook, parent, builder, planner, 
economist, speaker of multiple languages, musician,  
businessperson

ANSWERS: All of these provide multiple insights; answers will vary.

 FIGURE 1.3  The life-sustaining ecosystems on 
which we all depend are unique in the universe, as far 
as we know.  Source: Norman Kuring/NASA

 FIGURE 1.4  Perhaps the most amazing feature of our planet is its rich 
diversity of life.  ©Fuse/Getty Images



	

other regions are vulnerable to terrorist activity and sometimes 
carry it abroad.

On the other hand, efforts to find solutions to climate change 
may force new kinds of international cooperation. New strategies 
for energy production could reduce conflicts over oil and promote 
economic progress for the world’s poorest populations.

Clean Water Water may be the most critical resource in the 
twenty-first century. At least 1.1 billion people lack access to safe 
drinking water, and twice that many don’t have adequate sanitation. 
Polluted water contributes to the death of more than 15 million 
people every year, most of them children under age 5. About 40 per-
cent of the world population lives in countries where water de-
mands now exceed supplies, and the United Nations projects that 
by 2025 as many as three-fourths of us could live under similar 
conditions. Despite ongoing challenges, more than 800 million 
people have gained access to treated water supplies and modern 
sanitation since 1990.

Air Quality Air quality has worsened dramatically in newly 
industrializing areas, especially in much of China and India. In Beijing 
and Delhi, wealthy residents keep their children indoors on bad 
days and install air filters in their apartments. Poor residents become 
ill, and cancer rates are rising in many areas. Millions of early deaths 
and many more illnesses are triggered by air pollution each year. 
Worldwide, the United Nations estimates, more than 2 billion metric 
tons of air pollutants (not including carbon dioxide or windblown 
soil) are released each year. These air pollutants travel easily around 
the globe. On some days 75 percent of the smog and airborne par-
ticulates in California originate in Asia; mercury, polychlorinated 

Science is based on observation and testable hypotheses, but 
we know that we cannot make all observations in the uni-
verse, and we have not asked all possible questions. We know 
there are limits to our knowledge. Understanding how much 
we don’t know, ironically, can improve our confidence in what 
we do know.

Critical and analytical thinking: The practice of stepping back 
to examine what you think and why you think it, or why some-
one says or believes a particular idea, is known generally as 
critical thinking. Acknowledging uncertainty is one part of 
critical thinking. This is a skill you can practice in all your ac-
ademic pursuits as you make sense of the complexity of the 
world we inhabit.

	 1.2 	 MAJOR THEMES  
IN ENVIRONMENTAL SCIENCE

•	 Water, air quality, and climate change are key concerns.

•	 Population growth has slowed, as food resources and education 
have improved.

•	 Natural resource depletion is a major concern.

In this section we review some of the main themes in this book. All 
of these are serious problems, but they are also subjects of dramatic 
innovation. Often solutions lie in policy and economics, but envi-
ronmental scientists provide the evidence on which policy deci-
sions can be made.

We often say that crisis and opportunity go hand in hand. Seri-
ous problems can drive us to seek better solutions. As you read, ask 
yourself what factors influence these conditions and what steps 
might be taken to resolve them.

Environmental quality
Climate Change The atmosphere retains heat near the earth’s 
surface, which is why it is warmer here than in space. But concentra-
tions of heat-trapping “greenhouse gases,” especially CO2, increased 
dramatically, from 280 parts per million (ppm) 200 years ago to 
about 410 ppm in 2019. Burning fossil fuels, clearing forests and 
farmlands, and raising billions of methane-producing cattle are some 
of the main causes. Climate models indicate that by 2100, if current 
trends continue, global mean temperatures will probably increase by 
2° to 6°C compared to 1990 temperatures (3.6° to 12.8°F; fig. 1.5), far 
warmer than the earth has been since the beginning of human civili-
zation. For comparison, the last ice age was about 4°C cooler than 
now. Increasingly severe droughts and heat waves are expected in 
many areas. Greater storm intensity and flooding are expected in 
many regions. Disappearing glaciers and snowfields threaten the wa-
ter supplies on which cities such as Los Angeles and Delhi depend.

Military experts argue that climate change is among our 
greatest threats, contributing to refugee crises and terrorism. 
Already, climate change has forced hundreds of millions of peo-
ple from farmlands that have become too dry or hot to produce 
crops. Storms, f loods, and rising sea levels, threaten villages in 
many regions. Climate refugees in Syria, Nigeria, Pakistan, and 

2 2.8 3.6 5 7 9 11 13 15 20°F

Projected winter temperature increase

 FIGURE 1.5  Climate change is projected to raise temperatures, espe-
cially in northern winter months.  Source: NOAA, 2010.
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How can we produce food sustainably and distribute it fairly? These 
are key questions in environmental science.

Information and Education Because so many environmental 
issues can be fixed by new ideas, technologies, and strategies, ex-
panding access to knowledge is essential to progress. The increased 
speed at which information now moves around the world offers 
unprecedented opportunities for sharing ideas. At the same time, 
literacy and access to education are expanding in most regions of 
the world (fig. 1.7c). Rapid exchange of information on the Inter-
net also makes it easier to quickly raise global awareness of envi-
ronmental problems, such as deforestation or pollution, that 
historically would have proceeded unobserved and unhindered. 
Improved access to education is helping to release many of the 
world’s population from cycles of poverty and vulnerability. 

biphenyls (PCBs), and other industrial pollutants accumulate in arc-
tic ecosystems and in the tissues of native peoples in the far north.

The good news is that environmental scientists in China, India, 
and other countries suffering from poor air quality are fully aware 
that Europe and the United States faced deadly air pollution de-
cades ago. They know that enforceable policies on pollution con-
trols, together with newer, safer, and more efficient technology, will 
correct the problem, if they can just get needed policies in place.

Human population and well-being
Population Growth There are now over 7.7 billion people on 
earth, about twice as many as there were 40 years ago. We are adding 
about 80 million more each year. Demographers report a transition 
to slower growth rates in most countries: Improved education for girls 
and better health care are chiefly responsible. But present trends 
project a population between 8 and 10 billion by 2050 (fig. 1.6a). The 
impact of that many people on our natural resources and ecological 
systems strongly influences many of the other problems we face.

The slowing growth rate is encouraging, however. In much of 
the world, better health care and a cleaner environment have im-
proved longevity and reduced infant mortality. Social stability has 
allowed families to have fewer, healthier children. Population has 
stabilized in most industrialized countries and even in some very 
poor countries where social security, education, and democracy 
have been established. Since 1960 the average number of children 
born per woman worldwide has decreased from 5 to 2.45 (fig. 1.6b). 
By 2050, the UN Population Division predicts, most countries will 
have fertility rates below the replacement rate of 2.1 children per 
woman. If this happens, the world population will stabilize at about 
8.9 billion rather than the 9.3 billion previously expected.

Infant mortality in particular has declined in most countries, 
as vaccines and safe water supplies have become more widely avail-
able. Smallpox has been completely eradicated, and polio has been 
vanquished except in a few countries, where violent conflict has 
contributed to a resurgence of the disease. Life expectancies have 
nearly doubled, on average (fig. 1.7a).

Hunger and Food Over the past century, global food produc-
tion has increased faster than human population growth. We now 
produce about half again as much food as we need to survive, and 
consumption of protein has increased worldwide. In most countries 
weight-related diseases are far more prevalent than hunger-related 
illnesses. In spite of population growth that added nearly a billion 
people to the world during the 1990s, the number of people facing 
food insecurity and chronic hunger during this period actually de-
clined by about 40 million.

Despite this abundance, hunger remains a chronic problem 
worldwide because food resources are unevenly distributed. In a 
world of food surpluses, currently more than 850 million people are 
chronically undernourished, and at least 60 million people face 
acute food shortages due to weather, politics, or war (fig. 1.7b). At 
the same time, soil scientists report that about two-thirds of all 
agricultural lands show signs of degradation. The biotechnology 
and intensive farming techniques responsible for much of our re-
cent production gains are too expensive for many poor farmers. 

Least-developed countries

World

Less-developed regions

More-developed regions

(a) Possible population trends

(b) Fertility rates

0

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

2

4

6

8

10

12

1950 1960 1970 1980 1990 2000 2010 2020 2030 2040

Medium fertilit
y

Constant

High

Low

2050

1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050

To
ta

l f
er

til
ity

 (c
hi

ld
re

n 
pe

r w
om

an
)

Po
pu

la
tio

n 
(b

ill
io

ns
)

Year

Year

 FIGURE 1.6  Bad news and good news: Globally, populations continue 
to rise (a), but our rate of growth has plummeted (b). Some countries are be-
low the replacement rate of about two children per woman.  Source: United 
Nations Population Program, 2011.



	

Top predators, including nearly all the big cats in the world, are 
particularly rare and endangered. A 2017 study in Germany found 
that populations of insects, key pollinators and components of the 
food web, had declined 75 percent since 1990, and bird populations 
were 15 percent lower. At least half of the forests existing before the 
introduction of agriculture have been cleared, and many of the ancient 
forests, which harbor some of the greatest biodiversity, are rapidly be-
ing cut for timber, for oil extraction, or for agricultural production of 
globally traded commodities such as palm oil or soybeans.

Conservation of Forests and Nature Preserves Although 
exploitation continues, the rate of deforestation has slowed in many 
regions. Brazil, which led global deforestation rates for decades, has 

Expanding education for girls is a primary driver for declining 
birth rates worldwide.

Natural resources
Biodiversity Loss Biologists report that habitat destruction, 
overexploitation, pollution, and the introduction of exotic organ-
isms are eliminating species as quickly as the great extinction that 
marked the end of the age of dinosaurs. The United Nations Envi-
ronment Programme reports that over the past century more than 
800 species have disappeared and at least 10,000 species are now 
considered threatened. This includes about half of all primates and 
freshwater fish, together with around 10 percent of all plant species. 

 FIGURE 1.7  Human welfare is improving in some ways and stub-
bornly difficult in others. Health care is improving in many areas (a). Some 
800 million people lack adequate nutrition. Hunger persists, especially in 
areas of violent conflict (b). Access to education is improving, including for 
girls (c), and local control of fishery resources is improving food security in 
some places (d).  (a): ©Dimas Ardian/Getty Images; (b): ©Jonas Gratzer/Getty  
Images; (C): ©Anjo Kan/Shutterstock; (d): ©William P. Cunningham

(a) Health care (b) Hunger

(c) Education

(d) Sustainable resource use
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resources than with managing people and our demands on resources. 
Foresters have learned much about how to grow trees, but still we 
struggle to establish conditions under which villagers in developing 
countries can manage plantations for themselves. Engineers know 
how to control pollution but not how to persuade factories to install 
the necessary equipment. City planners know how to design urban 
areas, but not how to make them affordable for everyone. In this sec-
tion we’ll review some key ideas that guide our understanding of hu-
man dimensions of environmental science and resource use. These 
ideas will be useful throughout the rest of this book.

How do we describe resource use  
and conservation?
The natural world supplies the water, food, metals, energy, and 
other resources we use. Some of these resources are finite; some are 
constantly renewed (see chapter 14). Often, renewable resources 
can be destroyed by excessive exploitation, as in the case of fisher-
ies or forest resources (see section 1.2). When we consider resource 
consumption, an important idea is throughput, the amount of re-
sources we use and dispose of. A household that consumes abun-
dant consumer goods, foods, and energy brings in a great deal of 
natural resource–based materials; that household also disposes of a 
great deal of materials. Conversely a household that consumes very 
little also produces little waste (see chapter 2).

Ecosystem services, another key idea, refers to services or re-
sources provided by environmental systems (fig. 1.8). Provisioning 
of resources, such as the fuels we burn, may be the most obvious 
service we require. Supporting services are less obvious until you 
start listing them: These include water purification, production of 

dramatically reduced deforestation rates. Nature 
preserves and protected areas have increased 
sharply over the past few decades. Ecoregion 
and habitat protection remains uneven, and 
some areas are protected only on paper. Still, this 
is dramatic progress in biodiversity protection.

Marine Resources The ocean provides ir-
replaceable and imperiled food resources. 
More than a billion people in developing coun-
tries depend on seafood for their main source 
of animal protein, but most commercial fisher-
ies around the world are in steep decline. Ac-
cording to the World Resources Institute, more 
than three-quarters of the 441 fish stocks for 
which information is available are severely de-
pleted or in urgent need of better management. 
Some marine biologists estimate that 90 per-
cent of all the large predators, including blue-
fin tuna, marlin, swordfish, sharks, cod, and 
halibut, have been removed from the ocean.

Despite this ongoing overexploitation, 
many countries are beginning to acknowledge 

the problem and find solutions. Marine 
protected areas and improved monitoring 

of fisheries provide opportunities for sustain-
able management (fig. 1.7d). The strategy of protecting fish nurseries 
is an altogether new approach to sustaining ocean systems and the 
people who depend on them. Marine reserves have been established in 
California, Hawaii, New Zealand, Great Britain, and many other areas.

Energy Resources How we obtain and use energy will greatly 
affect our environmental future. Fossil fuels (oil, coal, and natural 
gas) presently provide around 80 percent of the energy used in in-
dustrialized countries. The costs of extracting and burning these 
fuels are among our most serious environmental challenges. Costs 
include air and water pollution, mining damage, and violent con-
flicts, in addition to climate change.

At the same time, improving alternatives and greater efficiency 
are beginning to reduce reliance on fossil fuels. As noted in the 
opening case study, renewable energy is an increasingly available 
and attractive option. The cost of solar power has plummeted, and 
in many areas solar costs the same as conventional electricity over 
time. Solar and wind power are now far cheaper, easier, and faster 
to install than nuclear power or new coal plants.

	 1.3 	 HUMAN DIMENSIONS  
OF ENVIRONMENTAL SCIENCE

•	 Ecosystem services are important in evaluating system values.

•	 Sustainable development goals identify key needs.

•	 Both poverty and wealth produce environmental challenges.

Aldo Leopold, one of the greatest thinkers on conservation, observed 
that the great challenges in conservation have less to do with managing 

CO2
O2

Decomposition,
nutrient cycling
by decomposers
(supporting)

Temperature regulation
by water bodies
(regulating)

Water purification
by streams, soil bacteria
(supporting)

Carbon capture,
atmospheric regulation
(regulating, supporting)

Photosynthesis
(provisioning,
supporting)

Food, fuel
(provisioning)

 FIGURE 1.8  Ecosystem services we depend on are countless and often invisible.



	

Sustainability requires environmental  
and social progress
Sustainability is a search for ecological stability and human prog-
ress that can last over the long term. Of course, neither ecological 
systems nor human institutions can continue forever. We can work, 
however, to protect the best aspects of both realms and to encour-
age resiliency and adaptability in both of them. World Health Orga-
nization director Gro Harlem Brundtland has defined sustainable 
development as “meeting the needs of the present without compro-
mising the ability of future generations to meet their own needs.” In 
these terms, development means bettering people’s lives. Sustain-
able development, then, means progress in human well-being that 
we can extend or prolong over many generations, rather than just a 
few years.

In 2016 the United Nations initiated a 15-year program to pro-
mote 17 Sustainable Development Goals (SDGs). Ambitious and 
global, the goals include eliminating the most severe poverty and 
hunger; promoting health, education, and gender equality; provid-
ing safe water and clean energy; and preserving biodiversity. This 
global effort seeks to coordinate data gathering and reporting, so 
that countries can monitor their progress, and to promote sustain-
able investment in developing areas.

For each of the 17 goals, organizers identified targets: some 
quantifiable, some more general. For example, Goal 1, “End poverty,” 
includes targets to eradicate extreme poverty, defined as less than 
$1.90 per day, and to ensure that all people have rights to basic 
services, ownership and inheritance of property, and other 
necessities for economic stability. Goal 7, “Ensure access to 
affordable, sustainable energy,” includes targets of doubling energy 
efficiency and enhancing international investment in clean energy. 
Goal 12, “Ensure sustainable consumption and production,” calls 
for cutting food waste in half and phasing out fossil fuel subsidies 
that encourage wasteful consumption. These goals may not be 
accomplished by 2030, but having a target to aim for improves the 
odds of success. And targets allow us to measure how far we have 
fallen short.

The SDGs also include targets for economic and social equity 
and for better governance. To most economists and policymakers it 
seems clear that economic growth is the only way to improve the lot 
of all people: As former U.S. president John F. Kennedy put it, “a 
rising tide lifts all boats.” But history shows that equity is also es-
sential. Extreme inequality undermines democracy, opportunity, 
and political stability. Economic and social equality, on the other 
hand, can promote economic growth by ensuring that extreme pov-
erty and political unrest don’t impede progress.

These ambitious goals might appear unrealistic, but they build on 
the remarkable (though not complete) successes of the Millennium 
Development Goals program, from 2000 to 2015. Targets included 
an end to poverty and hunger, universal education, gender equity, 
child health, maternal health, combating of HIV/AIDS, environ-
mental sustainability, and global cooperation in development ef-
forts. While only modest progress was achieved on some goals, UN 
Secretary General Ban Ki-Moon called that effort “the most suc-
cessful anti-poverty movement in history.” Extreme poverty dropped 
from nearly half the population of developing countries to just 

food and atmospheric oxygen by plants, and decomposition of 
waste by fungi and bacteria. Regulating services include mainte-
nance of temperatures suitable for life by the earth’s atmosphere 
and carbon capture by green plants, which maintains a stable atmo-
spheric composition. Cultural services include a diverse range of 
recreation, aesthetic, and other nonmaterial benefits.

Global ecosystem services amounted to a value of about $124 
trillion to $145 trillion per year in 2011, according to ecological 
economist Robert Costanza, far more than the $65 trillion global 
economy in that year. These services support most other economic 
activity, but we tend to forget our reliance on them, and conven-
tional economics has little ability to value them.

Planetary boundaries
Another way to think about environmental services is planetary 
boundaries, or thresholds of abrupt or irreversible environmental 
change. Studies by Johan Rockström and colleagues at the Stockholm 
Resilience Centre have identified nine major systems with these criti-
cal thresholds: climate change, biodiversity, land system change, fresh-
water use, biogeochemical flows (nitrogen and phosphorus), ocean 
acidification, atmospheric aerosols, stratospheric ozone loss, and 
“novel entities,” including chemical pollution and other factors (fig. 1.9). 
Calculations are that we have already passed the planetary boundaries 
for three of these—climate change, biodiversity loss, and nitrogen 
cycling. We are approaching the limits for freshwater supplies, land 
use, ocean acidification, and phosphorus loading.

These ecosystem services are tightly coupled. Destruction of 
tropical forests in Southeast Asia, for example, can influence heat 
and drought in North America. Drought and fires in North America 
enhance climate warming and sea ice loss in the Arctic. A planetary 
perspective helps us see interconnections in global systems and 
their effects on human well-being. What it means to pass these 
boundaries remains uncertain.

 FIGURE 1.9  Calculated planetary boundaries, or thresholds beyond 
which irreversible change is likely. Green shading represents safe ranges; 
yellow represents a zone of increasing risk; red wedges represent factors 
exceeding boundaries.  Source: Will Steffen, Katherine Richardson, Johan  
Rockström, et al. 2015. Planetary boundaries: Guiding human development on a  
changing planet. Science 15 Jan 2015: 1259855 DOI: 10.1126/science.1259855.
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