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and Relyea: Environmental Science for AP®

A. Earth Science Concepts

Chapter 1

Studying the State of Our Earth

Chapter 2 Environmental Systems
B. The Atmosphere Chapter 3 Ecosystem Ecology
Chapter 4 Global Climates and Biomes
C. Global Water Resources and Use Chapter 9 Water Resources
D. Soil and Soil Dynamics Chapter 8 Earth Systems
1. The Living World (10-15%)
A. Ecosystem Structure Chapter 3 Ecosystem Ecology
Chapter 5 Evolution of Biodiversity
B.Energy Flow Chapter 3 Ecosystem Ecology
C. Ecosystem Diversity Chapter 6 Population and Community Ecology
D.Natural Ecosystem Change Chapter 3 Ecosystem Ecology
Chapter 5 Evolution of Biodiversity
E. Natural Biogeochemical Cycles Chapter 3 Ecosystem Ecology
Chapter 4 Global Climates and Biomes
lll. Population (10-15%)
A. Population Biology Concepts Chapter 6 Population and Community Ecology
B.Human Population Chapter 7 The Human Population
IV. Land and Water Use (10-15%)
A. Agriculture Chapter 10 Land, Public and Private
Chapter 11 Feeding the World
B. Forestry Chapter 10 Land, Public and Private
C. Rangelands Chapter 10 Land, Public and Private
D. Other Land Use Chapter 10 Land, Public and Private
E. Mining Chapter 8 Earth Systems
F. Fishing Chapter 11 Feeding the World
G. Global Economics Chapter 20 Sustainability, Economics, and Equity
V. Energy Resources and Consumption (10-15%)
A. Energy Concepts Chapter 12 Nonrenewable Energy Sources
B. Energy Consumption Chapter 12 Nonrenewable Energy Sources
C. Fossil Fuel Resources and Use Chapter 12 Nonrenewable Energy Sources
D.Nuclear Energy Chapter 12 Nonrenewable Energy Sources
E. Hydroelectric Power Chapter 12 Nonrenewable Energy Sources
F. Energy Conservation Chapter 13 Achieving Energy Sustainability
G.Renewable Energy Chapter 13 Achieving Energy Sustainability
VI. Pollution (25-30%)
A. Pollution Types Chapter 14 Water Pollution
Chapter 15 Air Pollution and Stratospheric Ozone Depletion
Chapter 16 Waste Generation and Waste Disposal
B. Impacts on the Environment and Human Health Chapter 14 Water Pollution
Chapter 15 Air Pollution and Stratospheric Ozone Depletion
Chapter 16 Waste Generation and Waste Disposal
Chapter 17 Human Health and Environmental Risks
C.Economic Impacts Chapter 14 Water Pollution
Chapter 15 Air Pollution and Stratospheric Ozone Depletion
Chapter 16 Waste Generation and Waste Disposal
VII. Global Change (10-15%)
A. Stratospheric Ozone Chapter 15 Air Pollution and Stratospheric Ozone Depletion
B. Global Warming Chapter 19 Global Change

C. Loss of Biodiversity

Chapter 18

Conservation of Biodiversity
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Getting the Most from This Book

Daily life is filled with decisions large and small that affect our environment. From
the food we eat, to the cars we drive or choose not to drive, to the chemicals we
put into the water, soil, and air. The impact of human activity is wide-ranging
and deep. And yet making decisions about the environment is often not easy or
straightforward. Is it better for the environment if we purchase a new, energy-
efficient hybrid car or should we continue using the older car we already own?
Should we remove a dam that provides electricity for 70,000 homes because it
interferes with the migration of salmon? Are there alternatives to fossil fuel for
heating our homes?

The purpose of this book is to give you a working knowledge of the big ideas
of environmental science and help you to prepare for the AP® Environmental
Science Exam. The book is designed to provide you with a strong foundation in
the scientific fundamentals, to introduce you to the policy issues and conflicts that
emerge in the real world, and to offer you an in-depth exploration of all the topics
covered on the advanced placement exam in environmental science.

Like the first edition, Friedland and Relyea Environmental Science for AP®, Sec-
ond Edition, is organized to closely follow the AP® environmental science course
description. Every item on the College Board’s “Topic Outline” is covered thor-
oughly in the text. Look inside the front cover for a detailed alignment guide. The
textbook offers comprehensive coverage of all required AP® course topics and will
help you prepare for success on the exam by:

* providing chapter opening case studies that will help you to see how envi-
ronmental science is grounded in your daily life and in the world around
you

* dividing each chapter into manageable modules that will help you to be or-
ganized and keep up with the challenging pace of the AP® environmental
science course

* using the same terminology, language, and formulas that you will see on the
AP® environmental science exam

* using expertly selected and artistically rendered figures, photographs,
graphs, and visuals that will help you to understand and remember the big
ideas and important concepts that will be on the exam

* providing you with many opportunities to practice for the exam through-
out the year, including end-of-module AP® review questions, chapter AP®
practice exams, unit AP® practice exams, and a cumulative AP® practice
exam at the end

The next few pages offer you a brief tour of the features of this book that have
been designed to help you succeed in the course and on the exam.
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|Explore the world around you through science.

Chapter Opening Case Study

Earth Systems

Read the intriguing case study that begins each
chapter and think about the environmental
challenges and trade-offs that are introduced.
The subjects of these studies often will spark
spirited class discussion.

As you can see from case studies like this
one from Chapter 8, it’s not always easy to
make sustainable choices.

Module 24 Mineral Resources and Geology

Module 25 Weathering and Soil Science

Are Hybrid Electric Vehicles as Environmentally

Friendly as We Think?

Many people in the environmental sci-
ence community believe that hybrid
electric vehicles (HEV) and all-electric
vehicles are some of the most exciting
innovations of the last decade. Cars
that run on electric power or on

a combination of electricity and
gasoline are much more efficient in
their use of fuel than similarly sized
internal combustion (IC) automo-
biles. Some of these cars use no
gasoline at all, while others are able
1o run as much as twice the distance
as a conventional IC car on the same
amount of gasoline.

Although HEV and all-electric vehi-
cles reduce our consumption of liquid
fossil fuels, they do come with environ-
mental trade offs. The construction
of HEV vehicles uses scarce metals,
including neodymium, lithium, and
lanthanum. Neodymium is needed to

form the magnets used in the electric
motors, and lithium and lanthanum are
used in the compact high-performance
batteries the vehicles require. At present,

Although HEV and all-electric
vehicles reduce our
consumption of liquid fossil
fuels, they do come with
environmental trade offs.

there appears to be enough

Bolivia, Canada, and elsewhere, but
most of these deposits have not yet been
developed for mining. Until this h:
some scientists believe that the pri
tion of HEVs and all-electric ve|
will eventually be limited b!
availability of lanthanum.

In addition to the scarc
metals needed to make HEY
all-electric vehicles, we hal
consider how we acquire
metals. Wherever mining occt
has a number of environ
consequences. Material extre

leaves a

available in the world to meet the
demand of the Toyota Motor Corporation,
which has manufactured more than
3 million Prius HEV vehicles. Toyota
obtains its lanthanum from China. There
are also supplies of lanthanum in various
geologic deposits in California, Australia,

holes, and road construction nece
for access to and from the minin|
further alters the habitat. Erosiof
water contamination are also cor|
results of mining.

A typical Toyota Prius HEV
approximately 1 kg (2.2 poun

Module Structure

Chapters are divided into short Modules to
help keep you on pace. Each module opens
with a brief description of what topics will be

covered.

Learning Objectives

A list key ideas at the beginning of the module
help to keep you focused as you read.

xviii

Patterns of Energy Use

4

In this module we begin our study of nonrenewable energy sources by looking at
patterns of energy use throughout the world and in the United States. We will see how
evaluating energy efficiency can help us determine the best application for different
energy sources. Finally, because electricity accounts for such a large percentage of
our overall energy use, we will examine the ways in which electricity is generated.

Learning Objectives

After reading this module, you should be able to

« describe the use of nonrenewable energy in the world and in the United States.
« explain why different forms of energy are best suited for certain purposes.
« understand the primary ways that electricity is generated in the United States.

Nonrenewable energy is used
worldwide and in the United States

Fossil fuels are fucls derived from biological material
that became fossilized millions of years ago. Fuels from
this source provide most of the energy used in both
developed and developing countries. The vast majority
of the fossil fuels we use—coal, oil, and natural gas—
come from deposits of organic matter that were formed
50 million to 350 million years ago. As we saw in
Chapter 3 (see Figure 7.2 on page 83), when organisms
die, decomposers break down most of the dead biomass
aerobically, and it quickly reenters the food web.
However, in an anacrobic environment—for example
in places such as swamps, river deltas, and the ocean
floor—a large amount of detritus may build up quickly.
Under these conditions, decomposers cannot break
down all of the detritus. As this material is buried under
succeeding layers of sediment and exposed to heat and
pressure, the organic compounds within it are chemi-
cally transformed into high-energy solid, liquid, and

gaseous that are easily 1t d. Because

fossil fuel cannot be replenished once it is used up, it is
known as a nonrenewable energy resource. Nuclear
fuel, derived from radioactive materials that give off
energy, is another major source of nonrenewable energy
on which we depend. The supplies of these energy
types are finite.

Every country in the world uses energy at different
rates and relies on different energy resources. Factors
that determine the rate at which energy is used include
the resources that are available and affordable. In the
past few decades, people have also begun to consider
environmental impacts in some energy-use decisions.

Fossil fuel A fuel derived from biological material
that became fossilized millions of years ago.
Nonrenewable energy resource An energy
source with a finite supply, primarily the fossil fuels
and nuclear fuels.

Nuclear fuel Fuel derived from radioactive materials
that give off energy.

MODULE 34 = Patterns of Energy Use 399

Running glossary

Important key terms are set in bold type in the text and defined at
the bottom of the page on which they are introduced. Key terms
are also defined in the glossary at the end of the book.

Getting the Most from This Book
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|Math practice makes perfect.

Do the Math

Among the biggest challenges on the AP® Environmental Science Exam are
questions that ask you to solve environmental science math problems. “Do
the Math” problems help you practice the math skills that you’ll need to
tackle these problems on the exam.

é )

d O ‘th e Calculating Energy Supply
According to the U.S. Department of Energy, a typical home in the United States
uses approximately 900 kWh of electricity per month. On an annual basis, this is

m at h 900 kWh/month X 12 months/year = 10,800 kWh/year

How many homes can a 500 MW power plant with a 0.9 capacity factor support?
Begin by determining how much electricity the plant can provide per month:

500 MW X 24 hours/day X 30 days/month X 0.9 = 324,000 MWh/month

1 MWh equals 1,000 kWh, so to convert MWh per month into kWh per month,
we multiply by 1,000:

324,000 MWh/month X 1,000 kWh/MWh = 324,000,000 kWh/month

So
324,000,000 kWh/month
900 kWh/month/home

On average, a 500 MW power plant can supply roughly 360,000 homes with
electricity.

= 360,000 homes

Your Turn During summer months, in hot regions of the United States, some
homes run air conditioners continuously. How many homes can the same power
plant support if average electricity usage increases to 1,200 kWh/month during

k summer months? j

Your Turn

Each “Do the Math” box has a “Your Turn” practice problem to help you
review and practice the math skills introduced.

f )
do the Converting Between Hectares and Acres

In the metric system, land area is expressed in hectares. A hectare (ha) is 100 meters

by 100 meters. In the United States, land area is most commonly expressed in
m at acres. There are 2.47 acres in 1 ha. The conversion from hectares is relatively easy
to do without a calculator; rounding to two significant figures gives us 2.5 acres

in 1 ha. If a nature preserve is 100 ha, what is it size in acres?
100 ha X 2.5 acres = 250 acres

Your Turn A particular forest is 10,000 acres. Determine its size in hectares.

N

Prepare for the Exam

J

Once you are comfortable with the math skills introduced, you’ll be prepared
for quantitative problems on the exam.

Getting the Most from This Book Xix



Analyze and interpret visual data.

(b) Uniform distribution

Photos and lllustrations

The photos and illustrations in this book are more than just
pretty pictures. They have been carefully chosen and devel-
oped to help you comprehend and remember the key ideas.

o
Excfmnge Respiration ombustion
CO, in the atmosphere Sugars are converted Fossil fuels and

and GO, dissolved in
water are constantly,
exchanged.

back into CO,. plant matter are
converted into CO,
Photosynthesis
CO, is converted
into sugars.

Sedimentation
Calcium carbonate
precipitates out of the

4 Fossil fuels
water as sediments.

TABLE 3 Comparison of nonrenewable energy fuels

Pollutant and
greenhouse gas Energy return on energy G
Energy Type Advantages Disadvantages emissions Electricity (cents/kWh)  investment* Tables and raphs
Oilgasoline o Ideal for mobile o Significant refining o Second highest » Relatively itle electriciy 4.0 (gasoling)
combustion (high required emitter of CO, is generated from ol 5.7 (dlesel) : :
Sy Olspptntlfet amorg ol s To understand environmental science and succeed on
« Quick ignition/turn-off  on habitats near drling » Hydrocarbons . . 2 5
bty fes * Hogen e the exam, you need to engage in the scientific practice
* Cleaner burning than e Significant dust and >
coal emissions from fossil o o o o
Tt of analyzing and interpreting a variety of tables, graphs,
power earth-moving d h
equipment
o Human rights/ and charts.
environmental
Justice issues in
developing countries
that export oil
* Will probably be much
less avallable n the next
40 years o s0
Coal o Energy-denseand  Mining practices « Highest emitte of s
abundant—U.S. frequently risk human ~ CO, among energy GRS o wuctoar noray Roshliees 424
resources willlastat ives and sources
least 200 years dramatically atter natural  Sufur
* No refining necessary landscapes * Trace amounts of
o Easy, safe {0 transport  Coal power plants are  toxic metals such
o Economic backbone of  slow to reach full as mercury
some small towns ‘operating capacity
o Alarge
contributing factor to
acid rain in the United
Sates 250 250
Natural Gas « Cogeneration power  Risk of leaks/ « Methane 6-8 cents/kiWh 8
plants can have explosions o Hydrocarbons » »
efficiencies up to  Twenty-five times o Hydrogen sulfide ® 2004 T 200 o K=195  P. aurelia
o more effective as a 3 ]
o Efficient for cooking, ~ greenhouse gas than = A ) 7 2
home heating, etc. €0, S 150 o aramecium aurelia 5 1504 _
 Fewer impurities than e Not available g .g alSiaBacaudatim
coal or oi everywhere because it = K=105 P, aurelia =
is tansported by S 100+ ° 100
pipelines 3 3
Nuclear Energy ~ » Emits 10CO,once Very unpopuar; + Radicactive waste 12-15 cents/kWh £ 8 K=64 P. caudatum £
plant is operational generates protests is dangerous for 3 50 S 50+
o Offers independence  ® Plants are very hundreds of z z
from imported oil expensive to build thousands of Paramecium caudatum
o High energy density,  because of legal years 0 . . . . . . . | 0 - : o - - - : . ]
D G EED © LBLIHEm N 0o 2 6 8 10 12 14 16 18 0O 2 4 6 8 10 12 14 16 18
* Meltdown could be currently in place:
catastrophic to manage Days Days
 Possible target for radioactive waste (a) Low-food supply (b) High-food supply
terrorist attacks No air
pollution during . - o
production FIGURE 18.3 Gause’s experiments. (a) Under low-food conditions, the population sizes of two
species of Paramecium initially increased rapidly, but then leveled off as their food supply became
limiting. (b) When twice as much food was provided, both species attained population sizes that were
*Estimates vary widely. nearly twice as large, but they again leveled off. (Data from Gause, 1932)
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|Review and practice for quizzes and tests.

3

REVIEW

In this module, we have seen how specific aspects of the
scientific method are used to conduct field and labora-
tory evaluations of how human activity affects the nat-
ural environment. The scientific method follows a pro-
cess of observations and questions, testable hypotheses
and predictions, and data collection. Results are inter-

Module 3 AP® Review Questions

1. The first step in the scientific process is
(a) collecting data.
(b) observations and questions.
(¢c) forming a hypothesis.
(d) disseminating findings.
(e) forminga theory.

Use the following information for questions 2 and 3:

Two new devices for measuring lead contamina-
tion in water are tested for accuracy. Scientists test
each device with seven samples of water known to
contain 400 ppm of lead. Their data is shown below.
Concentration is in parts per billion.

‘Water

Sample 1 2 3 4 5 3 7
Device 1 415 417 416 417 415 416 416
Device 2 398 401 400 402 398 400 399

2. The data from device 1 is
(a) accurate, but not precise.
(b) precise, but not accurate.
(c) both accurate and precise.
(d) neither accurate nor precise.
(e) not clear enough to support any conclusion
about accuracy or precision.

3. Assuming the devices were used correctly,and
assuming we want to choose a device that
accurately reflects the true concentration of lead in

preted and shared with other researchers. Experiments
can be either controlled (manipulated) experiments or
natural experiments that make use of natural events.
There are often challenges in environmental science
including the lack of baseline data and the interactions
with social factors such as human preferences.

the water samples, which conclusion does the data

support?

(a) Device 1is superior to device 2 because it is
more precise.

(b) Device 2 is superior to device 1 because it is
more precise.

(¢) Device 1 is superior to device 2 because it is
more accurate.

(d) Device 2 is superior to device 1 because it is
more accurate.

(e) Both devices are equally effective at measuring
contaminates.

4. Chall in the study of em
clude all of the following except
(a) dangers of studying natural systems.
b) lack of baseline data.
) subjectivity of environmental impacts.
d) complexity of natural systems.
) complex interactions between humans and the
environment.

I science in-

5. A control group is

(a) a group with the same conditions as the
experimental group.

) a group with conditions found in nature.

) a group with a randomly assigned population.

) a group with the same conditions as the

experimental group except for the study variable.

a group that is kept at the same condition

throughout the experiment]

=22z

(e

Chapter Review

At the end of each chapter, take time to review

the main ideas and key terms.

REVIEW

| Key Terms

Throughout this chapter, we have outlined principles,
techniques, and methods that will allow us to approach
environmental science from an interdisciplinary per-
spective as we evaluate the current condition of Earth
and the ways that human beings have influenced it. We
identified that we can use environmental indicators to
show the status of specific environmental conditions in

Module Review

Solidity your understanding by reviewing the
main ideas in each module review.

Exam Prep All Year

Each module ends with multiple-choice ques-
tions similar to those on the AP® exam.
Practicing your test-taking strategies for
multiple-choice questions throughout the year
will pay oft when you take the exam.

the past, at present, and, potentially, into the future.
These indicators and other environmental metrics
must be measured using the same scientific process
used in other fields of science. Environmental science
does contain some unique challenges because there is
no undisturbed baseline—humans began manipulating
Earth long before we have been able to study it.

Fracking

Environment
Environmental science
Ecosystem

Biotic

Abiotic
Environmentalist
Environmental studies
Ecosystem services
Environmental indicators
Biodiversity

Genetic diversity

| Learning Objectives Revisited

Species Hypothesis
Species diversity Null hypothesis
Speciation Replication

Background extinction rate Sample size

Greenhouse gases Accuracy
Anthropogenic Precision
Development Uncertainty
Sustainability Theory

Sustainable development
Biophilia

Ecological footprint
Scientific method

Control group

Natural experiment

Module 1

Environmental Science

¢ Define the field of environmental science and
discuss its importance.

Module 2 Environmental Indicators and

Sustainability

« Identify key environmental indicators and
their trends over time.

Learning Objectives Revisited

Check your notes against summaries of the
learning objectives for each module in the
chapter.

Environmental science is the study of the interac-
tions among human-dominated systems and natural
systems and how those interactions affect environ-
ments. Studying environmental science helps us

Five important global-scale environmental indica-
tors are biological diversity, food production, aver-
age global surface temperature and atmospheric CO,

identify, understand, and respond to antt

changes.

Identify ways in which humans have altered
and continue to alter our environment.

The impact of humans on natural systems has been
significant since early humans hunted some large

uman pop and resource
depletion. Biological diversity is decreasing as a
result of human actions, most notably habitat
destruction and habitat degradation. Food produc-
tion appears to be leveling off and may be decreas-
ing. Carbon dioxide concentrations are steadily
increasing as a result of fossil fuel combustion and

animal species to However, tech 2
and population growth have dramatically increased
both the rate and the scale of human-induced
change.

land ¢ . Human population continues to
increase and probably will continue to do so
throughout this century. Resource depletion for
most natural resources continues to increase.

Getting the Most from This Book
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Prepare and practice for the AP® Environmental

Science Exam.

Chapter AP® Environmental Science Practice Exam

When you finish a chapter take the practice exam to check your understanding
of the main ideas. The practice exam will help you become familiar with the
style of questions on he AP® Environmental Science Exam.

| Chapter 1 AP® Environmental Science Practice Exam

Section 1: Multiple-Choice Questions
Choose the best answer for questions 1-11.

1. Which of the following events has increased the
impact of humans on the environment?
I advances in technology
II. reduced human population growth
III. use of tools for hunting

) Tonly

) Tand II only

) Il and III only
) TandIII only
) LILand III

2. Asdescribed in this chapter, environmental indicators

(a) always tell us what is causing an environmental
change.

(b) can be used to analyze the health of natural
systems.

(c) are useful only when studying large-scale
changes.

(d) do not provide information regarding
sustainability.

(e) take into account only the living components of
ecosystems.

3. Which statement regarding a global environmental
indicator is NOT correct?

(a) Concentrations of atmospheric carbon dioxide
have been rising quite steadily since the
Industrial Revolution.

(b) World grain production has increased fairly

(c) For the past 130 years, average global surface M u Iti ple_Ch oice Questi ons

temperatures have shown an overall increase that
seems likely to continue.

(d) World population is expected to be between Each Chapter exam begins with
8.1 billion and 9.6 billion by 2950. . ) multiple—choice questions mod—
(e) Some natural resources are available in finite S
amounts and are consumed during a one-time eled after those you 1I see on the

use, whereas other finite resources can be used
multiple times through recycling.

exam. Many of the questions ask

Figure 2.5 (on page 12) shows atmospheric carbon you £ analyze or lnterpret

dioxide concentrations over time.The measured tables, graphs, or ﬁgures.

concentration of CO, in the atmosphere is an

example of

(a) asample of air from over the Antarctic.

b) an environmental indicator.

c) replicate sampling.

d) calculating an ecological footprint.

e) how to study seasonal variation in Earth’s
temperatures.

(
(
(
(

Environmental metrics such as the ecological footprint
are most informative when they are considered along
with other environmental indicators. Which indicator,
when considered in conjunction with the ecological
footprint, would provide the most information about
environmental impact?

(a) biological diversity

(b) food production

(¢) human population
C)

(

CO, ) .
o) water Section 2: Free-Response Questions

Free-Response Questions

Inscience  [iite your answer to each part clearly. Support your
answers with relevant information and examples.
Where calculations are required, show your work.

1. Your neighbor has fertilized her lawn. Several weeks
later, she is alarmed to see that the surface of her
ornamental pond, which sits at the bottom of the
sloping lawn, is covered with a green layer of algae.

(a) Suggest a feasible explanation for the algal bloom

Chapter exams include two free-response in the pond. (2 points)
questions. Points are assigned to indicate how (b) Design an experiment that would enable you to

a complete, correct answer would be scored on

validate your explanation. Include and label in

® 5 o your answer:
thg AP exam. The more practice you have in () a testable hypothesis (2 points)
writing answers to free-response questions, the (i) the variable that you will be testing

better you will do on the exam.

XX| Getting the Most from This Book

(1 point)

(iii) the data to be collected (1 point)

(iv) a description of the experimental
procedure (2 points)

(v) adescription of the results that would
validate your hypothesis (1 point)

(c) Based on the data from your experiment and
your explanation of the problem, think of and
suggest one action that your neighbor could take
to help the pond recover. (1 point)



Unit AP® Environmental
Science Practice Exam

The textbook is divided into 8
major units. At the end of each
unit, you are provided with a lon-
ger practice exam containing 20
multiple-choice questions and 2
free-response questions.
exams give you a chance to review
material across multiple chapters
and to practice your test-taking

skalls.

These

Unit 1 AP® Environmental Science Practice Exam

Section 1: Multiple-Choice Questions

Choose the best answer for questions 1-20.

1.

‘Which best describes how humans have altered
natural systems?

I.  Overhunted many large mammals to extinction.

II. Created habitat for species to thrive.
III. Emitted greenhouse gases.

(a) Tonly
(b) TandII only
(c) I andIII only

(d) TandIII only
(e) LII,and III

‘Which does NOT describe a benefit of biodiversity?

(a) Genetic biodiversity improves the ability of a
population to cope with environmental change.

(b) Ecosystems with higher species diversity are
more productive.

(c) Species serve as environmental indicators of
global-scale problems.

(d) Speciation reduces natural rates of species
extinction.

(e) Humans rely on ecological interactions among
species to produce ecosystem services.

Which of the following is NOT a consequence of’
human population growth?
(a) Depletion of natural resources

6. The greatest value of the scientific method is best

stated as:

(a) The scientific method permits researchers a
rapid method of disseminating findings.

(b) The scientific method removes bias from
observation of natural phenomenon.

(c) The scientific method allows findings to be
reproduced and tested.

(d) The scientific method promotes sustainable
development.

(e) The scientific method reduces the complexity of
experimental results.

7. Researchers conducted an experiment to test the
hypothesis that the use of fertilizer near wetlands is
associated with increased growth of algae. An
appropriate null hypothesis would be:

(a) The use of fertilizer near wetlands is associated
with an increase in fish biomass.

(b) Growth of algae in wetlands is never associated
with increased fertilizer use.

(c) Application of fertilizers near wetlands is always
associated with increased growth of algae.

(d) Fertilizer use near wetlands has no association
with growth of algae.

(e) Fertilizer use near wetlands leads to increased
growth of algae as a result of elevated nutrient
concentrations.

Cumulative AP® Environmental Science Practice Exam

At the end of the text you will find a cumulative exam with 100 multiple-choice
questions and 4 free-response questions. This exam matches the actual AP®
Environmental Science exam in length and scope.

cumulative AP® environmental science practice exam

Section 1: Multiple-Choice Questions

Choose the best answer for questions 1—100.

1.

Primary production is an example of
1. an ecosystem service.

II. an environmental indicator.

III. heterotrophic activity.

(a) Tonly
(b) I only

() landII

(d) IIandIIT
(e) I,II,and III

Which of the following is likely to increase
biodiversity within a biome?

(a) Landscape fragmentation

(b) Introduction of an invasive species

(c) Immigration of humans
(d) Speciation
(e) A disease epidemic

The United States produces 8 million tons of orange:
in a single year. However, many orange crops are
succumbing to a deadly invasive bacteria. If 10,000
hectares of orange cropland are lost in a year to this
bacteria, and a single acre can produce 20 tons of
oranges, what percentage of the total orange crop is
lost to the disease in a year? (Note that 1 hectare =
2.5 acres.)

(a) 2 percent

(b) 6 percent

(c) 10 percent

(d) 20 percent

(e) 24 percent

4. Which is a flaw of this experiment?

5.

(a) The experiment lacks a control treatment.

(b) 10 ppm is a negligible increase of CO, relative to
ambient concentrations.

(c) The hypothesis is actually a null hypothesis.

(d) The measured response variable does not relate
to the hypothesis.

(e) N,O gas is not a greenhouse gas.

As hypothesized, the researchers found that plants
exposed to elevated CO, had increased biomass after 2

Section 2: Free-Response Questions

Write your answer to each part clearly. Support your
answers with relevant information and examples. Where
calculations are required, show your work.

The City of Philadelphia recently replaced one out of
every 10 trash bins with solar-powered trash
compactors. The compactor is an enclosed unit with
a door that opens for trash disposal. The compactor
automatically detects when the bin is full and uses a
solar-powered mechanical crusher to compact the
contents. When the compactor needs to be emptied,
it sends an electronic signal. Use of solar-powered
compactors has increased the capacity of public trash
bins and has reduced the number of trash collection
visits to each bin from 17 times per week to 5 times
per week.

(a) Describe four positive externalities of installing
solar-powered trash compactors. (2 points)

(b) Describe six cradle-to-grave components of
solar-powered trash compactors. (2 points)

(c) Suggest one way that the installation of solar-
powered trash compactors can reverse the effects
of urban blight. (2 points)

1

A\ TL H £ Ll ia €200 andicl

2. The country of Costa Rica has an abundance of
climactic, geographic, and biological diversity.
However, in the last century intensive farming and
population growth have led to a 75 percent reduction
in its forests. In the 1980s, the government of Costa
Rica began to address concerns about the loss of
forest with a series of political and environmental
programs. These programs, designed to generate
more sustainable economic development, include
land protection and conservation of biodiversity.

(a) Costa Rica lies just north of the equator and
contains a series of mountain ranges that run the
entire length of the country.

(1) Given its geographic location, what is likely
to be the prevailing wind pattern across the
country? (1 point)

(i) Describe how mountain ranges contribute to
the climactic, geographic, and biological
diversity observed in Costa Rica. (1 point)

Given that Costa Rica is bordered by the

Atlantic and Pacific Oceans, how are weather

patterns in the country likely to be affected by

the El Nifio—Southern Oscillation (ENSO)?

(2 points)

(b
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|Be inspired by individuals making a difference.
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working toward | sustainability

A New Cook Stove Design

Working Toward Sustainability

At the end of each chapter read about
people and organizations that are making

In China, India, and sub-Saharan Africa, people in
80 to 90 percent of households cook food using wood,
animal manure, and crop residues as their fuel. Since
women do most of the cooking, and young children
are with the women of the houschold for much of the
time, it is the women and young children who receive
the greatest exposure to carbon monoxide and particu-
late matter. When biomass is used for cooking,
concentrations of particulate matter in the home can

Two innovators from the United States developed
a cook stove for backpackers and other outdoor
enthusiasts who needed to cook a hot meal with little
impact on the environment. They described their
stove as needing no gasoline and no batteries, both
desirable features for people carrying all their belong-
ings on their backs. They soon realized that their
stove, which could burn wood, animal manure, or
crop residue, could make an important contribution in

a difference.

be 200 times higher than the exposure limits recom-
mended by the EPA. A wide range of diseases has been
associated with exposure to smoke from cooking.
Earlier in this chapter, we described that indoor air
pollution is responsible for 4 million deaths annually
around the world, and indoor cooking is a major
source of indoor air pollution.

There are hundreds of projects underway around
the world to enable women to use more efficient
cooking stoves, ventilate cooking areas, cook outside
whenever possible, and change customs and practices
that will reduce their exposure to indoor air pollution.
The use of an efficient cook stove will have the added
benefit of consuming less fuel. This improves air qual-

ity and reduces the amount of fuel needed, which has
: 11 1 3 '

the developin
physically sepal

form when th 1.
burn the gases.
inside the stov

countries?

2. How can technology offer solutions to cooking over

open fires?

References
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Critical Thinking Questions

Why are women and children often the ones most
exposed to indoor air pollution in developing

Bilger, B. 2009. Annals of Invention, Hearth Surgery, The
New Yorker, December 21, p. 84; http://www.newyorker
.com/reporting/2009/12/21/091221fa_fact_bilger#ixzz

www.biolitestove.com, homepage of BioLite stove.

Critical Thinking Questions

Working Toward Sustainability provides questions that give you a chance to hone
your critical thinking and writing skills.

|Science in the real world.

At the beginning of the twentieth century, the City of
Los Angeles needed more water for its inhabitants. As
we saw at the beginning of Chapter 2, in 1913 the city
designed a plan to redirect water away from Mono Lake
in California. Before the Los Angeles Aqueduct was
built, approximately 120 billion liters of stream water
(31 billion gallons) flowed into Mono Lake in an aver-
age year. The City of Los Angeles altered the water
balance of Mono Lake and at the same time caused a
series of changes to the Mono Lake system that led to
an increase in the salt concentration in Mono Lake.

What Happened to the Missing Salt”?

Science Applied

At the end of each unit, the “Science
Applied” feature ofters you an oppor-
tunity to read about how the science
you are learning is used to make deci-
sions about environmental issues.

_a S S " vy ™
Tracy Packer Photography/Getty Images

applied

water from streams must be equal to the outpy
through evaporation.

How did the salt balance change
at Mono Lake?

Although we can make the assumption that
in Mono Lake is in steady state in a typical
salt balance in the lake is not. By applying s
principles we have learned in the first two ch
can make observations and draw conclusi
what has probably happened at Mono L

Free-Response Question

Water that flows into Mono Lake contains a much
smaller concentration of salt than the water already in
the lake. This inflow tends to stratify, or float on top
of existing water, because fresh water is less dense that
salt water. As salt from the lower layer dissolves into
the upper layer, nutrients from the bottom of the lake
also rise to the surface. This exchange of nutrients is
critical for the growth of algae in the surface waters.
Recent research suggests that the reduction of water
diversion from Mono Lake had unexpected results:

In 1995, the reduction of stream diversions from
Mono Lake, combined with greater than average
quantities of fresh water from snowmelt runoff,
led to a rapid rise in water level. The large volume

Practice Free-Response Questions

Science Applied includes a free-response question related to the topic in

the article.
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“,"A hydraulic fracturing site like this one near
Canton Pennsylvania, can contain many
features that are seen promlnently here



Module 1 Environmental Science

Environmental Science:
Studying the State of
Our Earth

Module 2 Environmental Indicators and Sustainability
Module 3 Scientific Method

To Frack, Or Not to Frack

The United States—like other devel-
oped countries—is highly dependent
on fuels such as coal and oil that come
from the remains of ancient plants and
animals. However, the use of these fos-
sil fuels is responsible for many envi-
ronmental problems that include land
degradation and the release of pollut-
ants into the air and water. Natural
gas, also known as methane, is the
least harmful producer of air pollution
among the fossil fuels; it burns more
completely and cleanly than coal or oil,
and it contains fewer impurities.

Due to advances in technology, oil and
mining companies have recently
increased their reliance on fracking.

Fracking, short for hydraulic fracturing, is
a method of oil and gas extraction that
uses high-pressure fluids to force open
existing cracks in rocks deep under-
ground. This technique allows extraction

Footage of flames shooting
from kitchen faucets became
popular on YouTube.

of natural gas from locations that were
previously so difficult to reach that extrac-
tion was economically unfeasible. As a re-
sult, large quantities of natural gas are
now available in the United States at a

lower cost than before. A decade ago, 40

percent of energy in the United States was

used to generate electricity with half of that

energy coming from coal. As a result of

fracking, electricity generation now uses
less coal and more natural gas. Since
coal emits more air pollutants—includ-
ing carbon dioxide—than does natural
gas, increased fracking initially ap-
peared to be beneficial to the envi-
ronment.

Fracking Hydraulic fracturing, a
method of oil and gas extraction
that uses high-pressure fluids to
force open cracks in rocks deep
underground.
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However, reports soon began ap-
pearing both in the popular press and
in scientific journals about the negative
consequences of fracking. Large
amounts of water are used in the frack-
ing process with millions of gallons of
water taken out of local streams and
rivers and pumped down into each gas
well. A portion of this water is later re-
moved from the well and must be
properly treated after use to avoid con-
taminating local water bodies.

A variety of chemicals are added to
the fracking fluid to facilitate the re-
lease of natural gas. Mining companies
are not required to publicly identify all
of these chemicals. Environmental sci-
entists and concerned citizens began
to wonder if fracking was responsible
for chemical contamination of under-
ground water and, in one case, the
poisoning of livestock. Some drinking-
water wells near fracking sites became
contaminated with natural gas, and
homeowners and public health officials
asked if fracking was the culprit. Water
with high concentrations of natural gas
can be flammable, and footage of
flames shooting from kitchen faucets
after someone ignited the water be-
came popular on YouTube, in docu-
mentaries, and in feature films.

However, it wasn’t clear if fracking
caused natural gas to contaminate well
water or if some of these wells con-
tained natural gas long before fracking
began. Several reputable studies
showed that drinking-water wells near
some fracking sites were contaminat-
ed, with natural gas concentrations in
the nearby wells being much higher
than in more distant wells. These is-
sues need further study, which may
take years.

Scientists have begun to assess how
much natural gas escapes during the
fracking and gas extraction process. As
we will learn in Chapter 19, methane is
a greenhouse gas and is much more ef-
ficient at trapping heat from Earth than
carbon dioxide, which is the greenhouse
gas most commonly produced by hu-
man activity. As the number of potential
environmental issues associated with
fracking began to increase, environ-
mental scientists and activists began to
ask whether fracking was making the
greenhouse problem and other environ-
mental problems worse. By 2014, it ap-
peared that opponents of fracking were
as numerous as supporters.

Certainly, using natural gas is better
for the environment than coal, though
using less fossil fuel—or using no

fossil fuel at all—would be even better.
However, at present it is difficult to
know whether the benefits of using
natural gas outweigh the problems that
extraction causes. Many years may
pass before the extent and nature of
harm from fracking is known.

The story of natural gas fracking pro-
vides a good introduction to the study of
environmental science. It shows us that
human activities that are initially
perceived as causing little harm to the
environment can in fact have adverse
effects, and that we may not recognize
these effects until we better understand
the science surrounding the issue. It
also illustrates the difficulty in obtaining
absolute answers to questions about the
environment and demonstrates that
environmental science can be contro-
versial. Finally, it shows us that making
assessments and choosing appropriate
actions in environmental science are not
always as clear-cut as they first appear.
Sources:

S. G. Osborn et al., Methane contamination of
drinking water accompanying gas-well drilling
and hydraulic fracturing, Proceedings of the
National Academy of Sciences 108 (2011):
8172-8176; Drilling down. Multiple authors in
2011 and 2012. New York Times, viewed at:

http://www.nytimes.com/interactive/us
/DRILLING_DOWN_SERIES.html.

he process of scientific inquiry builds on previous work and careful, sometimes

lengthy, investigations. For example, we will eventually accumulate a body of

knowledge on the effects of hydraulic fracturing of natural gas, but until we have

this knowledge, we will not be able to make a fully informed decision about the policies

of energy extraction. In the meantime, we may need to make interim decisions based

on incomplete information. This uncertainty is one feature —and an exciting aspect— of

environmental science.

To investigate important topics such as the extraction and use of fossil fuels, environ-

mental science relies on a number of indicators, methodologies, and tools. This chapter

introduces you to the study of the environment and outlines some of the important foun-

dations and assumptions you will use throughout your study.

2  CHAPTER 1

Environmental Science: Studying the State of Our Earth
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Environmental Science

Humans are dependent on Earth’s air, water, and soil for our existence. However,
we have altered the planet in many ways, both large and small. The study of
environmental science can help us understand how humans have changed the
planet and identify ways of responding to those changes.

Learning Objectives

After reading this module you should be able to

¢ define the field of environmental science and discuss its importance.
* jdentify ways in which humans have altered and continue to alter our environment.

Environmental science offers
important insights into our world
and how we influence it

Stop reading for a moment and look up to observe
your surroundings. Consider the air you breathe, the
heating or cooling system that keeps you at a comfort-
able temperature, and the natural or artificial light that
helps you see. Our environment is the sum of all the
conditions surrounding us that influence life. These
conditions include living organisms as well as nonliv-
ing components such as soil, temperature, and water.
The influence of humans is an important part of the
environment as well. The environment we live in
determines how healthy we are, how fast we grow,
how easy it is to move around, and even how much
food we can obtain. One environment may be strik-
ingly different from another—a hot, dry desert versus
a cool, humid tropical rainforest, or a coral reef teem-
ing with marine life versus a crowded city street.

We are about to begin an examination of environ-
mental science, the field of study that looks at inter-
actions among human systems and those found in
nature. By system we mean any set of interacting com-

ponents that influence one another by exchanging
energy or materials. We have already seen that a
change in one part of a system—for example, fracking
in a particular geologic formation—can cause changes
throughout the entire system, such as in a nearby well
that supplies drinking water.

An environmental system may be completely
human-made, like a subway system, or it may be
natural, like weather. The scope of an environmental
scientist’s work can vary from looking at a small popu-
lation of individuals, to multiple populations that make
up a species, to a community of interacting species, or
to even larger systems, such as the global climate sys-
tem. Some environmental scientists are interested in
regional problems. The specific case of fracking at a
particular location in the United States, for example, is
a regional problem. Other environmental scientists

Environment The sum of all the conditions
surrounding us that influence life.

Environmental science The field of study that looks
at interactions among human systems and those found
in nature.

MODULE 1 = Environmental Science 3
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Environmental
studies

FIGURE 1.1 Environmental studies. The study of environmental
science uses knowledge from many disciplines.

work on global issues, such as species extinction and
climate change.

Many environmental scientists study a specific type
of natural system known as an ecosystem. An ecosystem
is a particular location on Earth with interacting com-
ponents that include living, or biotic, components and
nonliving, or abiotic, components.

As a student of environmental science, you should
recognize that environmental science is different from
environmentalism, which is a social movement that seeks
to protect the environment through lobbying, activ-
ism, and education. An environmentalist is a person
who participates in environmentalism. In contrast, an
environmental scientist, like any scientist, follows the
process of observation, hypothesis testing, and field
and laboratory research. We’ll learn more about the
process of science later in this chapter.

Ecosystem A particular location on Earth with
interacting biotic and abiotic components.

Biotic Living.

Abiotic Nonliving.

Environmentalist A person who participates in
environmentalism, a social movement that seeks

to protect the environment through lobbying,
activism, and education.

Environmental studies The field of study that
includes environmental science and additional
subjects such as environmental policy,
economics, literature, and ethics.

4  CHAPTER 1

So what does the study of environmental science
actually include? As FIGURE 1.1 shows, environmental
science encompasses topics from many scientific disci-
plines, such as chemistry, biology, and Earth science.
Environmental science is itself a subset of the broader
field known as environmental studies, which
includes additional subjects such as environmental
policy, economics, literature, and ethics. Throughout
the course of this book you will become familiar with
these and many other disciplines.

We have seen that environmental science is a
deeply interdisciplinary field. It is also a rapidly grow-
ing area of study. As human activities continue to
affect the environment, environmental science can
help us understand the consequences of our interac-
tions with our planet and help us make better decisions
about our actions.

Humans alter natural systems

Think of the last time you walked in a wooded area.
Did you notice any dead or fallen trees? Chances are
that even if you did, you were not aware that living
and nonliving components were interacting all around
you. Perhaps an insect pest killed the tree you saw and
many others of the same species. Over time, dead trees
in a forest lose moisture. The increase in dry wood
makes the forest more vulnerable to intense wildfires.
But the process doesn’t stop there. Wildfires trigger
the germination of certain tree seeds, some of which
lie dormant until after a fire. And so what began with
the activity of insects leads to a transformation of the
forest. In this way, biotic factors interact with abiotic
factors to influence the future of the forest. All of these
factors are part of a system.

Systems can vary in size. A large system may con-
tain many smaller systems within it. FIGURE 1.2 shows
an example of complex, interconnecting systems that
operate at multiple space and time scales: the fisheries
of the North Atlantic. A physiologist who wants to
study how codfish survive in the North Atlantic’s
freezing waters must consider all the biological
adaptations of the cod that enable it to be part of one
system. In this case, the fish and its internal organs are
the system being studied. In the same environment, a
marine biologist might study the predator-prey rela-
tionship between cod and herring. That relationship
constitutes another system, which includes two fish
species and the environment they live in. At an even
larger scale, a scientist might examine a system that
includes all of these systems as well as people, fishing
technology, policy, and law. The global environment
is composed of both small-scale and large-scale
systems.

Environmental Science: Studying the State of Our Earth
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To a physiologist,
a cod is a system.

To a marine
biologist, the
predator-prey
relationship
between two fish
species forms a
system.

For an
oceanographer,
the system might
consist of ocean
currents and their
effects on fish
populations.

A fisheries manager
is interested in a
larger system,
consisting of fish
populations as well
as human activities
and laws.

FIGURE 1.2 Systems within systems. The boundaries of

an environmental system may be defined by the researcher’s point of
view. Physiologists, marine biologists, oceanographers, and fisheries
managers would all describe the North Atlantic Ocean fisheries system
differently.

Humans manipulate the systems in their environment
more than any other species. We convert land from its
natural state into urban, suburban, and agricultural areas.
We change the chemistry of our air, water, and soil, both
intentionally—for example, by adding fertilizers—and

unintentionally—for example, by our activities that gen-
erate pollution. Even where we don’t manipulate the
environment directly, the simple fact that there are so
many of us affects our surroundings.

Humans and our direct ancestors (other members of
the genus Homo) have lived on Earth for about 2.5 million
years. During this time, and especially during the last
10,000 to 20,000 years, we have shaped and influenced
our environment. As tool-using, social animals, we have
continued to develop a capacity to directly alter our
environment in substantial ways. Homo sapiens—
genetically modern humans—evolved to be successtul
hunters; when they entered a new environment, they
often hunted large animal species to extinction. In fact,
early humans are thought to be responsible for the
extinction of mammoths, mastodons, giant ground
sloths, and many types of birds. More recently, hunting
in North America led to the extinction of the passenger
pigeon (Ectopistes migratorius) and nearly caused the loss
of the American bison (Bison bison).

But the picture isn’t all bleak. Human activities
have also created opportunities for certain species to
thrive. For example, for thousands of years Native
Americans on the Great Plains used fire to capture
animals for food. The fires they set kept trees from
encroaching on the plains, which in turn created a
window for an entire ecosystem to develop. Because
of human activity, this ecosystem—the tallgrass
prairie—is now home to numerous unique species.

During the last two centuries, the rapid and wide-
spread development of technology, coupled with
dramatic human population growth, has substantially
increased both the rate and the scale of our global
environmental impact. Modern cities with electricity,
running water, sewer systems, Internet connections,
and public transportation systems have improved
human well-being, but they have come at a cost.
Because cities cover land that was once natural habi-
tat, species that relied on that habitat must adapt,
relocate, or go extinct. Human-induced changes in
climate—for example, in patterns of temperature and
precipitation—affect the health of natural systems on
a global scale. Current changes in land use and cli-
mate are rapidly outpacing the rate at which natural
systems can evolve. Some species have not “kept up”
and can no longer compete in the human-modified
environment.

Moreover, as the number of people on the planet
has grown, their effect has multiplied. Six thousand
people can live in a relatively small area with only
minimal effects on the environment. But when
roughly 4 million people live in a modern city like Los
Angeles, their combined activity will cause environ-
mental damage that will inevitably pollute the water,
air, and soil as well as introduce other adverse conse-
quences (FIGURE 1.3).
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FIGURE 1.3 Human impact on Earth. Itis impossible for millions of people to inhabit an area without
altering it. (a) In 1880, fewer than 6,000 people lived in Los Angeles. (b) In 2013, Los Angeles had a population
of 3.9 million people, and the greater Los Angeles metropolitan area was home to nearly 13 million people.

(a: The Granger Collection, New York; b: LA/AeroPhotos/Alamy)
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REVIEW

In this module we have seen that the study of
environmental science helps us understand the role
humans have played in the natural environment,
and how that role has changed over time. There are
specific approaches to the study of environmental

Module 1 AP® Review Questions

1. Impacts of fracking include
I contamination of ground water.
II increased use of coal.
IIT lower natural gas prices.
(a) Tonly
(b) TandII only
(c) IIandIII only
(d) TandIII only
(¢) LIIandIII
2. Which of the following is an abiotic component?
an eagle
arock
atree
a human
a virus

e oe

(
(
(
(
(

€

science, some of which utilize terms and concepts
from other disciplines. To study environmental sci-
ence, we utilize specific techniques and environ-
mental indicators, the focus of the next module.

3. Which of the following is NOT true about
ecosystems?
(a) They include biotic components.
(b) They can be a wide range of sizes.
(¢) They include no human components.
(d) Many interactions among species occur in them.
(e) They include abiotic components.

4. Each of the following is an example of how humans
have negatively affected the environment except
(a) hunting large mammals.
(b) conversion of arid land to agricultural use.
(c) the use of fire to create the Great Plains.
(d) slash-and-burn forest clearing.
(e) fertilizer additions to lakes and rivers.
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Environmental Indicators
and Sustainability

As we study the way humans have altered the natural world, it is important to have
techniques for measuring and quantifying human impact. Environmental indicators
allow us to assess the impact of humans on Earth. The use of these indicators help
us determine whether or not the quality of the natural environment is improving and
inform discussions on the sustainability of humans on the planet.

Learning Objectives

After reading this module you should be able to

¢ identify key environmental indicators and their trends over time.
e (define sustainability and explain how it can be measured using the ecological

footprint.

Environmental scientists monitor
natural systems for signs of stress

One critical question that environmental scientists
investigate is whether the planet’s natural life-support
systems are being degraded by human-induced changes.
Natural environments provide what we refer to as
ecosystem services—the processes by which life-
supporting resources such as clean water, timber, fish-
eries, and agricultural crops are produced. Although
we often take a healthy ecosystem for granted, we
notice when an ecosystem is degraded or stressed
because it is unable to provide the same services or
produce the same goods. To understand the extent of
our effect on the environment, we need to be able to
measure the health of Earth’s ecosystems.

To describe the health and quality of natural systems,
environmental scientists use environmental indicators. Just
as body temperature and heart rate can indicate whether
a person is healthy or sick, environmental indicators
describe the current state of an environmental system.

These indicators do not always tell us what is causing a
change, but they do tell us when we might need to look
more deeply into a particular issue. Environmental indi-
cators provide valuable information about natural sys-
tems on both small and large scales. Some of these
indicators and the chapters in which they are covered
are listed in TABLE 2.1.

In this book we will focus on the five global-scale
environmental indicators listed in TABLE 2.2: biological
diversity, food production, average global surface tem-
perature and carbon dioxide concentrations in the
atmosphere, human population, and resource depletion.
Throughout the text we will cover each of these five
indicators in greater detail. Here we take a first look.

Ecosystem services The processes by which life-
supporting resources such as clean water, timber,
fisheries, and agricultural crops are produced.

Environmental indicator An indicator that describes
the current state of an environmental system.
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1 =8 =5 Some common environmental indicators

Environmental indicator Unit of measure Chapter

Human population Individuals 7

Ecological footprint Hectares of land 1

Total food production Metric tons of grain 11

Food production per unit area Kilograms of grain per 11
hectare of land

Per capita food production Kilograms of grain per person 11

Carbon dioxide Concentration in air (parts 19
per million)

Average global surface temperature Degrees centigrade 19

Sea level change Millimeters 19

Annual precipitation Millimeters 4

Species diversity Number of species 5,18

Fish consumption advisories Present or absent; number of 17
fish allowed per week

Water quality (toxic chemicals) Concentration 14

Water quality (conventional pollutants) Concentration; presence or absence 14
of bacteria

Deposition rates of atmospheric Milligrams per square meter per year

compounds 15

Fish catch or harvest Kilograms of fish per year or weight 11
of fish per effort extended

Extinction rate Number of species per year B

Habitat loss rate Hectares of land cleared or “lost” per year 18

Infant mortality rate Number of deaths of infants under 7
age 1 per 1,000 live births

Life expectancy Average number of years an infant born 7
today can be expected to live under current
conditions

17-\:18 =22  Five key global indicators

Indicator

Recent trend

Outlook for the future

Overall impact on
environmental quality

Biological diversity

Food production

Average global surface
temperature and CO,
concentration

Human population

Resource depletion

Large number of
extinctions, extinction
rate increasing

Per capita production
possibly leveling off

CO, concentrations and
temperatures increasing

Still increasing, but
growth rate slowing

Many resources being depleted

at rapid rate, but human ingenuity
develops “new” resources, and
efficiency of resource use is
increasing in many cases

Extinctions will continue

Unclear

Probably will continue to
increase, at least in the
short term

Population leveling off;
resource consumption rates
also a factor

Unknown

Negative

May affect the number of
people Earth can support

Effects are uncertain and varied
but probably detrimental

Negative

Increased use of most resources
has negative effects

8  CHAPTER 1
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Biological Diversity

Biological diversity, or biodiversity, is the diversity
of life forms in an environment. It exists on three
scales: ecosystem, species, and genetic, illustrated in
FIGURE 2.1. Each level of biodiversity is an important
indicator of environmental health and quality.

Genetic Diversity

Genetic diversity is a measure of the genetic varia-
tion among individuals in a population. Populations
with high genetic diversity are better able to respond
to environmental change than populations with lower
genetic diversity. For example, if a population of fish
possesses high genetic diversity for disease resistance, at
least some individuals are likely to survive whatever
diseases move through the population. If the popula-
tion declines in number, however, the amount of
genetic diversity it can possess is also reduced, and this
reduction increases the likelihood that the population
will decline further when exposed to a disease.

Species Diversity

A species is defined as a group of organisms that is
distinct from other groups in its morphology (body
form and structure), behavior, or biochemical proper-
ties. Individuals within a species can breed and produce
fertile offspring. Scientists have identified and cataloged
approximately 2 million species on Earth. Estimates of
the total number of species on Earth range between
5 million and 100 million, with the most common esti-
mate at 10 million. This number includes a large array
of organisms with a multitude of sizes, shapes, colors,
and roles.

Species diversity indicates the number of species
in a region or in a particular type of habitat. Scientists
have observed that ecosystems with more species—
that is, higher species diversity—are more productive
and resilient—that is, better able to recover from dis-
turbance. For example, a tropical forest with a large
number of plant species growing in the understory is
likely to be more productive, and better able to with-
stand change, than a nearby tropical forest plantation
with one crop species growing in the understory.

Environmental scientists often focus on species
diversity as a critical environmental indicator. The
number of frog species, for example, is used as an indi-
cator of regional environmental health because frogs
are exposed to both the water and the air in their eco-
system. A decrease in the number of frog species in a
particular ecosystem may be an indicator of environ-
mental problems there. Species losses in several ecosys-
tems can indicate environmental problems on a larger
scale. Not all species losses are indicators of environ-
mental problems, however. Species arise and others go
extinct as part of the natural evolutionary process. The

(c) Genetic diversity

FIGURE 2.1 Levels of biodiversity. Biodiversity exists at
three scales. (a) Ecosystem diversity is the variety of ecosystems
within a region. (b) Species diversity is the variety of species within
an ecosystem. (c) Genetic diversity is the variety of genes among
individuals of a species.

Biodiversity The diversity of life forms in an
environment.

Genetic diversity A measure of the genetic variation
among individuals in a population.

Species A group of organisms that is distinct from
other groups in its morphology (body form and
structure), behavior, or biochemical properties.

Species diversity The number of species in a region
or in a particular type of habitat.

MODULE 2 Environmental Indicators and Sustainability
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(b)

(c)

(d)

FIGURE 2.2 Species on the brink. Humans have saved some species from the brink of extinction, such
as (a) the American bison and (b) the peregrine falcon. Other species, such as the (c) snow leopard and (d) the
West Indian manatee, continue to decline. (a: Richard A. McMillin/Shutterstock; b: Jim Zipp/Science Source;

c: AlanCarey/Science Source; d: Douglas Faulkner/Science Source)

evolution of new species, known as speciation, typi-
cally happens very slowly—perhaps on the order of
one to three new species per year worldwide. The
average rate at which species go extinct over the long
term is referred to as the background extinction
rate. The background extinction rate is also very slow:
about one species in a million every year. So with
2 million identified species on Earth, the background
extinction rate should be about two species per year.
Under conditions of environmental change or bio-
logical stress, species may go extinct faster than new
ones evolve. Some scientists estimate that more than
1,000 species are currently going extinct each year—

Speciation The evolution of new species.

Background extinction rate The average rate
at which species become extinct over the long
term.

10  CHAPTER 1

which is about 500 times the background rate of
extinction. Habitat destruction and habitat degradation
are the major causes of species extinction today,
although climate change, overharvesting, and pressure
from introduced species also contribute to species loss.
Human intervention has saved certain species, includ-
ing the American bison, peregrine falcon (Falco peregri-
nus), bald eagle (Haliaeetus leucocephalus), and American
alligator (Alligator mississippiensis). But other large ani-
mal species, such as the Bengal tiger (Panthera tigris),
snow leopard (Panthera uncia), and West Indian mana-
tee (Trichechus manatus), remain endangered and may
go extinct if present trends are not reversed. Overall,
the number of species has been declining (FIGURE 2.2).

Ecosystem Diversity

Ecosystem diversity is a measure of the diversity of eco-
systems or habitats that exist in a given region. A great-
er number of healthy and productive ecosystems means
a healthier environment overall. As an environmental

Environmental Science: Studying the State of Our Earth
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Converting Between Hectares and Acres

In the metric system, land area is expressed in hectares. A hectare (ha) is 100 meters
by 100 meters. In the United States, land area is most commonly expressed in
acres. There are 2.47 acres in 1 ha. The conversion from hectares is relatively easy
to do without a calculator; rounding to two significant figures gives us 2.5 acres

in 1 ha. If a nature preserve is 100 ha, what is it size in acres?

100 ha x 2.5 acres = 250 acres

Your Turn A particular forest is 10,000 acres. Determine its size in hectares.

~

/

indicator, the current loss of biodiversity tells us that
natural systems are facing strains unlike any in the recent
past. We will look at this important topic in greater
detail in Chapters 5 and 18.

Some measures of biodiversity are given in terms of
land area, so becoming familiar with measurements of
land area is important to understanding them. A hectare
(ha) is a unit of area used primarily in the measurement of
land. It represents 100 meters by 100 meters. In the
United States we measure land area in terms of square
miles and acres. However, the rest of the world measures
land in hectares. “Do the Math: Converting Between
Hectares and Acres” shows you how to do the conversion.

Food Production

The second of our five global indicators is food
production: our ability to grow food to nourish the
human population. Just as a healthy ecosystem supports
a wide range of species, a healthy soil supports abundant
and continuous food production. Food grains such as
wheat, corn, and rice provide more than half the calo-
ries and protein humans consume. Still, the growth of
the human population is straining our ability to grow
and distribute adequate amounts of food.

In the past we have used science and technology to
increase the amount of food we can produce on a given
area of land. World grain production has increased
fairly steadily since 1950 as a result of expanded irriga-
tion, fertilization, new crop varieties, and other innova-
tions. At the same time, worldwide production of grain
per person, also called per capita world grain production,
has leveled off. FIGURE 2.3 shows what might be a slight
downward trend in wheat production since about 1985.

In 2008, food shortages around the world led to
higher food prices and even riots in some places. Why
did this happen? The amount of grain produced world-
wide is influenced by many factors. These factors
include climatic conditions, the amount and quality of
land under cultivation, irrigation, and the human labor
and energy required to plant, harvest, and bring the
grain to market. Grain production is not keeping up
with population growth because in some areas the pro-
ductivity of agricultural ecosystems has declined as a
result of soil degradation, crop diseases, and unfavorable
weather conditions such as drought or flooding. In
addition, demand is outpacing supply. While the rate of
human population growth has outpaced increases in
food production, humans currently use more grain to
feed livestock than they consume themselves. Finally,

some government policies discourage food
production by making it more profitable for

400 — . ;
~ land to remain uncultivated or by encourag-
< ing farmers to grow crops for fuels such as
s ethanol and biodiesel instead of food.
O 350 — . . .
° Will there be sufficient grain to feed the
'§ world’s population in the future? In the
& 300 past, whenever a shortagg of food has
'% loomed, humans have discovered and
5 employed technological or biological inno-
S 250 vations to increase production. However,
&
o
S
]
o 200 —
:I: FIGURE 2.3 World grain production per
0 I I I I I I person. Grain production has increased since the
1950 1960 1970 1980 1990 2000 2010 1950s, but it has recently begun to level off. (After http.//
Year www.earth-policy.org/index.php?/indicators/C54)
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these innovations often put a strain on the productiv-
ity of the soil. If we continue to overexploit the soil,
its ability to sustain food production may decline dra-
matically. We will take a closer look at soil quality in
Chapter 8 and food production in Chapter 11.

Average Global Surface Temperature and
Carbon Dioxide Concentrations

We have seen that biodiversity and abundant food
production are necessary for life. One of the things
that makes them possible is a stable climate. Earth’s
temperature has been relatively constant since the ear-
liest forms of life began, about 3.5 billion years ago.
The temperature of Earth allows the presence of liquid
water, which is necessary for life.

What keeps Earth’s temperature so constant? As
FIGURE 2.4 shows, our thick planetary atmosphere con-
tains many gases. Some of these atmospheric gases,
known as greenhouse gases, trap heat near Earth’s
surface. The most important greenhouse gas is carbon
dioxide (CO,). During most of the history of life on
Earth, greenhouse gases have been present in the atmo-
sphere at fairly constant concentrations for relatively
long periods. They help keep Earth’s surface within the
range of temperatures at which life can flourish.

In the past 2 centuries, however, the concentrations
of CO, and other greenhouse gases in the atmosphere
have risen. Today, atmospheric CO, concentrations
are greater than 400 parts per million (ppm). During
roughly the same period, as the graph in FIGURE 2.5
shows, while global temperatures have fluctuated con-
siderably, they have displayed an overall increase.
(Note that this graph has two y axes. See the appendix
“Reading Graphs” if you’d like to learn more about
reading a graph like this one.) Many scientists believe
that the increase in atmospheric CO, during the last
two centuries is anthropogenic—that is, the increase
is derived from human activities. The two major
sources of anthropogenic CO, are the combustion of
fossil fuels and the net loss of forests and other habitats
that would otherwise take up and store CO, from the
atmosphere. We will discuss climate in Chapter 4 and
global climate change in Chapter 19.

Human Population

In addition to biodiversity, food production, and global
surface temperature, the size of the human population
can tell us a great deal about the health of our global
environment. The human population is currently 7.2

Greenhouse gases Gases in Earth’s atmosphere
that trap heat near the surface.

Anthropogenic Derived from human activities.

12 CHAPTER 1

Solar energy

Heat-trapping /

(greenhouse) gases

FIGURE 2.4 The Earth-surface energy balance. As Earth’s
surface is warmed by the Sun, it radiates heat outward. Heat-trapping
gases absorb the outgoing heat and reradiate some of it back to Earth.
Without these greenhouse gases, Earth would be much cooler.

billion and growing. The increasing world population
places additional demands on natural systems, since each
new person requires food, water, and other resources.
In any given 24-hour period, 387,000 infants are born
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FIGURE 2.5 Changes in average global surface

temperature and in atmospheric CO, concentrations. Earth’s
average global surface temperature has increased steadily for at least
the past 100 years. Carbon dioxide concentrations in the atmosphere

have varied over geologic time, but have risen steadily since 1960.
(Data from http.//data.giss.nasa.gov/gistemp/graphs_v3/ and http.//www
.esrl.noaa.gov/gmay/ccgg/trends/#mio_full)
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FIGURE 2.6 The effect of crowded cities on natural and
human systems. The human population will continue to grow for at
least 50 years. Unless humans can devise ways to live more sustainably,
these population increases will put additional strains on natural systems.
Here, a street scene in Kolkata. (Deshakalyan Chowdhury/AFP/Getty Images)

and 155,000 people die. The net result is 232,000 new
inhabitants on Earth each day, or over a million addi-
tional people every 5 days. Although the rate of popula-
tion growth has been slowing since the 1960s, world
population size will still continue to increase for at least
another 50 to 100 years. Most population scientists proj-
ect that the human population will be somewhere
between 8.1 billion and 9.6 billion in 2050 and will
stabilize between 7.1 billion and 10.5 billion by 2100.
Can the planet sustain so many people
(FIGURE 2.6)? Even if the human population
eventually stops growing, the billions of addi-
tional people will create a greater demand on
Earth’s finite resources, including food, energy,
and land. Unless humans work to reduce these
pressures, the human population will put a
rapidly growing strain on natural systems for at
least the first half of this century. We discuss
human population issues in Chapter 7.

Resource Depletion

Natural resources provide the energy and materials
that support human civilization but, as the human
population grows, the resources necessary for our sur-
vival become increasingly depleted. In addition,
extracting these natural resources can affect the health
of our environment in many ways. Pollution and land
degradation caused by mining, waste from discarded
manufactured products, and air pollution from fossil
fuel combustion are just a few of the negative environ-
mental consequences of resource extraction and use.

87%
13%

Automobiles
and trucks

Some natural resources, such as coal, oil, and ura-
nium, are finite and cannot be renewed or reused.
Others, such as aluminum or copper, also exist in finite
quantities but can be used multiple times through reuse
or recycling. Renewable resources, such as timber, can
be grown and harvested indefinitely, but in some loca-
tions these resources are being used faster than they can
be naturally replenished. “Do the Math: Rates of
Forest Clearing” on page 14 provides an opportunity
to calculate rates of one type of resource depletion.

Sustaining the global human population requires
vast quantities of resources. However, in addition to
the total amounts of resources used by humans, we
must consider per capita resource use.

Patterns of resource consumption vary enormously
among nations depending on their level of develop-
ment. What exactly do we mean by development?
Development is defined as improvement in human
well-being  through economic advancement.
Development influences personal and collective human
lifestyles—things such as automobile use, the amount
of meat in the diet, and the availability and use of tech-
nologies such as cell phones and personal computers.
As economies develop, resource consumption also
increases: People drive more automobiles, live in larger
homes, and purchase more goods. These increases can
often have implications for the natural environment.

According to the United Nations Development
Programme, people in developed nations—including
the United States, Canada, Australia, most European
countries, and Japan—use most of the world’s resources.
FIGURE 2.7 shows that the 20 percent of the global
population that lives in developed nations owns 87
percent of the world’s automobiles and consumes 58

Q 84%
g 16%

55% 42%

Meat and fish Total energy

Paper

- Resource use by people in developed nations

Resource use by people in developing nations

FIGURE 2.7 Resource use in developed and developing
countries. Only 20 percent of the world’s population lives in
developed countries, but that 20 percent uses most of the world’s
resources. The remaining 80 percent of the population lives in
developing countries and uses far fewer resources per capita.

Development Improvement in human well-being
through economic advancement.
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Rates of Forest Clearing
A Web search of environmental organizations yielded a range of estimates of the
amount of forest clearing that is occurring worldwide:

Estimate 1: 1 acre per second
Estimate 2: 80,000 acres per day
Estimate 3: 32,000 ha per day

Convert the first two estimates into hectares per year and compare them.
There are 2.47 acres per hectare (see “Do the Math: Converting Between
Hectares and Acres”). Therefore, 1 acre = 0.40 ha.

Estimate 1: 1.0 acre/second X 0.40 ha/acre
= 0.40 ha/second 0.40 ha/second X 60 seconds/minute
X 60 minutes/hour X 24 hours/day X 365 days/year
= 12,614,400 ha cleared per year

Estimate 2: 80,000 acres/day X 0.40 ha/acre = 32,000 ha cleared per day

Your Turn Notice that Estimate 2, when converted to hectares, is identical to
Estimate 3. Now convert the estimate of 32,000 ha/day into the amount cleared per
year. How much larger is Estimate 1 than Estimate 2? Why might environmental

ways?

organizations, or anyone else, choose to present similar information in different

/

percent of all energy, 84 percent of all paper, and
45 percent of all fish and meat. The poorest 20 percent
of the world’s people consume 5 percent or less of
these resources. Thus, even though the number of
people in the developing countries is much larger than
the number in the developed countries, their total
consumption of natural resources is relatively small.

So while it is true that a larger human population
has greater environmental impacts, a full evaluation
requires that we look at economic development and
consumption patterns as well. We will take a closer
look at resource depletion and consumption patterns
in Chapters 7, 12, and 13.

Human well-being depends on
sustainable practice

The five key environmental indicators that we have
just discussed help us analyze the health of the planet.
We can use this information to guide us toward
sustainability, by which we mean living on Earth
in a way that allows us to use its resources without
depriving future generations of those resources.

14  CHAPTER 1

Many scientists maintain that achieving sustainability
is the single most important goal for the human spe-
cies. It is also one of the most challenging tasks we
face.

The Impact of Consumption on the
Environment

We have seen that people living in developed nations
consume a far greater share of the world’s resources
than do people in developing countries. What effect
does this consumption have on our environment? It
is easy to imagine a very small human population liv-
ing on Earth without degrading its environment
because there simply would not be enough people to
do significant damage. Today, however, Earth’s
population is 7.2 billion people and growing. Many
environmental scientists ask how we will be able to
continue to produce sufficient food, build needed
infrastructure, and process pollution and waste. Our
current attempts to sustain the human population
have already modified many environmental systems.
Can we continue our current level of resource con-
sumption without jeopardizing the well-being of
future generations?

Environmental Science: Studying the State of Our Earth




FIGURE 2.8 The cautionary story from Easter Island. The
overuse of resources by the people of Easter Island is probably the

primary cause for the demise of that civilization. (Hubertus Kanus/Science
Source)

Easter Island, in the South Pacific, provides a cau-
tionary tale (FIGURE 2.8). This island, also called Rapa
Nui, was once covered with trees and grasses. When
humans settled the island many hundreds of years ago,
they quickly multiplied in its hospitable environment.
They cut down trees to build homes and to make
canoes for fishing, but they overused the island’s soil
and water resources. By the 1870s, almost all of the
trees were gone. Without the trees to hold the soil in
place, massive erosion occurred, and the loss of soil
caused food production to decrease. While other
forces, including diseases introduced by European
visitors, were also involved in the destruction of the
population, the unsustainable use of natural resources
on Easter Island appears to be the primary cause for the
collapse of its civilization.

Most environmental scientists believe that there are
limits to the supply of clean air and water, nutritious
foods, and other life-sustaining resources our environ-
ment can provide. They also believe there is a point at
which Earth will no longer be able to maintain a stable
climate. We must meet several requirements in order
to live sustainably:

* Environmental systems must not be damaged
beyond their ability to recover.

* Renewable resources must not be depleted
faster than they can regenerate.

* Nonrenewable resources must be used sparingly.

Sustainable development is development that
balances current human well-being and economic
advancement with resource management for the benefit

of future generations. This is not as easy as it sounds.
The issues involved in evaluating sustainability are com-
plex, in part because sustainability depends not only on
the number of people using a resource but also on how
that resource is used. For example, eating chicken is
sustainable when people raise their own chickens and
allow them to forage for food on the land. However, if
all people, including city dwellers, wanted to eat
chicken six times a week, the amount of resources
needed to raise that many chickens would probably
make the practice of eating chicken unsustainable.

Living sustainably means acting in a way such that
activities that are crucial to human society can continue. It
includes practices such as conserving and finding alter-
natives to nonrenewable resources as well as protecting
the capacity of the environment to continue to supply
renewable resources (FIGURE 2.9).

Consider iron, a nonrenewable resource derived
from ore removed from the ground. Iron is the major
constituent of steel, which we use to make many
things, including automobiles, bicycles, and strong
frames for tall buildings. Historically, our ability to

FIGURE 2.9 Living sustainably. Sustainable choices such
as bicycling to work or school can help protect the environment and
conserve resources for future generations. (Jim West/The Image Works)

Sustainability Living on Earth in a way that
allows humans to use its resources without
depriving future generations of those resources.

Sustainable development Development that
balances current human well-being and economic
advancement with resource management for the
benefit of future generations.
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smelt iron for steel limited our use of that resource, but
as we have improved steel manufacturing technology,
steel has become more readily available and the
demand for it has grown. Because of this increased
demand, our current use of iron is unsustainable. What
would happen if we ran out of iron? While not too
long ago the depletion of iron ore might have been a
catastrophe, today we have developed materials that
can substitute for certain uses of steel—for example,
carbon fiber—and we also know how to recycle steel.
Developing substitutes and recycling materials are two
ways to address the problem of resource depletion and
to increase sustainability.

The example of iron leads us to a question that
environmental scientists often ask: How do we deter-
mine the importance of a given resource? If we use up
a resource such as iron for which substitutes exist, it is
possible that the consequences will not be severe.
However, if we are unable to find an alternative to the
resource—for example, something to replace fossil
fuels—people in the developed nations may have to
make significant changes in their consumption habits.

Defining Human Needs

We have seen that sustainable development requires us
to determine how we can meet our current needs
without compromising the ability of future genera-
tions to meet their own needs. Let’s look at how envi-
ronmental science can help us achieve that goal. We
will begin by defining needs.

If you have ever experienced an interruption of
electricity to your home or school, you know how
frustrating it can be. Without the use of lights, com-
puters, televisions, air-conditioning, heating, and
refrigeration, many people feel disconnected and
uncomfortable. Almost everyone in the developed
world would insist that they need—indeed, cannot
live without—electricity. In other parts of the world,
however, people have never had these modern conve-
niences. So, when we speak of basic needs, we are refer-
ring only to the essentials that sustain human life,
including air, water, food, and shelter.

But humans also have more complex needs. Many
psychologists have argued that we require meaningful
human interactions in order to live a satisfying life, and
so a community of some sort might be considered a
human need. Biologist Edward O. Wilson wrote that
humans exhibit biophilia—that is, love of life—which
is a need to make “the connections that humans subcon-
sciously seek with the rest of life.” Thus our needs for
access to natural areas, for beauty, and for social connec-
tions can be considered as vital to our well-being as our

Biophilia Love of life.
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FIGURE 2.10 GCentral Park, New York City. New Yorkers
have set aside 341 ha (843 acres) in the center of the largest city in
the United States—a testament to the compelling human need for
interactions with nature. (ExaMediaPhotography/Shutterstock)

basic physical needs and must be considered as part of
our long-term goal of global sustainability (FIGURE 2.10).

The Ecological Footprint

We have begun to see the multitude of ways in which
human activities affect the environment. As countries
prosper, their populations use more resources. Economic
development can sometimes improve environmental
conditions. For instance, wealthier countries may have
the resources to implement pollution controls and invest
money to protect native species. So although people in
developing countries do not consume the same quan-
tity of resources as those in developed nations, they may
be less likely to use environmentally friendly technolo-
gies or to have the financial resources to implement
environmental protections.

How do we determine what lifestyles have the
greatest environmental impact? This is an important
question for environmental scientists if we are to
understand the effects of human activities on the
planet and develop sustainable practices. Calculating
sustainability, however, is more difficult than one
might think because we must consider the impacts of
our activities and lifestyles on different aspects of our
environment. We use land to grow food and to build
structures on, and for parks and recreation. We require
water for drinking, for cleaning, and for manufacturing
products such as paper, and we need clean air to
breathe. Yet these goods and services are all interde-
pendent: Using or protecting one has an effect on the
others. For example, using land for conventional agri-
culture may require water for irrigation, fertilizer to
promote plant growth, and pesticides to reduce crop
damage. This use of land reduces the amount of water
available for human use: The plants consume it and the
pesticides pollute it.

Environmental Science: Studying the State of Our Earth



One method used to assess whether we are living
sustainably is to measure the impact of a person or coun-
try on world resources. The tool many environmental
scientists use for this purpose, the ecological footprint, was
developed in 1995 by Professor William E. Rees and his
graduate student Mathis Wackernagel. An
individual’s ecological footprint is a mea-
sure of how much that person consumes,
expressed in area of land—that is, the out-
put from the total amount of land required
to support a person’s lifestyle represents that
person’s ecological footprint (FIGURE 2.11).

Rees and Wackernagel maintained that
if our lifestyle demands more land than is
available, then we must be living unsus-
tainably—using up resources more quickly
than they can be produced, or producing
wastes more quickly than they can be pro-
cessed. For example, each person requires
a certain number of food calories every
day. We know the number of calories in a
given amount of grain or meat. We also
know how much farmland or rangeland is
needed to grow the grain to feed people or
livestock such as sheep, chickens, or cows.
If a person eats only grains or plants, the
amount of land needed to provide that
person with food is simply the amount of’
land needed to grow the plants they eat. If that person
eats meat, however, the amount of land required to
feed that person is greater, because we must also con-
sider the land required to raise and feed the livestock
that ultimately become meat. Thus one factor in the
size of a person’s ecological footprint is the amount of
meat in the diet. Meat consumption is a lifestyle
choice, and per capita meat consumption is much
greater in developed countries. We can calculate the
ecological footprint of the food we eat, the water and

Carbon
footprint

2

REVIEW

In this module we have identified global-scale
indicators of environmental health that allow us to
monitor specific parameters over time. Ultimately,
these indicators contribute to a picture of the
sustainability of human activities on Earth. We have
identified that biodiversity is decreasing and that
food production has leveled off. Atmospheric carbon
dioxide concentrations are steadily increasing and
global temperatures fluctuate, although the overall

energy we use, and even the activities we perform that
contribute to climate change. Other metrics for calcu-
lating our impact on Earth exist as well.

Seafood

@

Fisheries

Food
and fibers

Timber
and paper

Built-up land
Forests

Cropland
and pastures

FIGURE 2.11 The ecological footprint. An individual's
ecological footprint is a measure of how much land is needed to
supply the goods and services that individual uses. Only some of the
many factors that go into the calculation of the footprint are shown
here. (The actual amount of land used for each resource is not drawn
to scale.)

Ecological footprint A measure of how much an
individual consumes, expressed in area of land.

change is toward an increase. The human population
continues to increase in size but the rate of increase

has been declining. One measurement that allows us
to assess the sustainability of these different parame-
ters and how they change over time is the ecological
footprint. The final module in this chapter introduces
us to some of the scientific methods and techniques
we will use in order to measure these indicators and
make assessments about sustainability.
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Module 2 AP® Review Questions

1. Common global-scale environmental indicators
include all of the following except
(a) atmospheric carbon dioxide

concentrations.

human population.

natural resource depletion.

ocean fish harvest.

pollution in a local stream.
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How many hectares of land is a 500-acre park?
acre = 0.405 ha)

200 ha

250 ha

500 ha

750 ha

1,250 ha

d
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(1
(a
(b
(c
(
(

_ e O —

Refer to Figure 2.7 (on page 13). How does fish and

meat consumption in developed and developing

countries compare?

(a) Developing countries consume slightly more
meat and fish per capita.

(b) Developed countries consume slightly more

meat and fish per capita.

Developing and developed countries consume
about the same amount of meat and fish per capita.
Developing countries consume about four times
more meat and fish per capita.

Developed countries consume about four times
more meat and fish per capita.

In 2011, 640,000 ha of the Amazon rainforest were
cleared. Approximately how many hectares is that each
hour?

(a) 1.2ha

(b) 29ha
(¢) 73 ha
(d) 178 ha
(e) 1,752 ha

A person’s ecological footprint is

(a) theland that a person lives on.

(b) the amount of carbon dioxide a person
contributes to climate change.

the land required to produce a person’s food.
the land needed to support all of a person’s
activities.

the amount of fossil fuel a person uses.

Scientific Method

Environmental indicators are important for understanding human impacts on
Earth systems and the sustainability of those systems. In order to evaluate
environmental indicators, we need to use reproducible scientific methods. An
understanding of the scientific method is essential for environmental science.

Learning Objectives

After reading this module you should be able to

e explain the scientific method and its application to the study of environmental

problems.

e describe some of the unique challenges and limitations of environmental science.
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| Science is a process

Humans during the past century have learned a lot
about the impact of their activities on the natural world.
Scientific inquiry has provided great insights into the
challenges we are facing and has suggested ways to
address those challenges. For example, a hundred years
ago, we did not know how significantly or rapidly we
could alter the chemistry of the atmosphere by burning
fossil fuels. Nor did we understand the effects of many
common materials, such as lead and mercury, on human
health. Much of our knowledge comes from the work
of researchers who study a particular problem or situa-
tion to understand why it occurs and to determine how
we can fix or prevent it from occurring. In this section
we will look at the process scientists use to ask and
answer questions about the environment.

The Scientific Method

To investigate the natural world, scientists, such as
those who examined the eftects of fracking as described
at the beginning of this chapter, have to be as objec-
tive and methodical as possible. They must conduct
their research in such a way that other researchers can
understand how their data were collected and agree
on the validity of their findings. To do this, scientists
follow a process known as the scientific method,
which is an objective way to explore the natural
world, draw inferences from it, and predict the out-
come of certain events, processes, or changes. The
scientific method is used in some form by scientists in
all parts of the world and is a generally accepted way
to conduct science.

As we can see in FIGURE 3.1, the scientific method
has a number of steps, including observing and ques-
tioning, forming hypotheses, collecting data, interpret-
ing results, and disseminating findings.

Observing and Questioning

Homeowners and scientists noticed, in areas where
fracking occurred, that certain household wells con-
tained high methane concentrations and they wanted
to know why this was occurring. Such observing and
questioning is where the process of scientific research
begins.

Forming Hypotheses

Observing and generating questions lead a scientist
to formulate a hypothesis. A hypothesis is a testable
conjecture about how something works. It may be an
idea, a proposition, a possible mechanism of interac-
tion, or a statement about an effect. For example, we
might hypothesize that when the air temperature rises
over time, certain plant species will be more likely,
and others less likely, to persist.

Observe and question

i

Form testable

( : hypothesis/prediction

!

Collect data/conduct
experiment to test
prediction

{

Interpret results

If hypothesis is rejected

—

If hypothesis is accepted

Disseminate findings

FIGURE 3.1 The scientific method. In an actual investigation,
a researcher might reject a hypothesis and investigate further with a
new hypothesis, several times if necessary, depending on the results of
the experiment.

What makes a hypothesis testable? We can test the
idea about the relationship between air temperature
and plant species by growing plants in a greenhouse at
different temperatures. “Fish kills are caused by some-
thing in the water” is a testable hypothesis because it
speculates that there is an interaction between some-
thing in the water and the observed dead fish.

Sometimes it is easier to prove something wrong
than to prove it is true beyond doubt. In this case,
scientists use a null hypothesis. A null hypothesis is a
prediction that there is no difference between groups
or conditions, or a statement or idea that can be
falsified, or proved wrong. The statement “Fish deaths
have no relationship to something in the water” is an
example of a null hypothesis.

Scientific method An objective method to
explore the natural world, draw inferences from it,
and predict the outcome of certain events,
processes, or changes.

Hypothesis A testable conjecture about how
something works.

Null hypothesis A prediction that there is no
difference between groups or conditions, or a
statement or an idea that can be falsified, or
proved wrong.
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Collecting Data

Scientists typically take several sets of measurements—
a procedure called replication. The number of times
a measurement is replicated is the sample size
(sometimes referred to as n). A sample size that is too
small can cause misleading results. For example, if a
scientist chose three men out of a crowd at random
and found that they all had size 10 shoes, she might
conclude that all men have a shoe size of 10. If, how-
ever, she chose a larger sample size—100 men—it is
very unlikely that all 100 individuals would happen to
have the same shoe size.

Proper procedures yield results that are accurate and
precise. They also help us determine the possible rela-
tionship between our measurements or calculations and
the true value. Accuracy refers to how close a mea-
sured value is to the actual or true value. For example,
an environmental scientist might estimate how many
songbirds of a particular species there are in an area of
1,000 ha by randomly sampling 10 ha and then project-
ing or extrapolating the result up to 1,000 ha. If the
extrapolation is close to the true value, it is an accurate
extrapolation. Precision is how close to one another
the repeated measurements of the same sample are. In
the same example, if the scientist counted birds five
times on five different days and obtained five results that
were similar to one another, the estimates would be
precise. Uncertainty is an estimate of how much a
measured or calculated value differs from a true value.
In some cases, it represents the likelihood that addi-
tional repeated measurements will fall within a certain
range. Looking at FIGURE 3.2, we see that high accu-
racy and high precision is the most desirable result.

Interpreting Results
We have followed the steps in the scientific method
from making observations and asking questions, to
forming a hypothesis, to collecting data. What happens
next? Once results have been obtained, analysis of data
begins. A scientist may use a variety of techniques to
assist with data analysis, including summaries, graphs,
charts, and diagrams.

As data analysis proceeds, scientists begin to inter-
pret their results. This process normally involves two

Replication The data collection procedure of
taking repeated measurements.

Sample size (n) The number of times a
measurement is replicated in data collection.

Accuracy How close a measured value is to the
actual or true value.

Precision How close the repeated measurements
of a sample are to one another.

Uncertainty An estimate of how much a measured
or calculated value differs from a true value.
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High éécuracy
High precision

High a;:curacy
Low precision

Low accUracy
High precision

FIGURE 3.2 Accuracy and precision. Accuracy refers to how
close a measured value is to the actual or true value. Precision is how
close repeated measurements of the same sample are to one another.

types of reasoning: inductive and deductive. Inductive
reasoning is the process of making general statements
from specific facts or examples. If the scientist who
sampled a songbird species in the preceding example
made a statement about all birds of that species, she
would be using inductive reasoning. It might be rea-
sonable to make such a statement if the songbirds that
she sampled were representative of the whole popula-
tion. Deductive reasoning is the process of applying a
general statement to specific facts or situations. For
example, if we know that, in general, air pollution kills
trees, and we see a single, dead tree, we may attribute
that death to air pollution. But a conclusion based on
a single tree might be incorrect, since the tree could
have been killed by something else, such as a parasite
or fungus. Without additional observations or mea-
surements, and possibly experimentation, the observer
would have no way of knowing the cause of death
with any degree of certainty.

The most careful scientists always maintain multiple
working hypotheses—that is, they entertain many pos-
sible explanations for their results. They accept or
reject certain hypotheses based on what the data show
or do not show. Eventually, they determine that cer-
tain explanations are the most likely, and they begin to
generate conclusions based on their results.

Disseminating Findings

A hypothesis is never confirmed by a single experi-
ment. That is why scientists not only repeat their
experiments themselves, but also present papers at
conferences and publish the results of their investiga-
tions. This dissemination of scientific findings allows
other scientists to repeat the original experiment and
verify or challenge the results. The process of science
involves ongoing discussion among scientists, who
frequently disagree about hypotheses, experimental
conditions, results, and the interpretation of results.
Two investigators may even obtain difterent results
from similar measurements and experiments, as hap-
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pened with investigations of fracking. Only when the
same results are obtained over and over by difterent
investigators can we begin to trust that those results
are valid. In the meantime, the disagreements and
discussion about contradictory findings are a valuable
part of the scientific process. They help scientists
refine their research to arrive at more consistent, reli-
able conclusions.

Like any scientist, you should always read reports of
“exciting new findings” with a critical eye. Question
the source of the information, consider the methods or
processes that were used to obtain the information,
and draw your own conclusions. This process, essential
to all scientific endeavors, is known as critical thinking.

A hypothesis that has been repeatedly tested and
confirmed by multiple groups of researchers and has
reached wide acceptance becomes a theory. Current
theories about how plant species distributions change
with air temperature, for example, are derived from
decades of research and evidence. Notice that this
sense of theory is different from the way we might use
the term in everyday conversation (such as, “But that’s
just a theory!”). To be considered a theory, a hypoth-
esis must be consistent with a large body of experi-
mental results. A theory cannot be contradicted by any
replicable tests.

Scientists work under the assumption that the world
operates according to fixed, knowable laws. We accept
this assumption because it has been successful in
explaining a vast array of natural phenomena and con-
tinues to lead to new discoveries. When the scientific
process has generated a theory that has been tested
multiple times, we can call that theory a natural law. A
natural law is a theory to which there are no known
exceptions and which has withstood rigorous testing.
Familiar examples include the law of gravity and the
laws of thermodynamics, which we will look at in the
next chapter. These theories are accepted as facts by
the scientific community, but they remain subject to
revision if contradictory data are found.

Scientific Method in Action: The Chlorpyrifos
Investigation

Let’s look at what we have learned about the scientific
method in the context of an actual scientific investiga-
tion. In the 1990s, scientists suspected that organo-
phosphates—a group of chemicals commonly used in
insecticides—might have serious effects on the human
central nervous system. By the early part of the decade,
scientists suspected that organophosphates might be
linked to problems such as neurological disorders,
birth defects, ADHD, and palsy. One of these chemi-
cals, chlorpyrifos (klor-PEER -i-fos), was of particular
concern because it is among the most widely used
pesticides in the world, with large amounts applied in
homes in the United States and elsewhere.

The Hypothesis

The researchers investigating the eftects of chlorpyrifos
on human health formulated a hypothesis: Chlorpyrifos
causes neurological disorders and negatively affects
human health. Because this hypothesis would be hard
to prove conclusively, the researchers also proposed a
null hypothesis: Chlorpyrifos has no observable nega-
tive effects on the central nervous system. We can
follow the process of their investigation in FIGURE 3.3.

Question: Do organophosphate pesticides have
detrimental effects on the central nervous system?

\ 4

Null hypothesis: Chlorpyrifos has no observable
negative effects on the central nervous system.

\/

Conduct experiment:

1 mg/kg
chlorpyrifos

Experimental group Control group

(normal food)

\ \

Measure enzyme activity in order to test for the effect of
chlorpyrifos on the brain.

¥ \/

Results (enzyme activity):

Reduced
Interpret results: Under these conditions, feeding
chlorpyrifos to young rats reduces the activity of a key
brain enzyme. The null hypothesis is disproved.

Normal

FIGURE 3.3 A typical experimental process. An investigation
of the effects of chlorpyrifos on the central nervous system illustrates
how the scientific method is used.

Theory A hypothesis that has been repeatedly
tested and confirmed by multiple groups of
researchers and has reached wide acceptance.
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Testing the Hypothesis

To test the null hypothesis, the scientists designed
experiments using rats. One experiment used two
groups of rats, with 10 individuals per group. The first
group—the experimental group—was fed small doses
of chlorpyrifos for each of the first 4 days of life. No
chlorpyrifos was fed to the second group. That second
group was a control group: a group that experiences
exactly the same conditions as the experimental group,
except for the single variable under study. In this
experiment, the only difference between the control
group and the experimental group was that the control
group was not fed any chlorpyrifos. By designating a
control group, scientists can determine whether an
observed eftect is the result of the experimental treat-
ment or of something else in the environment to
which all the subjects are exposed. For example, if the
control rats—those that were not fed chlorpyrifos—
and the experimental rats—those that were exposed to
chlorpyrifos—showed no differences in their brain
chemistry, researchers could conclude that the chlor-
pyrifos had no eftect. If the control group and experi-
mental group had very different brain chemistry after
the experiment, the scientists could conclude that the
difference must have been due to the chlorpyrifos.

The Results
At the end of the experiment, the researchers found that
the rats exposed to chlorpyrifos had much lower levels
of the enzyme choline acetyltransferase in their brains
than the rats in the control group. But without a control
group for comparison, the researchers would never have
known whether the chlorpyrifos or something else
caused the change observed in the experimental group.
The discovery of the relationship between ingesting
chlorpyrifos and a single change in brain chemistry
might seem relatively small. But that is how most sci-
entific research works: Very small steps establish that
an effect occurs and, eventually, how it occurs. In this
way, we progress toward a more thorough under-
standing of how the world works. This particular
research on chlorpyrifos, combined with numerous
other experiments testing specific aspects of the chem-
ical’s effect on rat brains, demonstrated that chlorpyri-
fos was capable of damaging developing rat brains at
fairly low doses. The results of this research have been
important for our understanding of human health and
toxic substances in the environment.

Control group In a scientific investigation, a
group that experiences exactly the same
conditions as the experimental group, except for
the single variable under study.

Natural experiment A natural event that acts as
an experimental treatment in an ecosystem.
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Controlled Experiments and Natural
Experiments

The chlorpyrifos experiment we have just described
was conducted in the controlled conditions of a labo-
ratory. However, not all experiments can be done
under such controlled conditions. For example, it
would be difficult to study the interactions of wolves
and caribou in a controlled setting because both spe-
cies need large amounts of land and because their
behavior changes in captivity. Other reasons that a
controlled laboratory experiment may not be possible
include prohibitive costs and ethical concerns.

Under these circumstances, investigators look for a
natural experiment. A natural experiment occurs
when a natural event acts as an experimental treatment
in an ecosystem. For example, a volcano that destroys
thousands of hectares of forest provides a natural exper-
iment for understanding large-scale forest regrowth
(FIGURE 3.4). We would never destroy that much for-
est just to study regrowth, but we can study such natu-
ral disasters when they occur. Still other cases of natural
experiments do not involve disasters. For example, we
can study the process of ecological succession by look-
ing at specific areas where forests have been growing
for different amounts of time and comparing them. We
can study the effects of species invasions by comparing
uninvaded ecosystems with invaded ones.

Because a natural experiment is not controlled,
many variables can change at once, and results can be
difficult to interpret. Ideally, researchers compare mul-
tiple examples of similar systems in order to exclude
the influences of different variables. For example, atter
a forest fire, researchers might not only observe how a
burned forest responds to the disturbance but also
compare it with a nearby forest that did not burn. In
this case, the researchers are comparing similar forests
that differ in only one variable, fire. If, however, they
tried to compare the burned forest with a different
type of forest, perhaps one at a different elevation, it
would be difficult to separate the effects of the fire
from the eftects of elevation. Still, because they may be
the only way to obtain vital information, natural
experiments are indispensable.

Letusreturn to the study of chlorpyrifos. Researchers
wanted to know if human brains that were exposed to
the chemical would react in the same way as rat brains.
Because researchers would never feed pesticides to
humans to study their effects, for obvious ethical rea-
sons, they conducted a natural experiment. They
looked for groups of people who were similar in most
ways—for example, income, age, level of education—
but who varied in their exposure to chlorpyrifos. To
gather data on variation of exposure they looked at
how often people in each group used pesticides that
contained the chemical, the brand they used, and the
frequency and location of use. Researchers found that
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FIGURE 3.4 A natural experiment. The Mount St. Helens
eruption in 1980 created a natural experiment for understanding
large-scale forest regrowth. (a) A pre-eruption forest near Mount St.
Helens in 1979; (b) the same location, post-eruption, in 1982; (c) the

same location in 2009 begins to show forest regrowth. (U.S. Forest
Service)

tissue concentrations of chlorpyrifos were highest in
groups that were exposed to the chemical in their jobs
and among poor urban families whose exposure to
residential pesticides was high. Among these popula-
tions, a number of studies connected exposure to
chlorpyrifos with low birth weight and other develop-
mental abnormalities.

Science and Progress

The chlorpyrifos experiment is a good example of the
process of science. Based on observations, the scien-
tists proposed a hypothesis and null hypothesis. The
null hypothesis was tested and rejected. Multiple
rounds of additional testing gave researchers confi-
dence in their understanding of the problem.
Moreover, as the research progressed, the scientists
informed the public, as well as the scientific commu-
nity, about their results. Finally, in 2000, as a result of
the step-by-step scientific investigation of chlorpyri-
fos, the U.S. Environmental Protection Agency (EPA)
decided to prohibit its use for most residential applica-
tions. It also prohibited agricultural use on fruits that
are eaten without peeling, such as apples and pears,
and those that are especially popular with children,
such as grapes.

Environmental science presents
unique challenges

Environmental science has many things in common
with other scientific disciplines. However, it presents a
number of challenges and limitations that are not usu-
ally found in most other scientific fields. These chal-
lenges and limitations are a result of the nature of
environmental science and the way research in the
field is conducted.

Lack of Baseline Data

The greatest challenge to environmental science is the
fact that there is no undisturbed baseline—mno “control
planet”—with which to compare contemporary Earth.
Virtually every part of the globe has been altered by
humans in some way (FIGURE 3.5). Even though some
remote regions appear to be undisturbed, we can still find
quantities of lead in the Greenland ice sheet, traces of the
anthropogenic compound PCB in the fatty tissue of pen-
guins in Antarctica, and invasive species from many loca-
tions carried by ship to remote tropical islands. This situ-
ation makes it difficult to know the original levels of
contaminants or numbers of species that existed before
humans began to alter the planet. Consequently, we can
only speculate about how the current conditions deviate
from those of prehuman activity.
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FIGURE 3.5 The global nature of human impacts. The
trash that washed up onto the beach of this remote Pacific island vividly
demonstrates the difficulty of finding any part of Earth unaffected by
human activities. (Ashiey Cooper/Alamy)

Subjectivity

A second challenge unique to environmental science
lies in the dilemmas raised by subjectivity. For exam-
ple, when you go to the grocery store, the bagger may
ask, “Paper or plastic?” How can we know for certain
which type of bag has the least environmental impact?
There are techniques for determining what harm may
come from using the petrochemical benzene to make
a plastic bag and from using chlorine to make a paper
bag. However, different substances tend to affect the
environment differently: Benzene may pose more of a
risk to people, whereas chlorine may pose a greater
risk to organisms in a stream. It is difficult, if not
impossible, to decide which is better or worse for the
environment overall. There is no single measure of
environmental quality. Ultimately, our assessments
and our choices involve value judgments and personal
opinions.

Interactions

A third challenge is the complexity of natural and
human-dominated systems. All scientific fields exam-
ine interacting systems, but those systems are rarely as
complex and as intertwined as they are in environ-
mental science. Because environmental systems have
so many interacting parts, the results of a study of one
system cannot always be easily applied to similar sys-
tems elsewhere.

There are also many examples in which human
preferences and behaviors affect environmental systems
as much as the natural laws that describe them. For
example, many people assume that if we built more
efficient automobiles, the overall consumption of gas-
oline in the United States would decrease. To decrease
gas consumption, however, it is necessary not only to
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build more efficient automobiles, but also to get peo-
ple to purchase those vehicles and use them in place of
less efficient ones. During the 1990s and early 2000s,
even though there were many fuel-efficient cars
available, the majority of buyers in the United States
continued to purchase larger, heavier, and less fuel-
efficient cars, minivans, light trucks, and sport-utility
vehicles. Environmental scientists thought they knew
how to reduce gasoline consumption, but they neglect-
ed to account for consumer behavior.

Human Well-Being

As we continue our study of environmental science,
we will see that many of its topics touch on human
well-being. In environmental science, we study how
humans impact the biological systems and natural
resources of the planet. We also study how changes in
natural systems and the supply of natural resources
affect humans.

We know that people who are unable to meet their
basic needs are less likely to be interested in or able to be
concerned about the state of the natural environment.
The principle of environmental equity—the fair distri-
bution of Earth’s resources—adds a moral issue to
questions raised by environmental science. Pollution
and environmental degradation are inequitably distrib-
uted, with the poor receiving much more than an
equal share. Is this a situation that we, as fellow
humans, can tolerate? Environmental justice is a social
movement and field of study that works toward equal
enforcement of environmental laws and the elimina-
tion of disparities, whether intended or unintended, in
how pollutants and other environmental harms are
distributed among the various ethnic and socioeco-
nomic groups within a society (FIGURE 3.6).

FIGURE 3.6 Electronic waste recycling. The poor are
exposed to a disproportionate amount of pollutants and other hazards.
The people shown here, located in a small village on the outskirts of
New Delhi, India, are recycling circuit boards from discarded electronics
products. (Peter Essick/Aurora Photos/Alamy)

Environmental Science: Studying the State of Our Earth



3

REVIEW

In this module, we have seen how specific aspects of the
scientific method are used to conduct field and labora-
tory evaluations of how human activity affects the nat-
ural environment. The scientific method follows a pro-
cess of observations and questions, testable hypotheses
and predictions, and data collection. Results are inter-

Module 3 AP® Review Questions

1. The first step in the scientific process is
(a) collecting data.
(b) observations and questions.
(c) forming a hypothesis.

(d) disseminating findings.

(e) forming a theory.

Use the following information for questions 2 and 3:

Two new devices for measuring lead contamina-
tion in water are tested for accuracy. Scientists test
each device with seven samples of water known to
contain 400 ppm of lead. Their data is shown below.
Concentration is in parts per billion.

Water
Sample 1 2 3 4 5 6 7

Devicel 415 417 416 417 415 416 416
Device2 398 401 400 402 398 400 399

2. The data from device 1 is
(a) accurate, but not precise.
precise, but not accurate.
both accurate and precise.
neither accurate nor precise.
not clear enough to support any conclusion
about accuracy or precision.

—
el

3. Assuming the devices were used correctly, and
assuming we want to choose a device that
accurately reflects the true concentration of lead in

preted and shared with other researchers. Experiments
can be either controlled (manipulated) experiments or
natural experiments that make use of natural events.
There are often challenges in environmental science
including the lack of baseline data and the interactions
with social factors such as human preferences.

the water samples, which conclusion does the data

support?

(a) Device 1 is superior to device 2 because it is
more precise.

(b) Device 2 is superior to device 1 because it is
more precise.

(c) Device 1 is superior to device 2 because it is
more accurate.

(d) Device 2 is superior to device 1 because it is
more accurate.

(e) Both devices are equally effective at measuring
contaminates.

4. Challenges in the study of environmental science in-
clude all of the following except
a) dangers of studying natural systems.

b) lack of baseline data.

(

(

(c) subjectivity of environmental impacts.
(d)

(

o

complexity of natural systems.
e) complex interactions between humans and the
environment.

5. A control group is
(a) agroup with the same conditions as the
experimental group.
(b) a group with conditions found in nature.
(¢) agroup with a randomly assigned population.
(d) a group with the same conditions as the
experimental group except for the study variable.
(e) agroup that is kept at the same conditions
throughout the experiment.
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Z sustainability

Using Environmental Indicators
to Make a Better City

We have seen that environmental indicators can be
used to monitor conditions across a range of scales,
from local to global. They are also being used by peo-
ple looking for ways to apply environmental science to
the urban planning process in countries as diverse as
China, Brazil, and the United States.

San Francisco, California, is one example. In 1997
the city adopted a sustainability plan to go along with
its newly formed Department of the Environment.
The San Francisco Sustainability Plan focuses on 10
environmental concerns including air quality; biodi-
versity; energy, climate change, and ozone depletion;
food and agriculture; hazardous materials; human
health; parks, open spaces, and streetscapes; solid
waste; transportation; and water and wastewater.

Although some of these topics may not secem like
components of urban planning, the drafters of the plan
recognized that the everyday choices of city dwellers
can have wide-ranging environmental impacts, both in
and beyond the city. For example, purchasing local
produce or organic food affects the environments and
economies of both San Francisco and the agricultural
areas that serve it.

For each of the 10 environmental concerns, the
sustainability plan sets out a series of 5-year and long-
term objectives as well as specific actions required to
achieve them.

To monitor the effectiveness of the various actions,
San Francisco chose specific environmental indicators
for each of the 10 environmental concerns. These indi-
cators had to indicate a clear trend toward or away from
environmental sustainability, demonstrate cost eftective-
ness, be understandable to the nonscientist, and be eas-
ily presented to the media. For example, to evaluate
biodiversity, San Francisco uses four indicators:

1. Number of volunteer hours dedicated to managing,
monitoring, and conserving San Francisco’s

biodiversity

2. Number of square feet of the worst non-native spe-
cies removed from natural areas

3. Number of surviving native plant species planted in
developed parks, private landscapes, and natural areas

4.  Abundance and species diversity of birds, as indi-
cated by the Golden Gate Audubon Society’s
Christmas bird counts

Together, these indicators provide a relatively inexpen-
sive and simple way to summarize the level of biodi-
versity, the threat to native biodiversity from non-native

species, and the amount of effort going into biodiver-
sity protection.

More than 15 years later, what do the indicators
show? In general, there has been a reasonable amount of
improvement. For example, in the category of solid
waste, San Francisco has increased the amount of waste
recycled from 30 to 70 percent, with a goal of 75 per-
cent by 2020, and it now has the largest urban compost-
ing program in the country. San Francisco has also
improved its air quality, reducing the number of days in
which fine particulate matter exceeded the EPA air
quality safe level from 27 days in 2000 to 8 days in 2011.
These and other successes have won the city numerous
accolades: It has been selected as one of “America’s Top
Five Cleanest Cities” by Reader’s Digest and as one of’
the “Top 10 Green Cities” by The Green Guide. In
2013, San Francisco was named the most sustainable
city in the United States by a Toronto-based research
company.

Critical Thinking Questions

1. How do the indicators used by a city or metropoli-
tan region differ from the global indicators we
described earlier in the chapter?

2. Think about a city you have lived in or visited. What
features might you recommend for a sustainability
plan for that location?

References
http://www.thegreenguide.com
http://www.st-planning.org

A “green” city. San Francisco’s adoption of environmental indicators

has helped it achieve many of its sustainability goals. (Richard H/
FeaturePics)
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chapter

REVIEW

Throughout this chapter, we have outlined principles,
techniques, and methods that will allow us to approach
environmental science from an interdisciplinary per-
spective as we evaluate the current condition of Earth
and the ways that human beings have influenced it. We
identified that we can use environmental indicators to
show the status of specific environmental conditions in

the past, at present, and, potentially, into the future.
These indicators and other environmental metrics
must be measured using the same scientific process
used in other fields of science. Environmental science
does contain some unique challenges because there is
no undisturbed baseline—humans began manipulating
Earth long before we have been able to study it.

| Key Terms
Fracking Species Hypothesis
Environment Species diversity Null hypothesis
Environmental science Speciation Replication
Ecosystem Background extinction rate Sample size
Biotic Greenhouse gases Accuracy
Abiotic Anthropogenic Precision
Environmentalist Development Uncertainty
Environmental studies Sustainability Theory
Ecosystem services Sustainable development Control group
Environmental indicators Biophilia Natural experiment

Biodiversity
Genetic diversity

Ecological footprint
Scientific method

I Learning Objectives Revisited

Module 1 Module 2 Environmental Indicators and

Sustainability

Environmental Science

¢ Define the field of environmental science and

discuss its importance ¢ Identify key environmental indicators and

. . . . their trends over time.
Environmental science is the study of the interac-

tions among human-dominated systems and natural
systems and how those interactions affect environ-
ments. Studying environmental science helps us
identify, understand, and respond to anthropogenic
changes.

Five important global-scale environmental indica-
tors are biological diversity, food production, aver-
age global surface temperature and atmospheric CO,
concentrations, human population, and resource
depletion. Biological diversity is decreasing as a
result of human actions, most notably habitat
destruction and habitat degradation. Food produc-
tion appears to be leveling off and may be decreas-

* Identify ways in which humans have altered
and continue to alter our environment.

The impact of humans on natural systems has been
significant since early humans hunted some large
animal species to extinction. However, technology
and population growth have dramatically increased
both the rate and the scale of human-induced
change.

ing. Carbon dioxide concentrations are steadily
increasing as a result of fossil fuel combustion and
land conversion. Human population continues to
increase and probably will continue to do so
throughout this century. Resource depletion for
most natural resources continues to increase.
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Define sustainability and explain how it can
be measured using the ecological footprint.
Sustainability is the use of Earth’s resources to meet
our current needs without jeopardizing the ability of
future generations to meet their own needs. The eco-
logical footprint is the land area required to support a
person’s (or a country’s) lifestyle. We can use that
information to say something about how sustainable
that lifestyle would be if it were adopted globally.

Module 3 Scientific Method

* Explain the scientific method and its application

to the study of environmental problems.

The scientific method is a process of observation,
hypothesis generation, data collection, analysis of

results, and dissemination of findings. Repetition
of measurements or experiments is critical if one
is to determine the validity of findings. Hypotheses
are tested and often modified before being
accepted.

Describe some of the unique challenges and
limitations of environmental science.

We lack an undisturbed “control planet” with
which to compare conditions on Earth today.
Assessments and choices are often subjective
because there is no single measure of environmen-
tal quality Environmental systems are so complex
that they are poorly understood, and human pref-
erences and policies may affect them as much as do
natural laws.

| Chapter 1 AP® Environmental Science Practice Exam

Section 1: Multiple-Choice Questions

Choose the best answer for questions 1—11.

1.

28

‘Which of the following events has increased the
impact of humans on the environment?

I.  advances in technology

II. reduced human population growth

III. use of tools for hunting

(a) Tonly

(b) TandII only
(c) IIandIII only
(d) TandIII only
(e) LILand IIl

As described in this chapter, environmental indicators

(a) always tell us what is causing an environmental
change.

(b) can be used to analyze the health of natural
systems.

(c) are useful only when studying large-scale
changes.

(d) do not provide information regarding
sustainability.

(e) take into account only the living components of
ecosystems.

Which statement regarding a global environmental

indicator is NOT correct?

(a) Concentrations of atmospheric carbon dioxide
have been rising quite steadily since the
Industrial Revolution.

(b) World grain production has increased fairly
steadily since 1950, but worldwide production of
grain per capita has decreased dramatically over
the same period.

CHAPTER 1

(c) For the past 130 years, average global surface
temperatures have shown an overall increase that
seems likely to continue.

(d) World population is expected to be between
8.1 billion and 9.6 billion by 2050.

(e) Some natural resources are available in finite
amounts and are consumed during a one-time
use, whereas other finite resources can be used
multiple times through recycling.

Figure 2.5 (on page 12) shows atmospheric carbon
dioxide concentrations over time.The measured
concentration of CO, in the atmosphere is an
example of

(a) asample of air from over the Antarctic.

b) an environmental indicator.

replicate sampling.

calculating an ecological footprint.

how to study seasonal variation in Earth’s
temperatures.

=

(e)

AONEENGS

(
(
(
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Environmental metrics such as the ecological footprint
are most informative when they are considered along
with other environmental indicators.Which indicator,
when considered in conjunction with the ecological
footprint, would provide the most information about
environmental impact?

(a) biological diversity

(b) food production

(c) human population
(d) CO, concentration
(e) water quality

In science, which of the following is the most certain?
(a) hypothesis (d) observation
(b) idea (e) theory

(¢) natural law

Environmental Science: Studying the State of Our Earth



Subject Beverage

7. All of the following would be exclusively caused by
anthropogenic activities except
(a) combustion of fossil fuels.

b) overuse of resources such as uranium.

forest clearing for crops.

air pollution from burning oil.

forest fires.

el

(
(
(
(e
8. Use Figure 2.3 (on page 11) to calculate the
approximate percentage change in world grain
production per person between 1950 and 2000.
(a) 10 percent (d) 40 percent
(b) 20 percent (e) 50 percent
(c) 30 percent

9. The populations of some endangered animal species
have stabilized or increased in numbers after human
intervention. An example of a species that is still endan-
gered and needs further assistance to recover is the
(a) American bison. (d) American alligator.
(b) peregrine falcon.  (e) snow leopard.

(c) bald eagle.

Questions 10 and 11 refer to the following experimental
scenatrio:

An experiment was performed to determine the effect of
caffeine on the pulse rate of five healthy 18-year-old males.
Each was given 250 mL of a beverage with or without
caffeine. The men had their pulse rates measured before
they had the drink (time O minutes) and again after they
had been sitting at rest for 30 minutes after consuming the
drink.The results are shown in the following table.

Caffeine Pulse rate
content at time
(mg/mL) 0 minutes

at time

Pulse rate

30 minutes

1
2

Water 0 60 59
Caffeine-free 0 55 56
soda

Caffeinated 10 58 68
soda

Coffee, 3 62 67
decaffeinated

Coffee, regular 45 58 81

10. Before the researchers began the experiment, they
formulated a null hypothesis. The best null hypothesis
for the experiment would be that caffeine
(a) has no observable effect on the pulse rate of an

individual.
(b) will increase the pulse rates of all test subjects.
(c) will decrease the pulse rates of all test subjects.
(d) has no observable eftects on the pulse rates of
18-year-old males.
(e) from asoda will have a greater effect on pulse
rates than caffeine from coftee.

11. After analyzing the results of the experiment, the

most appropriate conclusion would be that cafteine

(a) increased the pulse rates of the 18-year-old males
tested.

(b) decreased the pulse rates of the 18-year-old
males tested.

(c) will increase the pulse rate of any individual that
is tested.

(d) increases the pulse rate and is safe to consume.

(e) makes drinks better than decaffeinated beverages.

Section 2: Free-Response Questions

Werite your answer to each part clearly. Support your
answers with relevant information and examples.
Where calculations are required, show your work.

1. Your neighbor has fertilized her lawn. Several weeks
later, she is alarmed to see that the surface of her
ornamental pond, which sits at the bottom of the
sloping lawn, is covered with a green layer of algae.
(a) Suggest a feasible explanation for the algal bloom

in the pond. (2 points)

(b) Design an experiment that would enable you to
validate your explanation. Include and label in
your answer:

(1) atestable hypothesis (2 points)

(1) the variable that you will be testing
(1 point)

(111) the data to be collected (1 point)

(iv) a description of the experimental
procedure (2 points)

(v) adescription of the results that would
validate your hypothesis (1 point)

(c) Based on the data from your experiment and
your explanation of the problem, think of and
suggest one action that your neighbor could take
to help the pond recover. (1 point)

2. The study of environmental science sometimes

involves examining the overuse of environmental

resources.

(a) Identity one general effect of overuse of an
environmental resource. (3 points)

(b) For the effect you listed above, describe a more
sustainable strategy for resource utilization.
(3 points)

(c) Describe how the events from Easter Island can
be indicative of environmental issues on Earth
today. (4 points)
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Tufa towers rise out of the salty water of
Mono Lake. (Dan Kosmayer/Shutterstock)




Environmental
Systems

Module 4 Systems and Matter

Module & Energy, Flows, and Feedbacks

A Lake of Salt Water, Dust Storms, and Endangered Species

Located between the deserts of the
Great Basin and the mountains of the
Sierra Nevada, California’s Mono Lake
is an unusual site. It is characterized by
eerie towers of limestone rock known
as tufa, unique animal species, glassy
waters, and frequent dust storms.
Mono Lake is a terminal lake, which
means that water flows into it but
does not flow out. As water moves
through the mountains and desert
soil, it picks up salt and other miner-
als, which it deposits in the lake. As
the water evaporates, these minerals
are left behind. Over time, evapora-
tion has caused a buildup of salt con-
centrations so high that the lake is
actually saltier than the ocean, and no
fish can survive in the lake’s water.

The Mono brine shrimp (Artemia
monica) and the larvae of the Mono
Lake alkali fly (Ephydra hians) are two

of only a few animal species that can
tolerate the conditions of the lake. The
brine shrimp and the fly larvae con-
sume microscopic algae, millions of
tons of which grow in the lake each
year. In turn, large flocks of migrating
birds, such as sandpipers, gulls, and

Just when it appeared that
Mono Lake would never
recover, circumstances
changed.

flycatchers, use the lake as a stopover,
feeding on the brine shrimp and fly lar-
vae to replenish their energy stores.
The lake is an oasis on the migration
route for these birds and they have
come to depend on its food and water

resources. The health of Mono Lake is
therefore critical for many species.

In 1913, the City of Los Angeles
drew up a controversial plan to redirect
water away from Mono Lake and its
neighbor, the larger and shallower
Owens Lake. Owens Lake was diverted

first, via a 359-km (223-mile) aque-

duct that drew water away from
the springs and streams that kept

Owens Lake full. Soon, the lake

began to dry up, and by the 1930s

only an empty salt flat remained.

Today the dry lake bed covers roughly

44,000 ha (109,000 acres). It is one

of the nation’s largest sources of
windblown dust, which lowers visibility
in the area’s national parks. Even
worse, because of the local geology,
the dust contains high concentrations
of arsenic, which is a major threat to
human health.



In 1941, despite the environmental
degradation at Owens Lake, Los Ange-
les extended the aqueduct to draw wa-
ter from the streams feeding Mono
Lake. By 1982, with less fresh water
feeding the lake, its depth had de-
creased by half, to an average of 14 m
(45 feet), and the salinity of the water
had doubled to more than twice that of
the ocean. The salt killed the lake’s al-
gae and, without the algae to eat, the
Mono brine shrimp also died. Most
birds stayed away, and newly exposed
land bridges allowed coyotes from the
desert to prey on the colonies of nesting
birds that remained.

However, just when it appeared that
Mono Lake would never recover,

circumstances changed. In 1994, after
years of litigation led by the National
Audubon Society and tireless work by
environmentalists, the Los Angeles De-
partment of Water and Power finally
agreed to reduce the amount of water it
diverted and to allow the lake to refill to
about two-thirds of its historical depth.
By summer 2009, lake levels had risen
to just short of that goal, and the ecosys-
tem was slowly recovering. In 2013, wa-
ter levels remained close to the targeted
goals. The brine shrimp are thriving, and
many birds are returning to Mono Lake.
Water is a scarce resource in the Los
Angeles area, and demand is particularly
high. To decrease the amount of water
diverted from Mono Lake, the City of Los

Angeles had to reduce its water con-
sumption. The city converted grass
lawns requiring a great deal of water to
native shrubs that were drought-tolerant,
and it imposed new rules requiring low-
flow showerheads and water-saving
toilets. Through these seemingly small,
but effective, measures, the inhabitants
of Los Angeles were able to cut their wa-
ter consumption and, in turn, protect
nesting birds, Mono brine shrimp, and
algae populations, and restore the Mono
Lake ecosystem.

Sources:

J. Kay, It's rising and healthy, San Francisco
Chronicle, July 29, 2006; Mono Lake
Committee, Mono Lake (2013), http://www
.monolake.org/.

he story of Mono Lake shows us that the activities of humans, the lives of other or-

ganisms, and abiotic processes in the environment are interconnected. Humans,

water, animals, plants, and the desert environment all interact at Mono Lake to cre-

ate a complex environmental system. The story also demonstrates a key principle of

environmental science: a change in any one factor often has unexpected effects.

In Chapter 1, we learned that a system is a set of interacting components connected

in such a way that a change in one part of the system affects one or more other parts of

the system. The Mono Lake system is relatively small. Other complex systems exist on

a much larger scale. The largest system that environmental science considers is Earth.

Many of the most important current environmental issues—including human population

growth and climate change—exist at the global scale. Throughout this book we will de-

fine a given system in terms of the environmental issue we are studying and the scale in

which we are interested.

Organisms, nonliving matter, and energy all interact in natural systems. Taking a sys-

tems approach to an environmental issue decreases the chance of overlooking important

components of that issue. Whether investigating ways to reduce pollution, increase food

supplies, or find alternatives to fossil fuels, environmental scientists must have a thor-

ough understanding of matter and energy and how these components interact within and

across systems. In this chapter, we lay the foundation for the systems approach in envi-

ronmental science. We will begin by exploring the properties of matter, and we will then

discuss the various types of energy and how they influence and limit systems.
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Systems and Matter

All questions about the environment involve matter, the atoms and
molecules that compose materials, and the systems in which the
matter circulates. In this module we will look at the basic building
blocks of matter and how matter moves among systems. We will look
in detail at water, an important component of most environmental
systems. Finally, we will explore how matter is conserved in chemical

and biological systems.

Learning Objectives

After reading this module you should be able to

e describe how matter comprises atoms and molecules that move among

different systems.

e explain why water is an important component of most environmental systems.

e discuss how matter is conserved in chemical and biological systems.

Matter comprises atoms and
molecules that move among
different systems

What do rocks, water, air, the book in your hands, and
the cells in your body have in common? They are all
forms of matter. Matter is anything that occupies space
and has mass. The mass of an object is a measurement
of the amount of matter it contains. Note that the
words “mass” and “weight” are often used inter-
changeably, but they are not the same thing. Weight is
the force that results from the action of gravity on mass.
Your own weight, for example, is determined by the
amount of gravity pulling you toward the planet’s cen-
ter. Whatever your weight on Earth, you would weigh
less on the Moon where the action of gravity is weaker.
In contrast, mass stays the same under any gravitational
influence. So although your weight would change on

the Moon, your mass would remain the same because
the amount of matter you are made of would be the
same. In this section we will look at important proper-
ties of matter, starting with the building blocks.

Atoms and Molecules

All matter is composed of tiny particles that cannot be
broken down into smaller pieces. The basic building
blocks of matter are known as atoms. An atom 1is the

Matter Anything that occupies space and has
mass.

Mass A measurement of the amount of matter an
object contains.

Atom The smallest particle that can contain the
chemical properties of an element.
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smallest particle that can contain the chemical proper-
ties of an element. An element is a substance composed
of atoms that cannot be broken down into smaller,
simpler components. At Earth’s surface temperatures,
elements can occur as solids (such as gold), liquids
(such as mercury), or gases (such as helium). Atoms are
so small that a single human hair measures about a few
hundred thousand carbon atoms across.

Ninety-four elements occur naturally on Earth, and
another 24 have been produced in laboratories. The
periodic table lists all of the elements currently
known, organized by their properties. The full peri-
odic table is reproduced at the end of this book. As you
can see, each element is identified by a one- or two-
letter symbol; for example, the symbol for carbon is C,
and the symbol for oxygen is O. These symbols are
used to describe the atomic makeup of molecules,
which are particles that contain more than one atom.
Molecules that contain more than one element are
called compounds. For example, a carbon dioxide
molecule (CO,) is a compound composed of one car-
bon atom (C) and two oxygen atoms (O,). Let’s take a
closer look at atoms and how they behave.

The Structure of an Atom

FIGURE 4.1 shows a simplified model of single atom of
nitrogen. Like the nitrogen atom, every atom consists
of a nucleus, or core, surrounded by electrons. The
nucleus consists of protons and neutrons. Protons and
neutrons have roughly the same mass—both minutely
small. Protons have a positive electrical charge, like
the “plus” side of a battery. The number of protons
in the nucleus of a particular element—called the
atomic number—is unique to that element. The
periodic table lists the atomic number; in the peri-
odic table at the back of this book, it is the whole
number next to each element symbol. Neutrons have
no electrical charge, but they are critical to the

Element A substance composed of atoms that
cannot be broken down into smaller, simpler
components.

Periodic table A chart of all chemical elements
currently known, organized by their properties.

Molecule A particle that contains more than one
atom.

Compound A molecule containing more than one
element.

Atomic number The number of protons in the
nucleus of a particular element.

Mass number A measurement of the total
number of protons and neutrons in an element.

Isotopes Atoms of the same element with
different numbers of neutrons.
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Proton

Neutron

Nitrogen
FIGURE 4.1 Structure of the atom. An atom is composed
of protons, neutrons, and electrons. Neutrons and positively charged
protons make up the nucleus. Negatively charged electrons surround
the nucleus.

stability of nuclei because they keep the positively
charged protons together. Without them, the protons
would repel one another and separate.

Turning back to Figure 4.1 you can see that the space
around the nucleus is occupied by electrons. Electrons
are negatively charged, like the “minus” side of a bat-
tery, and have a much smaller mass than protons or
neutrons. In the molecular world, opposites always
attract, so negatively charged electrons are attracted to
positively charged protons. This attraction binds the
electrons to the nucleus. In a neutral atom, the numbers
of protons and electrons are equal.

The total number of protons and neutrons in an
element is known as its mass number. Because the
mass of an electron is insignificant compared with the
mass of a proton or neutron, we do not include
electrons in mass number calculations. The periodic
table lists the mass number of each element under the
element name.

Although the number of protons in a chemical ele-
ment is constant, atoms of the same element may have
different numbers of neutrons and, therefore, different
mass numbers. Atoms of the same element with different
numbers of neutrons are called isotopes. Isotopes of the
element carbon, for example, have six protons, but can
occur with six, seven, or eight neutrons, which yield
mass numbers of 12, 13, or 14, respectively. In nature,
carbon occurs as a mixture of carbon isotopes. All car-
bon isotopes behave the same chemically. However,
biological processes sometimes favor one isotope over



another. Certain isotopic signatures, or ratios of isotopes,
can be left behind by different biological processes.
Environmental scientists use these signatures to learn
about certain processes or to evaluate environmental
conditions such as air pollution. Because modern carbon
in wood and fossil carbon in oil or coal have different
carbon isotope signatures, the proportions of different
isotopes in polluted air can tell us whether the pollution
comes from a forest fire or combustion of fossil fuels.

Radioactivity

The nuclei of isotopes can be stable or unstable,
depending on the mass number of the isotope and the
number of neutrons it contains. Unstable isotopes are
radioactive. Radioactive isotopes undergo radioactive
decay, the spontaneous release of material from the
nucleus. Radioactive decay changes the radioactive
element into a different element. For example,
uranium-235 (**U) decays to form thorium-231
(**'Th). The original atom (uranium) is called the par-
ent and the resulting decay product (thorium) is called
the daughter. The radioactive decay of **U and certain
other elements emits a great deal of energy that can be
captured as heat. Nuclear power plants use this heat to
produce steam that turns turbines to generate electricity.

We measure radioactive decay by recording the
average rate of decay of a quantity of a radioactive ele-
ment. This measurement is commonly stated in terms
of the half-life of the element, which is the time it
takes for one-half of the original radioactive parent
atoms to decay. An element’s half-life is a useful
parameter to know because some elements that under-
go radioactive decay emit harmful radiation.
Knowledge of the half-life allows scientists to deter-
mine the length of time that a particular radioactive
element may be dangerous. For example, using the
halt-life allows scientists to calculate the period of time
that people and the environment must be protected
from depleted nuclear fuel, like that generated by a
nuclear power plant. As it turns out, many of the
elements produced during the decay of *°U have half-
lives of tens of thousands of years and more. From this
we can see why long-term storage of radioactive
nuclear waste is so important. We will discuss this
turther in Chapter 12.

The measurement of isotopes has many applications
in environmental science as well as in other scientific
fields. For example, carbon in the atmosphere exists in
a known ratio of the isotopes carbon-12 (99 percent),
carbon-13 (1 percent), and carbon-14 (which occurs
in trace amounts, on the order of one part per trillion).
Carbon-14 is radioactive and has a half-life of 5,730
years. Carbon-13 and carbon-12 are stable isotopes.
Living organisms incorporate carbon into their tissues
at roughly the known atmospheric ratio. But after an
organism dies, it stops incorporating new carbon into
its tissues. Over time, the radioactive carbon-14 in the

Methane

FIGURE 4.2 Covalent bonds. Molecules such as methane
(CH,4) are associations of atoms held together by covalent bonds, in
which electrons are shared between the atoms. As a result of the four
hydrogen atoms sharing electrons with a carbon atom, each atom has a
complete set of electrons in its outer shell—two for the hydrogen atoms
and eight for the carbon atom.

organism decays to nitrogen-14. By calculating the
proportion of carbon-14 in dead biological material—
a technique called carbon dating—researchers can
determine how many years ago an organism died.

Chemical Bonds

We have seen that matter is composed of atoms, which
form molecules or compounds. In order to form mol-
ecules or compounds, atoms must be able to interact or
join together. This happens by means of chemical
bonds of various types. Chemical bonds fall into three
categories: covalent bonds, ionic bonds, and hydrogen bonds.

Covalent Bonds

Elements that do not readily gain or lose electrons form
compounds by sharing electrons. Compounds formed
by sharing electrons are said to be held together by
covalent bonds. FIGURE 4.2 illustrates the covalent

Radioactive decay The spontaneous release of
material from the nucleus of radioactive isotopes.

Half-life The time it takes for one-half of an
original radioactive parent atom to decay.

Covalent bond The bond formed when elements
share electrons.

MODULE 4 Systems and Matter 35



The sodium atom
loses one electron.

The sodium ion and the chloride ion form an ionic bond: NaCl.

FIGURE 4.3 lonic bonds. To form an ionic bond, the sodium
atom loses an electron and the chlorine atom gains one. As a result, the
sodium atom becomes a positively charged ion (Na™) and the chlorine
atom becomes a negatively charged ion (CI™, known as chloride). The
attraction between ions of opposite charges—an ionic bond—forms
sodium chloride (NaCl), or table salt.

bonds in a molecule of methane (CH,, also called
natural gas). A methane molecule is made up of one
carbon (C) atom surrounded by four hydrogen (H)
atoms. Covalent bonds form between the single carbon
atom and each hydrogen atom. Covalent bonds also
hold the two hydrogen atoms and the oxygen atom in
a water molecule together.

lonic bond A chemical bond between two ions of
opposite charges.

Hydrogen bond A weak chemical bond that
forms when hydrogen atoms that are covalently
bonded to one atom are attracted to another
atom on another molecule.

Polar molecule A molecule in which one side is
more positive and the other side is more negative.
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The chlorine atom
gains one electron.

lonic Bonds
In a covalent bond, atoms share electrons.
Another kind of bond between two atoms
involves the transfer of electrons. When
such a transfer happens, one atom becomes
electron deficient (positively charged), and
the other becomes electron rich (nega-
tively charged). The charged atoms are
called ions. The charge imbalance holds
the two atoms together and the attraction
between ions of opposite charges forms a
chemical bond known as an ionic bond.
FIGURE 4.3 shows an example of this pro-
cess. Sodium (Na) donates one electron to
chlorine (Cl), which gains one electron,
to form sodium chloride (NaCl), or table
salt.

An ionic bond is not usually as strong as
a covalent bond. This means that the
compound can readily dissolve. For exam-
ple, as long as sodium chloride remains in
a salt shaker, it remains in solid form. But
if you shake some into water, the salt dis-
solves into sodium and chloride ions (Na™

and CI').

Hydrogen Bonds

The third type of chemical bond is weak-
er than both covalent bonds and ionic
bonds. A hydrogen bond is a weak
chemical bond that forms when hydro-
gen atoms that are covalently bonded to
one atom are attracted to an atom on
another molecule. When atoms of different elements
form bonds, their electrons may be shared unequally;
that is, shared electrons may be pulled closer to one
atom than to the other. In some cases, the strong
attraction of the hydrogen electron to other atoms
creates a charge imbalance within the covalently
bonded molecule.

Looking at FIGURE 4.4a, we see that water is an
excellent example of this type of unequal electron dis-
tribution. Each water molecule as a whole is neutral;
that is, it carries neither a positive nor a negative
charge. But water has unequal covalent bonds between
its two hydrogen atoms and one oxygen atom. Because
of these unequal bonds and the angle formed by the
H—O—H bonds, water is known as a polar molecule.
In a polar molecule, one side is more positive and
the other side is more negative. We can see the result
in Figure 4.4b where a hydrogen atom in one water
molecule is attracted to the oxygen atom in another
nearby water molecule. That attraction forms a hydro-
gen bond between the two molecules.

Hydrogen bonds also occur in nucleic acids such as
DNA, the biological molecule that carries the genetic
code for all organisms.



Water

(a) Water molecule

Hydrogen bonds

(b) Hydrogen bonds between water molecules

FIGURE 4.4 The polarity of the water molecule. (a) Water
(H,0) consists of two hydrogen atoms covalently bonded to one oxygen
atom. Water is a polar molecule because its shared electrons spend
more time near the oxygen atom than near the hydrogen atoms. The
hydrogen atoms thus have a slightly positive charge, and the oxygen
atom has a slightly negative charge. (b) The slightly positive hydrogen
atoms are attracted to the slightly negative oxygen atom of another
water molecule. The result is a hydrogen bond between the two
molecules.

Water is a vital component of most
environmental systems

Because water is often the vehicle for transferring
chemical elements and compounds from one system to
another, it is vital for environmental scientists to
understand how water behaves. The molecular struc-
ture of water gives it unique properties that support
the conditions necessary for life on Earth. Among
these properties are surface tension, capillary action, a

FIGURE 4.5 Surface tension. Hydrogen bonding between water
molecules creates the surface tension necessary to support this water
strider. (optimarc/Shutterstock)

high boiling point, and the ability to dissolve many
different substances. Each of these properties is essen-
tial to physiological functioning and the movement of
elements through systems.

Surface Tension and Capillary Action

Although we don’t generally think of water as being
sticky, hydrogen bonding makes water molecules stick
strongly to one another in an action known as cohe-
sion. Hydrogen bonding also makes water molecules
stick strongly to certain other substances, an action
known as adhesion. The ability to cohere or adhere
underlies two unusual properties of water: surface tension
and capillary action.

Surface Tension

Surface tension, which results from the cohesion of
water molecules at the surface of a body of water, cre-
ates a sort of skin on the water’s surface. Have you ever
seen an aquatic insect, such as a water strider, walk
across the surface of the water? This is possible because
of surface tension (FIGURE 4.5). Surface tension also
makes water droplets smooth and more or less spherical
as they cling to a water faucet before dropping.

Surface tension A property of water that results
from the cohesion of water molecules at the surface
of a body of water and that creates a sort of skin on
the water’s surface.
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FIGURE 4.6 The structure of water. Below 4°C, water molecules realign into a crystal
lattice structure. With its molecules farther apart, solid water (ice) is less dense than liquid water.
This property allows ice to float on liquid water. (Patrick Poendl/Shutterstock)

Capillary Action

Capillary action happens when adhesion of water
molecules to a surface is stronger than cohesion
between the molecules. The absorption of water by a
paper towel or a sponge is the result of capillary action.
This property is important in thin tubes, such as the
water-conducting vessels in tree trunks, and in small
pores in soil. It is also important in the transport of
underground water, as well as dissolved pollutants,
from one location to another.

Boiling and Freezing

At the atmospheric pressures found at Earth’s surface,
water boils (becomes a gas) at 100°C (212°F) and freez-
es (becomes a solid) at 0°C (32°F). If water behaved like
structurally similar compounds such as hydrogen sulfide
(H,S), which boils at =60°C (=76°F), it would be a gas
at typical Earth temperatures and life as we know it
could not exist. Because of cohesion, however, water
can be a solid, a gas, or—most importantly for living

Capillary action A property of water that occurs
when adhesion of water molecules to a surface is
stronger than cohesion between the molecules.
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organisms—a liquid at Earth’s surface temperatures. In
addition, the hydrogen bonding between water mol-
ecules means that it takes a great deal of energy to
change the temperature of water. Thus the water in
organisms protects them from wide temperature
swings. Hydrogen bonding also explains why geo-
graphic areas near large lakes or oceans have moderate
climates. The water body holds summer heat, which
releases slowly as the atmosphere cools in the fall.
Similarly, the water body warms slowly in spring,
which prevents the adjacent land area from heating up
too quickly.

Water has another unique property: It takes up a
larger volume in solid form than it does in liquid form.
FIGURE 4.6 illustrates the difference in molecular
structure between liquid water and ice. As liquid
water cools, it becomes denser, until it reaches 4°C
(39°F), the temperature at which it reaches maximum
density. As it cools from 4°C down to freezing at 0°C,
its molecules realign into a crystal lattice structure, and
its volume expands. You can see the result any time
you add an ice cube to a drink: Ice floats on liquid
water.

What does this unique property of water mean for
life on Earth? Imagine what would happen if water
acted like most other liquids. As it cooled, it would
continue to become denser. Its solid form (ice) would



sink, and lakes and ponds would freeze from the bottom
up. As a result, very few aquatic organisms would be
able to survive in temperate and cold climates.

Water as a Solvent

In our table salt example, we saw that water makes a
good solvent. Many substances, such as table salt, dis-
solve well in water because their polar molecules bond
easily with other polar molecules. This explains the
high concentrations of dissolved ions in seawater as
well as the capacity of living organisms to store many
types of molecules in solution in their cells.
Unfortunately, many toxic substances also dissolve
well in water, which makes them easy to transport
through the environment. Fertilizers, human waste,
and road deicers such as road salt are all pollutants that
dissolve easily in water and so are transported far from
their sources.

Acids, Bases, and pH

Another important property of water is its ability to
dissolve hydrogen or hydroxide-containing compounds
known as acids and bases. An acid is a substance that
contributes hydrogen ions to a solution. A base is a
substance that contributes hydroxide ions to a solution.
Both acids and bases typically dissolve in water.

When an acid is dissolved in water, it dissociates
into positively charged hydrogen ions (H") and nega-
tively charged ions. Two important acids we will dis-
cuss in this book are nitric acid (HNOj3) and sulfuric
acid (H,SOy,), the primary constituents of acid deposi-
tion, one form of which is acid rain.

Bases, on the other hand, dissociate into negatively
charged hydroxide ions (OH") and positively charged
ions. Some examples of bases are sodium hydroxide
(NaOH) and calcium hydroxide (Ca(OH),), which
can be used to neutralize acidic emissions from power
plants.

The pH indicates the relative strength of acids and
bases in a substance. A pH value of 7—the pH of pure
water—is neutral, meaning that the number of hydro-
gen ions is equal to the number of hydroxide ions.
Anything above 7 is basic, or alkaline, and anything
below 7 is acidic. The lower the number, the stronger
the acid, and the higher the number, the more basic the
substance. The pH scale is logarithmic, meaning that
each number on the scale changes by a factor of 10. For
example, a substance with a pH of 5 has 10 times the
hydrogen ion concentration of a substance with a pH
of 6—it is 10 times more acidic. Water in equilibrium
with Earth’s atmosphere typically has a pH of 5.65
because carbon dioxide from the atmosphere dissolves
in it, which makes it weakly acidic. FIGURE 4.7 lists the
pH of many familiar substances on the pH scale, which
ranges from 0 to 14.

Basic
Sodium hydroxide

Household bleach

Highest pH known
to support life

Seawater

Neutral Pure water

Normal rainwater

Lakes affected by
acid rain

Cola beverage

Stomach fluid

Acidic

FIGURE 4.7 The pH scale. The pH scale shows how acidic or
how basic a solution is.

Environmental systems contain
both chemical and biological
reactions

The chemical principles that we have described play
an important role in many environmental systems
through chemical and biological reactions. Although
we will look at biological and chemical reactions

Acid A substance that contributes hydrogen ions
to a solution.

Base A substance that contributes hydroxide ions
to a solution.

pH The number that indicates the relative strength
of acids and bases in a substance.
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separately in Chapter 3, here we shall see that chemical
and biological components interact in most environ-
mental systems.

Chemical Reactions and the Conservation
of Matter

A chemical reaction occurs when atoms separate
from molecules or recombine with other molecules. In
a chemical reaction, no atoms are ever destroyed or
created, although the bonds between particular atoms
may change. For example, when methane (CH,) is
burned in air, it reacts with two molecules of oxygen
(2 O,) to create one molecule of carbon dioxide
(CO,) and two molecules of water (2 H,O):

CH, + 2 0, — CO, + 2 H,0

Notice that the number of atoms of each chemical
element is the same on each side of the reaction.
Chemical reactions can occur in either direction.
For example, during the combustion of fuels, nitrogen
gas (N,) combines with oxygen gas (O,) from the

Chemical reaction A reaction that occurs when
atoms separate from molecules or recombine with
other molecules.

Law of conservation of matter A law of nature
stating that matter cannot be created or destroyed;
it can only change form.
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FIGURE 4.8 The law of
conservation of matter. Even though
this forest seems to be disappearing

as it burns, all the matter it contains is
conserved in the form of water vapor,

carbon dioxide, and solid particles.
(Exactostock/SuperStock)

atmosphere to form two molecules of nitrogen oxide
(NO), which is an air pollutant:

N, + 0, = 2 NO
This reaction can also proceed in the opposite direction:
2NO = N, + O,

The observation that no atoms are created or
destroyed in a chemical reaction leads us to the law of
conservation of matter, which states that matter
cannot be created or destroyed; it can only change
form. For example, when paper burns, it may seem to
vanish, but no atoms are lost. In this case, the carbon
and hydrogen that make up the paper combine with
oxygen in the air to produce carbon dioxide, water
vapor, and other materials, which either enter the
atmosphere or form ash. Combustion converts most of
the solid paper into gases, but all of the original atoms
remain. The same process occurs in a forest fire, but
on a much larger scale (FIGURE 4.8). The only known
exception to the law of conservation of matter occurs
in nuclear reactions, in which small amounts of matter
change into energy.

The law of conservation of matter explains why we
cannot easily dispose of hazardous materials. If some-
thing is hazardous, it typically will remain hazardous
even if we try to convert it through combustion. For
example, when we burn material that contains heavy
metals, such as an automotive battery, the atoms



of the metals in the battery do not disappear. They
turn up elsewhere in the environment, where they
may harm humans and other organisms. For this
and other reasons, understanding the law of conserva-
tion of matter is crucial to the study of environmental
science.

Biological Molecules and Cells

As we mentioned earlier, chemical and biological
reactions happen simultaneously in most environ-
mental systems. We have seen how chemical
compounds form and how they respond to various
processes such as burning and freezing. To under-
stand biological processes, we must first look at the
distinction between compounds that are inorganic and
those that are organic. Inorganic compounds are
compounds that either do not contain the element
carbon or contain carbon that is bound to elements
other than hydrogen. Examples include ammonia
(NH;), sodium chloride (NaCl), water (H,O), and
carbon dioxide (CO,). Organic compounds are
compounds that have carbon-carbon and carbon-
hydrogen bonds. Examples of organic compounds
include glucose (C4yH ,O4) and fossil fuels, such as
natural gas (CHy).

Organic compounds are the basis of the biological
molecules that are important to life: carbohydrates, pro-
teins, nucleic acids, and lipids. Because these four types of
molecules are relatively large, they are also known as
macromolecules.

Carbohydrates

Carbohydrates are compounds composed of carbon,
hydrogen, and oxygen atoms. Glucose (C4H,0q) is
a simple sugar (a monosaccharide, or single sugar) eas-
ily used by plants and animals for quick energy.
Sugars can link together in long chains called complex
carbohydrates, or polysaccharides (many sugars). For
example, plants store energy as starch, which is made
up of long chains of covalently bonded glucose mol-
ecules. The starch can also be used by animals that eat
the plants. Cellulose, a component of plant leaves and
stems, 1s another polysaccharide consisting of long
chains of glucose molecules. Cellulose is the raw
material for cellulosic ethanol, a type of fuel that has
the potential to replace or supplement gasoline.

Proteins

Proteins, a critical component of living organisms,
are made up of long chains of nitrogen-containing
organic molecules called amino acids. Proteins play a
role in structural support, energy storage, internal
transport, and defense against foreign substances.
Enzymes are proteins that help control the rates of

chemical reactions. The antibodies that protect us
from infections are also proteins.

Nucleic Acids

Nucleic acids are organic compounds found in all
living cells. Long chains of nucleic acids form DNA
and RNA. DNA (deoxyribonucleic acid) is the
genetic material organisms pass on to their offspring; it
contains the code for reproducing the components of
the next generation. RNA (ribonucleic acid) trans-
lates the code stored in DNA, which makes possible
the synthesis of proteins.

Lipids

Lipids are smaller biological molecules that do not
mix with water. Fats, waxes, and steroids are all lipids.
Lipids form a major part of the membranes that
surround cells.

Cells

We have looked at the four types of macromolecules
required for life. But how do they work as part of a
living organism? The smallest structural and functional
component of organisms is known as a cell.

Inorganic compound A compound that does
not contain the element carbon or contains carbon
bound to elements other than hydrogen.

Organic compound A compound that contains
carbon-carbon and carbon-hydrogen bonds.

Carbohydrate A compound composed of carbon,
hydrogen, and oxygen atoms.

Protein A critical component of living organisms
made up of a long chain of nitrogen-containing
organic molecules known as amino acids.

Nucleic acid Organic compounds found in all
living cells.

DNA (deoxyribonucleic acid) A nucleic acid, the
genetic material that contains the code for
reproducing the components of the next generation,
and which organisms pass on to their offspring.

RNA (ribonucleic acid) A nucleic acid that
translates the code stored in DNA, which makes
possible the synthesis of proteins.

Lipid A smaller organic biological molecule that
does not mix with water.
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FIGURE 4.9 Cellular composition of organisms. (a) Some organisms, such as these green algae,
consist of a single cell. (b) More complex organisms, such as the Mono Lake brine shrimp, are made up of
millions of cells. (a: Biophoto Associates/Science Source; b: Stuart Wilson/Science Source)

A cell is a highly organized living entity that consists
of the four types of macromolecules and other sub-
stances in a watery solution, surrounded by a mem-
brane. Some organisms, such as most bacteria and some

Cell A highly organized living entity that consists
of the four types of macromolecules and other
substances in a watery solution, surrounded by
a membrane.

4

REVIEW

In this module, we saw that all environmental sys-
tems consist of matter. Matter has specific properties
that can be described and measured. Properties of
water include surface tension, capillary action, a high
boiling point, and the ability to dissolve many differ-
ent substances. These properties make water a critical

Module 4 AP® Review Questions

1. Iftwo atoms of an element are isotopes, then they
have a difterent
(a) atomic symbol.

b) number of protons.

¢) number of neutrons.

(oW

) number of electrons.

—~ ~ ~

e) atomic number.
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algae, consist of a single cell. This cell contains all of the
functional structures, or organelles, needed to keep the
cell alive and allow it to reproduce (FIGURE 4.9a).
Larger and more complex organisms, such as Mono
Lake’s brine shrimp, are multicellular (Figure 4.9b).
Throughout this book, we will be examining biological
reactions and the resulting effects on the environment.
Some effects are at the cellular level, while others are at
the organismal level. Each is important to understanding
environmental science.

part of most environmental systems. Matter is con-
served in chemical reactions and the components of’
biological reactions. In the next module we will ex-
pand our view to look at how the movement of mat-
ter in environmental systems is strongly influenced
by energy inputs, flows, and outputs.

2. The chemical bond that forms from the attraction
of sodium ions and chlorine atoms in table salt
(NaCl) is called

a) a covalent bond.

a polar bond.

a hydrogen bond.

an ionic bond.

a nucleic bond.

(
(b
(c
(d
(

_

€



3. Which of the following is NOT a property of water 5. Which of the following is an organic compound?
that allows it to support life? (a) CH,4
(a) Surface tension (b) NH;
(b) Capillary action (¢) NaCl
(c) Solvent ability (d) H,O
(d) High boiling point (e) CO,
(e) High viscosity

6. Which of the following is NOT a macromolecule?

4. Which of the following has the highest pH? (a) Carbohydrates
(a) Pure water (b) Nucleic acids
(b) Bleach (¢) Organelles
(c) Colabeverage (d) Proteins

(d) Seawater (e) Lipids

(e) Acid rain

Energy, Flows, and
Feedbacks

Energy flows within and among systems. Plants and other photosynthetic organisms
such as the algae in Mono Lake absorb solar energy and use it in photosynthesis to
convert carbon dioxide and water into sugars they need to survive, grow, and
reproduce. Animals such as the brine shrimp in Mono Lake eat those plants and the
energy is transferred. When migrating gulls use Mono Lake as a stopover, they
consume the brine shrimp and transfer the energy and nutrients elsewhere. Some
transfers occur more effectively than others. Some transfers occur within a given
system while others, like those of migrating gulls, result in transfers of material and
energy to another system.

Learning Objectives

After reading this module you should be able to

e distinguish among various forms of energy and understand how they are
measured.

e (iscuss the first and second laws of thermodynamics and explain how they
influence environmental systems.

e explain how scientists keep track of energy and matter inputs, outputs, and
changes to environmental systems.

MODULE 5 = Energy, Flows, and Feedbacks 43



11::18 5578 Common units of energy and their conversion into joules

Unit Definition

Relationship to joules

Common uses

calorie Amount of energy it takes to heat 1 gram

of water 1°C

Food Calorie (always shown with
a capital “C")

Calorie

British thermal Amount of energy it takes to heat

unit (Btu) 1 pound of water 1°F
Kilowatt-hour Amount of energy expended by using
(KWh) 1 kilowatt of electricity for 1 hour

1 calorie = 4.184 J

1 Calorie = 1,000
calories = 1 kilocalorie
(kcal) = 4,184 J

1Btu = 1,055 J

1 kWh = 3,600,000
J = 3.6 megajoules (MJ)

Energy expenditure and transfer
in ecosystems; human food consumption

Food labels; human food consumption

Energy transfer in air conditioners
and home water heaters

Energy use by electrical appliances;
often given in kWh per year

Energy is a fundamental
component of environmental
systems

Earth’s systems cannot function, and organisms cannot
survive, without energy. Energy is the ability to do
work, or transfer heat. Water flowing into a lake has
energy because it moves and can move other objects
in its path.

All living systems absorb energy from their sur-
roundings and use it to organize and reorganize
molecules within their cells and to power movement.
The sugars in plants are also an important energy
source for many animals. Humans, like other animals,
absorb the energy they need for cellular respiration
from food. This provides the energy for our daily
activities, from waking to sleeping to walking, and
everything in between. Constructed human systems
also utilize energy. If you took mass transportation or
an automobile to get to school, you most likely uti-
lized fossil fuel energy that was converted to the
energy of motion of your vehicle.

The basic unit of energy in the metric system is the
joule (J). A joule is the amount of energy used when
a T-watt light bulb is turned on for 1 second—a very
small amount. Although the joule is the preferred

Energy The ability to do work or transfer heat.

Joule The amount of energy used when a
1-watt electrical device is turned on for 1
second.

Power The rate at which work is done.

Electromagnetic radiation A form of energy
emitted by the Sun that includes, but is not
limited to, visible light, ultraviolet light, and
infrared energy.

Photon A massless packet of energy that
carries electromagnetic radiation at the speed
of light.
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energy unit in scientific study, many other energy
units are commonly used. Conversions between these
units and joules are given in TABLE 5.1.

Although we often use the words “energy” and
“power” interchangeably, they are not the same thing.
We have seen that energy is the ability to do work.
Power is the rate at which work is done:

energy = power X time

power = energy = time

When we talk about generating electricity, we often
hear about kilowatts and kilowatt-hours. The kilowatt
(kW) is a unit of power while the kilowatt-hour
(kWh) is a unit of energy. Therefore, the capacity of a
turbine is given in kW because that measurement
refers to the turbine’s power. Your monthly home
electricity bill reports energy use—the amount of
energy from electricity that you have used in your
home—in kWh. “Do the Math: Calculating Energy
Use and Converting Units” (see page 46) gives you an
opportunity to practice working with these units.

Forms of Energy

Energy exists in different forms and can be converted
from one form to another. Potential energy, kinetic
energy, light energy, chemical energy, and sound
energy are all important energy forms in the environ-
mental sciences.

Electromagnetic Radiation
Ultimately, most energy on Earth derives from the Sun.
The Sun emits electromagnetic radiation, a form of
energy that includes, but is not limited to, visible light,
ultraviolet light, and infrared energy, which we perceive
as heat. The scale at the top of FIGURE 5.1 shows these
and other types of electromagnetic radiation.
Electromagnetic radiation is carried by photons,
massless packets of energy that travel at the speed of
light and can move even through the vacuum of space.
The amount of energy contained in a photon depends
on its wavelength—the distance between two peaks or
troughs in a wave, as shown in the inset in Figure 5.1.



Photons with long wavelengths, such as

radio waves, have very low energy, while The majority of

those with short wavelengths, such as X-rays, La;/dtlﬁgosnuzrﬁggced =

have high energy. Photons of different wave- within this range.

lengths are used by humans for different _ WiFi

. Ultraviolet \ Cell phones e

purposes. For example, high-energy, short- rays N

wavelength X-rays are used for diagnostic Gamma X-rays \ Infrared | Radar || EM| TV | Short- | AM

medical purposes while lower-energy, long- rays rays | wave

wavelength infrared rays are used to identify ‘ ‘ !

heat loss from buildings during an environ- . N

mental energy audit. 1074 1072 1070 o—8 10° “-1g* 102 Ao 102 104
L RS R Wavelength (m)

Potential Energy Wavelengths in the AN

Many stationary objects possess a large visible light spectrum AN

amount of potential energy—energy that are used by plants N

. for photosynthesis. S

is stored but has not yet been released. For ~.

example, water impounded behind a dam -

contains a great deal of potential energy. . _

Potential energy stored in chemical bonds is 400 500 600 700

known as chemical energy. The energy in < Higher energy, Wavelength (nm) Lower energy, ____
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down the high-energy bonds m the salad  FiGURE 5.1 The electromagnetic spectrum. Electromagnetic radiation
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an automobile engine combusts gasoline and

releases its chemical energy to propel the car.

Kinetic Energy
We noted that water impounded behind a dam con-
tains a great deal of potential energy. When the water
1s released and flows downstream, that potential energy
becomes kinetic energy, the energy of motion
(FIGURE 5.2). The kinetic energy of moving water can
be captured at a dam and transferred to a turbine and
generator, and ultimately to the energy in electricity.
Can you think of other common examples of kinetic
energy? A car moving down the street, a flying hon-
eybee, and a football traveling through the air all have
kinetic energy. Sound also has kinetic energy because
it travels in waves through the coordinated motion of
atoms. Systems can contain potential energy, kinetic
energy, or some of each.

All matter, even the frozen water in the world’s ice
caps, contains some energy. When we say that energy
moves matter, we mean that it is moving the mole-

FIGURE 5.2 Potential and kinetic energy. The water stored
behind this dam in Arizona has potential energy. The potential energy

. is converted into kinetic energy as the water flows through the gates.
cules within a substance. The measure of the average  miena Kolar/Earth Scenes/Animals Animals)

kinetic energy of a substance is its temperature.
Changes in temperature—and, therefore, in energy—
can convert matter from one state to another such as

liquid water freezing and becoming ice. At a certain Potential energy Stored energy that has not
temperature, the molecules in a solid substance start been released.

moving so fast that they begin to flow, and the substance Chemical energy Potential energy stored in
melts into a liquid. At an even higher temperature, the chemical bonds.

molecules in the liquid move still faster, with increasing Kinetic energy The energy of motion.

amounts of energy. Finally the molecules move with Temperature The measure of the average kinetic

such speed and energy that they overcome the forces energy of a substance.
holding them together and become gases.
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Calculating Energy Use and Converting Units
Your electricity bill shows that you use 600 kWh of electricity each month. Your
refrigerator, which is 15 years old, could be responsible for up to 25 percent of this
electricity consumption. Newer refrigerators are more efficient, meaning that they use
less energy to do the same amount of work. If you wish to conserve electrical energy
and save money, should you replace your refrigerator? How can you compare the
energy efficiency of your old refrigerator with that of more-efficient newer models?
Your refrigerator uses 500 watts when the motor is running. The motor runs for
about 30 minutes per hour (or a total of 12 hours per day). How much energy in
kilowatt-hours per year will you save by using the best new refrigerator instead of
your current one? How long will it take you to recover the cost of the new

1. Start by calculating the amount of energy your current refrigerator uses.

0.5 kW X 12 hours/day = 6 kWh/day
6 kWh/day X 365 days/year = 2,190 kWh/year

2. How much more efficient is the best new refrigerator compared with your older

The best new model uses 400 kWh per year. Your refrigerator uses 2,190 kWh

2,190 kWh/year — 400 kWh/year = 1,790 kWh/year

3. Assume that you are paying, on average, $0.10 per kilowatt-hour for electricity.
A new refrigerator would cost you $550. You will receive a rebate of $50 from
your electric company for purchasing an energy-efficient refrigerator. If you
replace your refrigerator, how long will it be before your energy savings
compensate you for the cost of the new appliance? You will save

1,790 kWh/year X $0.10/kWh = $179/year

Dividing $500 by $179 indicates that in less than 3 years, you will recover the cost

Your Turn Environmental scientists must often convert energy units in order to
compare various types of energy. For instance, you might want to compare

the energy you would save by purchasing an energy-efficient refrigerator with the
energy you would save by driving a more fuel-efficient car. Assume that for the
amount you would spend on the new refrigerator ($500), you can make repairs to
your car engine that would save you 20 gallons (76 liters) of gasoline per month.
(Note that 1 L of gasoline contains the energy equivalent of about 10 kWh.) Using
this information and Table 5.1 on page 44, convert the quantities of both gasoline
and electricity into joules and compare the energy savings. Which decision would

Energy Conversions

Individual organisms rely on a continuous input of
energy in order to survive, grow, and reproduce. But
interactions beyond the organism can also be seen as a
process of converting energy into organized structures
such as leaves and branches. Consider a forest ecosys-
tem. Trees absorb water through their roots and
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carbon dioxide through their leaves. By combining
these compounds in the presence of sunlight, they
convert water and carbon dioxide into sugars that will
provide them with the energy they need. But then a
deer grazes on tree leaves, and later a mountain lion
eats the deer. At each step, energy is converted by
organisms into work.




The form and amount of energy available in an
environment determines what kinds of organisms can
live there. Plants thrive in tropical rainforests where
there is plenty of sunlight and water. Many food crops,
not surprisingly, can be planted and grown in temper-
ate climates that have a moderate amount of sunlight.
Life is much more sparse at high latitudes, toward the
North and South Poles, where less solar energy is
available to organisms. These landscapes are populated
mainly by small plants and shrubs, insects, and migrat-
ing animals. Plants cannot live at all on the deep ocean
floor, where no solar energy penetrates. The animals
that live there, such as eels, anglerfish, and squid, get
their energy by feeding on dead organisms that sink
from above. Chemical energy, in the form of sulfides
emitted from deep-ocean vents, supports a plantless
ecosystem that includes sea spiders, 2.4-m (8-foot)
tube worms, and bacteria (FIGURE 5.3).

The laws of thermodynamics
describe how energy behaves

In Chapter 1 we saw that some theories have no
known exceptions. Two theories concerning energy
fall in this category. The laws of thermodynamics are
among the most significant principles in all of science.

First Law of Thermodynamics

Impounded water behind a dam is quiet, still, and
unmoving. It doesn’t seem like it contains a lot of ener-
gy. But in fact that water contains a great deal of poten-
tial energy. If you release that water by opening a gate in
the dam, the water rushes out. The potential energy of
the impounded water becomes the kinetic energy of the
water rushing through the gates of the dam. This is an
illustration of the first law of thermodynamics,
which states that energy is neither created nor destroyed
but it can change from one form to another.

The first law of thermodynamics dictates that you
can’t get something from nothing. When an organism
needs biologically usable energy, it must convert it
from an energy source such as the Sun or food. The
potential energy contained in firewood never goes
away but is transformed into heat energy permeating a
room when the wood is burned in a fireplace.
Sometimes it may be difficult to identity where the
energy is going, but it is always conserved.

Look at FIGURE 5.4, which uses a car to show the
first law in action through a series of energy conver-
sions. Think of the car, including its fuel tank, as a
system. The potential energy of the fuel (gasoline) is
converted into kinetic energy when the battery supplies
a spark in the presence of gasoline and air. The gasoline
combusts, and the resulting gases expand, pushing the
pistons in the engine—converting the chemical energy

(b)

FIGURE 5.3 The role of energy in a natural system. The
amount of energy in a natural system determines which organisms

can live in it. (a) A tropical rainforest such as this one in Costa Rica has
abundant energy available from the Sun and enough moisture for plants
to make use of that energy. (b) Arctic tundra, for example this area in
Denali National Park, Alaska, has much less energy available, so plants
grow more slowly there and do not reach large sizes. (c) The energy
supporting this deep-ocean vent community in the Pacific Ocean comes
from chemicals emitted from the vent. Bacteria convert the chemicals
into forms of energy that other organisms, such as tube worms, can

USe. (a: Steffen Foerster/Shutterstock; b: NancyS/Shutterstock; ¢: Emory Kristof/
National Geographic Stock)

First law of thermodynamics A physical law
which states that energy can neither be created
nor destroyed but can change from one form to
another.
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Energy Input

Potential (chemical)
energy in gasoline

in the gasoline into the kinetic energy of the moving
pistons. Energy is transferred from the pistons to the
drivetrain, and from there to the wheels, which propel
the car. The combustion of gasoline also produces heat,
which dissipates into the environment outside the sys-
tem. The kinetic energy of the moving car is converted
into heat and sound energy as the tires create friction
with the road and the body of the automobile moves
through the air. When the brakes are applied to stop
the car, friction between brake parts releases heat ener-
gy. No energy is ever destroyed in this example, but
chemical energy is converted into motion, heat, and
sound. Notice that some of the energy stays within the
system and some energy, for example the heat from
burning gasoline, leaves the system.

Second Law of Thermodynamics

We have seen how the potential energy of gasoline is
transformed into the kinetic energy of moving pistons
in a car engine. But as Figure 5.4 shows, some of that
energy is converted into a less usable form—in this
case, heat. The heat that is created is called waste heat,
meaning that it is not used to do any useful work. And
it is inevitable—it is a natural law—that any time there
is a conversion of energy from one form to another,
some of that energy will be lost as heat. This is one of
the implications of another very important law: The
second law of thermodynamics tells us that when
energy is transformed, the quantity of energy remains
the same, but its ability to do work diminishes.

Energy Efficiency
To quantify the second law of thermodynamics, we use
the concept of energy efficiency. Energy efficiency is the

Second law of thermodynamics The physical law
stating that when energy is transformed, the quantity
of energy remains the same, but its ability to do work
diminishes.

Energy efficiency The ratio of the amount of energy
expended in the form you want to the total amount of
energy that is introduced into the system.
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q Heat from friction
in engine, tires on

FIGURE 5.4 Conservation of
energy within a system. Ina

car, the potential energy of gasoline is
converted into other forms of energy.
Some of that energy leaves the system,
but all of it is conserved.

Energy Outputs

Useful energy:
Kinetic energy,
which moves car

Waste energy:

road, brakes, etc.

Sound energy
from tires on
road surface

ratio of the amount of energy expended in the desired
form to the total amount of energy that is introduced
into the system. Two machines or engines that perform
the same amount of work, but use different amounts of
energy to do that work, have different energy efficien-
cies. Consider the difference between modern wood-
stoves and traditional open fireplaces. A woodstove that
is 70 percent efficient might use 2 kg of wood to heat a
room to a comfortable 20°C (68°F), whereas a fireplace
that is 10 percent efficient would require 14 kg of wood
to achieve the same temperature—a sevenfold greater
energy input (FIGURE 5.5).

We can also calculate the energy efficiency of trans-
forming one form of energy into other forms of
energy. Let’s consider what happens when we convert
the chemical energy of coal into the electricity that
provides light from a reading lamp and the heat that
the lamp releases. FIGURE 5.6 shows the process.

A modern coal-burning power plant can convert
1 metric ton of coal, containing 24,000 megajoules
(MJ; 1 MJ = 1 million joules) of chemical energy into
about 8,400 MJ of electricity. Since 8,400 is 35 percent
of 24,000, this means that the process of turning coal
into electricity is about 35 percent efficient. The rest
of the energy from the coal—65 percent—is lost as
waste heat.

In the electrical transmission lines between the
power plant and the house, 10 percent of the electrical
energy from the plant is lost as heat and sound, so the
transport of energy away from the plant is about 90
percent efficient. We know that the conversion of
electrical energy into light in an incandescent bulb is 5
percent efficient; again, the rest of the energy is lost as
heat. From beginning to end, we can calculate the
energy efficiency of converting coal into incandescent
lighting by multiplying all the individual efficiencies:

Calculating energy efficiency:

Coal to transport of _, light bulb _  overall
electricity electricity efficiency efficiency
035 X 0.90 X 005 = 0.016

(1.6% efficiency)



(a) Traditional fireplace

(b) Modern woodstove

FIGURE 5.5 Energy efficiency. (a) The energy efficiency of a traditional fireplace is low because so
much heated air can escape through the chimney. (b) A modern woodstove, which can heat a room using much
less wood, is considerably more energy efficient. (a: Sergey Karpov/Shutterstock; b: Andrew Brookes/Corbis)

Energy Quality

Most of us have an intuitive sense about the relative
effectiveness of various energy sources. For example,
we realize that gasoline is a more useful source of
energy than paper. This difference is a function of each
material’s energy quality, the ease with which an
energy source can be used for work. A high-quality
energy source has a convenient, concentrated form so
that it does not take too much energy to move it from
one place to another.

Gasoline, for example, is a high-quality energy
source because its chemical energy is concentrated
(about 44 M]/kg), and because we have technology
that can conveniently transport it from one location
to another. In addition, it is relatively easy to convert
gasoline energy into work and heat. Wood, on the
other hand, is a lower-quality energy source. It has
less than half the energy concentration of gasoline
(about 20 MJ/kg) and is more difficult to use to do

Heat |

Calculation: (35%) x (90%) X (5%) = 1.6% efficiency

work. Imagine using wood to power an automobile.
Clearly, gasoline is a higher-quality energy source
than wood. Energy quality is one important factor
humans must consider when they make energy
choices. Considering that wood has less than half the
energy content of gasoline, could you imagine driv-
ing a car powered by wood? It would not be practical
for many reasons, including its lower energy quality.

Entropy

The second law of thermodynamics also tells us that all
systems move toward randomness rather than toward
order. This randomness in a system, called entropy, is

Energy quality The ease with which an energy
source can be used for work.

Entropy Randomness in a system.

Energy
losses

10%

90%

FIGURE 5.6 The second
law of thermodynamics.
Whenever one form of energy
is transformed into another,
some of that energy is
converted into a less usable
form of energy, such as heat.
In this example, we see that
the conversion of coal into the
light of an incandescent bulb is
only 1.6 percent efficient.

Heat

95%

Light
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FIGURE 5.7 Energy and entropy. Entropy increases in a system unless an input of energy from outside
the system creates order. () In order to reduce the entropy of this messy room, a human must expend energy,
which comes from food. (b) A tornado has increased the entropy of this forest system in Wisconsin. (a: Norm Betts/

Landov; b: AP Photo/The Post Crescent, Dan Powers)

always increasing unless new energy from outside the
system is added to create order.

Think of your bedroom as a system. At the start of
the week, your books may be in the bookcase, your
clothes may be in the dresser, and your shoes may be
lined up in a row in the closet. But what happens if, as
the week goes on, you don’t expend energy to put
your things away (FIGURE 5.7)? Unfortunately, your
books will not spontaneously line up in the bookcase,
your clothes will not fall folded into the dresser, and
your shoes will not pair up and arrange themselves in
the closet. Unless you bring energy into the system to
put things in order, your room will slowly become
more and more disorganized.

The energy you use to pick up your room comes
from the energy stored in food. Food is a relatively
high-quality energy source because the human body
easily converts it into usable energy. The molecules of
food are ordered rather than random. In other words,
food is a low-entropy energy source. Only a small por-
tion of the energy in your digested food is converted
into work, however; the rest becomes body heat,
which may or may not be needed. This waste heat has
a high degree of entropy because heat is the random
movement of molecules. Thus, in using food energy
to power your body to organize your room, you are
decreasing the entropy of the room, but increasing the
entropy in the universe by producing waste body heat.

Another example of the second law can be found in
the observation that energy always flows from hot to
cold. A pot of water will never boil without an input
of energy, but hot water left alone will gradually cool
as its energy dissipates into the surrounding air. This
application of the second law is important in many of
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the global circulation patterns that are powered by the
energy of the Sun.

Matter and energy flow in the
environment

Why do environmental scientists study whole systems
rather than focusing on the individual plants, animals,
or substances within a system? Imagine taking apart
your cell phone and trying to understand how it
works simply by focusing on the microphone. You
wouldn’t get very far. Similarly, it is important for
environmental scientists to look at the whole picture
and not just the individual parts of a system in order
to understand how that system works. With a work-
ing knowledge of how a system functions, we can
predict how changes to any part of the system—for
example, changes in the water level at Mono Lake—
will change the entire system.

Studying systems allows scientists to think about how
matter and energy flow in the environment. In this way,
researchers can learn about the complex relationships
between organisms and the environment. In this section
we will explore system dynamics and changes in systems
across space and over time. In each case we will focus
on how energy and matter flow in the environment.

System Dynamics

As we suggested at the beginning of this chapter, the
Mono Lake ecosystem changes over time. Some years
there is more algae growing in the lake and that feeds
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FIGURE 5.8 Open and closed systems. (a) Earth is an open system with respect to energy. Solar
radiation enters the Earth system, and energy leaves it in the form of heat and reflected light. (b) Earth is
essentially a closed system with respect to matter because very little matter enters or leaves Earth’s system. The

white arrows indicate the cycling of energy and matter.

more brine shrimp. Some years fewer migrating gulls
stop over and feed, removing less matter and energy
from the system, while in other years, more gulls stop
over. These changing parameters describe the system
dynamics of the Mono Lake ecosystem. There are a
number of terms used to describe systems and we will
present some of them in this section.

Open and Closed Systems

Systems can be either open or closed. In an open system,
exchanges of matter or energy occur across system
boundaries. Most systems are open. Even at remote
Mono Lake, water flows in and birds fly to and from the
lake. The ocean is also an open system. Energy from the
Sun enters the ocean, warming the waters and provid-
ing energy to plants and algae. Energy and matter are
transferred from the ocean to the atmosphere as energy
from the Sun evaporates the water, giving rise to mete-
orological events such as tropical storms in which clouds
form and send rain back to the ocean surface. Matter,
such as sediment and nutrients, enters the ocean from
rivers and streams and leaves it through geologic cycles
and other processes.

In a closed system, matter and energy exchanges
do not occur across system boundaries. Closed systems
are less common than open systems. Some underground
cave systems are almost completely closed systems.

As FIGURE 5.8 shows, Earth is an open system with
respect to energy. Solar radiation enters Earth’s atmo-
sphere, and heat and reflected light leave it. But because
of its gravitational field, Earth is essentially a closed sys-
tem with respect to matter. Only an insignificant
amount of material enters or leaves the Earth system. All
important material exchanges occur within the system.

Inputs and Outputs
By now you have seen numerous examples of both
inputs, which are additions to a given system, and

outputs, which are losses from the system. People
who study systems often conduct a systems analysis,
in which they determine inputs, outputs, and changes
in the system under various conditions. For instance,
researchers studying Mono Lake might quantify the
inputs to that system—such as water and salts—and the
outputs—such as water that evaporates from the lake
and brine shrimp removed by migratory birds. Because
no water flows out of the lake, salts are not removed,
and even without the aqueduct, Mono Lake, like
other terminal lakes, would slowly become saltier.

Steady States

In any given period at Mono Lake, the same amount of
water that enters the lake eventually evaporates. In many
cases, the most important aspect of conducting a systems
analysis is determining whether your system is in steady
state—that is, whether inputs equal outputs, so that the
system 1s not changing over time. This information is
particularly useful in the study of environmental science.
For example, it allows us to know whether the amount
of a valuable resource or a harmful pollutant is increas-
ing, decreasing, or staying the same.

Open system A system in which exchanges of
matter or energy occur across system boundaries.

Closed system A system in which matter and
energy exchanges do not occur across boundaries.

Input An addition to a system.
Output A loss from a system.

Systems analysis An analysis to determine inputs,
outputs, and changes in a system under various
conditions.

Steady state A state in which inputs equal outputs,
so that the system is not changing over time.

MODULE 5 Energy, Flows, and Feedbacks 51



The first step in determining whether a system is in
steady state is to measure the amount of matter and
energy within it. If the scale of the system allows, we
can perform these measurements directly. Consider the
leaky bucket shown in FIGURE 5.9. We can measure
the amount of water going into the bucket and the
amount of water flowing out through the holes in the
bottom. However, some properties of systems, such as
the volume of a lake or the size of an insect population,
are difficult to measure directly, so we must calculate
or estimate the amount of energy or matter stored in
the system. We can then use this information to deter-
mine the inputs to and outputs from the system to
determine whether it is in steady state.

Many aspects of natural systems, such as the water
vapor in the global atmosphere, have been in steady
state for at least as long as we have been studying them.
The amount of water that enters the atmosphere by
evaporation from oceans, rivers, and lakes is roughly
equal to the amount that falls from the atmosphere as
precipitation. Until recently, the oceans have also been
in steady state: The amount of water that enters from
rivers and streams has been roughly equal to the
amount that evaporates into the air. One concern
about the effects of global climate change is that some
global systems, such as the system that includes water
balance in the oceans and atmosphere, may no longer
be in steady state.

It’s interesting to note that one part of a system can
be in steady state while another part is not. Before the
Los Angeles Aqueduct was built, the Mono Lake sys-
tem was in steady state with respect to water but not
with respect to salt. The inflow of water equaled the
rate of water evaporation but salt was slowly accumu-
lating, as it does in all terminal lakes.

Feedbacks

Most natural systems are in steady state. Why? A natu-
ral system can respond to changes in its inputs and
outputs. For example, during a period of drought,
evaporation from a lake will be greater than combined
precipitation and stream water flowing into the lake.
Therefore, the lake will begin to dry up. Soon there
will be less surface water available for evaporation, so
the evaporation rate will continue to fall until it
matches the new, lower precipitation rate. When this
happens, the system returns to steady state, and the
lake stops shrinking.

Negative feedback loop A feedback loop in which
a system responds to a change by returning to its
original state, or by decreasing the rate at which the
change is occurring.

Positive feedback loop A feedback loop in which
change in a system is amplified.
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Of course, the opposite is also true. In very wet
periods, the size of the lake will grow, and evaporation
from the expanded surface area will continue to
increase until the system returns to a steady state at
which inputs and outputs are equal.

Adjustments in input or output rates caused by
changes to a system are called feedbacks; the results of a
process feed back into the system to change the rate of
that process. Feedbacks, which can be diagrammed as
loops or cycles, are found throughout the environment.

Feedback can be either negative or positive. In natu-
ral systems, scientists most often observe negative
feedback loops, in which a system responds to a
change by returning to its original state, or by decreasing
the rate at which the change is occurring. FIGURE 5.10a
shows how the negative feedback loop for Mono Lake
works: When water levels drop, there is less lake surface
area, so evaporation decreases. With less evaporation, the
water in the lake slowly returns to its original volume.

Positive feedbacks also occur in the natural world.
Figure 5.10b shows an example of how births in a
population can give rise to a positive feedback loop
in which change in a system is amplified. The more
members of a species that can reproduce, the more
births there will be, creating even more of the species
to give birth, and so on.

Output: 1 L/minute

FIGURE 5.9 A system in steady state. In this leaky bucket,
inputs equal outputs. As a result, there is no change in the total amount
of water in the bucket; the system is in steady state.
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(a) Negative feedback loop

It’s important to note that positive and negative
here do not mean good and bad; instead, positive
feedback amplifies changes, whereas negative feed-
back resists changes. People often talk about the bal-
ance of nature. That balance is the logical result of
systems reaching a state at which negative feedbacks
predominate—although positive feedback loops play
important roles in environmental systems as well.

Environmental scientists are especially concerned
with the extent to which Earth’s temperature is regu-
lated by feedback loops. Understanding the role of
feedback loops in temperature regulation, as well as
the types of feedbacks and their scale, can help us make
better predictions about climatic changes in the com-
ing decades.

In general, warmer temperatures at Earth’s surface
increase the evaporation of water. The additional
water vapor that enters the atmosphere by evaporation
causes two kinds of clouds to form. Low-altitude
clouds reflect sunlight back into space. The result is
less heating of Earth’s surface, less evaporation, and less
warming—a negative feedback loop. High-altitude
clouds, on the other hand, absorb terrestrial energy
that might otherwise have escaped the atmosphere,
leading to higher temperatures near Earth’s surface,
more evaporation of water, and more warming—
a positive feedback loop. In the absence of other factors
that compensate for or balance the warming, this posi-
tive feedback loop will continue making tempera-
tures warmer, driving the system further away from
its starting point. This and other potential positive
feedback loops may play critical roles in climate
change.

The health of many environmental systems
depends on the proper operation of feedback loops.
Sometimes, natural or anthropogenic factors lead to a
breakdown in a negative feedback loop and drive an
environmental system away from its steady state. As
you study the exploitation of natural resources, try to
determine what factors may be disrupting the nega-
tive feedback loops of the systems that provide those
resources.

(b) Positive feedback loop

FIGURE 5.10 Negative and positive
feedback loops. (a) A negative feedback loop
occurs at Mono Lake: When the water level drops,
the lake surface area is reduced and evaporation
decreases. As a result of the decrease in evaporation,
the lake level rises again. (b) Population growth is
an example of positive feedback. As members of a
species reproduce, they create more offspring that
will be able to reproduce in turn, creating a cycle
that increases the population size. The green arrow
indicates the starting point of each cycle.

More
births

Change Across Space and over Time

Differences in environmental conditions affect what
grows or lives in an area, which creates geographic
variation among natural systems. Variations in tem-
perature, precipitation, or soil composition across a
landscape can lead to vastly different numbers and
types of organisms. In Texas, for example, sycamore
trees grow in river valleys where there is plenty of
water available, whereas pine trees dominate mountain
slopes because they can tolerate the cold, dry condi-
tions there. Paying close attention to these natural
variations may help us predict the eftect of any change
in an environment. We know that if the rivers that
support the sycamores in Texas dry up, then the trees
will probably die.

Natural systems are also affected by the passage of
time. Thousands of years ago, when the climate of the
Sahara was much wetter than it is today, it supported
large populations of Nubian farmers and herders. Small
changes in Earth’s orbit relative to the Sun, along with
a series of other factors, led to the disappearance of
monsoon rains in northern Africa. As a result of these
changes, the Sahara—now a desert nearly the size of the
continental United States—became one of Earth’s dri-
est regions (FIGURE 5.11). Other, more dramatic chang-
es have occurred on the planet. In the last few million
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FIGURE 5.11 The Sahara. The Sahara desert was once a lush
grassland that dried up over time. (Rachel Carbonell/Getty Images)
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years, Earth has moved in and out of several ice ages; 70
million years ago, central North America was covered
by a sea; 240 million years ago, Antarctica was warm
enough for 2-meter-long (6.6-foot) salamander-like
amphibians to roam its swamps. Natural systems respond
to such changes in the global environment with migra-
tions and extinctions of species as well as the evolution
of new species.

S

REVIEW

In this module, we have seen that energy is a funda-
mental component of environmental systems and
that there are different forms of energy. The first and
second laws of thermodynamics describe energy be-
havior. Matter and energy flow within and between

Module 5 AP® Review Questions

1. Ifasolar photovoltaic panel produces 1,000 watts of
electrical energy and is active for 12 hours each day,
how many kWh of electricity will be produced in a
week?

(@) 63 kWh

(b) 12kWh

(c) 84kWh

(d) 70 kWh

(e) 7kWh

2. A car traveling down the highway represents

(a) kinetic energy.

(b) electromagnetic radiation.
(c) potential energy.

(d) chemical energy.

(e) entropy.

3. The concept of energy efficiency is used to
quantify
(a) the first law of thermodynamics.
(b) the second law of thermodynamics.
(c) conservation of matter.
(d) energy quality.
(e) the third law of thermodynamics.

Throughout Earth’s history, small natural changes
have had large effects on complex systems, but human
activities have increased both the pace and the inten-
sity of these natural environmental changes, as they did
at Mono Lake. Studying variations in natural systems
over space and time can help scientists learn more
about what to expect from the alterations humans are
making to the world today.

systems and are subject to feedbacks that regulate and
influence the behavior of systems. Natural systems
change, sometimes quickly, sometimes slowly, and
change can be natural or caused by human beings.

4. A terminal lake like Mono Lake is an example of
(a) aclosed system.
(b) an open system with only inputs.
(¢) an open system with only outputs.
(d) an open system with both inputs and outputs.
(e) aclosed system in steady state.

5. Which of the following will be most likely to return
to steady state after a disturbance?
(a) A system with mostly positive feedback loops
(b) A system with mostly negative feedback loops
(¢) A system with the same number of positive and

negative feedback loops

(d) An open system with many inputs and outputs
(e) A closed system

6. Entropy is

(a) energy of a system that is stored in molecular
movement.

(b) the amount of heat in a system.

(c) the lowest level of energy quality.

(d) the ease with which an energy source can be
used for work.

(e) the randomness of a system.
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Managing Environmental Systems in the Florida
Everglades

South Florida’s vast Everglades ecosystem extends over
5,000,000 ha (12,400,000 acres). The region, which in-
cludes the Everglades and Biscayne Bay national parks and
Big Cypress National Preserve, is home to many threat-
ened and endangered bird, mammal, reptile, and plant
species, including the Florida panther (Puma concolor coryi)
and the Florida manatee (Trichechus manatus latirostris). The
400,000 ha (988,000 acre) subtropical wetland area for
which the region is best known has been called a “river
of grass” because a thin sheet of water flows constantly
through it, allowing tall water-tolerant grasses to grow.

A hundred years of rapid human population growth,
and the resulting need for water and farmland, have had
a dramatic impact on the region. Flood control, dams,
irrigation, and the need to provide fresh water to
Floridians have led to a 30 percent decline in water flow
through the Everglades. Much of the water that does
flow through the region is polluted by phosphorus-rich
fertilizer and waste from farms and other sources
upstream. Cattails thrive on the input of phosphorus,
choking out other native plants. The reduction in water
flow and water quality is, by most accounts, destroying
the Everglades. Can we save this natural system while
still providing water to the people who need it?

The response of scientists and policy makers has been
to treat the Everglades as a set of interacting systems and
to manage the inputs and outputs of water and pollut-
ants to those systems. The Comprehensive Everglades
Restoration Plan of 2000 is a systems-based approach to
the region’s problems. It covers 16 counties and 46,600
km? (11,500,000 acres) of South Florida. The plan is
based on three key steps: increasing water flow into the

River of grass. The subtropical wetland portion of the Florida
Everglades has been described as a river of grass because of the tall
water-tolerant grasses that cover its surface. (Philip Lange/Shutterstock)

Everglades, reducing pollutants coming in, and devel-
oping strategies for dealing with future problems.

The first step—increasing water flow—will counteract
some of the effects of decades of drainage by local com-
munities. Its goal is to provide enough water to support
the Everglades’ aquatic and marsh organisms. The plan
calls for restoring natural water flow as well as natural
hydroperiods (seasonal increases and decreases in water
flow). Its strategies include removal of over 390 km (240
miles) of inland levees, canals, and water control struc-
tures that have blocked this natural water movement.

Water conservation will also be a crucial part of
reaching this goal. New water storage facilities and
restored wetlands will capture and store water during
rainy seasons for use during dry seasons, redirecting
much of the 6.4 billion liters (1.7 billion gallons) of fresh
water that currently flow to the ocean every day. About
80 percent of this fresh water will be redistributed back
into the ecosystem via wetlands and aquifers. The
remaining water will be used by cities and farms. The
federal and state governments also hope to purchase
nearby irrigated cropland and return it to a more natural
state. In 2009, for example, the state of Florida pur-
chased 29,000 ha (71,700 acres) of land from the United
States Sugar Corporation, the first of a number of actions
that will allow engineers to restore the natural flow of
water from Lake Okeechobee into the Everglades.
Florida is currently negotiating to purchase even more
land from United States Sugar. In 2013, pilot projects for
water storage in Lake Okeechobee were underway.

To achieve the second goal—reducing water
pollution—Ilocal authorities will improve waste treat-
ment facilities and place restrictions on the use of
agricultural chemicals. Marshlands are particularly
effective at absorbing nutrients and breaking down
toxins. Landscape engineers have designed and built
more than 21,000 ha (52,000 acres) of artificial marsh-
es upstream of the Everglades to help clean water
before it reaches Everglades National Park. Although
not all of the region has seen water quality improve-
ments, phosphorus concentrations in runoff from
farms south of Lake Okeechobee are lower, meaning
that fewer pollutants are reaching the Everglades.

The third goal—to plan for addressing future
problems—requires an adaptive management plan:

Adaptive management plan A plan that provides
flexibility so that managers can modify it as changes
occur.




a strategy that provides flexibility so that managers
can modify it as future changes occur. Adaptive man-
agement 1s an answer to scientific uncertainty. In a
highly complex system such as the Everglades, any
changes, however well intentioned, may have unex-
pected consequences. Management strategies must
adapt to the actual results of the restoration plan as they
occur. In addition, an adaptive management plan can
be changed to meet new challenges as they come. One
such challenge is global warming. As the climate
warms, glaciers melt and sea levels rise, so much of the
Everglades could be inundated by seawater, which
would destroy freshwater habitat. Adaptive manage-
ment essentially means paying attention to what works
and adjusting methods accordingly. The Everglades
restoration plan will be adjusted along the way to take
the results of ongoing observations into account, and
it has put formal mechanisms in place to ensure that
this will occur.

The Everglades plan has its critics. Some people are
concerned that control of water flow and pollution
will restrict the use of private property and affect eco-
nomic development, possibly even harming the local
economy. Yet other critics fear that the restoration
project is underfunded or moving too slowly, and that
current farming practices in the region are inconsistent
with the goal of restoration.

In spite of its critics, the Everglades restoration plan
is, historically speaking, a milestone project, not least
because it is based on the concept that the environ-
ment is made up of interacting systems.

Critical Thinking Questions

1.  Why are the Florida Everglades environmentally
significant?

2. How does your understanding of the Florida Ever-
glades change when you think of the Everglades as
a set of interacting systems?

3.  What are some adaptive management strategies
utilized in the Florida Everglades?

REVIEW

Throughout this chapter, we have examined environ-
mental systems. Earth is one large interconnected sys-
tem. Components of the system follow basic principles
of chemistry and biology. Energy is an important com-
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The Florida Everglades Ecosystem. This map shows the
locations of Lake Okeechobee and the broader Everglades ecosystem,
which includes Everglades and Biscayne Bay national parks and Big
Cypress National Preserve.
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| Key Terms

Matter

Mass

Atom

Element
Periodic table
Molecule
Compound
Atomic number
Mass number
Isotopes
Radioactive decay
Half-life
Covalent bond
Ionic bond
Hydrogen bond
Polar molecule
Surface tension
Capillary action

Acid

Base

pH

Chemical reaction

Law of conservation of matter
Inorganic compound
Organic compound
Carbohydrate

Protein

Nucleic acid

DNA (deoxyribonucleic acid)
RNA (ribonucleic acid)
Lipid

Cell

Energy

Electromagnetic radiation
Photon

Potential energy

Learning Objectives Revisited

Kinetic energy

Chemical energy

Joule ()

Power

Temperature

First law of thermodynamics
Second law of thermodynamics
Energy efficiency

Energy quality

Entropy

Open system

Closed system

Input

Output

Systems analysis

Steady state

Negative feedback loop
Positive feedback loop

Module 4 Systems and Matter

Module 5 Energy, Flows, and

* Describe how matter comprises atoms and

molecules that move among different
systems.

Matter is composed of atoms, which are made up
of protons, neutrons, and electrons. Atoms and
molecules can interact in chemical reactions in
which the bonds between particular atoms may
change.

Explain why water is an important
component of most environmental systems.
Water facilitates the transfer of chemical elements
and compounds from one system to another. The
molecular structure of water gives it unique proper-
ties that support the conditions necessary for life on
Earth. These properties are essential to physiologi-
cal functioning of plants and animals and the move-
ment of elements through systems.

Discuss how matter is conserved in chemical
and biological systems.

Matter cannot be created or destroyed, but its form
can be changed within chemical and biological
systems. This is part of the reason we cannot easily
dispose of certain chemical compounds, such as
hazardous materials.

Feedbacks

* Distinguish among various forms of energy

and understand how they are measured.

Energy can take various forms, including energy
that is stored (potential energy) and the energy of
motion (kinetic energy). Joules and calories are two
important energy units.

Discuss the first and second laws of
thermodynamics and explain how they
influence environmental systems.

The first law of thermodynamics states that energy
cannot be created or destroyed, but it can be con-
verted from one form into another. The second law
of thermodynamics states that in any conversion of
energy, some energy is converted into unusable
waste energy, and the entropy of the universe is
increased. The quantities and forms of energy pres-
ent in various systems influence the types of organ-
isms in those systems.

* Explain how scientists keep track of energy

and matter inputs, outputs, and changes to
environmental systems.

Systems can be open or closed to exchanges of matter,
energy, or both. A systems analysis determines what
goes into, what comes out of, and what has changed
within a given system. Environmental scientists use
systems analysis to calculate inputs to and outputs from
a system and its rate of change. If there is no overall
change, the system is in steady state. Changes in one
input or output can affect the entire system.
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Section 1: Multiple-Choice Questions

Choose the best answer for questions 1—14

1.

58

Which statement about atoms and molecules is

correct?

(a) The mass number of an element is always less
than its atomic number.

(b) Isotopes are the result of varying numbers of
neutrons in atoms of the same element.

(c) Ionic bonds involve electrons while covalent
bonds involve protons.

(d) Inorganic compounds never contain the element
carbon.

(e) Protonsand electrons have roughly the same
mass.

‘Which of the following does NOT demonstrate the
law of conservation of matter?

(@) CH;+20,—> CO,+2H,0

(b) NaOH + HCI — NaCl + H,O

(c) 2NO, + H,O - HNO; + HNO,

(d) PbO + C — 2Pb + CO,

(e) C¢HpO4 + 6 O, = 6 CO, + 6 H,O

Pure water has a pH of 7 because

(a) its surface tension equally attracts acids and bases.

(b) its polarity results in a molecule with a positive
and a negative end.

(c) 1its ability to dissolve carbon dioxide adjusts its
natural pH.

(d) its capillary action attracts it to the surfaces of
solid substances.

(e) its H concentration is equal to its OH~
concentration.

‘Which of the following is NOT a type of organic
biological molecule?

(a) Lipids

b) Carbohydrates

Salts

Nucleic acids

Proteins

g

(

(

(

(e

A wooden log that weighs 1.00 kg is placed in a

fireplace. Once lit, it is allowed to burn until there are

only traces of ash, weighing 0.04 kg, left. Which of

the following best describes the flow of energy?

(a) The potential energy of the wooden log was
converted into the kinetic energy of heat and light.

(b) The kinetic energy of the wooden log was
converted into 0.04 kg of ash.

(c) The potential energy of the wooden log was
converted into 1.00 J of heat.

(d) Since the ash weighs less than the wooden log,
matter was converted directly into energy.

(e) The burning of the 1.00 kg wooden log
produced 0.96 kg of gases and 0.04 kg of ash.

CHAPTER 2 Environmental Systems

6.

10.

Consider a power plant that uses natural gas as a fuel
to generate electricity. If there are 10,000 J of
chemical energy contained in a specified amount of
natural gas, then the amount of electricity that could
be produced would be

(a) greater than 10,000 J because electricity has a
higher energy quality than natural gas.

(b) something less than 10,000 J, depending on the
efficiency of the generator.

(c) greater than 10,000 J when energy demands are
highest; less than 10,000 ] when energy demands
are lowest.

(d) greater than 10,000 J because of the positive
feedback loop of waste heat.

(e) equal to 10,000 J because energy cannot be
created or destroyed.

A lake that has been affected by acid rain has a pH of
4. How many more times acidic is the lake water than
seawater? (See Figure 4.7 on page 39.)

(@ 4 (d 1,000
Eb)) 180 ) 10,000
C

An automobile with an internal combustion engine
converts the potential energy of gasoline (44 M]/kg)
into the kinetic energy of the moving pistons. If the
average internal combustion engine is 10 percent
efficient and 1 kg of gasoline is combusted, how
much potential energy is converted into energy to
run the pistons?

(a) 39.6 MJ

(b) 20.0 MJ

(c) 4.4M]

(d) Depends on the capacity of the gas tank

e)

(e) Depends on the size of the engine

If the average adult woman consumes approximately
2,000 kcal per day, how long would she need to run
in order to utilize 25 percent of her caloric intake,
given that the energy requirement for running is
42,000 J per minute?

(a) 200 minutes (d) 0.05 minutes

(b) 50 minutes (e) 0.012 minutes
(¢) 5 minutes

The National Hurricane Center studies the origins

and intensities of hurricanes over the Atlantic and

Pacific oceans and attempts to forecast their tracks,

predict where they will make landfall, and assess what

damage will result. Its systems analysis involves

(a) changes within a closed system.

(b) inputs and outputs within a closed system.

(c) outputs only within an open system.

(d) inputs from a closed system and outputs in an
open system.

(e) 1inputs, outputs, and changes within an open
system.



11. Based on the graph below, which of the following is
the best interpretation of the data?

CO, (parts per million)

12.

400
390
380
370
360
350
340
330
320
310

Atmospheric carbon dioxide
measured at Mauna Loa, Hawaii

Annual cycle
T T T

[
Jan Apr Jul Oct Jan

T T T T
1980 1990 2000 2010

Year

T T
1960 1970

The atmospheric carbon dioxide concentration
is in steady state.

The output of carbon dioxide from the
atmosphere is greater than the input into the
atmosphere.

The atmospheric carbon dioxide concentration
appears to be decreasing.

The input of carbon dioxide into the
atmosphere is greater than the output from the
atmosphere.

The atmospheric carbon dioxide concentration
will level off due to the annual cycle.

Study the diagram below and select the concept it

represents.
Temperature
+
+
° Permafrost
thaw

Carbon dioxide
and methane
released into
atmosphere

13.

14.
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(e)

A negative feedback loop, because melting of
permafrost has a negative effect on the
environment by increasing the amounts of
carbon dioxide and methane in the atmosphere.
A closed system, because only the concentrations
of carbon dioxide and methane in the
atmosphere contribute to the permafrost thaw.
A positive feedback loop, because more carbon
dioxide and methane in the atmosphere result in
greater permafrost thaw, which releases more
carbon dioxide and methane into the atmosphere.
An open system that resists change and regulates
global temperatures.

Steady state, because inputs and outputs are equal.

Which of the following would represent a system in
steady state?

L.

IIL.

I1I.

=

a

(

(b
(c
(
(

~

)

©

~

The birth of chameleons on the island of
Madagascar equals their death rate.

Evaporation from a lake is greater than
precipitation and runoft flowing into the lake.
The steady flow of the Colorado River results

in more erosion than deposition of rock particles.

I only
I only
IIT only
[ and II
I and III

Which of the following statements about the
Comprehensive Everglades Restoration Plan is NOT
correct?

()

(b)

Human and natural systems interact because
feedback loops lead to adaptations and changes
in both systems.

Water conservation will alter land uses and
restore populations of aquatic and marsh
organisms.

Improvements in waste treatment facilities and
restrictions on agricultural chemicals will reduce
the nutrients and toxins in the water that reaches
the Everglades.

Adaptive management will allow for the
modification of strategies as changes occur in
this complex system.

The Florida Everglades is a closed system that
includes positive and negative feedback loops
and is regulated as such.
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Section 2: Free-Response Questions

Weite your answer to each part clearly. Support your

answers with relevant information and examples. Where

calculations are required, show your work.

U.S. wheat farmers produce, on average, 3,000 kg of
wheat per hectare. Farmers who plant wheat year
after year on the same fields must add fertilizers to
replace the nutrients removed by the harvested
wheat. Consider a wheat farm as an open system.

1.

60

The atomic number of uranium-235 is 92, its half-life
is 704 million years, and the radioactive decay of 1 kg
of U releases 6.7 X 10" J. Radioactive material
must be stored in a safe container or buried deep
underground until its radiation output drops to a safe

level. Generally, it is considered “‘safe” after 10 half-lives.

(a)

(b)
(©)

CHAPTER 2

Assume that a nuclear power plant can convert
energy from **U into electricity with an
efficiency of 35 percent, the electrical
transmission lines operate at 90 percent
efficiency, and fluorescent lights operate at 22
percent efficiency.

(i)  Whatis the overall efficiency of converting
the energy of *°U into fluorescent light?
(2 points)

(i) How much energy from 1 kg of *°U is
converted into fluorescent light?

(2 points)

(1) Name one way in which you could
improve the overall efficiency of this
system. Explain how your suggestion
would improve efficiency. (2 points)

‘What are the first and second laws of’

thermodynamics? (2 points)

How long would it take for the radiation from a

sample of *°U to reach a safe level? (2 points)

Environmental Systems

(a)
(b)

Identify two inputs and two outputs of this
system. (4 points)

Using one input to one output from (a), diagram
and explain one positive feedback loop.

(2 points)

Identify two adaptive management strategies
that could be employed if a drought occurred.
(2 points)

‘Wheat contains about 2.5 kcal per gram, and the
average U.S. male consumes 2,500 kcal per day.
How many hectares of wheat are needed to
support one average U.S. male for a year,
assuming that 30 percent of his caloric intake 1s
from wheat? (2 points)
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Section 1: Multiple-Choice Questions

Choose the best answer for questions 1=20.

1.

Which best describes how humans have altered
natural systems?

[.  Overhunted many large mammals to extinction.
II. Created habitat for species to thrive.

III. Emitted greenhouse gases.

(a) Ionly (d) TandIII only
(b) TIandII only (e) L 1II,and III
(c) IIandIII only

Which does NOT describe a benefit of biodiversity?

(a) Genetic biodiversity improves the ability of a
population to cope with environmental change.

(b) Ecosystems with higher species diversity are
more productive.

(c) Species serve as environmental indicators of
global-scale problems.

(d) Speciation reduces natural rates of species
extinction.

() Humans rely on ecological interactions among
species to produce ecosystem services.

‘Which of the following is NOT a consequence of
human population growth?

(a) Depletion of natural resources

b) Background extinction

Emission of greenhouse gases

Rise in sea level

Reduction in per capita food supply

el

(
(
(
(e
An example of sustainable development is

(a) harvesting enough crops to provide the basic
needs of all humans.

(b) increasing the price of vegetables.
(c) reducing the use of all major modes of

transportation.

(d) creating renewable sources of construction
material.

(e) enforcing laws that stop future development of
cities.

The ecological footprint of a human is

(a) ameasure of how much a human consumes,
expressed in joules.

(b) ameasure of human consumption, expressed in
area of land.

(c) ameasure of biodiversity loss stemming from
industrial processes.

(d) ameasure of plant biomass removed by a farmer.

(¢) ameasurement calculated through statistical
methods.

6. The greatest value of the scientific method is best

stated as:

(a) The scientific method permits researchers a
rapid method of disseminating findings.

(b) The scientific method removes bias from
observation of natural phenomenon.

(c) The scientific method allows findings to be
reproduced and tested.

(d) The scientific method promotes sustainable
development.

(e) The scientific method reduces the complexity of
experimental results.

7. Researchers conducted an experiment to test the
hypothesis that the use of fertilizer near wetlands is
associated with increased growth of algae. An
appropriate null hypothesis would be:

(a) The use of fertilizer near wetlands is associated
with an increase in fish biomass.

(b) Growth of algae in wetlands is never associated
with increased fertilizer use.

(c) Application of fertilizers near wetlands is always
associated with increased growth of algae.

(d) Fertilizer use near wetlands has no association
with growth of algae.

(e) Fertilizer use near wetlands leads to increased
growth of algae as a result of elevated nutrient
concentrations.

Questions 8 and 9 refer to the following experiment:

Researchers designed an experiment to test the hypothe-
sis that air pollution positively correlates with the number
of asthma-related problems among humans.To test this
hypothesis, they compared medical records obtained from
large hospitals in 10 major U. S. cities.

8. This experiment is an example of a
a) controlled study.

b) manipulative experiment.

c) laboratory experiment.
replication.

natural experiment.

~

d

©

(
(
(
(
(

— =

9. Results of the study indicated that cities with more air
pollution had a higher number of patients with asthma.
The most appropriate conclusion from this study is that
(a) air pollution causes asthma in humans.

(b) air pollution is a cause of asthma in humans.

(c) air pollution is associated with asthma in humans.
(d) there is no association between air pollution and
asthma in humans.

(e) confounding variables make the results difficult
to interpret.
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10.

11.

12.

13.

14.

15.

62

Which of the following constitutes baseline data on

the effects of humans on natural ecosystems?

(a) Concentrations of atmospheric CO, before

humans existed

Current rates of species extinction

(c) Global rate of freshwater consumption from
1900 to 2010

(d) Current rate of human population growth

(e) Average plant productivity on a remote island
uninhabited by humans

(b)

Q“v

During radioactive decay

I. there is a release of material from the nucleus of
unstable isotopes.

II. there is a change in the half-life of an element.

III. an element is changed into a different element.
(a) Tonly

(b) II only

(c) TandII only

(d) TandIII only

(e) LII,andIII

Which of the following statements about hydrogen

bonding of water is NOT correct?

(a) The positive charge of the hydrogen atom

results from a covalent bond of hydrogen with

oxygen.

Hydrogen atoms are strongly bonded to other

hydrogen atoms.

(c) Hydrogen atoms in one molecule are weakly

bonded to oxygen atoms in other molecules.

Polarity causes weak attraction between

molecules.

(e) Hydrogen bonding causes atoms to align in a
crystal structure at cold temperatures.

The upward movement of water through soil is an
example of

(a) capillary action.

b) ionic bonding.

covalent bonding.

surface tension.

evapotranspiration.

cess

(
(
(
(e
Which list contains only organic material?

) Proteins, lipids, salts

) Dead trees, decomposing leaves, earthworms
) Water, ash, CO, gas

d) Cellulose, ethanol, calcium chloride

e) NH;,NaOH,NO,"

(a
(b
(c
(
(

A grasshopper can extract energy from ingested food
at an efficiency of 10 percent. If the insect consumes
10 Calories of food and uses the food’s energy during
1 minute, how much energy did it exert per second?
@ 70]

b) 700]
c) 7,000]
d) 10,000 calories

(
(
(
(€) 10kWh
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16.

17.

For

Temperature may be best described as

(a) ameasure of the average potential energy of a
substance.

a measure of the average chemical energy of a
substance.

(c) ameasure of the average energy efficiency of a
chemical reaction.

a measure of the capacity for potential energy to
be converted into kinetic energy.

a measure of the average kinetic energy of a
substance.

When the seed pods of a pea plant dry in the sun,
the skin of the pods exert inward pressure on the
encased seeds. This provides the seeds with potential
energy that is converted to kinetic energy when the
pod is ruptured and the seeds shoot far distances. A
researcher claims that the seed’s potential energy is
converted to kinetic energy with 100 percent
efficiency. This result would violate

(a) the law of conservation of matter.

(b) the law of conservation of energy.

(c) the first law of thermodynamics.

(d) the second law of thermodynamics.

(e) the law of energy quality.

ELZ

©

questions 18 and 19, refer to the following table

that documents the material inputs and outputs to a
100-m sectio n of forest stream

Type of Headwater Downstream
matter inputs outputs
Leaf litter 250 g/m? 100 g/m?
Woody debris 100 g/m? 90 g/m?
Dead insects 1 g/m? 0.5 g /m?
Stream sediment 10 g/m? 3.5 g/m>
Fish 30 g/m> 150 g/m?
Insects 5g/m? 52 g/m?
18. Which of the following terms apply to the overall

19.

flow of organic material in this stream?
I. A system with open boundaries
II. Steady-state system

III. Closed ecosystem
(a) Ionly

(b) 1II only

(c) III only

(d) TandII

(e) IMMandIII

When leaf litter inputs to the stream decrease, the
amount of fish and insect biomass leaving the
downstream section decreases by a similar amount.
This represents

(a) anegative feedback loop.

b) conservation of potential energy.

a positive feedback loop.

a decrease in entropy.

a positive feedback loop and an increase in entropy.

=

o
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20. The reaction of sodium hydroxide, NaOH, and
hydrochloric acid, HCI, results in the following
reaction: NaOH + HCI — NaCl + H,O.
This product represents
(a) anacidic product.

a basic product.

a pH-neutral product.

<2 &

(b

(c

(d
compound.

(e) the loss of matter.

Section 2: Free-Response Questions

Werite your answer to each part clearly. Support your

answers with relevant information and examples. Where

calculations are required, show your work.

1. The planned development site of a residential
neighborhood includes 4 km? of forest habitat and
5,000 m? of stream habitat. Engineers plan to clear-
cut the forest and construct a culvert that will bury
the stream underground. To mitigate the loss of
natural habitat, the developers will construct a
0.75 km? wetland at the outlet of the culvert.

(a) Calculate the hectares of natural habitat that
will be lost as result of this development.
(3 points)

(b) Describe two ecosystem services that will be lost

as a result of burying the stream and two
ecosystem services that will be gained by
construction of the wetland. (3 points)

(c) Using water quality as an environmental
indicator, design a natural experiment that
could test the impacts of this residential

development. In your answer, include and label:

(i) A testable hypothesis. (1 point)

(i) The data to be collected.
(1 point)

(i11) A description of the experimental
procedure. (1 point)

(iv) A description of the results that would
validate your hypothesis. (1 point)

) the formation of both an inorganic and organic

2. Approximately 72 billion liters of milk are produced

each year in the United States, from 8 million cows.

On average, a single cow consumes 13,500 kg of corn

feed each year. It requires 40 MJ to produce a kilogram

of corn feed, which contains 20 MJ of energy. There
are 15 M]J of energy in a single liter of milk.

(a) Calculate the energy efficiency of growing corn
and converting it into milk. (4 points)

(b) Describe two processes that reduce efficiency of
milk production. Consider the entire process of
milk production from the growth of cattle feed
to the collection of milk. (2 points)

(c) To increase the energy efficiency of milk
production farmers can harvest the fecal waste
(manure) from cows and use the gas it produces
as a source of energy.

(1)  What is the main chemical in gas produced
by cow manure that can be used as a source
of energy? (1 point)

(i) At the molecular level, how is energy
derived from this compound? (1 point)

(1) If 10 percent of the food energy not used
by cows could be captured as chemical en-
ergy from gas released by manure, what
would be the energy efficiency of convert-
ing corn into milk? (2 points)
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What Happened to the Missing Salt”?

At the beginning of the twentieth century, the City of
Los Angeles needed more water for its inhabitants. As
we saw at the beginning of Chapter 2, in 1913 the city
designed a plan to redirect water away from Mono Lake
in California. Before the Los Angeles Aqueduct was
built, approximately 120 billion liters of stream water
(31 billion gallons) flowed into Mono Lake in an aver-
age year. The City of Los Angeles altered the water
balance of Mono Lake and at the same time caused a
series of changes to the Mono Lake system that led to
an increase in the salt concentration in Mono Lake.

To understand the problems at Mono Lake, ecosys-
tem scientists had to examine water and chemical
flows in natural waterways. Looking at the water and
salt budgets of Mono Lake gave rise to observations,
conclusions, and new studies on how human activities
influence lakes. In a way, the City of Los Angeles con-
ducted an experiment of what happens if you stop the
flow of water into a terminal lake.

What is a terminal lake?

Mono Lake is a terminal lake because it is at the lowest
point of the landscape: Water flows into the lake from
rivers and streams and from precipitation, but does not
flow out. However, in a typical year before Los Angeles
began diverting water, the water level did not rise or fall
at Mono Lake. The water exiting a terminal lake must
balance with the water entering. If it does not, the lake
will eventually either dry out or overtlow its banks. But
if the water level stays constant, and since Mono Lake is
a terminal lake with no surface exits for liquid water,
how is the water in balance? Mono Lake provides an
excellent lesson in the mass balance of water: If the size
of the pool does not change, then outputs must equal
inputs. In this case, roughly the same amount of water
that enters the lake must leave the lake. The only way
this is possible is through evaporation. The input of
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water from streams must be equal to the output of water
through evaporation.

How did the salt balance change
at Mono Lake?

Although we can make the assumption that the water
in Mono Lake is in steady state in a typical year, the
salt balance in the lake is not. By applying some of the
principles we have learned in the first two chapters, we
can make observations and draw conclusions about
what has probably happened at Mono Lake. The
stream water that entered Mono Lake contained salt,
as all natural waters do. The salt content of this water
flowing into Mono Lake varied, but a typical liter of
lake water averaged 50 mg of salt. Note that 50 mg/L
is equivalent to 50 parts per million.

To calculate the total amount of salt that entered
Mono Lake each year, we can multiply the concentra-
tion of salt, 50 mg per liter of water, by the number of
liters of water flowing into the lake, before it was divert-
ed by the City of Los Angeles: 120 billion liters per year:

50 mg/L salt X 120 billion L/year = 6 trillion
mg salt/year
1 million kg .
————— = 6 million
kg salt/year

6 trillion mg salt/year X —
1 trillion mg

This is the annual input of salt by weight to Mono Lake.
The lake today contains about 285 billion kilograms
of dissolved salt, based on measurements and estimates
conducted recently.

At the yearly rate of salt input we have just calculated,
how long would it take to accumulate that much salt,
starting with no salt in the lake? We have just deter-
mined that the salt concentration of Mono Lake increas-
es by 6 million kilograms per year. Mono Lake contains



approximately 285 billion kilograms of dissolved salts
today, so at the rate of stream flow before the diversion,
it would have taken about 47,500 years to accumulate
that much salt:

285 billion kg + 6 million kg/year = 47,500 years

Does our calculation agree with the salt
in Mono Lake?
Earth scientists believe that no water has flowed out of
the Mono Lake basin since it was formed about
120,000 years ago. Assuming that Earth’s climate hasn’t
changed significantly over that time and that water
inputs to Mono Lake have not changed drastically over
that time period, what can we calculate about how
much salt should be in the water of Mono Lake?

At today’s input rate, how much salt should be in
the water of Mono Lake today?

6 million kg/year X 120,000 years = 720 billion kg
of dissolved salt

versus 285 billion kg estimated recently.

The calculated salt contents do not match. How can
we explain the discrepancy?

The lake’s towering tufa formations, prominently
featured in the photograph at the beginning of
Chapter 2, hold the answer: Many of the salts that
entered Mono Lake over time (including calcium,
sodium, and magnesium) have precipitated—that is,
solidified—out of the water to form the tufa rock. In this
way, the salts have been removed from the water, but
not from the Mono Lake system as a whole. Our analy-
sis of salts in Mono Lake is complete when we account
for the salts removed from the lake as tufa. FIGURE SA1.1
summarizes these inputs to and outputs from the Mono
Lake system. And they show us how we can apply envi-
ronmental science to learn about natural processes in
systems, and understand how humans impact natural
systems, in this case by diverting water (FIGURE SA1.2).

Evaporation
of water
(leaving salts
behind)

Input:
Stream water
and dissolved

Dissolved salts

FIGURE SA1.1 The Mono Lake System. In this terminal lake
system, inputs are from stream water while outputs are evaporated
water only. All salts remain in the lake.

FIGURE SA1.2 Research at Mono Lake. This photo shows a
scientist collecting a water sample at Mono Lake. (Henry Bortman/NASA)

Questions

1. How did Los Angeles inadvertently conduct an
experiment at Mono Lake?

2. What chemical principle causes terminal lakes to
become more salty?

3. What is the reason for the discrepancy between the
two calculations of salt content in Mono Lake?

Free-Response Question

Water that flows into Mono Lake contains a much
smaller concentration of salt than the water already in
the lake. This inflow tends to stratify, or float on top
of existing water, because fresh water is less dense that
salt water. As salt from the lower layer dissolves into
the upper layer, nutrients from the bottom of the lake
also rise to the surface. This exchange of nutrients is
critical for the growth of algae in the surface waters.
Recent research suggests that the reduction of water
diversion from Mono Lake had unexpected results:

In 1995, the reduction of stream diversions from
Mono Lake, combined with greater than average
quantities of fresh water from snowmelt runoff,
led to a rapid rise in water level. The large volume
of fresh water from streams led to a long-term
stratification of the lake, with fresh water on the
surface and salt water on the bottom. Relative to
baseline data taken before the initial stream diver-
sions, stratification has severely reduced the rate at
which nutrients rise from the bottom of the lake.
Long-term projections based on mathematical
models suggest that the current degree of stratifi-
cation will persist for decades.

(a) List three potential consequences of reduced lake
mixing. (3 points)

(b) Describe two adaptive management strategies
that could reduce lake stratification in Mono
Lake. (3 points)

() Whatis the chemical property of water that
allows salt to dissolve? (2 points)

(d) Why would the mixing of salt water with fresh
water be considered an example of increased
entropy? (2 points)
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The boundary between the Dominican Republic,
on the left, and Haiti, on the right, shows
massive deforestation in Haiti which has

disrupted natural cycles in the ecosystem. (James P
Blair/National Geographic/Getty Images)




Ecosystem Ecology

Module 6 The Movement of Energy
Module 7 The Movement of Matter

Module 8 Responses to Disturbances

Reversing the Deforestation of Haiti

Even before the devastating earthquake
of 2010, life in Haiti was hard. On the
streets of the capital city, Port-au-
Prince, people would line up to buy
charcoal to cook their meals. According
to the United Nations, 76 percent of
Haitians lived on less than $2.00 a
day. Because other forms of cooking
fuel, including oil and propane, were
too expensive, people turned to the
forests, cutting trees to make char-
coal from firewood.

Relying on charcoal for fuel has
had a serious impact on the forests
of Haiti. In 1923, 60 percent of this
mountainous country was covered in
forest. However, as the population grew
and demand for charcoal increased, the
amount of forest shrunk. By 2012, with
more than 9 million people living in this
small nation, less than 2 percent of its
land remained forested. Today, most

trees in Haiti are cut before they grow to
more than a few centimeters in diame-
ter. This rate of deforestation is not sus-
tainable for the people or for the forest.
Deforestation disrupts the ecosys-
tem services that living trees provide. In

By 2012, with more than

9 million people living in this
small nation, less than

2 percent of its land
remained forested.

Chapter 1 we saw how events on Easter
Island demonstrated some of the con-
sequences of subjecting land to mas-
sive deforestation. When Haitian forests
are clear-cut, the land becomes much
more susceptible to erosion. When

trees are cut, their roots die and can no

longer stabilize the soil. Without roots to

anchor it, the soil is eroded away by the

heavy rains of tropical storms and hur-

ricanes. Unimpeded by vegetation, the

rainwater runs quickly down the moun-
tainsides, dislodging the topsoil that
is so important for forest growth. In
addition, this oversaturation of the
soil causes massive mudslides that
can destroy entire villages.

But the news from Haiti is not all
bad. Since the 1980s, the U.S. Agency
for International Development, in co-
operation with other groups, has pro-
vided funds to plant 60 million trees in

Haiti. Unfortunately, simply planting trees
is not enough; the local people can'’t af-
ford to let trees grow when they are in
desperate need of firewood
and charcoal. One solution has been to
plant mango trees (Mangifera indica).
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Because a mature mango tree can pro-
vide $70 to $150 worth of mangoes an-
nually, this value provides an economic
incentive to let the trees grow to matu-
rity. The deforestation problem is also
being addressed through efforts to de-
velop alternative fuel sources, such as
discarded paper that is processed into
dried cakes that can be burned. In
2013, the president of Haiti announced
a new program to plant 50 million trees
every year, with the goal of moving the
country from the current 2 percent for-

est cover to 29 percent forest cover
50 years from now.

Extensive forest removal is a prob-
lem in many developing nations.
Widespread removal of trees on
mountains causes rapid soil erosion
and substantial disruptions of the
natural cycles of water and soil nutri-
ents. This leads to long-term degra-
dation of the environment. The re-
sults not only illustrate the connect-
edness of ecological systems, but
also show how forest ecosystems,

like all ecosystems, can be influ-
enced by human decisions.

Sources:

“Haitians seek remedies for environmental
ruin,” National Public Radio, July 15, 2009,
http://www.npr.org/templates/story/story
.php?storyld=104684950; “Haiti to plant
millions of trees to boost forests and help
tackle poverty,” The Guardian, March 28,
2013, http://www.theguardian.com
/world/2013/mar/28/haiti-plant-millions
-trees-deforestation.

he story of deforestation in Haiti reminds us that all the components of an ecosys-

tem are interrelated. As we noted in Chapter 1, an ecosystem is a particular loca-

tion on Earth distinguished by its particular mix of interacting biotic and abiotic

components. A forest, for example, contains many interacting biotic components, such

as trees, wildflowers, birds, mammals, insects, fungi, and bacteria, that are quite distinct

from those found in a grassland. Ecosystems also have abiotic components such as

sunlight, temperature, soil, water, pH, and nutrients. The abiotic components of the eco-

system help determine which organisms can live there. In this chapter, we will see that

ecosystems control the movement of the energy, water, and nutrients organisms must

have to grow and reproduce. Understanding the processes that determine these move-

ments is the goal of ecosystem ecology.
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The Movement of Energy

To understand how an ecosystem functions and the relationship of its
biotic and abiotic components, we must first study how energy moves
through the ecosystem. In this module we will examine how we
delineate ecosystems so that we can examine the movement of
energy. We will then consider how photosynthesis and respiration
capture and release energy. Finally, we will look at how energy moves
through the different components of the ecosystem.

Learning Objectives

After reading this module you should be able to

e explain the concept of ecosystem boundaries.

quantify ecosystem productivity.

describe the processes of photosynthesis and respiration.
distinguish among the trophic levels that exist in food chains and food webs.

e explain energy transfer efficiency and trophic pyramids.

Ecosystem boundaries are not
clearly defined

The characteristics of any given ecosystem are highly
dependent on the climate that exists in that location on
Earth. For example, ecosystems in the dry desert of
Death Valley, California, where temperatures may
reach 50°C (120°F), are very different from those on the
continent of Antarctica, where temperatures may drop
as low as —85°C (—120°F). Similarly, water can range
from being immeasurable in deserts to being the defin-
ing feature of the ecosystem in lakes and oceans. On less
extreme scales, small differences in precipitation and the
ability of the soil to retain water can favor different ter-
restrial ecosystem types. Regions with greater quantities
of water in the soil can support trees, whereas regions
with less water in the soil can support only grasses.
The biotic and abiotic components of an ecosystem
provide the boundaries that distinguish one ecosystem
from another. Some ecosystems have well-defined

boundaries, whereas others do not. A cave, for exam-
ple, is a well-defined ecosystem (FIGURE 6.1). It con-
tains identifiable biotic components, such as animals

FIGURE 6.1 A cave ecosystem. Cave ecosystems, such as this
one in Kenya with emerging bats, typically have distinct boundaries and
are home to highly adapted species. (lvan Kuzmin/age fotostock)
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and microorganisms that are specifically adapted to live
in a cave environment, as well as distinctive abiotic
components, including temperature, salinity, and
water that flows through the cave as an underground
stream. Roosting bats fly out of the cave each night
and consume insects. When the bats return to the cave
and defecate, their feces provide energy that passes
through the relatively few animal species that live in
the cave. In many caves, for example, small inverte-
brate animals consume bat feces and are in turn con-
sumed by cave salamanders.

The cave ecosystem is relatively easy to study
because its boundaries are clear. With the exception
of the bats feeding outside the cave, the cave ecosys-
tem is easily defined as everything from the point
where the stream enters the cave to the point where
it exits. Likewise, many aquatic ecosystems, such as
lakes, ponds, and streams, are relatively easy to define
because the ecosystem’s boundaries correspond to
the boundaries between land and water. Knowing
the boundaries of an ecosystem makes it easier to
identify the system’s biotic and abiotic components
and to trace the cycling of energy and matter through
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In most cases, however, determining where one
ecosystem ends and another begins is difficult. For this
reason, ecosystem boundaries are often subjective.
Environmental scientists might define a terrestrial eco-
system as the range of a particular species of interest,
such as the area where wolves roam, or they might
define it by using topographic features, such as two
mountain ranges enclosing a valley. The boundaries of
some managed ecosystems, such as national parks, are
set according to administrative rather than scientific
criteria. Yellowstone National Park, for example, was
once managed as its own ecosystem until scientists
began to realize that many species of conservation
interest, such as grizzly bears (Ursus arctos horribilis),
spent time both inside and outside the park, despite
the park’s massive area of 898,000 ha (2.2 million
acres). To manage these species effectively, scientists
had to think much more broadly; they had to include
nearly 20 million ha (50 million acres) of public and
private land outside the park. This larger region,
shown in FIGURE 6.2a, was named the Greater
Yellowstone Ecosystem. As the name suggests, the
actual ecosystem extends well beyond the administra-
tive boundaries of the park.

10cm

(b) A small ecosystem

['] Private land

[ National parks
[7] National forests

=== Ecosystem boundary

FIGURE 6.2 Large and small ecosystems.
(@) The Greater Yellowstone Ecosystem includes the land
within Yellowstone National Park and many adjacent
properties. () Some ecosystems are very small, such as

(a) The Greater Yellowstone Ecosystem
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a rain-filled tree hole that houses a diversity of microbes
and aquatic insects.



As we saw in Chapter 2, not all ecosystems are as
vast as the Greater Yellowstone Ecosystem. Some can
be quite small, such as a water-filled hole in a fallen
tree trunk or an abandoned car tire that fills with rain-
water (Figure 6.2b). Such tiny ecosystems include all
the physical and chemical components necessary to
support a diverse set of species, such as microbes, mos-
quito larvae, and other insects.

Although it is helpful to divide locations on Earth
into distinct ecosystems, it is important to remember
that each ecosystem interacts with surrounding ecosys-
tems through the exchange of energy and matter.
Organisms such as bats—which fly in and out of
caves—move across ecosystem boundaries, as do
chemical elements, such as carbon or nitrogen dis-
solved in water. As a result, changes in any one eco-
system can ultimately have far-reaching effects on the
global environment.

The combination of all ecosystems on Earth forms
the biosphere, which is the region of our planet
where life resides. It forms a 20-km (12-mile) thick
layer around Earth between the deepest ocean bottom
and the highest mountain peak.

Photosynthesis captures energy
and respiration releases energy

To understand how ecosystems function and how best
to protect and manage them, ecosystem ecologists also
study the processes that move energy and matter
within an ecosystem. To understand energy relation-
ships, we need to look at the way energy flows across
an ecosysten.

FIGURE 6.3 The flow of energy
in the Serengeti ecosystem of
Africa. The Serengeti ecosystem has
more plants than herbivores, and more
herbivores than carnivores. (Vichel &
Christine Denis-Huot/Science Source)

Consider the Serengeti Plain in East Africa
(FIGURE 6.3). Plants, such as grasses and acacia trees,
absorb energy directly from the Sun. That energy
spreads throughout an ecosystem as plants are eaten by
animals, such as gazelles, and the animals are subse-
quently eaten by predators, such as cheetahs. There
are millions of herbivores, such as zebras and wilde-
beests, in the Serengeti ecosystem, but far fewer car-
nivores, such as lions (Panthera leo) and cheetahs
(Acinonyx jubatus), that feed on herbivores. In accor-
dance with the second law of thermodynamics, when
one organism consumes another, not all of the energy
in the consumed organism is transferred to the con-
sumer. Some of that energy is lost as heat. Therefore,
all the carnivores in an area contain less energy than all
the herbivores in the same area because all the energy
going to the carnivores must come from the animals
they eat. Let’s trace this energy flow in more detail by
looking at the processes of photosynthesis and cellular
respiration.

Photosynthesis

Nearly all of the energy that powers ecosystems comes
from the Sun as solar energy, which is a form of kinet-
ic energy. Plants, algae, and some bacteria that use the
Sun’s energy to produce usable forms of energy are
called producers, or autotrophs. As you can see

Biosphere The region of our planet where life
resides, the combination of all ecosystems on Earth.

Producer An organism that uses the energy of the
Sun to produce usable forms of energy. Also known
as Autotroph.
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in the top half of FIGURE 6.4, these producers use
photosynthesis, which means they use solar energy
to convert carbon dioxide (CO,) and water (H,O)
into glucose (C4H1,0g). Glucose is a form of potential
energy that can be used by a wide range of organisms.
The photosynthesis process also produces oxygen (O,)
as a waste product. That is why plants and other pro-
ducers are beneficial to our atmosphere; they produce
the oxygen we need to breathe.

Cellular Respiration

Producers use the glucose they produce by photosyn-
thesis to store energy and to build structures such as
leaves, stems, and roots. Other organisms, such as the
herbivores on the Serengeti Plain, eat the tissues of
producers and gain energy from the chemical energy
contained in those tissues. They do this through
cellular respiration, a process by which cells unlock
the energy of chemical compounds. Aerobic
respiration, which is shown in the bottom half of
Figure 6.4, is the opposite of photosynthesis; cells
convert glucose and oxygen into energy, carbon diox-
ide, and water. In essence, organisms conducting
aerobic respiration run photosynthesis backward to
recover the solar energy stored in glucose. Some
organisms, such as bacteria that live in the mud under-
lying a swamp where oxygen is not available, conduct
anaerobic respiration, a process by which cells
convert glucose into energy in the absence of oxygen.
Anaerobic respiration does not provide as much
energy as aerobic respiration.

Many organisms—including producers—carry out
aerobic respiration to fuel their own metabolism and
growth. Thus producers both produce and consume
oxygen. When the Sun is shining and photosynthesis

Photosynthesis The process by which producers
use solar energy to convert carbon dioxide and
water into glucose.

Cellular respiration The process by which cells
unlock the energy of chemical compounds.

Aerobic respiration The process by which cells
convert glucose and oxygen into energy, carbon
dioxide, and water.

Anaerobic respiration The process by which cells
convert glucose into energy in the absence of
oxygen.

Consumer An organism that is incapable of
photosynthesis and must obtain its energy by
consuming other organisms. Also known as
Heterotroph.

Herbivore A consumer that eats producers. Also
known as Primary consumer.
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Photosynthesis
(performed by plants, algae, and some bacteria)

CeH1206
(glucose)

Solar energy + 6 H,0 + 6 CO, — CgH;,04 + 6 O,

Respiration
(performed by all organisms)

Energy + 6 H,O0 + 6 CO;, <«—— CgH;,04+6 O,

FIGURE 6.4 Photosynthesis and respiration. Photosynthesis
is the process by which producers use solar energy to convert carbon
dioxide and water into glucose and oxygen. Respiration is the process
by which organisms convert glucose and oxygen into water and carbon
dioxide, releasing the energy needed to live, grow, and reproduce. All
organisms, including producers, perform respiration.

occurs, producers generate more oxygen through
photosynthesis than they consume through respiration.
At night, when producers only respire, they consume
oxygen without generating it. Overall, producers pho-
tosynthesize more than they respire. The net effect is
an excess of oxygen released into the air and an excess
of carbon stored in the tissues of producers.

Energy captured by producers
moves through many trophic levels

We have seen that producers make their own food.
However, consumers, or heterotrophs, are incapable
of photosynthesis and must obtain their energy by con-
suming other organisms. In FIGURE 6.5, we can see that
consumers in both terrestrial and aquatic ecosystems fall
into different categories. Consumers that eat producers
are called herbivores or primary consumers. Primary
consumers include a variety of familiar plant- and
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FIGURE 6.5 Simple food chains. A simple food chain that links producers and
consumers in a linear fashion illustrates how energy and matter move through the trophic
levels of an ecosystem. (a) An example of a terrestrial food chain. (b) An example of an

aquatic food chain.

alga-eating animals, such as zebras, grasshoppers, tad-
poles, and zooplankton. Consumers that eat other
consumers are called carnivores. Carnivores that eat
primary consumers are called secondary consumers.
Secondary consumers include creatures such as lions,
hawks, and rattlesnakes. Carnivores that eat secondary
consumers are called tertiary consumers. As you can
see on the right side of Figure 6.5, animals such as bald
eagles can be tertiary consumers. In this food chain, the
algae (producers) living in lakes convert sunlight into
glucose, zooplankton (primary consumers) eat the
algae, fish (secondary consumers) eat the zooplankton,
and eagles (tertiary consumers) eat the fish.

The successive levels of organisms consuming one
another are known as trophic levels (from the Greek
word frophe, which means “nourishment”). The
sequence of consumption from producers through
tertiary consumers is known as a food chain, where
energy moves from one trophic level to the next. A
food chain helps us visualize how energy and matter
move between trophic levels.

Species in natural ecosystems are rarely connected
in such a simple, linear fashion. A more realistic type
of model, shown in FIGURE 6.6, is known as a food web.
A food web is a complex model of how energy and
matter move through trophic levels. Food webs illus-
trate one of the most important concepts of ecology:
All species in an ecosystem are connected to one
another.

Not all organisms fit neatly into a single trophic
level. Some organisms, called omnivores, operate at
several trophic levels. Omnivores include grizzly
bears, which eat berries and fish, and the Venus fly-
trap (Dionaea muscipula), which can photosynthesize
as well as digest insects that become trapped in its
leaves.

Each trophic level eventually produces dead indi-
viduals and waste products. Three groups of organ-
isms feed on this dead organic matter: scavengers,
detritivores, and decomposers. Scavengers are organisms,

Carnivore A consumer that eats other consumers.

Secondary consumer A carnivore that eats
primary consumers.

Tertiary consumer A carnivore that eats
secondary consumers.

Trophic levels The successive levels of organisms
consuming one another.

Food chain The sequence of consumption from
producers through tertiary consumers.

Food web A complex model of how energy and
matter move between trophic levels.

Scavenger An organism that consumes dead
animals.
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FIGURE 6.6 A simplified food web. Food webs are more realistic representations of trophic
relationships than simple food chains. They include scavengers, detritivores, and decomposers, and they
recognize that some species feed at multiple trophic levels. Arrows indicate the direction of energy movement.
This is a real but somewhat simplified food web; in an actual ecosystem, many more organisms are present. In

addition, there are many more energy movements.

such as wvultures, that consume dead animals.
Detritivores are organisms, such as dung beetles, that
specialize in breaking down dead tissues and waste
products (referred to as detritus) into smaller particles.
These particles can then be further processed by
decomposers, which are the fungi and bacteria that
complete the breakdown process by converting
organic matter into small elements and molecules that
can be recycled back into the ecosystem. Without
scavengers, detritivores, and decomposers, there

Detritivore An organism that specializes in
breaking down dead tissues and waste products
into smaller particles.

Decomposers Fungi and bacteria that convert
organic matter into small elements and molecules
that can be recycled back into the ecosystem.
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would be no way of recycling organic matter and
energy, and the world would rapidly fill up with dead
plants and animals.

Some ecosystems are more
productive than others

The amount of energy available in an ecosystem deter-
mines how much life the ecosystem can support. For
example, the amount of sunlight that reaches a lake
surface determines how much algae can live in the
lake. In turn, the amount of algae determines the num-
ber of zooplankton the lake can support, and the size
of the zooplankton population determines the number
of fish the lake can support.

To understand where the energy in an ecosystem
comes from and how it is transferred through food



webs, environmental scientists measure the ecosys-
tem’s productivity. The gross primary productivity
(GPP) of the ecosystem is a measure of the total
amount of solar energy that the producers in the sys-
tem capture via photosynthesis over a given amount of
time. Note that the term gross, as used here, indicates
the total amount of energy captured by producers. In
other words, GPP does not subtract the energy lost
when the producers respire. The energy captured
minus the energy respired by producers is the ecosys-
tem’s net primary productivity (NPP):

net primary productivity =
gross primary productivity — respiration by producers

You can think of GPP and NPP in terms of a pay-
check: GPP is the total amount your employer pays
you while NPP is the actual amount you take home
after taxes are deducted.

GPP is essentially a measure of how much photo-
synthesis is occurring over some amount of time.
Determining GPP is a challenge for scientists because
a plant rarely photosynthesizes without simultaneously
respiring. However, if we can determine the rate of
photosynthesis and the rate of respiration, we can use
this information to calculate GPP.

We can determine the rate of photosynthesis by
measuring the compounds that participate in the reac-
tion. So, for example, we can measure the rate at
which CO, is taken up during photosynthesis and the
rate at which CO, is produced during respiration. A
common approach to measuring GPP is to first mea-
sure the production of CO, in the dark. Because no
photosynthesis occurs in the dark, this measure elimi-
nates CO, uptake by photosynthesis. Next, we mea-
sure the uptake of CO, in sunlight. This measure gives
us the net movement of CO, when respiration and
photosynthesis are both occurring. By adding the
amount of CO, produced in the dark to the amount
of CO, taken up in the sunlight, we can determine the
gross amount of CO, that is taken up during photo-
synthesis:

CO, taken up during photosynthesis =
CO, taken up in sunlight + CO, produced in the dark

In this way, we can derive the GPP of an ecosystem
per day within a given area. We can give our answer
in units of kilograms of carbon taken up per square
meter per day (kg C/m?*/day).

Converting sunlight into chemical energy is not an
efficient process. As FIGURE 6.7 shows, only about
1 percent of the total amount of solar energy that
reaches the producers in an ecosystem—the sunlight
on a pond surface, for example—is converted into
chemical energy via photosynthesis. Most of that solar
energy is lost from the ecosystem as heat that returns
to the atmosphere. Some of the lost energy consists of
wavelengths of light that producers cannot absorb.

1% of solar energy striking
producers is captured by
photosynthesis (GPP).

e 3
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40% of GPP supports the
growth and reproduction
of producers (NPP).

FIGURE 6.7 Gross and net primary productivity. Producers
typically capture only about 1 percent of available solar energy via
photosynthesis. This is known as gross primary productivity, or GPP.
About 60 percent of GPP is typically used for respiration. The remaining
40 percent of GPP is used for the growth and reproduction of the
producers. This is known as net primary productivity, or NPP.

Those wavelengths are either reflected from the sur-
faces of producers or pass through their tissues.

The NPP of ecosystems ranges from 25 to 50 percent
of GPP, or as little as 0.25 percent of the solar energy
striking the plant. Clearly, it takes a lot of energy to
conduct photosynthesis. Let’s look at the math. Recall
from Figure 6.7 that on average, of the 1 percent of the
Sun’s energy that is captured by a producer, about
60 percent is used to fuel the producer’s respiration.
The remaining 40 percent can be used to support the
producer’s growth and reproduction. A forest in North
America, for example, might have a GPP of 2.5 kg
C/m?/year and lose 1.5 kg C/m?/year to respiration by
plants. Because NPP = GPP — respiration, the NPP of
the forest is 1 kg C/m*/year (1.8 pounds C/yard®/
year). This means that the plants living in 1 m? of forest
will add 1 kg of carbon to their tissues every year by
means of growth and reproduction. So, in this example,
NPP is 40 percent of GPP.

Gross primary productivity (GPP) The total
amount of solar energy that producers in an
ecosystem capture via photosynthesis over a
given amount of time.

Net primary productivity (NPP) The energy
captured by producers in an ecosystem minus the
energy producers respire.
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Terrestrial ecosystems
Tropical rainforest
Tropical seasonal forest
Temperate rainforest
Temperate seasonal forest
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Temperate grassland
Tundra

Desert scrub

Extreme desert

Aquatic ecosystems

Swamps and marshes
Coral reef

Salt marsh

Upwelling zone

Lakes and streams
Continental shelf
Open ocean

FIGURE 6.8 Net primary
productivity. Net primary
productivity varies among ecosystems.
Productivity is highest where
temperatures are warm and water

and solar energy are abundant. As a
result, NPP varies tremendously among

different areas of the world. (Data from
R. H. Whittaker and G. E. Likens, Primary
production: The biosphere and man, Human
Ecology 1 (1973): 357-369.)
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Measurement of NPP allows us to compare the
productivity of different ecosystems, as shown in
FIGURE 6.8. As you can see, producers grow best in
ecosystems where they have plenty of sunlight, lots of
available water and nutrients, and warm tempera-
tures, such as tropical rainforests and salt marshes,
which are the most productive ecosystems on Earth.
Conversely, producers grow poorly in the cold
regions of the Arctic, dry deserts, and the dark
regions of the deep sea. In general, the greater the
productivity of an ecosystem, the more primary
consumers can be supported.

Measuring NPP is also a useful way to measure
change in an ecosystem. For example, after a dras-
tic change alters an ecosystem, the amount of
stored energy (NPP) tells us whether the new sys-
tem is more or less productive than the previous
system.

Biomass The total mass of all living matter in a specific
area.

Standing crop The amount of biomass present in an
ecosystem at a particular time.
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The efficiency of energy transfer
affects the energy present in each
trophic level

The net primary productivity of an ecosystem estab-
lishes the rate at which biomass—the total mass of all
living matter in a specific area—is produced over a
given amount of time. The amount of biomass present
in an ecosystem at a particular time is its standing
crop. It is important to differentiate standing crop,
which measures the amount of energy in a system at a
given time, from productivity, which measures the rate
of energy production over a span of time. For example,
slow-growing forests have low productivity; the trees
add only a small amount of biomass through growth and
reproduction each year. However, the standing crop of
long-lived trees—the biomass of trees that has accumu-
lated over hundreds of years—is quite high. In contrast,
the high growth rates of algae living in the ocean make
them extremely productive. But because primary con-
sumers eat these algae so rapidly, the standing crop of
algae at any particular time is relatively low.

Not all of the energy contained in a particular trophic
level is in a usable form. Some parts of plants are not



digestible and are excreted by primary consumers.
Secondary consumers such as owls consume the muscles
and organs of their prey, but they cannot digest bones
and hair. Of the food that is digestible, some fraction of’
the energy it contains is used to power the consumer’s
day-to-day activities, including moving, eating, and (for
birds and mammals) maintaining a constant body tem-
perature. That energy is ultimately lost as heat. Any
energy left over may be converted into consumer bio-
mass for growth and reproduction and thus becomes
available for consumption by organisms at the next
higher trophic level. The proportion of consumed
energy that can be passed from one trophic level to
another is referred to as ecological efficiency.

Ecological efficiencies are fairly low; they range
from 5 to 20 percent and average about 10 percent
across all ecosystems. In other words, of the total
biomass available at a given trophic level, only about
10 percent can be converted into energy at the next
higher trophic level. We can represent the distribu-
tion of biomass among trophic levels using a trophic
pyramid, like the one for the Serengeti ecosystem
shown in FIGURE 6.9. Trophic pyramids tend to look
similar across ecosystems. Most of the energy and
biomass are found at the producer level, and they
commonly decrease as we move up the pyramid.

The Serengeti ecosystem offers a good example of a
trophic pyramid. The biomass of producers (such as
grasses and shrubs) is much greater than the biomass of’
primary consumers (such as gazelles, wildebeests, and
zebras) for which the producers serve as food. Likewise,
the biomass of primary consumers is much greater than
the biomass of secondary consumers (such as lions and
cheetahs). The flow of energy between trophic levels
helps to determine the population sizes of the various
species within each trophic level. As we saw earlier in this
chapter, the number of primary consumers in an area is
generally higher than that of the carnivores they sustain.

The principle of ecological efficiency also has impli-
cations for the human diet. For example, if all humans
were to act only as primary consumers—that is,
become vegetarians—we would harvest much more
energy from any given area of land or water. How
would this work?

Secondary

consumers 1004 ﬁ
Primary 1,000 J
consumers ’

Producers "
YAk i{fﬂfn

FIGURE 6.9 Trophic pyramid for the Serengeti
ecosystem. This trophic pyramid represents the amount of energy
that is present at each trophic level, measured in joules (J). While this
pyramid assumes 10 percent ecological efficiency, actual ecological
efficiencies range from 5 to 20 percent across different ecosystems.
For most ecosystems, graphing the numbers of individuals or biomass
within each trophic level would produce a similar pyramid.

Suppose a hectare of cropland could produce 1,000
kg of soybeans. This food could feed humans directly.
Or, if we assume 10 percent ecological efficiency, it
could be fed to cattle to produce approximately 100 kg
of meat. In terms of biomass, there would be 10 times
more food available for humans acting as primary con-
sumers by eating soybeans than for humans acting as
secondary consumers by eating beef. However, 1 kg of
soybeans actually contains about 2.5 times as many calo-
ries as 1 kg of beef. Therefore, 1 ha of land would pro-
duce 25 times more calories when used for soybeans
than when used for beef. In general, when we act as
secondary consumers, the animals we eat require land to
support the producers they consume. When we act as
primary consumers, we require only the land necessary
to support the producers we eat.

Ecological efficiency The proportion of
consumed energy that can be passed from one
trophic level to another.

Trophic pyramid A representation of the
distribution of biomass, numbers, or energy
among trophic levels.
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6

REVIEW

In this module, we have learned that ecosystems can
range widely in size and have boundaries that are either
natural or defined by humans. Energy from the Sun is
captured by producers during the process of photosyn-
thesis and released during the process of respiration.
The energy captured by producers helps to determine
the productivity of different ecosystems around the

Module 6 AP® Review Questions

1. Autotrophs
(a) use photosynthesis.
(b) are able to survive without oxygen.
(c) are primary consumers.
(d) are at the top of the food chain.

(e) cannot assimilate carbon.

2. A zebraisan example of
(a) asecondary consumer.
(b) aproducer.
(¢) adetritivore.
(d) aprimary consumer.
(e) ascavenger.

3. If gross primary productivity in a wetland is 3 kg C/
m?/year and respiration is 1.5 kg C/m?/year, what is
the net primary groductivity of the wetland?

(a) 1.5kg C/m*/year

(b) 2kg C/m?/year

(c) 3kgC/m?*/year

(d) 4.5kg C/m*/year

(e) Impossible to determine from the given
information

world. This energy moves from producers through
the many trophic levels. The efficiency of such energy
transfers determines the biomass found in different tro-
phic levels. In the next module we will apply this
understanding of how energy moves through an
ecosystem to consider how matter cycles around an
ecosystemn.

4. The average efficiency of energy transfer between
trophic levels is approximately
(a) 1 percent.
(b) 4 percent.
(c) 10 percent.
(d) 40 percent.
(e) 50 percent.

5. The gross primary productivity of an ecosystem is

(a) the total amount of biomass.

(b) the total energy captured by photosynthesis.

(c) the energy captured after accounting for
respiration.

(d) the energy available to primary consumers.

(e) the biomass of the producers.

cosystem boundaries are

) based primarily on topographic features.

) boundaries to nutrient flows.

) never based on human created features.

d) are only used for ecosystems smaller than a few
square hectares.

(e) depend on many subjective factors.
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The Movement of Matter 7

As we saw in Chapter 2, Earth is an open system with respect to energy, but a
closed system with respect to matter. In the previous module, we examined how
energy flows through the biosphere; it enters as energy from the Sun, moves
among the living and nonliving components of ecosystems, and is ultimately
emitted back into space. In contrast, matter—such as water, carbon, nitrogen, and
phosphorus—does not enter or leave the biosphere, but cycles within the
biosphere in a variety of forms. In this module, we will explore the cycling of matter
with a focus on the major biotic and abiotic processes that cause this cycling.

The specific chemical forms that elements take determine how they cycle
within the biosphere. We will look at the elements that are the most important to
the productivity of photosynthetic organisms. We will begin with the hydrologic
cycle—the movement of water. Then we will explore the cycles of carbon,
nitrogen, and phosphorus. Finally, we will take a brief look at the cycles of
calcium, magnesium, potassium, and sulfur.

Learning Objectives

After reading this module you should be able to

e describe how water cycles within ecosystems.

e explain how carbon cycles within ecosystems.

e describe how nitrogen cycles within ecosystems.

e explain how phosphorus cycles within ecosystems.

e (iscuss the movement of calcium, magnesium,
potassium, and sulfur within ecosystems.
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The hydrologic cycle moves water
through the biosphere

Because the movement of matter within and between
ecosystems involves cycles of biological, geological,
and chemical processes, these cycles are known as
biogeochemical cycles. To keep track of the move-
ment of matter in biogeochemical cycles, we refer to the
components that contain the matter—including air,
water, and organisms—as “pools.” Processes that move
matter between pools are known as “flows.” We will
begin our study of biogeochemical cycles with water.

Biogeochemical cycle The movements of matter
within and between ecosystems.

Hydrologic cycle The movement of water through
the biosphere.
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Plant uptake
From precipitation
falling on the
land’s surface

FIGURE 7.1 The hydrologic cycle. Water moves from the
atmosphere to Earth’s surface and back to the atmosphere.

Water is essential to life. It makes up over one-half
of a typical mammal’s body weight, and no organism
can survive without it. Water allows essential mole-
cules to move within and between cells, draws nutri-
ents into the leaves of trees, dissolves and removes
toxic materials, and performs many other critical bio-
logical functions. On a larger scale, water is the pri-
mary agent responsible for dissolving and transporting
the chemical elements necessary for living organisms.
The movement of water through the biosphere is
known as the hydrologic cycle.

The Hydrologic Cycle

FIGURE 7.1 shows how the hydrologic cycle works.
Heat from the Sun causes water to evaporate from
oceans, lakes, and soils. Solar energy also provides the
energy for photosynthesis, during which plants release
water from their leaves into the atmosphere—a process



Kdo the
math

Raising Mangoes

As we saw at the beginning of this chapter, farmers in Haiti are being encouraged to
plant mango trees to help reduce runoff and increase the uptake of water by the soil
and the trees. Consider a group of Haitian farmers that decides to plant mango
trees. Mango saplings cost $10 each. Once the trees become mature, each tree will
produce $75 worth of fruit per year. A village of 225 people decides to pool its
resources and set up a community mango plantation. Their goal is to generate a per
capita income of $300 per year for everyone in the village.

for the plantation?

Your Turn

N

1. How many mature trees will the village need to meet the goal?
Total annual income desired:

$300/person x 225 persons = $67,500
Number of trees needed to produce $67,500 in annual income:
$67,500 =+ $75/tree = 900 trees

2. Each tree requires 25 m? of space. How many hectares must the village set aside

900 trees X 25 m? = 22,500 m? = 2.25 ha

Each tree requires 20 L of water per day during the 6 hot months of the year (180 days).
The water must be pumped to the plantation from a nearby stream. How many liters of
water are needed each year to water the plantation of 900 trees?

known as transpiration. The water vapor that enters
the atmosphere eventually cools and forms clouds,
which, in turn, produce precipitation in the form of
rain, snow, and hail. Some precipitation falls back into
the ocean and some falls on land.

When water falls on land, it may take one of three
distinct routes. First, it may return to the atmosphere by
evaporation or, after being taken up by plant roots, by
transpiration. The combined amount of evaporation and
transpiration, called evapotranspiration, is often used
by scientists as a measure of the water moving through
an ecosystem. Alternatively, water can be absorbed by
the soil and percolate down into the groundwater.
Finally, water can move as runoff across the land surface
and into streams and rivers, eventually reaching the
ocean, which is the ultimate pool of water on Earth. As
water in the ocean evaporates, the cycle begins again.

The hydrologic cycle is instrumental in the cycling
of elements. Many elements are carried to the ocean or
taken up by organisms in dissolved form. As you read
about biogeochemical cycles, notice the role that
water plays in these processes.

Human Activities and the Hydrologic Cycle

Because Earth is a closed system with respect to matter,
water never leaves it. Nevertheless, human activities can

alter the hydrologic cycle in a number of ways. For
example, harvesting trees from a forest can reduce
evapotranspiration by reducing plant biomass. If evapo-
transpiration decreases, then runoft or percolation will
increase. On a moderate or steep slope, most water will
leave the land surface as runoff. That is why, as we saw
at the opening of this chapter, clear-cutting a mountain
slope can lead to erosion and flooding. Similarly, paving
over land surfaces to build roads, businesses, and homes
reduces the amount of percolation that can take place in
a given area, increasing runoff and evaporation. Humans
can also alter the hydrologic cycle by diverting water
from one area to another to provide water for drinking,
irrigation, and industrial uses. In “Do the Math: Raising
Mangoes” you can see how citizens in Haiti are work-
ing to reforest the country and reduce the impacts of
humans on the hydrologic cycle.

Transpiration The release of water from leaves
during photosynthesis.

Evapotranspiration The combined amount of
evaporation and transpiration.

Runoff Water that moves across the land surface
and into streams and rivers.
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The carbon cycle moves carbon
between air, water, and land

Carbon is the most important element in living organ-
isms; it makes up about 20 percent of their total body
weight. Carbon is the basis of the long chains of
organic molecules that form the membranes and walls
of cells, constitute the backbones of proteins, and store
energy for later use. Other than water, few molecules
in the bodies of organisms do not contain carbon. To
understand the carbon cycle, which is the movement
of carbon around the biosphere, we need to examine
the flows that move carbon and the major pools that
contain carbon.

The Carbon Cycle

FIGURE 7.2 illustrates the seven processes that drive
the carbon cycle: photosynthesis, respiration, exchange,
sedimentation, burial, extraction, and combustion. These
processes can be categorized as either fast or slow.
The fast part of the cycle involves processes that are
associated with living organisms. The slow part of the
cycle involves carbon that is held in rocks, in soils, or
as petroleum hydrocarbons (the materials we use as
fossil fuels). Carbon may be stored in these forms for
millions of years.

Photosynthesis and Respiration

Let’s take a closer look at Figure 7.2, which depicts
the carbon cycle. When producers photosynthesize,
whether on land or in the water, they take in CO,
and incorporate the carbon into their tissues. Some of
this carbon is returned as CO, when organisms
respire. It is also returned after organisms die. When
organisms die, carbon that was part of the live bio-
mass pool becomes part of the dead biomass pool.
Decomposers break down the dead material, which
returns CO, to the water or air via respiration and
continues the cycle.

Exchange, Sedimentation, and Burial
As you can see on the left side of Figure 7.2, carbon is
exchanged between the atmosphere and the ocean.
The amount of carbon released from the ocean into
the atmosphere roughly equals the amount of atmo-
spheric CO, that diffuses into ocean water. Some of
the CO, dissolved in the ocean enters the food web
via photosynthesis by algae.

Another portion of the CO, dissolved in the ocean
combines with calcium ions in the water to form

Carbon cycle The movement of carbon around the
biosphere.
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calcium carbonate (CaCQj;), a compound that can
precipitate out of the water and form limestone and
dolomite rock via sedimentation and burial. Although
sedimentation is a very slow process, the small amounts
of calcium carbonate sediment formed each year have
accumulated over millions of years to produce the
largest carbon pool in the slow part of the carbon
cycle.

A small fraction of the organic carbon in the dead
biomass pool is buried and incorporated into ocean
sediments before it can decompose into its constitu-
ent elements. This organic matter becomes fossilized
and, over millions of years, some of it may be trans-
formed into fossil fuels. The amount of carbon
removed from the food web by this slow process is
roughly equivalent to the amount of carbon returned
to the atmosphere by weathering of rocks contain-
ing carbon (such as limestone) and by volcanic erup-
tions, so the slow part of the carbon cycle is in
steady state.

Extraction and Combustion

The final processes in the carbon cycle are extraction
and combustion, as are shown in the middle of Figure
7.2. The extraction of fossil fuels by humans is a rela-
tively recent phenomenon that began when human
society started to rely on coal, oil, and natural gas as
energy sources. Extraction by itself’ does not alter the
carbon cycle; it is the subsequent step of combustion
that makes the difference. Combustion of fossil fuels by
humans and the natural combustion of carbon by fires
or volcanoes release carbon into the atmosphere as CO,
or into the soil as ash.

As you can see, combustion, respiration, and
decomposition operate in very similar ways: All three
processes cause organic molecules to be broken down
to produce CO,, water, and energy. However, respi-
ration and decomposition are biotic processes, whereas
combustion is an abiotic process.

Human Impacts on the Carbon Cycle

In the absence of human disturbance, the exchange of
carbon between Earth’s surface and atmosphere is in
steady state. Carbon taken up by photosynthesis even-
tually ends up in the soil. Decomposers in the soil
gradually release that carbon at roughly the same rate
it is added. Similarly, the gradual movement of carbon
into the buried or fossil fuel pools is offset by the slow
processes that release it. Before the Industrial
Revolution, the atmospheric concentration of carbon
dioxide had changed very little for 10,000 years (see
Figure 2.5 on page 12). So, until recently, carbon
entering any of these pools was balanced by carbon
leaving these pools.

Since the Industrial Revolution, however, human
activities have had a major influence on carbon cycling.
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FIGURE 7.2 The carbon cycle. Producers take up carbon from the atmosphere via photosynthesis

and pass it on to consumers and decomposers. Some inorganic carbon sediments out of the water to form
sedimentary rock while some organic carbon may be buried and become fossil fuels. Respiration by organisms
returns carbon to the atmosphere and water. Combustion of fossil fuels and other organic matter returns carbon

to the atmosphere.

The best-known and most significant human alteration
of the carbon cycle is the combustion of fossil fuels. This
process releases fossilized carbon into the atmosphere,
which increases atmospheric carbon concentrations and
upsets the balance between Earth’s carbon pools and the
atmosphere. The excess CO, in the atmosphere acts to
increase the retention of heat energy in the biosphere.
The result, global warming, is a major concern among
environmental scientists and policy makers.

Tree harvesting is another human activity that can
affect the carbon cycle. Trees store a large amount of

carbon in their wood, both above and below ground.
The destruction of forests by cutting and burning
increases the amount of CO, in the atmosphere. Unless
enough new trees are planted to recapture the carbon,
the destruction of forests will upset the balance of CO.,.
To date, large areas of forest, including tropical forests as
well as North American and European temperate for-
ests, have been converted into pastures, grasslands, and
croplands. In addition to destroying a great deal of bio-
diversity, this destruction of forests has added large
amounts of carbon to the atmosphere. The increases in
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Nitrogen fixation

Atmospheric nitrogen is converted to forms that
producers can use. Biotic fixation, which produces
ammonia, is carried out by cyanobacteria and
some bacteria associated with plant roots. Abiotic
fixation, which produces nitrates, is carried out by

lightning, combustion, and fertilizer prod’uy
¢

Mineralization

Decomposers in soil and water
break down biological nitrogen
compounds into ammonium.

Ammonia
(NH,)

Ammonium
(NH,")

Nitrite
Nitrification ~ (\O2)
Nitrifying bacteria
convert ammonium
into nitrite and then
into nitrate.

Nitrate
(NO,)

Atmospheric nitrogen
(mostly N,)

Denitrification

n a series of steps, denitrifying bacteria in
oxygen-poor soil and stagnant water
convert nitrate into nitrite, nitrous
oxide, and nitrogen gas.

FIGURE 7.3 The nitrogen cycle. The nitrogen cycle moves nitrogen from the atmosphere and into soils
through several fixation pathways, including the production of fertilizers by humans. In the soil, nitrogen can exist
in several forms. Denitrifying bacteria release nitrogen gas back into the atmosphere.

atmospheric carbon due to human activities have been
partly offset by an increase in carbon absorption by the
ocean. Still, the loss of forest remains a concern.

Macronutrient One of six key elements that
organisms need in relatively large amounts:
nitrogen, phosphorus, potassium, calcium,
magnesium, and sulfur.
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The nitrogen cycle includes many
chemical transformations

There are six key elements, known as macronutrients,
that are needed by organisms in relatively large amounts:
nitrogen, phosphorus, potassium, calcium, magnesium,
and sulfur.

Nitrogen is an element that organisms need in rela-
tively high amounts. Nitrogen is used to form amino
acids, the building blocks of proteins, and nucleic acids,



the building blocks of DNA and RNA. Because so
much of it is required, nitrogen is often a limiting nutrient
for producers. A limiting nutrient is a nutrient
required for the growth of an organism but available in
a lower quantity than other nutrients. Therefore, a lack
of nitrogen constrains the growth of the organism.
Adding other nutrients, such as water or phosphorus,
will not improve plant growth in nitrogen-poor soil.

The Nitrogen Cycle

The nitrogen cycle is the movement of nitrogen
around the biosphere. As nitrogen moves through an
ecosystem, it experiences many chemical transforma-
tions. As shown in FIGURE 7.3, there are five major
transformations in the nitrogen cycle: nitrogen fixation,
nitrification, assimilation, mineralization, and denitrification.

Nitrogen Fixation

Although Earth’s atmosphere is 78 percent nitrogen
by volume, the vast majority of that nitrogen is in a
gas form that most producers cannot use. Nitrogen
fixation is the process that converts nitrogen gas in
the atmosphere (IN,) into forms of nitrogen that pro-
ducers can use. As you can see in Figure 7.3, nitrogen
fixation can occur through biotic or abiotic processes.
In the biotic process, a few species of bacteria can
convert N, gas directly into ammonia (NH3), which
is rapidly converted to ammonium (NH,"), a form
that is readily used by producers. Nitrogen-fixing
organisms include cyanobacteria (also known as blue-
green algae) and certain bacteria that live within the
roots of legumes, which include plants such as peas,
beans, and a few species of trees. Nitrogen-fixing
organisms use the fixed nitrogen to synthesize their
own tissues, then excrete any excess. Cyanobacteria,
which are primarily aquatic organisms, excrete excess
ammonium ions into the water, where they can be
taken up by aquatic producers. Nitrogen-fixing bac-
teria that live within plant roots excrete excess
ammonium ions into the plant’s root system; the
plant, in turn, supplies the bacteria with sugars it pro-
duces via photosynthesis.

Nitrogen fixation can also occur through two abi-
otic pathways. N, can be fixed in the atmosphere by
lightning or during combustion processes such as fires
and the burning of fossil fuels. These processes convert
N, into nitrate (NOj ), which is usable by plants. The
nitrate is carried to Earth’s surface in precipitation.
Humans have developed techniques for nitrogen fixa-
tion into ammonia or nitrate to be used in plant fertil-
izers. Although these processes require a great deal of
energy, humans now fix more nitrogen than 1s fixed in
nature. The development of synthetic nitrogen fertil-
izers has led to large increases in crop yields, particu-
larly for crops such as corn that require large amounts
of nitrogen.

Nitrification

Another step in the nitrogen cycle is nitrification,
which is the conversion of ammonium (NH,") into
nitrite (NO, ) and then into nitrate (NOj ). These
conversions are conducted by specialized species of
bacteria. Although nitrite is not used by most produc-
ers, nitrate is readily used.

Assimilation

Once producers take up nitrogen in the form of
ammonia, ammonium, nitrite, or nitrate, they incor-
porate the element into their tissues in a process called
assimilation. When primary consumers feed on the
producers, some of the producer’s nitrogen is assimi-
lated into the tissues of the consumers while the rest is
eliminated as waste products.

Mineralization

Eventually, organisms die and their tissues decom-
pose. In a process called mineralization, fungal and
bacterial decomposers break down the organic matter
found in dead bodies and waste products and convert
organic compounds back into inorganic compounds.
In the nitrogen cycle, the process of mineralization is
sometime called ammonification because organic
nitrogen compounds are converted into the inor-
ganic ammonium (NH,"). The ammonium pro-
duced by this process can either be taken up by
producers in the ecosystem or be converted into
nitrite (NO, ) and nitrate (NOj ") through the pro-
cess of nitrification.

Limiting nutrient A nutrient required for the growth
of an organism but available in a lower quantity than
other nutrients.

Nitrogen cycle The movement of nitrogen around the
biosphere.

Nitrogen fixation A process by which some
organisms can convert nitrogen gas molecules directly
into ammonia.

Nitrification The conversion of ammonia (NH,") into
nitrite (NO, ") and then into nitrate (NO3").

Assimilation The process by which producers
incorporate elements into their tissues.

Mineralization The process by which fungal and
bacterial decomposers break down the organic matter
found in dead bodies and waste products and convert
it into inorganic compounds.

Ammonification The process by which fungal and
bacterial decomposers break down the organic
nitrogen found in dead bodies and waste products
and convert it into inorganic ammonium (NH,™").

MODULE 7 The Movement of Matter 85



Denitrification

The final step that completes the nitrogen cycle is
denitrification, which is the conversion of nitrate
(NOj3') in a series of steps into the gases nitrous oxide
(N,O) and, eventually, nitrogen gas (N,), which is
emitted into the atmosphere. Denitrification is con-
ducted by specialized bacteria that live under anaerobic
conditions, such as waterlogged soils or the bottom
sediments of oceans, lakes, and swamps.

Human Impacts on the Nitrogen Cycle

Nitrogen is a limiting nutrient in most terrestrial eco-
systems, so excess inputs of nitrogen can have conse-
quences in these ecosystems. For example, nitrate is
readily transported through the soil with water through
leaching, a process in which dissolved molecules are
transported through the soil via groundwater. In addi-
tion, adding nitrogen to soils in fertilizers ultimately
increases atmospheric concentrations of nitrogen in
regions where the fertilizer is applied. This nitrogen
can be transported through the atmosphere and depos-
ited by rainfall in natural ecosystems that have adapted
over time to a particular level of nitrogen availability.
The added nitrogen can alter the distribution or abun-
dance of species in those ecosystems.

In one study of nine different terrestrial ecosystems
across the United States, scientists added nitrogen fer-
tilizer to some plots and left other plots unfertilized as
controls. They found that adding nitrogen reduced the
number of species in a plot by up to 48 percent
because some species that could survive under low-
nitrogen conditions could no longer compete against
larger plants that thrived under high-nitrogen condi-
tions. Other studies have documented cases in which
plant communities that have grown on low-nitrogen
soils for millennia are now experiencing changes in
their species composition. An influx of nitrogen due to
human activities has favored colonization by new spe-
cies that are better adapted to soils with higher fertility.

The observation that nutrients can have unintended
effects on ecosystems highlights an important principle
of environmental science: In ecosystems containing
species that have adapted to their environments over
thousands of years or longer, changes in conditions are
likely to cause changes in biodiversity as well as in the

Denitrification The conversion of nitrate (NO3) in a
series of steps into the gases nitrous oxide (N,O)
and, eventually, nitrogen gas (N,), which is emitted
into the atmosphere.

Leaching The transportation of dissolved molecules
through the soil via groundwater.

Phosphorus cycle The movement of phosphorus
around the biosphere.
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movement of energy through, and the cycling of mat-
ter within, those ecosystems.

The phosphorus cycle moves
between land and water

Organisms need phosphorus for many biological pro-
cesses. Phosphorus is a2 major component of DNA and
RNA as well as ATP (adenosine triphosphate), the mol-
ecule cells use for energy transfer. Required by both
producers and consumers, phosphorus is a limiting nutri-
ent second only to nitrogen in its importance for
successful agricultural yields. Thus phosphorus, like nitro-
gen, is commonly added to soils in the form of fertilizer.

The Phosphorus Cycle

The phosphorus cycle is the movement of phospho-
rus around the biosphere. As shown in FIGURE 7.4, it
primarily operates between land and water. There is
no gas phase, although phosphorus does enter the
atmosphere in very small amounts when dust is dis-
solved in rainwater or sea spray. Unlike nitrogen,
phosphorus rarely changes form; it is typically found in
the form of phosphate (PO,>).

Assimilation and Mineralization

The biotic processes that affect the phosphorus cycle
are not complex. Producers on land and in the water
take up inorganic phosphate and assimilate the phos-
phorus into their tissues as organic phosphorus. The
waste products and eventual dead bodies of these
organisms are decomposed by fungi and bacteria,
which causes the mineralization of organic phosphorus
back to inorganic phosphate.

Sedimentation, Geologic Uplift, and Weathering

The abiotic processes of the phosphorus cycle involve
movements between the water and the land. In water,
phosphorus is not very soluble, so much of it precipi-
tates out of solution in the form of phosphate-laden
sediments in the ocean. You can see this process in the
left corner of Figure 7.4. Over time, geologic forces can
lift these ocean layers up and they become mountains.
The phosphate rocks in the mountains are slowly
weathered by natural forces including rainfall and this
weathering brings phosphorus to terrestrial and aquatic
habitats. Phosphorus is tightly held by soils, so it is not
easily leached from soils and into water bodies. Because
so little phosphorus leaches into water bodies and
because much of what enters water precipitates out of
solution, very little dissolved phosphorus is naturally
available in streams, rivers, and lakes. As a result, phos-
phorus is a limiting nutrient in many aquatic systems.
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FIGURE 7.4 The phosphorus cycle. The phosphorus cycle begins with the weathering or
mining of phosphate rocks and use of phosphate fertilizer, which releases phosphorus into the soil
and water. This phosphorus can be used by producers and subsequently moves through the food
web. In water, phosphorus can precipitate out of solution and form sediments, which over time

are transformed into new phosphate rocks.

Human Impacts on the Phosphorus Cycle

Humans have had a dramatic effect on the phospho-
rus cycle. For example, humans mine the phosphate
sediments from mountains to produce fertilizer.
When these fertilizers are applied to lawns, gardens,
and agricultural fields, excess phosphorus can leach
into water bodies. Because aquatic systems are com-
monly limited by a low availability of phosphorus,
even small inputs of leached phosphorus into these

systems can greatly increase the growth of producers.
Phosphorus inputs can cause a rapid increase in the
algal population of a waterway, known as an algal
bloom, that can quickly increase the biomass of

Algal bloom A rapid increase in the algal population
of a waterway.
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FIGURE 7.5 Algal bloom. When excess phosphorus enters
waterways, it can stimulate a sudden and rapid growth of algae that
turns the water bright green, like this area along the Susquehanna River
in Pennsylvania. The algae eventually die, and the resulting increase in
decomposition can reduce dissolved oxygen to levels that are lethal to
fish and shellfish. (Michael P Gadomski/Science Source)

algae in the ecosystem (FIGURE 7.5). As the algae die,
decomposition consumes large amounts of oxygen.
As a result, the water becomes low in oxygen, or
hypoxic. Hypoxic conditions kill fish and other
aquatic animals. Hypoxic dead zones occur around
the world, including where the Mississippi River
empties into the Gulf of Mexico.

A second major source of phosphorus in water-
ways is from the use of housechold detergents. From
the 1940s through the 1990s, laundry detergents in
the United States contained phosphates to make
clothes cleaner. The water discharged from washing
machines inadvertently fertilized streams, rivers, and
lakes. Because ecological dead zones caused by excess
phosphorus represent substantial environmental and
economic damage, manufacturers stopped adding
phosphates to laundry detergents in 1994 and 16 states
banned phosphates in dishwashing detergents in
2010. In 2013, 2 more states imposed a similar ban.

Hypoxic Low in oxygen.

Sulfur cycle The movement of sulfur around the
biosphere.
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In Europe, the European Union recently passed a ban
on phosphates in laundry detergents starting in 2013
and a ban on phosphates in dishwashing detergents
starting in 2017.

In addition to causing algal blooms, increases in
phosphorus concentrations can alter plant communi-
ties. We have already seen one example in Chapter 2,
where we discussed the deterioration of the environ-
ment in the Florida Everglades. Because of agricul-
tural expansion in southern Florida, the water that
flows through the Everglades has experienced elevated
phosphorus concentrations. This change in nutrient
cycling has altered the ecosystem of the Everglades.
For example, over time, cattails have become more
common and sawgrass has declined. Animals that
depend on sawgrass are now experiencing reduced
food and habitat from this plant.

Calcium, magnesium, potassium,
and sulfur also cycle in ecosystems

Calcium, magnesium, and potassium play important
roles in regulating cellular processes and in transmitting
signals between cells. Like phosphorus, these macro-
nutrients are derived primarily from rocks and decom-
posed vegetation. All three can be dissolved in water
as positively charged ions: Ca>*, Mg”", and K*. None
is present in a gaseous phase, but all can be deposited
from the air in small amounts as dust.

Because of their positive charges, calcium, magne-
sium, and potassium ions are attracted to the negative
charges present on the surfaces of most soil particles.
Calcium and magnesium occur in high concentrations
in limestone and marble. Because Ca** and Mg?>* are
strongly attracted to soil particles, they are abundant in
many soils overlying these types of rock. In contrast,
K* is only weakly attracted to soil particles and is
therefore more susceptible to being leached away by
water moving through the soil. Leaching of potassium
can lead to potassium-deficient soils that constrain the
growth of plants and animals.

The final macronutrient, sulfur, is a component of
proteins and plays an important role in allowing
organisms to use oxygen. The sulfur cycle, which is
the movement of sulfur around the biosphere, is
shown in FIGURE 7.6. Most sulfur exists in rocks and
is released into soils and water as the rocks weather
over time. Producers absorb sulfur through their roots
in the form of sulfate ions (SO,%), and the sulfur then
cycles through the food web. The sulfur cycle also has
a gaseous component. Volcanic eruptions are a natural
source of atmospheric sulfur in the form of sulfur
dioxide (SO,). Human activities also add sulfur
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FIGURE 7.6 The sulfur cycle. Most sulfur exists as rocks. As these rocks are weathered over time,
they release sulfate ions (S0,27) that producers can take up and assimilate. This assimilated sulfur then passes
through the food web. Volcanoes, the burning of fossil fuels, and the mining of copper put sulfur dioxide (SO,)
into the atmosphere. In the atmosphere, sulfur dioxide combines with water to form sulfuric acid (H,S0,). This

sulfuric acid is carried back to Earth when it rains or snows.

dioxide to the atmosphere, especially the burning of
fossil fuels and the mining of metals such as copper. In
the atmosphere, SO, is converted into sulfuric acid
(H,SO,) when it mixes with water. The sulfuric acid
can then be carried back to Earth when it rains or
snows. As humans add more sulfur dioxide to the

atmosphere, we cause more acid precipitation, which
can negatively affect terrestrial and aquatic ecosystems.
Although anthropogenic deposition of sulfur remains
an environmental concern, clean air regulations in the
United States have significantly lowered these deposits
since 1995.
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REVIEW

In this module, we have learned that water, carbon,
and the six macronutrients cycle around ecosystems.
These elements become available to organisms in
different ways, but once they are obtained by pro-
ducers from the atmosphere or as ions dissolved in
water, the elements cycle through trophic levels in
similar ways. Consumers then obtain these elements

Module 7 AP® Review Questions

1. Which one of the following is fixed from the atmo-
sphere by bacteria?
(a) Magnesium

(b) Phosphorus

(c) Sulfur

(d) Nitrogen

(e) Potassium

2. Human construction of buildings and pavement af-
fect the hydrological cycle by
I.  increasing runoff.
I.  increasing evaporation.
III. increasing percolation.

a) lonly

b) IandII only
c) TandIII only
d) IIand III only
e) I only

3. The largest carbon pool is found in
) oceans.
) the atmosphere.
) sedimentary rock.
d) living organisms.
fossil fuels.

4. Phosphorus
(a) isalimiting nutrient in many aquatic systems.
(b) has an important gaseous phase.
(c) is easily lost from soils due to leaching.
(d) is often produced by volcanic eruptions.
(e) changes chemical form often during its
biogeochemical cycle.

by eating producers. Finally, decomposers absorb
these elements from dead producers and consumers
and their waste products. Through the process of de-
composition, they convert the elements into forms
that are once again available to producers. In the next
module, we will explore how ecosystems respond to
disturbances in these cycles.

5. Acid rain is associated with which geochemical cycle?
(a) Potassium
(b) Calcium

(c) Carbon

(d) Phosphorus
(e) Sulfur

6.  Which of the following processes is also known as
ammonification?
(a) Nitrogen fixation
(b) Nitrification
(c¢) Assimilation
(d) Mineralization
(e) Denitrification

7. Haitian farmers are buying mango tree saplings for
$10 each, and the full-grown trees produce $75 of
fruit each year. If a farmer wishes to earn $1,500 per
year when the trees are grown, how much will the
farmer have to spend on saplings?

(@) $100

(b) $150

(c) $200

(d) $750

(e) $1,000
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Responses to Disturbances

As we have seen in the previous modules, flows of energy and matter in
ecosystems are essential to the species that live in them. However, sometimes
ecosystems experience major disturbances that alter how they operate.
Disturbances can occur over both short and long time scales, and ecosystem
ecologists are often interested in how disturbances affect the flow of energy and
matter through an ecosystem. More specifically, they are interested in whether an
ecosystem can resist the impact of a disturbance and whether a disturbed
ecosystem can recover its original condition. In this module, we will look at how
scientists study disturbances, how ecosystems are affected by disturbances, and
how quickly these ecosystems can bounce back to their pre-disturbance condition.
Finally, we will apply our knowledge to an important theory about how systems

respond to disturbances.

Learning Objectives

After reading this module you should be able to

e (distinguish between ecosystem resistance and ecosystem

resilience.

e explain the insights gained from watershed studies.

e explain the intermediate disturbance hypothesis.

Ecosystems are affected differently
by disturbance and in how well
they bounce back after the
disturbance

In 2012, a major hurricane came to shore in New
York and New Jersey and caused a tremendous
amount of damage to local ecosystems, not to men-
tion local homes and businesses (FIGURE 8.1).
Hurricanes, ice storms, tsunamis,tornadoes, volcanic
eruptions, and forest fires can all be classified as a

FIGURE 8.1 Ecosystem disturbance. Large disturbances can
have major effects on ecosystems, such as this area of New Jersey
where Hurricane Sandy devastated shorelines and the residences along
these shorelines. (The Star-Ledger/Andy Mills/The Image Works)
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(a)

(b)

FIGURE 8.2 Wetland restoration. (a) Once a forested wetland, this property in Maryland was cleared and
drained for agricultural use in the 1970s. (b) Beginning in 2003, efforts began to plug the drainage ditches, remove
undesirable trees, and plant wetland plants to restore the property to a wetland habitat. (Rich Mason, USFWS)

disturbance because they are events caused by
physical, chemical, or biological agents that results in
changes in population size or community composi-
tion in ecosystems. Disturbances also can be due to
anthropogenic causes, such as human settlements,
agriculture, air pollution, forest clear-cutting, and the
removal of entire mountaintops for coal mining.

Not every ecosystem disturbance is a disaster. For
example, a low-intensity fire might kill some plant
species, but at the same time it might benefit fire-
adapted species that can use the additional nutrients
released from the dead plants. So, although the popu-
lation of a particular producer species might be dimin-
ished or even eliminated, the net primary productivity
of all the producers in the ecosystem might remain the
same. When this is the case, we say that the productiv-
ity of the system is resistant. The resistance of an
ecosystem is a measure of how much a disturbance can
affect the flows of energy and matter. When a distur-
bance influences populations and communities, but
has no effect on the overall flows of energy and matter,
we say that the ecosystem has high resistance.

Disturbance An event, caused by physical, chemical,
or biological agents, resulting in changes in population
size or community composition.

Watershed All land in a given landscape that drains
into a particular stream, river, lake, or wetland.

Resistance A measure of how much a disturbance
can affect flows of energy and matter in an ecosystem.

Resilience The rate at which an ecosystem returns to
its original state after a disturbance.

Restoration ecology The study and implementation of
restoring damaged ecosystems.
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When the flows of energy and matter of an ecosys-
tem are affected by a disturbance, environmental sci-
entists often ask how quickly and how completely the
ecosystem can recover its original condition. The rate
at which an ecosystem returns to its original state after
a disturbance 1s termed resilience. A highly resilient
ecosystem returns to its original state relatively rapidly;
a less resilient ecosystem does so more slowly. For
example, imagine that a severe drought has eliminated
half the species in an area. In a highly resilient ecosys-
tem, the flows of energy and matter might return to
normal in the following year. In a less resilient ecosys-
tem, the flows of energy and matter might not return
to their pre-drought conditions for many years.

An ecosystem’s resilience often depends on specific
interactions of the biogeochemical and hydrologic
cycles. For example, as human activity has led to an
increase in global atmospheric CO, concentrations, ter-
restrial and aquatic ecosystems have increased the
amount of carbon they absorb. In this way the carbon
cycle as a whole has offset some of the changes that we
might expect from increases in atmospheric CO, con-
centrations, including global climate change. Conversely,
when a drought occurs, the soil may dry out and harden
so much that when it eventually does rain, the soil can-
not absorb as much water as it did before the drought.
The soil changes in response to the drought, which
leads to further drying and intensifies the drought dam-
age. In this case, the hydrologic cycle does not relieve
the effects of the drought; instead, a positive feedback in
the system makes the situation worse.

Many anthropogenic disturbances—for example,
housing developments, clear-cutting, or draining of
wetlands—are so large that they eliminate an entire
ecosystem. In some cases, however, scientists can work
to reverse these eftects and restore much of the original
function of the ecosystem (FIGURE 8.2). Growing



interest in restoring damaged eco-
systems has led to the creation of a
new scientific discipline called
restoration ecology. Restoration
ecologists are currently working
on two high-profile ecosystem res-
toration projects, in the Florida
Everglades and in the Chesapeake
Bay, to restore water flows and
nutrient inputs that are closer to
historic levels so that the functions
of these ecosystems can be restored.

Watershed studies
help us understand
how disturbances
affect ecosystem
processes

Understanding the natural rates
and patterns of biogeochemical
cycling in an ecosystem provides a
basis for determining how a distur-
bance has changed the system.
Because it is difficult to study bio-
geochemical cycles on a global scale, most of this
research takes place on a smaller scale where scientists
can measure all of the ecosystem processes. Scientists
commonly conduct such studies in a watershed. As
shown in FIGURE 8.3, a watershed is all of the land in
a given landscape that drains into a particular stream,
river, lake, or wetland.

One of the most thorough studies of disturbance at
the watershed scale has been ongoing for more than 50
years in the Hubbard Brook ecosystem of New
Hampshire. Since 1962, investigators have monitored
the hydrological and biogeochemical cycles of six
watersheds at Hubbard Brook, ranging in area from 12
to 43 ha (30 to 106 acres). The soil in each watershed
is underlain by impenetrable bedrock, so there is no
deep percolation of water; all precipitation that falls on
the watershed leaves it either by evapotranspiration or
by runoff. Scientists measure precipitation throughout
each watershed, and a stream gauge at the bottom of’
the main stream that drains a given watershed allows
them to measure the amounts of water and nutrients
leaving the system.

Researchers at Hubbard Brook investigated the
eftects of clear-cutting and subsequent suppression of
plant regrowth. The researchers cut down the forest
in one watershed and used herbicides to suppress the
regrowth of vegetation for several years. A nearby
watershed that was not clear-cut served as a control
(FIGURE 8.4). The concentrations of nitrate in stream

FIGURE 8.3 Watershed. A watershed is the area of land that
drains into a particular body of water.

Control
watershed

Watershed logged
and sprayed with
“herbicide in 1963

Watershed
logged in 1982

FIGURE 8.4 Studying disturbance at the watershed
scale. Inthe Hubbard Brook ecosystem, researchers clear-cut

one watershed to determine the importance of trees in retaining soil
nutrients. They compared nutrient runoff in the clear-cut watershed
with that in a control watershed that was not clear-cut. (The two other

watersheds shown in the photo received other experimental treatments).
(U.S. Forest Service, Northern Research Station)
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FIGURE 8.5 Intermediate disturbance
hypothesis. (a) In general, we expect to see

the highest species diversity at intermediate levels

of disturbance. Rare disturbances favor the best
competitors, which outcompete other species.
Frequent disturbances eliminate most species except
those that have evolved to live under such conditions.
At intermediate levels of disturbance, species from
both extremes can persist. (b) An example of the
intermediate disturbance in the number of algal
species observed in response to different amounts

of herbivory by marine snails. When few or many
snails are present, there is a low diversity of algal

(high intensity)

species, but when an intermediate density of snails
are consuming algae, the snails cause an intermediate
amount of disturbance and a higher diversity of algal
species can persist in the ecosystem.
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water were similar in the two watersheds before the
clear-cutting. Within 6 months after the cutting, the
clear-cut watershed showed significant increases in
stream nitrate concentrations. With this information,
the researchers were able to determine that when
trees are no longer present to take up nitrate from
the soil, nitrate leaches out of the soil and ends up in
the stream that drains the watershed. This study and
subsequent research have demonstrated the impor-
tance of plants in regulating the cycling of nutrients,
as well as the consequences of not allowing new
vegetation to grow when a forest is cut.

Studies such as the one done at Hubbard Brook
allow investigators to learn a great deal about bio-
geochemical cycles. We now understand that as for-
ests and grasslands grow, large amounts of nutrients

Intermediate disturbance hypothesis The
hypothesis that ecosystems experiencing intermediate
levels of disturbance are more diverse than those with
high or low disturbance levels.
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accumulate in the vegetation and in the soil. The
growth of forests allows the terrestrial landscape to
accumulate nutrients that would otherwise cycle
through the system and end up in the ocean. Forests,
grasslands, and other terrestrial ecosystems increase
the retention of nutrients on land. This is an impor-
tant way in which ecosystems directly influence their
own growing conditions.

Intermediate levels of disturbance
favor high species diversity

We have seen that not all disturbance is bad. In fact,
some level of ecosystem disturbance is natural, and may
even be necessary to maintain species diversity. The
intermediate disturbance hypothesis states that eco-
systems experiencing intermediate levels of disturbance
will favor a higher diversity of species than those with
high or low disturbance levels. The graph in FIGURE
8.5a illustrates this relationship between ecosystem dis-
turbance and species diversity. Ecosystems in which
disturbances are rare experience intense competition



among species. Because of this, populations of only a
few highly competitive species eventually dominate the
ecosystem. In places where disturbances are frequent,
population growth rates must be high enough to coun-
ter the effects of frequent disturbance and prevent spe-
cles extinction.

An example of the intermediate disturbance hypoth-
esis can be found in marine algae that spend their lives
attached to rocks along the rocky coast of New
England. In areas containing low densities of common
periwinkle snails (Litforina littorea), which cause a low
disturbance through low amounts of herbivory, just a

8

REVIEW

In this module, we learned that disturbances are
events that can alter population sizes and community
compositions of ecosystems. Watershed studies help
scientists investigate how disturbances affect ecosys-
tems; by manipulating watersheds, they can observe
how the cycling of water and elements is altered.

Module 8 AP® Review Questions

1. Which is NOT true about disturbances?

(a) They are caused by natural events such as
hurricanes.

(b) They occur only on short time scales.

(c) They can cause complete destruction of an
ecosysten.

(d) Many result in no change in ecosystem
productivity.

(e) Some are due to anthropogenic causes.

2. An ecosystem that rapidly returns to its original state
after a disturbance is

(a) resistant.

(b) vigorous.

(c) resilient.

(d) stable.

(e) adaptable.

cels

€

3. The intermediate disturbance hypothesis states that
intermediate levels of disturbance will
(a) increase runoft.
(b) increase ecosystem nutrient cycling.

few algal species dominate the community, as shown
in Figure 8.5b. In areas containing high densities of
sails, the disturbance from their high amount of her-
bivory caused only the most herbivore-resistant algal
species to persist. However, when snails were present
at an intermediate density, which represents an inter-
mediate disturbance, the populations of best competi-
tors never reach a size at which they can dominate,
and populations of other species are never driven too
close to zero. As a result, we see the highest diversity
of species in ecosystems that experience an intermedi-
ate frequency of disturbance.

When a disturbance occurs, some ecosystems exhibit
high resistance to the disturbance. Other ecosystems
show high resilience, which allows them to bounce
back quickly to pre-disturbance conditions. Finally,
an ecosystem disturbance of intermediate magnitude
favors a high diversity of species.

(c) decrease primary productivity.
(d) increase species diversity.
(e) decrease biomass.

4. The Hubbard Brook experiment showed that

(a) the intermediate disturbance hypothesis is
plausible.

(b) freshwater aquatic ecosystems are often very
resilient.

(c) river restoration can take many years to
complete.

(d) evapotranspiration increases with more
vegetation cover.

(e) deforestation increases nutrient runoft.

5. Which is a measure of how much a disturbance can
affect the flows of energy and matter in an ecosystem?

(a) Diversity

(b) Intensity

(c

(
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Resistance
Resilience
Homeostasis
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sustainability

Can We Make Golf Greens Greener?

Though golf is played outdoors on open green courses
designed around the contours of the natural landscape,
golf courses have a poor environmental reputation. Golf
courses are highly managed ecosystems that cover over 3
million ha (7.5 million acres) worldwide—an area about
the size of Belgium. About two-thirds of this area con-
sists of closely mowed turfgrass. Closely mowed grass has
short leaves that cannot gain enough energy from pho-
tosynthesis to grow deep roots. This causes the grass to
dry out easily and makes it difficult to obtain soil nutri-
ents. As a result, the grass is susceptible to challenges from
weeds, grubs that feed on grass roots, and fungal diseases
that can weaken or kill the grass.

To combat these challenges, golf courses use dispro-
portionate amounts of water, fertilizer, and pesticides.
Because humans expect to see green, well-manicured
golf courses no matter where in the world they are
located, golf courses collectively use 9.5 billion liters
(2.5 billion gallons) of water annually to keep their
grasses green. Much of this water is used in regions
where water is scarce. In addition, providing the grass
with sufficient nutrients requires a large amount of fer-
tilizer. For example, the putting greens that surround
each of the 18 holes in a golf course require as much
nitrogen per hectare as corn, the heaviest nitrogen user
of all major food crops. If the course requires irrigation
soon after the application of fertilizer, or if it rains, up
to 60 percent of the fertilizer can be leached into near-
by waterways. To maintain a uniform texture on the
greens, golf courses use about six times the amount of
agricultural pesticides per hectare as do conventional
farms. These chemicals include herbicides to remove
weeds, insecticides to kill soil-dwelling grubs, and fun-
gicides to control disease.

Since 1991, the Audubon Cooperative Sanctuary
Program (ACSP), a partnership between Audubon
International and the U.S. Golf Association, has been
working to improve the environmental management
of golf courses. The ACSP encourages golf course
managers to develop courses that perform more like
natural ecosystems, with nutrient and water recycling
to reduce waste and biodiversity to increase ecosystem
resilience. It also educates golf course managers about
low-impact pest management, water conservation, and
water quality management.

The golf course of the Palisades Country Club in
North Carolina was constructed with natural ecosys-
tem processes in mind. To prevent the runoft of nutri-
ents and lawn-care chemicals into nearby waters, the
course directs all runoff water through a treatment
system. The course was designed to reduce the amount

of closely mowed turfgrass. Deep-rooted native grasses
surrounding the greens and fairways soak up nutrients
and help to direct water underground. As a result,
maintenance costs, chemical applications, and the time
spent using machinery have all declined. Smaller areas
of turfgrass also leave space for more native vegetation
of various heights, providing better habitats for birds
and predatory insects. These consumers keep pest
populations low, which reduces the need for pesti-
cides. When pesticides are used, they are chosen to
protect nontarget wildlife and applied on wind-free
days to keep them from spreading beyond where they
are needed.

By 2012, more than 2,400 golf courses worldwide
were participating in the ACSP. Audubon International
found that over 80 percent of the courses in the pro-
gram reduced the amounts and toxicity of pesticides
applied, improved nutrient retention within the course,
and used less water for irrigation. The average course
in the program saved about 7 million liters (1.9 million
gallons) of water per year, and the amount of land area
devoted to providing wildlife habitat increased by
about 50 percent, from 18 to 27 ha (45 to 67 acres) per
60-ha (150-acre) golf course. Moreover, 99 percent of’
managers reported that playing quality and golfer satis-
faction were maintained or improved.

Even with these changes, golf courses still require
large amounts of water, nutrients, fossil fuel energy, and
upkeep. Highly managed ecosystems cannot be made
input free. However, within these limits, a growing
number of courses are attempting to reduce their eco-
logical footprint and make their greens greener.

Making golf more sustainable. The Palisades Country Club in
North Carolina is making its golf course more environmentally friendly

by considering the important roles of natural ecosystem processes.
(Courtesy The Palisades Country Club)




Critical Thinking Questions

1. In addition to helping the environment, what fac-
tors do you think help motivate the golf course
operators to join the Audubon Cooperative Sanctu-
ary Program?

2. Is the high use of water, fertilizers, and pesticides on
golf courses justified by the fact that it brings people
outside to enjoy and appreciate nature?
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.auduboninternational.org/acspgolf.

Beecham,Tara. 2007. How green is your tee? Stormwater
Features. http://www.stormh2o.com/september-2007
/audubon-program-golf.aspx.

chapter

REVIEW

In this chapter, we have learned how ecosystems func-
tion by looking at how energy moves through an eco-
system and how matter cycles around an ecosystem.
This energy and matter form the basis of the trophic
groups that exist in ecosystems and they are responsible

for the abundance of each group in nature. The typical
movement of energy and matter can be altered by eco-
system disturbances, although the magnitude of the
impact depends on the resistance of a particular ecosys-
tem and its resilience after the disturbance.

| Key Terms
Biosphere Detritivore Nitrification
Producer Decomposers Assimilation
Autotroph Gross primary productivity (GPP) Mineralization
Photosynthesis Net primary productivity (NPP) Ammonification
Cellular respiration Biomass Denitrification
Aerobic respiration Standing crop Leaching
Anaerobic respiration Ecological efficiency Phosphorus cycle
Consumer Trophic pyramid Algal bloom
Heterotroph Biogeochemical cycle Hypoxic
Herbivore Hydrologic cycle Sulfur cycle
Primary consumer Transpiration Disturbance
Carnivore Evapotranspiration Resistance
Secondary consumer Runoft Resilience
Tertiary consumer Carbon cycle Watershed
Trophic levels Limiting nutrient Restoration ecology
Food chain Macronutrient Intermediate disturbance hypothesis
Food web Nitrogen cycle
Scavenger Nitrogen fixation

I Learning Objectives Revisited

Module 6 The Movement of Energy

e Explain the concept of ecosystem boundaries.

Ecosystem boundaries distinguish one ecosystem from
another. Although boundaries can be well-defined,

often they are not. Boundaries are commonly defined
either by topographic features, such as mountain
ranges, or are subjectively set by administrative criteria
rather than biological criteria.
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Describe the processes of photosynthesis and
respiration.

Photosynthesis captures the energy of the Sun to con-
vert CO, and water into carbohydrates. Respiration,
whether aerobic or anaerobic, unlocks the chemical
energy stored in the cells of organisms.

Distinguish among the trophic levels that
exist in food chains and food webs.

The trophic levels consist of producers that convert
solar energy into producer biomass through photo-
synthesis, primary consumers that eat the producers,
secondary consumers that eat the primary consum-
ers, and tertiary consumers that eat the secondary
consumers. Omnivores eat individuals from more
than one trophic group. Trophic groups that eat
waste products and dead organisms are scavengers,
detritivores, and decomposers.

Quantify ecosystem productivity.

Ecosystem productivity can be quantified by mea-
suring the total amount of solar energy that produc-
ers capture, which is gross primary productivity, or
by measuring the total amount of solar energy
captured minus the amount of energy used for res-
piration, which is net primary productivity.

Explain energy transfer efficiency and trophic
pyramids.

The energy present in one trophic level can be trans-
ferred to a higher trophic level and the efficiency of
this transfer is generally about 10 percent. Because of
this low energy transfer efficiency, the amount of
energy present in each trophic level declines as we
move to higher trophic levels. We can represent the
energy in each trophic level as a rectangular block in
a pyramid, with a size that is proportional to the
energy found in the trophic level. Low ecological
efficiency results in a large biomass of producers, but
a much lower biomass of primary consumers and an
even lower biomass of secondary consumers.

Module 7 The Movement of Matter
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Describe how water cycles within ecosystems.

In the water cycle, water evaporates from water bod-
ies and transpires from plants. The resulting water
vapor cools and forms clouds, which ultimately drop
water back to Earth in the form of precipitation.
When the water falls onto the land, it can evaporate,
be taken up by plants and transpired, percolate into
the groundwater, or run oft along the soil surface and
ultimately return to lakes and oceans.

Explain how carbon cycles within

ecosystems.

In the carbon cycle, producers take up CO, for
photosynthesis and transfer the carbon to consumers
and decomposers. Some of this carbon is converted
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back into CO, by respiration, while the rest is lost
to sedimentation and burial. The extraction and
combustion of fossil fuels, as well as the destruction
of forests, returns CO, to the atmosphere.

Describe how nitrogen cycles within
ecosystems.

In the nitrogen cycle, nitrogen fixation by organ-
1sms, lightning, or human activities converts nitro-
gen gas into ammonium (NH, ") or nitrate (NO5").
Nitrification is a process that converts ammonium
into nitrite (NO, ) and then into nitrate (NO3 ).
Once producers take up nitrogen as ammonia,
ammonium, nitrite, or nitrate, they incorporate it
into their tissues in a process called assimilation.
Eventually, organisms die and their tissues decom-
pose and are converted to ammonium in a process
called mineralization. Finally, denitrification returns
nitrogen to the atmosphere.

Explain how phosphorus cycles within
ecosystems.

The phosphorus cycle involves a large pool of
phosphorus in rock that is formed by the precipita-
tion of phosphate onto the ocean floor. Geologic
forces can lift these sediments and form mountains.
The phosphorus in the mountains can be made
available to producers either by weathering or by
mining. Producers assimilate phosphorus from the
soil or water and consumers assimilate it when they
eat producers. The waste products and dead bodies
of organisms experience mineralization, which
returns phosphorus to the environment where it
can be ultimately transferred back to the ocean.

Discuss the movement of calcium, magnesium,
potassium, and sulfur within ecosystems.
Calcium, magnesium, and potassium are derived
from rock and can be held by soils. Producers
can assimilate these elements, and mineralization of
waste products and dead organisms returns the ele-
ments back to the environment. Most sulfur exists
in the form of rocks and is released through the
process of weathering, which makes it available for
plant assimilation. Some sulfur exists as a gas in the
form of sulfur dioxide (SO,), which can be pro-
duced by volcanic eruptions and the burning of
fossil fuels. In the atmosphere, SO, is converted
into sulfuric acid (H,SO,) when it mixes with
water. The sulfuric acid can then be carried back to
the ground when it rains or snows.

Module 8 Responses to Disturbances

e Distinguish between ecosystem resistance and

ecosystem resilience.

The resistance of an ecosystem is a measure of how
much a disturbance can affect its flows of energy



and matter. In contrast, the resilience of an ecosys-
tem is the rate at which an ecosystem returns to its
original state after a disturbance has occurred.

* Explain the insights gained from watershed
studies.
Because watersheds contain all of the land in a
given landscape that drains into a particular water
body, experimental manipulations such as logging

allow scientists to determine how a disturbance to
an ecosystem alters the flow of energy and matter.

Explain the intermediate disturbance
hypothesis.

The intermediate disturbance hypothesis states that
ecosystems experiencing intermediate levels of dis-
turbance are more diverse than those with high or
low disturbance levels.

|Chapter 3 AP® Environmental Science Practice Exam

Section 1: Multiple-Choice Questions
Choose the best answer for questions 1-18.

1. Which of the following is NOT an example of an
abiotic component of an ecosystem?

(a) Water
(b) Minerals
(c) Sunlight
(d) Fungi
(e) Air

2. Which of the following is NOT characteristic of
most ecosystems?

) Biotic components

) Abiotic components

)

)

S

Recycling of matter
Distinct boundaries
) A wide range of sizes

OIS

3. The waste product in photosynthesis is
a) carbon dioxide.

b) oxygen.

c) glucose.

d) water.

) energy.

@

e

4. Which of the following could be a cause of decreased
evapotranspiration?
) Increased precipitation
b) Decreased runoft
Increased percolation
Increased vegetation
Increased sunlight

=

(a
(
(
(
(

oee

@

For questions 5, 6, and 7, select from the following
choices:

(a) Producers

(b) Decomposers

(c) Primary consumers

(d) Secondary consumers

(e) Tertiary consumers

5. At which trophic level are eagles that consume fish
that eat algae?

10.

11.

At which trophic level do organisms use a process
that produces oxygen as a waste product?

At which trophic level are dragonflies that consume
mosquitoes that feed on herbivorous mammals?

Beginning at the lowest trophic level, arrange the
following food chain found on the Serengeti Plain of
Africa in the correct sequence.

(a) Shrubs—gazelles—cheetahs—decomposers

(b) Shrubs—decomposers—gazelles—cheetahs

(c) Shrubs—decomposers—cheetahs—gazelles
(
(

~

Gazelles—decomposers—cheetahs—shrubs

e) Decomposers—cheetahs—shrubs—gazelles

cae

Which macronutrient is required by humans in the
largest amounts?

(a) Calcium

Nitrogen

Sulfur

Potassium

Magnesium

el

(b
(
(
(e

Roughly what percentage of incoming solar energy
is converted into chemical energy by producers?

(a) 99

) 80

) 50

) Between 5 and 20
1

N

(b
(
(
(

~

©

The net primary productivity of an ecosystem is 1 kg
C/m?/year,and the energy needed by the producers
for their own respiration is 1.5 kg C/m?/year. The
gross primary productivity of such an ecosystem
would be

@) 0.5 kg C/m?/year.
(b) 1.0 kg C/m?/year.
(©) 1.5kgC/m>/year.
(d) 2.0 kg C/m?/year.
(e) 2.5kg C/m?/year.

©
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12.

13.

14.

15.

100

An ecosystem has an ecological efficiency of

10 percent. If the producer level contains 10,000
kilocalories of energy, how much energy does the
tertiary consumer level contain?

(a) 1 kcal

(b) 10 kcal

(c) 100 kcal
(d) 1,000 kcal
(e) 10,000 kcal

‘Which biogeochemical cycle(s) does NOT have a
gaseous component?
I.  Potassium

II. Sulfur

III. Phosphorus
(a) Il only

(b) TandII only
(c) III only

(d) IIandIII only
(e) TandIII only

Which of the following statements about the carbon

cycle is true?

(a) Carbon transfer from photosynthesis is in steady
state with respiration and death.

(b) The majority of dead biomass is accumulated in
sedimentation.

(c) Combustion of carbon is equivalent in mass to
sedimentation.

(d) Most of the carbon entering the oceans is from
terrestrial ecosystems.

(e) Carbon exchange between the atmosphere and
terrestrial ecosystems is primarily an abiotic
process.

Human interaction with the nitrogen cycle is

primarily due to

(a) the leaching of nitrates into terrestrial
ecosystems.

(b) the breakdown of ammonium into ammonia for
industrial uses.

(c) the interruption of the mineralization process in
urban areas.

(d) the acceleration of the nitrification process in
aquatic ecosystems.

(e) the decreased assimilation of ammonium and
nitrates.

CHAPTER 3 Ecosystem Ecology

16.

17.

18.

R esearch at Hubbard Brook showed that stream

nitrate concentrations in two watersheds were
before clear-cutting, and that after one

watershed was clear-cut, its stream nitrate

concentration was

(a) similar/decreased

similar/increased

similar/the same

different/increased

e) different/decreased

e g

(b
(
(
(

Small inputs of this substance, commonly a limiting
factor in aquatic ecosystems, can result in algal
blooms and dead zones.

(a) Dissolved carbon dioxide

(b) Sulfur

(c) Dissolved oxygen
(d) Potassium

(e) Phosphorus

After a severe drought, the productivity in an
ecosystem took many years to return to pre-drought
conditions. This observation indicates that the
ecosystem has

(a) high resilience.

(b) low resilience.

(c) high resistance.

(d) low resistance.

(e) equal resilience and resistance.



Section 2: Free-Response Questions

Write your answer to each part clearly. Support your answers A group of owners of adjacent properties see
with relevant information and examples. Where calculations things very differently. Their spokesperson, Ethan
are required, show your work. Jared, argued against granting a change in the cur-
rent zoning. “Ms. Taylor has allowed the communi-
1. Nitrogen is crucial for sustaining life in both ty to use these woods for many years, and we thank
terrestrial and aquatic ecosystems. her for that. But I hope that the local children will
(a) Draw a fully labeled diagram of the nitrogen be able to hike and explore the woods with their
cycle. (4 points) children as I have done with mine. Removing the
(b) Describe the following steps in the nitrogen trees in a clear-cut will damage our community in
cycle: many ways, and it could lead to contamination of
(i) Nitrogen fixation (1 point) the groundwater apd streams and affect many ani-
(i)  Ammonification (1 point) mal and plant species. Like thg rest of us property
(i)  Nitrification (1 point) owners, Ms. Taylor gets her drinking water from a
(iv)  Denitrification (1 point) well, and I do not think she has really looked at all

the ramifications should her plan go through. We
strongly oppose the rezoning of this land—it has a
right to be left untouched.”

After more than 2 hours of debate between
Ms. Taylor and many of the local residents, the chair
of the Zoning Board decided to research the points
raised by the neighbors and report on his findings at
next month’s meeting.

(c) Describe one reason why nitrogen is crucial for
sustaining life on Earth. (1 point)

(d) Describe one way that the nitrogen cycle can be
disrupted by human activities. (1 point)

2. Read the following article written for a local
newspaper and answer the questions below.

Neighbors Voice Opposition to Proposed Clear-Cut (a) Name and describe the ecosystem value(s) that
are being expressed by Ms.Taylor in her proposal

A heated discussion took place last night at the to clear-cut the wooded area. (2 points)

monthly meeting of the Fremont Zoning Board. (b) Name and describe the ecosystem value(s) that

Local landowner Julia Taylor has filed a request that Mr. Jared is placing on the wooded area.

her 150-acre woodland area be rezoned from resi- (2 points)

dential to multiuse in order to allow her to remove (c) Provide three realistic suggestions for Ms. Taylor

all of the timber from the site. that could provide her with revenue from the
“This is my land, and I should be able to use it as property but leave the woods intact. (3 points)

I see fit,” explained Ms. Taylor. “In due course, all of (d) Identity and then discuss the validity of the

the trees will return and everything will go back to environmental concerns that were raised by

the same as it is now. The birds and the squirrels will Mr. Jared. (3 points)

still be there in the future. I have to sell the timber
because I need the extra revenue to supplement my
retirement as [ am on a fixed income. I don't see
what all the fuss is about,” she commented.
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Grapes used for fine wines grow best in
only a few regions of the world that have a
similar climate. (swetta/Getty Images)
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12 Terrestrial Biomes
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9 The Unequal Heating of Earth
10 Air Currents

11 Ocean Currents

Growing Grapes to Make a Fine Wine

Winemaking has its origin in the Medi-
terranean region, in places such as
Egypt, Greece, Italy, France, and Spain.
As the European nations began to colo-
nize other parts of the world, they
brought grape vines with them. To-
day wine is made throughout the
world, but the regions known for the
finest wines are the Mediterranean,
California, Chile, South Africa, and
southwestern Australia. What is it
about these regions that favors the
production of great wines?

Wine making critically depends on
having proper growing conditions for
grapes. The best conditions are mild,
moist winters and hot, dry summers.
Mild winters are important because

temperatures that fall below freezing
can damage the grape vines. Hot, dry
summers are important because they
are moderately stressful for the plants,

Because wine grapes grow
best under a narrow range of
climatic conditions, global
climate change is causing
great concern among
winegrowers.

which causes them to create the perfect
balance of sugars and acids in the
grapes. The dry climate also reduces

outbreaks of many grape vine diseases
that are more prevalent in humid envi-
ronments.
The five regions with the best grow-
ing conditions are all situated be-
tween 30° and 50° latitude, next to
the ocean, and typically on the west-
ern side of continents. Their similar-
ity in geographic position causes
them to have air and water currents
that produce comparable climates
that provide similar growing condi-
tions. Because of this, these regions
also contain plants that look quite
similar. Although the plant species in
these five locations are not closely re-
lated, they consist of drought-tolerant
grasses, wildflowers, and shrubs. In
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short, the plants that grow naturally in
these areas, much like grapes, are well
adapted to the local climate.

Because wine grapes grow best un-
der a narrow range of climatic condi-
tions, global climate change is causing
great concern among winegrowers. For
example, scientists in 2013 evaluated
the current and future climates in the
wine region of California, where 90 per-
cent of U.S. wine is produced. They pre-
dicted that many vineyards will have to
shift northward to Oregon and Wash-
ington by 2040 because the ideal cli-
mate for winegrowing will shift north-
ward. Similarly, winemakers in France
have experienced a decade of excep-
tionally hot and dry summers, which

has made it difficult to grow the unique
varieties of French wine grapes. In con-
trast, English wineries, which are
located farther north and have not pre-
viously had ideal conditions for grow-
ing wine grapes, are now producing
some of their best wines because the
current English climate is starting to re-
semble the historic French climate. As
winemakers face the reality of global
warming and changing climates, they
will have to decide whether to move
their vineyards to more hospitable cli-
mates, modify the growing conditions
by adding irrigation, or plant varieties
of grapes that are more tolerant to the
changing climate, and therefore pro-
duce different types of wines.

The story of wine grapes illustrates
the point that different regions of the
world contain distinct climates and that
these climates affect the species that
can live in each region. It further demon-
strates that when these climates change,
we can expect changes in the species
that live in the regions and changes in
the way humans use these ecosystems.

Sources:

J. T. Iverson, How global warming could
change the winemaking map, Time,
December 3, 2009, at http://www.time.com
/time/specials/packages/article/0,28804
,1929071_1929070_1945282,00.html;

L. Hannah et al., Climate change, wine

and conservation, Proceedings of the
National Academy of Sciences 110 (2013):
6907-6912.

s we have seen with wine grapes, annual patterns of temperature and precipita-

tion help to determine the types of plants and animals that can live in aquatic and

terrestrial habitats around the world. These annual patterns represent a region’s

climate, which is the average weather that occurs in a given region over a long period—

typically over several decades. We can contrast climate with the concept of weather,

which is the short-term conditions of the atmosphere in a local area that include tem-

perature, humidity, clouds, precipitation, and wind speed. To understand how climate

differences arise around the world, we need to look at the factors that affect the distribu-

tion of heat and precipitation across the globe, which include the unequal heating of

Earth, air currents, and ocean currents. Once we understand the pattern of climate dif-

ferences around the world, we can explore how similar climates support similar types of

plants. We can also look at characteristics of different aquatic environments.

Climate The average weather that occurs in a

given region over a long period of time.

Weather The short-term conditions of the

atmosphere in a local area, which include

temperature, humidity, clouds, precipitation, and

wind speed.
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The Unequal Heating
of Earth

The unequal heating of Earth by the Sun is a major driver of the
climates found around the world. To understand how this unequal
heating occurs, we need to examine the makeup of Earth’s
atmosphere. We can then investigate how the angle of sunlight
striking Earth affects the area over which the Sun’s energy is spread,
and the ability of different regions of the world to absorb this energy.
Finally, we must consider how the tilt of Earth on its axis affects the
energy received from one season to another throughout the year.

Learning Objectives

After reading this module you should be able to

¢ dentify the five layers of the atmosphere.

e (iscuss the factors that cause unequal heating of Earth.
e describe how Earth’s tilt affects seasonal differences in temperatures.

Earth’s atmosphere is composed
of layers

As FIGURE 9.1 shows, Earth’s atmosphere consists of
five layers of gases. The pull of gravity on the gas mol-
ecules keeps these layers of gases in place. Because each
layer of gas has mass, the layers closest to Earth have a
greater mass of air above them. This causes the layers
closest to Earth to have more densely packed molecules,
which causes higher air pressure.

The atmospheric layer closest to Earth’s surface, the
troposphere, extends roughly 16 km (10 miles)
above Earth. It is the densest layer of the atmosphere
and it is the layer where most of the atmosphere’s
nitrogen, oxygen, and water vapor occur. The tropo-
sphere experiences a great deal of circulation of liquids
and gases, and it is the layer where Earth’s weather

occurs. Air temperature in the troposphere decreases
with distance from Earth’s surface and varies with lati-
tude. Temperatures can fall as low as =52°C (—62°F)
near the top of the troposphere.

Above the troposphere is the stratosphere, which
extends roughly 16 to 50 km (10-31 miles) above
Earth’s surface. The stratosphere is less dense than the
troposphere. Ozone, a pale blue gas composed of
molecules made up of three oxygen atoms (Oj),
forms a layer within the stratosphere. This ozone

Troposphere A layer of the atmosphere closest to
the surface of Earth, extending up to approximately
16 km (10 miles).

Stratosphere The layer of the atmosphere above
the troposphere, extending roughly 16 to 50 km
(10-31 miles) above the surface of Earth.
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FIGURE 9.1 The layers of Earth’s atmosphere. The
troposphere is the atmospheric layer closest to Earth. Because the
density of air decreases with altitude, the troposphere’s temperature
also decreases with altitude. Temperature increases with altitude in
the stratosphere because the Sun’s UV-B and UV-C rays warm the
upper part of this layer. Temperatures in the thermosphere can reach

1,750°C (3,182°F). (After http.//www.nasa.gov/audience/forstudents/9-12
/features/912_liftoff_atm.htm)

layer absorbs most of the Sun’s ultraviolet-B (UV-B)
radiation and all of its ultraviolet-C (UV-C) radiation.
UV radiation can cause DNA damage and cancer in
organisms, so the stratospheric ozone layer provides
critical protection for our planet. The upper layers in
the stratosphere absorb the UV radiation and convert
it to infrared radiation, which is released as heat.
Because UV radiation from the Sun reaches the higher
altitudes of the stratosphere, where much of the UV
radiation is absorbed first, there is less UV radiation
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remaining to be absorbed in the lower stratosphere. As
a result, the upper stratosphere is warmer than the
lower stratosphere.

Beyond the stratosphere are the mesosphere, the
thermosphere, and the exosphere. The atmospheric
pressure and density in each of these layers continues
to decrease as we move toward the outer layers of the
atmosphere. The thermosphere is particularly impor-
tant to organisms on Earth’s surface because of its abil-
ity to block harmtul X-ray and UV radiation from
reaching our planet. The thermosphere is also interest-
ing because it contains charged gas molecules that,
when hit by solar energy, begin to glow and produce
light, in the same way that a light bulb glows when
electricity is applied. Because this interaction between
solar energy and gas molecules is driven most intensely
by magnetic forces at the North Pole and South Pole,
the best places to view the phenomenon are at high
latitudes. In the northern United States, Canada, and
northern Europe, these glowing gases are known as
the northern lights, or aurora borealis. In Australia and
southern South America, they are called the southern
lights, or aurora australis (FIGURE 9.2).

The amount of solar energy
reaching Earth varies with location

Now that we know something about Earth’s atmo-
sphere, we can take a closer look at the processes that
affect heat and precipitation distribution. As the Sun’s
energy passes through the atmosphere and strikes land
and water, it warms the planet’s surface. But this
warming does not occur evenly across the planet. This
uneven warming pattern has three primary causes.
The first cause of unequal warming is variation in
the angle at which the Sun’s rays strike Earth. As we

FIGURE 9.2 Northern lights. The glowing, moving lights that
are visible at high latitudes in both hemispheres are the product of

solar radiation energizing the gases of the thermosphere. (Stephen
Mcsweeny/Shutterstock)
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At high latitudes, sunlight must

pass through more atmosphere,

and thus loses more of its

energy, than in the tropics. FIGURE 9.3 Differential

Sunlight strikes Earth
at oblique angle

Sunlight strikes Earth at

perpendicular angle

North Pole

Atmosphere

heating of Earth. Tropical
regions near the equator receive
more solar energy than mid-
latitude and polar regions, where
the Sun’s rays strike Earth’s
surface at an oblique angle.

North Pole

N

At high latitudes, a given
amount of solar energy is
spread over a larger surface
area than at the equator.

@ South Pole

can see in FIGURE 9.3, in the region nearest to the
equator—the tropics—the Sun strikes at a perpendicu-
lar, or right, angle. In the mid-latitude and polar
regions, the Sun’s rays strike at a more oblique angle.
As a result, the Sun’s rays travel a relatively short dis-
tance through the atmosphere to reach Earth’s surface
in the tropics but they must travel a longer distance
through the atmosphere to reach Earth’s surface near
the poles. Because solar energy is lost as it passes
through the atmosphere, more solar energy reaches the
equator than the mid-latitude and polar regions.

The second cause of the uneven warming of Earth
is variation in the amount of surface area over which
the Sun’s rays are distributed. As you may know, the
Sun’s rays strike Earth at different angles in different
places on the globe, and the angle can change with the
time of year. When the Sun’s rays strike near the equa-
tor, the solar energy is distributed over a smaller sur-
face area than near the poles. Thus, regions near the
equator receive more solar energy per square meter
than mid-latitude and polar regions. You can replicate
this phenomenon by shining a flashlight onto a round
object, such as a basketball, in a dark room. If you
shine the light perpendicular to the surface of the ball,
you will create a small circle of bright light. If you
shine the flashlight at an oblique angle, you will create
a large oval pool of dim light because the light is dis-
tributed over a larger area.

Finally, some areas of Earth reflect more solar
energy than others. The percentage of incoming sun-
light that is reflected from a surface is called its albedo.
The higher the albedo of a surface, the more solar
energy it reflects and the less it absorbs. A white sur-
face has a higher albedo than a black surface, so it tends

to stay cooler. FIGURE 9.4 shows albedo values for
various surfaces on Earth. Although Earth has an aver-
age albedo of 30 percent, tropical regions with dense
green foliage have albedo values of 10 to 20 percent,
whereas the snow-covered polar regions have values
of 80 to 95 percent.

Earth’s tilt causes seasonal
changes in climate

As we saw in the previous section, differences in the
amount of solar energy striking various latitudes on
Earth depend on the angle of the Sun’s rays. For the
same reason, the amount of solar energy reaching vari-
ous latitudes shifts over the course of the year. Because
Earth’s axis of rotation is tilted 23.5°, Earth’s orbit
around the Sun causes most regions of the world to
experience seasonal changes in temperature and pre-
cipitation. Specifically, when the Northern Hemisphere
is tilted toward the Sun, the Southern Hemisphere is
tilted away from the Sun, and vice versa.

FIGURE 9.5 will help us visualize how this works. The
Sun’s rays strike the equator directly twice a year: once
during the March equinox, on March 20 or 21, and
again during the September equinox, on September 22
or 23. On those days, virtually all regions of Earth
(except those nearest the poles) receive 12 hours of day-
light and 12 hours of darkness. For the 6 months

Albedo The percentage of incoming sunlight
reflected from a surface.
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FIGURE 9.4 Albedo.
The albedo of a surface is the
percentage of the incoming
solar energy that it reflects.
Snow and ice reflect much

of the solar energy that they
receive, but darker objects
such as forests and asphalt
paving reflect very little
energy, which means that
they absorb most of the solar
energy that strikes them.

March equinox

The Sun is directly overhead at the equator and all regions of Earth receive
12 hours of daylight and 12 hours of darkness. Spring begins in the
Northern Hemisphere. Fall begins in the Southern Hemisphere.

123.5°
Tilted axis

|__/North Pole

South
Pole

Tropic of
Cancer

June solstice
The Northern
Hemisphere is
maximally tilted
toward the Sun
and experiences
the longest day
of the year.
Summer begins
in the Northern
Hemisphere.
Winter begins in
the Southern

Tropic of
Capricorn
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December solstice
The Northern
Hemisphere is
maximally tilted
away from the Sun
and experiences
the shortest day
of the year.

Winter begins

in the Northern
Hemisphere.
Summer begins

in the Southern

Hemisphere. Hemisphere.
\ J \ J
FIGURE 9.5 Earth’s seasons. Because
Earth’s axis of rotation is tilted 23.5° the latitude
that receives the most direct rays of the Sun and the
September equinox most hours of daylight changes throughout the year
The Sun is directly overhead at the equator and all regions of Earth as Earth orbits the Sun. Thus Earth’s tilt produces

receive 12 hours of daylight and 12 hours of darkness. Fall begins in
the Northern Hemisphere. Spring begins in the Southern Hemisphere.
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predictable seasons. This diagram illustrates the
pattern of seasons in the Northern Hemisphere.



between the March and September equinoxes, the
Northern Hemisphere tilts toward the Sun, experienc-
ing more hours of daylight than darkness. The opposite
is true in the Southern Hemisphere. On June 20 or 21,
the Sun is directly above the Tropic of Cancer at 23.5°
N latitude. On this day—the June solstice—the Northern
Hemisphere experiences more daylight hours than on
any other day of the year. For the 6 months between the

9

REVIEW

In this module, we have learned that the atmosphere
has five layers, each with different properties. These
layers absorb most of the UV radiation and X-rays
that are emitted toward Earth from the Sun, while
much of the Sun’s remaining energy passes through
the atmosphere to strike Earth’s surface. The
amount of solar energy that strikes the surface of
Earth at any location depends on the angle of the

Module 9 AP® Review Questions

1. Which list is in the correct order of atmospheric lay-

ers starting from Earth’s surface?

(a) Thermosphere, stratosphere, troposphere,
mesosphere, exosphere

(b) Exosphere, troposphere, mesosphere,
stratosphere, thermosphere

(c) Mesosphere, stratosphere, thermosphere,
exosphere, troposphere

(d) Thermosphere, troposphere, stratosphere,
exosphere, mesosphere

(e) Troposphere, stratosphere, mesosphere,
thermosphere, exosphere

2. Which of the following contributes to the unequal
warming of Earth?
I Variation in the angle of sunlight that reaches Earth
II.  Variation in the amount of surface area over
which the Sun’s rays are distributed
III. Variation in the amount of sunlight reflected
from clouds

[ only

[and I only
II and III only
III only
I,II,and II1

IR

PRy
o oo
S—

September and March equinoxes, the Northern
Hemisphere tilts away from the Sun, experiencing fewer
hours of daylight than darkness. On December 21 or
22—the December solstice—the Sun is directly over the
Tropic of Capricorn at 23.5° S latitude. On this day, the
Northern Hemisphere experiences its shortest daylight
period of the year, and the Southern Hemisphere expe-
riences its longest daylight period of the year.

Sun’s rays and the albedo. Earth’s tilted axis causes
the planet’s unequal heating to shift throughout the
year, which produces seasonal changes in the
amount of solar energy that strikes different regions
of the world. In the next module, we will examine
how this unequal heating of Earth affects the circu-
lation of air currents, which, in turn, help determine
global climates.

3. Which of the following has the highest albedo?
Soil

Snow

‘Water

Tropical rainforest

Pavement

DI

(
(
(
(
(

4. Summer in the Northern Hemisphere is warmer
primarily because of
I. increased atmospheric absorption of solar
radiation.
I1. the tilt of Earth’s axis.
1. reduced albedo.

I only

I and I only
II only

I and IIT only
II and III only

KSR

(
(
(
(
(

NORS

€

5. Which atmospheric layer contains the protective

ozone layer?
(a) Exosphere

(b) Mesosphere

(c) Stratosphere
(d) Thermosphere
(

e) Troposphere
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Air Currents

The unequal heating of Earth has wide-ranging effects on the climates of our
planet not only because it determines regional temperatures, but also because it
drives the circulation of air around the planet. These air currents bring warm and
cold air to different regions. They also move moisture around the planet, which
causes some regions to receive more precipitation than others. In this module, we
will explore how air currents have a major impact on the climates of the world.
We will begin by examining how the properties of air affect the amount of
moisture it can carry. We will then explore how the unequal heating of Earth
causes air to circulate along the ground and up into the atmosphere. As we will
see, the direction of this air movement is also affected by the rotation of Earth.
Finally, we will discuss how air currents that travel over mountain ranges can
cause different climates to exist on opposite sides of the mountains.

Learning Objectives

After reading this module you should be able to

e explain how the properties of air affect the way it moves in the atmosphere.
¢ dentify the factors that drive atmospheric convection currents.

e describe how Earth’s rotation affects the movement of air currents.
e explain how the movement of air currents over mountain ranges affects climates.

Air has several important
properties that determine how it
circulates in the atmosphere

Air has four properties that determine how it circulates
in the atmosphere: density, water vapor capacity, adia-
batic heating or cooling, and latent heat release.

The first property is air density, which is the mass of
all molecules in the air in a given volume. The density
of air determines its movement: Less dense air rises,
whereas denser air sinks. At a constant atmospheric
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pressure, warm air has a lower density than cold air.
Because of this density difference, warm air rises,
whether in a room in your house or in the atmosphere.

The second property that determines how air
circulates is its capacity to contain water vapor. For
example, warm air is not only less dense than cold air,
it also has a higher capacity for water vapor. In
regions of the world that receive substantial amounts
of precipitation, hot summer days are associated with
high humidity because the warm air contains a lot of
water vapor. The maximum amount of water vapor
that can be in the air at a given temperature is called
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FIGURE 10.1 The saturation point of air. When air cools
and its saturation point drops, water vapor condenses into liquid
water that forms clouds. These clouds are ultimately the source of
precipitation.

its saturation point. FIGURE 10.1 shows the relation-
ship between the temperature of air and its saturation
point. When the temperature of air falls, its saturation
point decreases, water vapor condenses into liquid
water, clouds form, and precipitation occurs.

A third property of air is its response to changes in
pressure. As air rises higher in the atmosphere, the
pressure on it decreases. The lower pressure allows the
rising air to expand in volume, and this expansion
lowers the temperature of the air. The cooling effect
of reduced pressure on air as it rises in the atmosphere
and expands is called adiabatic cooling.Conversely,
when air sinks toward Earth’s surface, the pressure on
it increases. The higher pressure forces the air to
decrease in volume, and this decrease raises the tem-
perature of the air. The heating effect of increased
pressure on air as it sinks toward the surface of Earth
and decreases in volume is called adiabatic heating.

The final property of air that determines how it
circulates is the production of heat when water vapor
condenses from a gas to a liquid. As you may know,
the Sun provides the energy necessary to evaporate
water on Earth’s surface and convert it into water
vapor, which enters the atmosphere. In the reverse
process, when water vapor in the atmosphere con-
denses into liquid water, energy is released as heat. The
release of energy when water vapor in the atmosphere

condenses into liquid is known as latent heat release.
Because of latent heat release, whenever water vapor
in the atmosphere condenses, the air will become
warmer and rise in the atmosphere.

Atmospheric convection currents
move air and moisture
around the globe

A major contributor to the different climates of the
world is atmospheric convection currents. Atmospheric
convection currents are global patterns of air move-
ment that are initiated by the unequal heating of Earth.
These air currents are called convection currents
because they involve the movement of air that absorbs
and releases heat as the air moves up into the atmo-
sphere and then back to Earth. Now that we under-
stand the four properties of air, we can look at how
these properties contribute to atmospheric convection
currents. In the next section we will consider how these
atmospheric currents are deflected by Earth’s rotation.

We can examine how atmospheric currents develop
in FIGURE 10.2. The warming of humid air at Earth’s
surface decreases the density of the air. As a result, the
air begins to rise and, as it does, it begins to experi-
ence lower atmospheric pressures and adiabatic cool-
ing. The cooling causes the air to reach its saturation
point, which leads to condensation that causes cloud
formation and precipitation. Condensation also causes
latent heat release, which offsets some of the adiabatic
cooling and becomes a strong driving force to make
the air expand further and rise higher. Collectively,
these processes cause air to rise continuously from
Earth’s surface near the equator, forming a river of air
flowing upward into the troposphere.

As the air reaches the top of the troposphere, it is
chilled by adiabatic cooling. This air now contains
relatively little water vapor. As warmer air continually

Saturation point The maximum amount of water
vapor in the air at a given temperature.

Adiabatic cooling The cooling effect of reduced
pressure on air as it rises higher in the
atmosphere and expands.

Adiabatic heating The heating effect of
increased pressure on air as it sinks toward the
surface of Earth and decreases in volume.

Latent heat release The release of energy when
water vapor in the atmosphere condenses into
liquid water.

Atmospheric convection current Global
patterns of air movement that are initiated by the
unequal heating of Earth.
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Cold, dry air is displaced

horizontally and sinks

back to Earth’s surface.

Adiabatic heating warms
dry air that sinks to
Earth’s surface.

oves along the
and's surfac

rises from below, the cold, dry air at the top of the
troposphere is displaced horizontally and eventually
begins to sink back to Earth’s surface. As the air sinks,
it experiences higher atmospheric pressures, and its
reduction in volume causes adiabatic heating. By the
time the air reaches Earth’s surface, it is hot and dry.
This hot and dry air circulates back to the starting
point and picks up moisture along the way.
Atmospheric convection currents on Earth are
found at specific locations. For example, Hadley cells

Hadley cell A convection current in the
atmosphere that cycles between the equator and
30° N and 30° S.
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are convection currents that cycle between the equator
and approximately 30° N and 30° S. In a Hadley cell,
illustrated in FIGURE 10.3, the unequal warming of the
tropics causes the air near the equator to expand and
rise. This rising air cools and the condensed water falls
as precipitation over the tropics. After being chilled by
adiabatic cooling near the top of the troposphere, the
cold dry air is displaced horizontally north and south
of the equator. This air descends back to Earth at
approximately 30° N and 30° S. As it sinks, adiabatic
heating causes the air to warm. As a result, regions at
30° N and 30° S are typically hot, dry deserts. Once
the warm, dry air reaches Earth, it flows back toward
the equator to complete the cycle.

The circulation of the Hadley cells is driven by the
intense solar energy that strikes Earth near the equator.



@ The condensation of water vapor

FIGURE 10.3 Hadley cells.
Hadley cells are atmospheric

causes the air to expand and rise
farther up into the atmosphere.

produces latent heat release. This {

Dry, cold air

@ The warm, rising air
displaces the cooler,
drier air above it to

the north and south.

convection currents that operate
between the equator and 30° N

and 30° S. Solar energy warms

humid air in the tropics. The

@ The rising air /\

experiences @
adiabatic cooling,

which causes water

vapor to condense

into rain and fall @

back to Earth.

i

Hadley cell

@

Hot, dry desert

» 1

/\ {
@ The cool, dry
@ air sinks and
experiences
adiabatic heating.
It reaches Earth’s
@ surface as warm,

Hadley cell

warm air rises and eventually
cools below its saturation point.
The water vapor it contains
condenses into clouds and
precipitation. The air, which now
contains little moisture, sinks to
Earth’s surface at approximately
30° N and 30°S. As the air
) descends, it is warmed by
\ adiabatic heating. This descent
of hot, dry air causes desert
environments to develop at those
latitudes.

S

dry air, and then
flows back toward
the equator.

[}
A -
: ,TCZ.: i (@) Atthe ITCZ, the
1 \ Sun heats the
1 Nl moist tropical air,
30°N \:\\ causing it to rise.
: \
Equator

The latitude that receives the most intense sunlight,
which causes the ascending branches of the two
Hadley cells to converge, is called the intertropical
convergence zone (ITCZ). Because humid air rises
at this latitude and precipitation falls, the ITCZ is
typified by dense clouds and intense thunderstorm
activity.

The latitude of the ITCZ is not fixed. Because
Earth’s axis of rotation is tilted, the area receiving the
most intense sunlight shifts between approximately
23.5° N and 23.5° S as Earth orbits the Sun. Because
the ITCZ occurs at the latitudes that receive the most
intense sunlight, the ITCZ moves north and south
of the equator over the course of a year. As a result, the
tropics experience seasons of high and low precipitation.

Another set of atmospheric convection currents
occur near the poles. Polar cells are convection
currents formed by air that rises at 60° N and 60° S
and sinks at the poles (90° N and 90° S). At 60° N and
60° S, the rising air cools and the water vapor con-
denses into precipitation. The air dries as it moves
toward the poles, where it sinks back to Earth’s sur-
face. At the poles, the air moves back toward 60° N
and 60° S, completing the cycle.

A third convection current, known as Ferrell cells,
lies between Hadley cells and polar cells. Air currents
at these latitudes do not form distinct convection cells,
but are driven by the circulation of the neighboring
Hadley cells and polar cells. At Earth’s surface, some of

the warmer air from the Hadley cells moves toward
the poles from 30° N and 30° S, and some of the
cooler air from the polar cells moves toward the equa-
tor from 60° N and 60° S. This movement not only
helps to distribute warm air away from the tropics and
cold air away from the poles, but also allows a wide
range of warm and cold air currents to circulate
between 30° and 60°. In this latitudinal range, which
includes most of the United States, wind direction can
be quite variable, both at Earth’s surface and at the top
of the troposphere.

Collectively, these convection currents slowly move
the warm air of the tropics toward the mid-latitude
and polar regions. Because these currents determine
the patterns of temperature and precipitation around
the world, they are largely responsible for the locations
of rainforests, deserts, and grasslands on Earth.

Intertropical convergence zone (ITCZ) The
latitude that receives the most intense sunlight,
which causes the ascending branches of the two
Hadley cells to converge.

Polar cell A convection current in the atmosphere,
formed by air that rises at 60° N and 60° S and sinks
at the poles, 90° N and 90° S.

Ferrell cell A convection current in the atmosphere
that lies between Hadley cells and polar cells.
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FIGURE 10.4 The Coriolis effect. (a) A ball thrown from the North Pole toward the equator would be
deflected to the west by the Coriolis effect. (b) The different rotation speeds of Earth at different latitudes

cause a deflection in the paths of traveling objects.

Earth’s rotation causes the Coriolis
effect

The atmospheric convection currents cause air to
move directly north or south. However, the actual air
currents at Earth’s surface are deflected to the east or
west because our planet is rotating. The rotation of
Earth causes the deflection of objects that are moving
directly north or south, a phenomenon that we call the
Coriolis (core-ee-oh-lis) effect. Look at the left side
of FIGURE 10.4a and imagine that you can stand at the
North Pole and throw a ball directly south, all the way
down to the equator (0° latitude). If Earth did not
rotate, the ball would travel south to the equator in a
straight line. But because Earth rotates to the east
while the ball is traveling through the air, the ball will
land in a location that is west of its intended target.
This happens because Earth’s surface beneath the ball
is moving faster and faster as the ball moves toward the
equator. In other words, the path of the ball is deflect-
ed with respect to a given location on the globe
because Earth is rotating. Now imagine you are stand-
ing at 30° N or 30° S latitude. As shown in Figure
10.4b, throwing a ball toward the equator results in a
deflection of the ball’s path to the west. However,
throwing a ball toward the nearest pole results in a
deflection of the ball’s path to the east.

Coriolis effect The deflection of an object’s path due
to the rotation of Earth.
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The deflection of objects moving north or south
occurs because the planet’s surface moves much faster at
the equator than at higher latitudes. The planet’s cir-
cumference is 40,000 km (25,000 miles) at the equator,
but decreases to 7,000 km (4,350 miles) at 80° N
or 80° S latitude. Now imagine traveling all the way
around Earth in 24 hours at the equator versus at 80° N
latitude. FIGURE 10.5 will help you visualize this jour-
ney. At the equator, you must travel 40,000 km; at
80° N latitude you must travel only 7,000 km. To make
the trips in 24 hours, you must travel much faster at the

FIGURE 10.5 The speed of Earth’s rotation. Because all
locations on Earth complete one revolution every 24 hours, and
because Earth has a greater circumference near the equator than
near the poles, its speed of rotation is much faster at the equator
than near the poles.
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FIGURE 10.6 Prevailing wind patterns. Prevailing wind
patterns around the world are produced by a combination of
atmospheric convection currents and the Coriolis effect.

equator. Indeed, Earth’s surface moves at 1,670 km per
hour (1,038 miles per hour) at the equator but only
291 km per hour (181 miles per hour) at 80° N or 80° S.

If Earth did not rotate, the air in the convection cells
that we discussed earlier would simply move directly
north or south and cycle back again. For example, the
air in a Hadley cell sinks to Earth’s surface at approxi-
mately 30° latitude and travels along Earth’s surface
toward the equator. However, the Coriolis effect pro-
duced by Earth’s rotation deflects the path of atmo-
spheric convection currents that move toward or away
from the equator, as we can see in FIGURE 10.6. Because
Earth’s speed of rotation is faster near the equator, the
path of the air current moving toward the equator is
deflected to the west, just as we saw in our example of’
throwing a ball toward the equator. This deflection
causes the Hadley cell north of the equator to produce
prevailing winds along Earth’s surface that come from
the northeast (called northeast trade winds), whereas the
cell south of the equator produces prevailing winds that
come from the southeast (called southeast trade winds).

The Coriolis effect also explains the prevailing wind
directions in the mid-latitudes (between 30° and 60°)
where we find the Ferrell cells. These winds can be quite
variable as a result of the mixing of air currents from the
adjacent Hadley cells and polar cells. Closer to 30°, air

tends to move along Earth’s surface toward the poles. If
Earth were not rotating, this air would move straight
north in the Northern Hemisphere and straight south in

faster at 30° than at 60°, this air movement toward
the poles is deflected to the east. As a result, the
prevailing winds above 30° in the Northern
Hemisphere come from the southwest, while
in the Southern Hemisphere the prevailing
winds above 30° are from the northwest. In
both cases, these winds are called westerlies.
Finally, the Coriolis effect helps us
understand the prevailing wind directions

in the polar regions. Along Earth’s sur-
face, the polar cells move air away from
the poles and toward 60° latitude. Since
Earth is rotating faster at 60° than it is at
90°, the air movement is deflected to the

\t‘he Southern Hemisphere. Because Earth is rotating

N

Ferrell
cell

lHadIey

4\ west. As a result, polar winds come out of

Ferrell
cell

the northeast in the Northern Hemisphere
and out of the southeast in the Southern
Hemisphere. These winds are called easterlies.

Rain shadows cause mountains to
be dry on one side

Although many processes that affect weather and climate
operate on a global scale, local features, such as mountain
ranges, can also play a role. Air moving inland from the
ocean often contains a large amount of water vapor. As
shown in FIGURE 10.7, when this air meets the windward
side of a mountain range—the side facing the wind—it
rises and begins to experience adiabatic cooling. Because
water vapor condenses as air cools, clouds form and pre-
cipitation falls. As is the case in Hadley cells, this conden-
sation causes latent heat release, which helps to accelerate
the upward movement of the air. Thus the presence of
the mountain range causes large amounts of precipitation
to fall on its windward side. The cold, dry air then travels
to the other side of the mountain range—called the lee-
ward side—where it descends and experiences higher
pressures, which cause adiabatic heating. This now warm,
dry air produces arid conditions on the leeward side of
the range. It is common to see lush vegetation growing
on the windward side of a mountain range while very dry
conditions prevail on the leeward side. The dry region
formed on the leeward side of the mountain as a result of
the humid winds from the ocean that cause precipitation
on the windward side is known as a rain shadow.

Rain shadow A region with dry conditions found
on the leeward side of a mountain range as a
result of humid winds from the ocean causing
precipitation on the windward side.
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FIGURE 10.7 Rain shadow. Rain shadows occur where humid winds blowing inland from the ocean meet a
mountain range. On the windward (wind-facing) side of the mountains, air rises and cools, and large amounts of
water vapor condense to form clouds and precipitation. On the leeward side of the mountains, cold, dry air descends,

warms via adiabatic heating, and causes much drier conditions.

10

REVIEW

In this module, we have seen that the properties of air
affect how it moves in the atmosphere and how much
water vapor it contains. These properties help us un-
derstand how the intense sunlight at latitudes near the
equator drives the formation of Hadley cells, which
are responsible for also producing the polar cells and
Ferrell cells. These air convection currents, combined

Module 10 AP® Review Questions

1. Temperature change in adiabatic heating occurs due to
a) water vapor condensing.

b) a pressure increase.

absorption of sunlight.

a pressure decrease.

a volume increase.
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2. Latent heat release

a) increases air temperature.

decreases air temperature.

increases the amount of water vapor.
increases air pressure.

decreases air pressure.

(
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(
(
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with the Coriolis effect, cause the predominant wind
directions that exist around the planet. Air convec-
tion currents and the effects of rain shadows help to
determine the distribution of heat and precipitation
around the globe. In the next module, we will see that
many of these processes also drive ocean currents,
which also affect climates throughout the world.

3. Which of the following does NOT contribute to
atmospheric convection currents?

(a) Hadley cells

(b) Westerlies

(c) Gyres

(d) Polar cells

(e) The intertropical convergence zone

4. The maximum amount of water vapor air can hold at
a given temperature is called the
(a) saturation point.

latent heat capacity.

absolute humidity.

dew point.

vapor pressure.
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5. The Coriolis effect is responsible for 7. Which is the correct order of the convection cells,
(a) the convergence of two ascending Hadley cells. starting from the equator?
(b) the location of atmospheric currents caused by (a) Polar, Ferrell, Hadley
the unequal heating of Earth. (b) Ferrell, Hadley, Polar
(c) the cooling eftect of air as it rises and expands. (c) Polar,Hadley, Ferrell
(d) the deflection of atmospheric currents. (d) Hadley, Ferrell, Polar
(e) the counterclockwise air circulation in the (e) Hadley, Polar, Ferrell
Northern Hemisphere due to Earth’s tilt.

el

6. Which of the following does NOT play a role in
causing a rain shadow?
(a) Cold polar air
(b) Prevailing trade winds
(c) A mountain range
(d) Adiabatic cooling
(e) Humid ocean air

Ocean Currents

We have seen that the unequal heating of Earth together with the Coriolis effect drive
air currents around the world. These two phenomena also affect ocean currents. In
this module, we will explore the circulation of ocean waters, both at the surface and
in the deep ocean. We will see how ocean circulation affects the transport of heat
around the globe, how this heat movement affects the climates of continents, and
how disruptions to these circulation patterns can dramatically alter global climates.

Learning Objectives
After reading this module you should be able to
e describe the patterns of surface ocean circulation.

e explain the mixing of surface and deep ocean waters from thermohaline circulation.
e jdentify the causes and consequences of the El Nifio—Southern Oscillation.

Surface ocean currents move warm ocean currents affect the primary productivity found

and cold water around the globe in different ocean regions as well as the climate of the
adjacent continents. When warm ocean currents

flow from the tropics to higher latitudes, the neigh-
The flow of ocean water is an important factor for ~ boring continents receive warm air from the ocean.
global climates because it moves warm and cold  In this section, we will examine the major ocean
waters to different parts of the globe. In doing so,  currents that occur near the oceans and then
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FIGURE 11.1 Oceanic circulation patterns. Oceanic circulation patterns are the result of differential
heating, gravity, prevailing winds, the Coriolis effect, and the locations of continents. Each of the five major
ocean basins contains a gyre driven by the trade winds in the tropics and the westerlies at mid-latitudes.
The result is a clockwise circulation pattern in the Northern Hemisphere and a counterclockwise circulation
pattern in the Southern Hemisphere. Along the west coasts of many continents, currents diverge and cause

the upwelling of deeper and more fertile water.

consider currents that mix the surface water with
much deeper water.

Ocean currents are driven by a combination of tem-
perature, gravity, prevailing winds, the Coriolis effect,
salinity, and the locations of continents. As we have
already observed, the tropics receive the most direct sun-
light throughout the year, which generally makes tropical
waters warm. Warm water, like warm air, expands and
rises. This process raises the tropical water surface about
8 cm (3 inches) higher than mid-latitude waters. While this
difference might seem trivial, the slight slope is sufficient
for the force of gravity to make water flow away from the
equator. As we will see, this movement away from the
equator due to gravity combines with other forces to
make the surface waters circulate.

Gyres

As the warm tropical waters are pushed away from the
equator by gravity, prevailing wind patterns around the
globe also play a role in determining the direction in
which ocean surface water moves. In the Northern
Hemisphere, for example, the trade winds near the

Gyre A large-scale pattern of water circulation that
moves clockwise in the Northern Hemisphere and
counterclockwise in the Southern Hemisphere.
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equator push water from the northeast to the southwest.
However, the Coriolis effect deflects this wind-driven
current so that water actually moves from east to west at
the equator. Similarly, when winds in northern mid-
latitude regions push water from the southwest to the
northeast, the Coriolis eftfect deflects this current so that
water actually moves from west to east. FIGURE 11.1
shows the overall eftect: Ocean surface currents between
the equator and the mid-latitudes rotate in a clockwise
direction in the Northern Hemisphere and in a counter-
clockwise direction in the Southern Hemisphere. These
large-scale patterns of water circulation that move clock-
wise in the Northern Hemisphere and counterclockwise
in the Southern Hemisphere are called gyres.

Gyres redistribute heat in the ocean, just as atmo-
spheric convection currents redistribute heat in the
atmosphere. Cold water from the polar regions moves
along the west coasts of continents, and the cool air
immediately above these waters brings cooler tem-
peratures to the adjacent continents. For example, the
California Current, which flows south from the North
Pacific along the coast of California, causes coastal
areas of California to have cooler temperatures than
areas at similar latitudes on the east coast of the United
States. Similarly, warm water from the tropics moves
along the east coasts of continents, and the warm air
immediately above these waters causes warmer tem-
peratures on land.
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FIGURE 11.2 Thermohaline circulation. The sinking of dense, salty water in the North Atlantic

drives a deep, cold current that moves slowly around the world.

Upwelling

Ocean currents also help explain why some regions of
the ocean support highly productive ecosystems.
Along the west coasts of most continents, for example,
the surface currents diverge, or separate from one
another, causing deeper waters to rise and replace the
water that has moved away. This upward movement
of water toward the surface, shown as dark blue
regions in Figure 11.1, is called upwelling. The deep
waters bring with them nutrients from the ocean bot-
tom that support large populations of producers. The
producers, in turn, support large populations of fish
that have long been important to commercial fisheries.

Deep ocean currents circulate
ocean water over long time periods

Another oceanic circulation pattern, thermohaline
circulation, drives the mixing of surface water and deep
water. This process is crucial for moving heat and nutri-
ents around the globe. Thermohaline circulation appears
to be driven by surface waters that contain unusually
large amounts of salt. As Figure 11.1 shows, warm cur-
rents flow from the Gulf of Mexico to the very cold
North Atlantic. Some of this water freezes or evaporates,
and the salt that remains behind increases the salt con-
centration of the water. This cold, salty water is rela-
tively dense, so it sinks to the bottom of the ocean,
mixing with deeper ocean waters. Two processes—the
sinking of cold, salty water at high latitudes and the rising

of warm water near the equator—create the movement
necessary to drive a deep, cold current that slowly moves
past Antarctica and northward to the northern Pacific
Ocean, where it returns to the surface and then makes
its way back to the Gulf of Mexico. This global round
trip, shown in FIGURE 11.2, can take hundreds of years
to complete. As you can see in the figure, thermohaline
circulation helps to mix the water of all the oceans.

Ocean currents associated with thermohaline circula-
tion affect the temperature of nearby landmasses much as
the major gyres affect surface waters. For example, the
ocean current known as the Gulf Stream originates in the
tropics near the Gulf of Mexico and flows toward west-
ern Europe. This movement of warm tropical waters
brings warmer temperatures to latitudes that would
otherwise be much colder. For instance, England’s
average winter temperature is 20°C (36°F) warmer
than that of Newfoundland, Canada, which is located
at a similar latitude but receives cold ocean currents
from the North Atlantic.

Scientists are concerned that global warming could
affect thermohaline circulation. If increased air tem-
peratures accelerate the melting of glaciers in the
Northern Hemisphere, the waters of the North Atlantic

Upwelling The upward movement of ocean water
toward the surface as a result of diverging currents.

Thermohaline circulation An oceanic circulation
pattern that drives the mixing of surface water and
deep water.
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could become less salty and thus less likely to sink. Such
a change could potentially shut down thermohaline
circulation and stop the transport of warm water to
western Europe, making it a much colder place.

The El Ninho-Southern Oscillation is
caused by a shift in ocean currents

Our discussion of ocean currents has focused on the
commonly occurring ocean currents. In the southern
Pacific Ocean, for example, trade winds from South
America and the Coriolis effect causes the equatorial
water to flow from east to west. As we have discussed,
this current produces an upwelling of cold, nutrient-rich
water along the west coast of South America, which
produces large populations of fish.

Every 3 to 7 years, however, the tropical current
moves in the opposite direction. Because this phe-
nomenon often begins around the December 25
Christmas holiday, it is has been named EI Nifo (“the
baby boy”). However, since the cause of the phenom-
enon is due to a reversal of wind and water currents in
the South Pacific, the preferred name for the phenom-
enon is the El Nifio—Southern Oscillation (ENSO).

FIGURE 11.3 shows this process in action. First, the
trade winds that normally blow from South America
and push the surface waters to the west weaken or
reverse direction. This change in the wind allows warm
equatorial water from the western Pacific to move east-
ward toward the west coast of South America. The
movement of warm water and air toward South

El Nino-Southern Oscillation (ENSO) A
reversal of wind and water currents in the South
Pacific.

11

REVIEW

In this module, we have learned that the circulation
of surface ocean currents and deep ocean currents is
driven by the unequal heating of Earth, air currents,
Coriolis forces, and differences in salt concentrations.
These currents help to transport heat to different re-
gions of the world and therefore help determine the
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(a) Normal year

(b) EI Nifo year

FIGURE 11.3 The El Nifo—Southern Oscillation. (a) In a
normal year, trade winds push warm surface waters away from the
coast of South America and promote the upwelling of water from the
ocean bottom. (b) In an El Nifio year, trade winds weaken or reverse
direction, so warm waters build up along the west coast of Peru.

America suppresses upwelling off the coast of Peru.
The eftect can last from a few weeks to a few years.

Because ocean currents are so important to global
climates, the ENSO has several consequences. As we
have noted, it reduces the upwelling off the South
American coast, which decreases productivity and dra-
matically reduces fish populations. It also has wide-
spread eftects around the world, including cooler and
wetter conditions in the southeastern United States
and unusually dry weather in southern Africa and
Southeast Asia.

climates around the globe. The disruption of these
currents—due to the ENSO, and potentially because
of glacier melting—can have major impacts on these
climates. In the next module, we will examine how
differences in climate help to determine the plants
and animals that live in different parts of the world.
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Module 11 AP® Review Questions

‘Which of the following does NOT drive ocean
currents?

(a) Salinity

(b) Prevailing winds

(c) Gravity

(d) Temperature

(e) Precipitation

High productivity and nutrient availability in the
ocean occurs in areas with

(a) gyres.

(b) upwelling.

(c) warm waters.

(d) EINifo.

(e) prevailing westerlies.

Climate change could potentially disrupt which one

of the following phenomena?

(a) ElNifo—Southern Oscillation (ENSO)

(b) Thermohaline circulation

(c) Rotation of Southern Hemisphere gyres

(d) Upwelling oft the coasts of Australia and New
Zealand

(¢) The polar current along Antarctica

‘Which of the following is NOT true of an El Nifo—

Southern Oscillation (ENSO) event?

(a) It causes increased upwelling on the coast of
South America.

(b) It causes wetter conditions in the southern
United States.

(c) It can last from several weeks to several years.

(d) Itincludes a reversal in tropical ocean currents.

(e) It often begins near Christmas.

Gyres do all of the following EXCEPT

a) redistribute heat in the ocean.

(
(b) result from the Coriolis effect.

(¢) rotate clockwise in the Northern Hemisphere.
(

(

I

~— =

=

d) redistribute nutrients from the deep ocean.
e) affect the temperatures of coastal areas.

Terrestrial Biomes

Climate affects the distribution of species around the globe. For example, only
species that are well adapted to hot and dry conditions can survive in deserts. A
very different set of organisms survives in cold, snowy places. In this module, we
will examine how differences in climate help determine the species of plants and
animals that live in each region and how scientists categorize these regions.

Learning Objectives

After reading this module you should be able to

e explain how we define terrestrial biomes.
e interpret climate diagrams.
* identify the nine terrestrial biomes.
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Terrestrial biomes are defined by
the dominant plant growth forms

Scientists have long recognized that organisms possess
distinct growth forms, many of which represent
adaptations to local temperature and precipitation
patterns. For example, if we were to examine the
plants from all the deserts of the world, we would
find many cactus-like species. Plants that look like
cacti in North American deserts are indeed members
of the cactus family, but those in the Kalahari Desert
are members of the euphorb family. These two dis-
tantly related groups of species look similar because
they have evolved similar adaptations to hot, dry
environments—including the ability to store large
amounts of water in their tissues and a waxy coating
to reduce water loss (FIGURE 12.1).

Despite these common adaptations to desert condi-
tions, these two plant families have distinctive flowers
and spines, and only the euphorb family produces a

Terrestrial biome A geographic region categorized
by a particular combination of average annual
temperature, annual precipitation, and distinctive plant
growth forms on land.

Aquatic biome An aquatic region characterized by a
particular combination of salinity, depth, and water
flow.
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(b)
FIGURE 12.1 Similar growth forms. Cacti and euphorbs are not closely related, but they have
evolved many similar adaptations that allow them to live in hot, dry environments. (a) Organ pipe cactus

(Stenacereus thurberi) in Arizona. (b) Euphorbia (E. damarana) in Namibia. (a: Dhoxax/Shutterstock; b: Patti Murray
/Earth Scenes/Animals Animals)

milky sap. These differences help to confirm that while
the two groups may look similar, genetically they are
not closely related. Instead, exposure to similar selec-
tive pressures over long periods of time favors the
evolution of many similar adaptations. As a result, sci-
entists can categorize terrestrial regions of the world
into terrestrial biomes, which are geographical
regions that each have a particular combination of aver-
age annual temperature and precipitation and contain
distinctive plant growth forms that are adapted to that
climate. In the next module we will examine aquatic
biomes, which are categorized by particular combina-
tions of salinity, depth, and water flow. FIGURE 12.2
shows the range of terrestrial biomes on Earth in the
context of precipitation and temperature. For exam-
ple, boreal and tundra biomes have average annual
temperatures below 5°C (41°F), whereas temperate
biomes have average annual temperatures between
5°C and 20°C (68°F), and tropical biomes have aver-
age annual temperatures above 20°C. Within each of
these temperature ranges, we can observe a wide range
of precipitation. FIGURE 12.3 shows the distribution of’
biomes around the world.

Note that although terrestrial biomes are catego-
rized by plant growth forms, the animal species living
in different biomes are often quite distinctive as well.
For example, rodents inhabiting deserts around the
world have a number of adaptations for hot, dry cli-
mates, including highly efficient kidneys that allow
very little water loss through urination.
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FIGURE 12.2 Locations of the world’s biomes. Tundra and
boreal biomes generally exist when the average annual temperature
is less than 5°C (41°F). In contrast, temperate biomes exist in regions
that experience average annual temperatures between 5°C and 20°C
(41°F and 68°F). Tropical biomes exist in regions that experience
average annual temperatures above 20°C.

Climate diagrams illustrate
patterns of annual temperature and
precipitation

Climate diagrams, such as those shown in FIGURE 12.4,
are a helpful way to visualize regional patterns of tem-
perature and precipitation. By graphing average
monthly temperature and precipitation, these diagrams
illustrate how the conditions in a biome vary during a
typical year. They also indicate when the temperature
is warm enough for plants to grow—that is, the
months when it is above 0°C (32°F), known as the
growing season. In Figure 12.4a, we can see that the
growing season is mid-March through mid-October.

In addition to the growing season, climate dia-
grams can show the relationship between precipita-
tion, temperature, and plant growth. For every 10°C
(18°F) temperature increase, plants need 20 mm
(0.8 inches) of additional precipitation each month
to supply the extra water demand that warmer tem-
peratures cause. As a result, plant growth can be
limited either by temperature or by precipitation. In
Figure 12.4a, the precipitation line is above the tem-
perature line during all months. This means that
water supply of plants exceeds the water demand, so
plant growth is more constrained by temperature
than by precipitation.

[] Tropical rainforest

B Tropical seasonal
forest

[] Subtropical desert

B Woodland/shrubland

[ Temperate grassland

[} Temperate seasonal forest
B Temperate rainforest

[ Boreal rainforest

[ ] Tundra

[] Polar ice cap

30°N

Equator

FIGURE 12.3 Biomes. Biomes are categorized by particular combinations of average annual temperature
and annual precipitation. (Data from http.//www.biome-explorer.net/Biomes-Map.htmj)

MODULE 12 Terrestrial Biomes 123


http://www.biome-explorer.net/Biomes-Map.html

When the precipitation line
is above the temperature

line, plant growth is limited
by temperature.

50 100
40 80
I [
~ 30 60 E
2 £
oo 20 40 o o
83 g9
o® 10 20 0 ®
> 5 > =
< g <o
g O i i 0 o
@ | | o
RELE | -
I I
—20 T

T T T T T
J F M N D
Month

(a) Example 1
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the growing season, when
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When the precipitation line

is below the temperature

line, plant growth is limited 100
by precipitation.

a
o

S
o

80

w
o

60

N
o

40

20

Average
temperature (°C) =
>
Average
precipitation (mm) ==

A
o o

L
o

(b) Example 2

FIGURE 12.4 Climate diagrams. Climate diagrams display monthly temperature and precipitation

values, which help determine the productivity of a biome.

In Figure 12.4b, we see a different scenario. When
the precipitation line intersects the temperature line, the
amount of precipitation available to plants equals the
amount of water lost by plants through evapotranspira-
tion. At any point where the precipitation line is below
the temperature line, water demand exceeds supply. In
this situation, plant growth will be constrained more by
precipitation than by temperature.

Climate diagrams also help us understand how
humans use different biomes. For example, areas of the
world that have warm temperatures, long growing
seasons, and abundant rainfall are generally highly pro-
ductive and therefore are well suited to growing many
crops. Warm regions that have less abundant precipita-
tion are suitable for growing grains such as wheat and
for grazing domesticated animals, including cattle and
sheep. Colder regions are often best used to grow for-
ests that will be harvested for lumber.

Terrestrial biomes range from
tundra to tropical forests

We can divide terrestrial biomes into three categories:
tundra and boreal forest, temperate, and tropical.

Tundra A cold and treeless biome with low-
growing vegetation.

Permafrost An impermeable, permanently frozen
layer of soil.
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These three categories contain a total of nine biomes.
We will examine each of these biomes in turn, looking
at temperature and precipitation patterns, geographic
distribution, and typical plant growth forms.

Tundra

The tundra, shown in FIGURE 12.5, is a cold and tree-
less biome, with low-growing vegetation. In winter,
the soil 1s completely frozen. Arctic tundra is found in
the northernmost regions of the Northern Hemisphere
in Russia, Canada, Scandinavia, and Alaska. Antarctic
tundra is found along the edges of Antarctica and on
nearby islands. At lower latitudes, alpine tundra can be
found on high mountains, where high winds and low
temperatures prevent trees from growing.

The growing season in the tundra is very short, usu-
ally only about 4 months during summer, when the
polar region is tilted toward the Sun and the days are
very long. During this time the upper layer of soil
thaws, creating pools of standing water that are ideal
habitat for mosquitoes and other insects. The underly-
ing subsoil, known as permafrost, is an impermeable,
permanently frozen layer that prevents water from
draining and roots from penetrating. Permafrost, com-
bined with the cold temperatures and a short growing
season, prevents deep-rooted plants such as trees from
living in the tundra.

While the tundra receives little precipitation, there is
enough to support some plant growth. The characteristic
plants of this biome, such as small woody shrubs, mosses,
heaths, and lichens, can grow in shallow, waterlogged soil
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FIGURE 12.5 Tundra biome. The tundra is cold and treeless,
with low-growing vegetation. (Cusp/SuperStock)

and can survive short growing seasons and bitterly cold
winters. At these cold temperatures, chemical reactions
occur slowly, and as a result, dead plants and animals
decompose slowly. This slow rate of decomposition
results in the accumulation of organic matter in the soil
over time with relatively low levels of soil nutrients.

Boreal Forest

The boreal forest biome, shown in FIGURE 12.6, con-
sists primarily of coniferous (cone-bearing) evergreen
trees that can tolerate cold winters and short growing
seasons. Boreal forests are sometimes called taiga.

Thunder Bay, Ontario, Canada
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FIGURE 12.6 Boreal forest biome. Boreal forests are made
up primarily of coniferous evergreen trees that can tolerate cold
winters and short growing seasons. (Bill Brooks/Alamy)

Evergreen trees appear green year-round because they
drop only a fraction of their needles each year. Boreal
forests are found between about 50°N and 60°N in
Europe, Russia, and North America. This subarctic
biome has a very cold climate, and plant growth is more
constrained by temperature than by precipitation.

Boreal forest A forest biome made up primarily
of coniferous evergreen trees that can tolerate
cold winters and short growing seasons.
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As in the tundra, cold temperatures and relatively
low precipitation make decomposition in boreal forests
a slow process. In addition, the waxy needles of ever-
green trees contain compounds that are resistant to
decomposition. As a result of the slow rate of decompo-
sition and the low nutrient content of the needles,
boreal forest soils are covered in a thick layer of organic
material, but are poor in nutrients.

The climate characteristics of boreal forests—cold
temperatures, low precipitation, and nutrient-poor
soil—determine the species of plants that can survive
in them. In addition to coniferous trees such as pine,
spruce, and fir, some deciduous trees, such as birch,
maple, and aspen, can also be found in this biome.
The needles of coniferous trees can tolerate below-
freezing conditions, but the deciduous trees drop all
their leaves in autumn before the subfreezing tem-
peratures of winter can damage them. When the
weather warms, the deciduous trees produce new
leaves and grow rapidly.

Because boreal forests have poor soils and a short
growing season, they are poorly suited for agriculture.
However, they serve as an important source of trees
for pulp, paper, and building materials. As a result,
many boreal forests have been extensively logged.

Temperate Rainforest

Moving to the mid-latitudes, we find that the climate
is more temperate, with average annual temperatures
between 5°C and 20°C (41°F and 68°F). A range of
temperate biomes exists in this area including tem-
perate rainforest, temperate seasonal forest, wood-
land/shrubland, and temperate grassland/cold desert.

Moderate temperatures and high precipitation typify
the temperate rainforest biome, shown in FIGURE
12.7. The temperate rainforest is a coastal biome and can
be found in relatively narrow areas around the world.
Temperate rainforests exist along the west coast of
North America from northern California to Alaska, in
southern Chile, on the east coast of Australia and in
neighboring Tasmania, and on the west coast of New
Zealand. Ocean currents along these coasts help to
moderate temperature fluctuations, and ocean water
provides a source of water vapor. The result is relatively
mild summers and winters, compared with other
biomes at similar latitudes, and a nearly 12-month

Temperate rainforest A coastal biome typified
by moderate temperatures and high precipitation.

Temperate seasonal forest A biome with warm
summers and cold winters with over 1 m (39
inches) of precipitation annually.
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growing season. In the temperate rainforest, winters are
rainy and summers are foggy.

The combination of mild temperatures and high
precipitation supports the growth of very large trees.
In North America, the most common temperate
rainforest trees are coniferous species, including fir,
spruce, cedar, and hemlock as well as some of the
world’s tallest trees: the coastal redwoods (Sequoia
sempervirens). These immense trees can live hundreds
to thousands of years and achieve heights of 90 m
(295 feet) and diameters of 8 m (26 feet). Because
many of these large tree species are attractive sources
of lumber, much of this biome has been logged and
subsequently converted into single-species tree
plantations.

As we have already seen, coniferous trees produce
needles that are slow to decompose. The relatively
cool temperatures in the temperate rainforest also favor
slow decomposition, although it is not nearly as slow
as in boreal forest and tundra. The nutrients released
are rapidly taken up by the trees or leached down
through the soil by the abundant rainfall, which leaves
the soil low in nutrients. Ferns and mosses, which
can survive in nutrient-poor soil, are commonly found
living under the enormous trees.

Temperate Seasonal Forest

The temperate seasonal forest biome, shown in
FIGURE 12.8, experiences warm summers and cold
winters with over 1 m (39 inches) of annual precipita-
tion. It is found in the eastern United States, Japan,
China, Europe, Chile, and eastern Australia. Away
from the moderating influence of the ocean, these
forests experience much warmer summers and colder
winters than temperate rainforests. They are domi-
nated by broadleaf deciduous trees such as beech,
maple, oak, and hickory, although some coniferous
tree species may also be present. Because of the pre-
dominance of deciduous trees, these forests are also
called temperate deciduous forests.

The warm summer temperatures in temperate sea-
sonal forests favor rapid decomposition. Because the
leaves shed by broadleaf trees are more readily decom-
posed than the needles of coniferous trees, the soils of
temperate seasonal forests generally contain more
nutrients than those of boreal forests. Their higher soil
fertility, combined with their longer growing season,
means that temperate seasonal forests have greater pro-
ductivity than boreal forests.

Because the temperate seasonal forest is so produc-
tive, it has historically been one of the first biomes to
be converted to agriculture on a large scale. When
European settlers arrived in North America, they
cleared large areas of the eastern forests for agriculture.



FIGURE 12.7 Temperate
rainforest biome. Temperate
rainforests have moderate
mean annual temperatures and
high precipitation that supports

the growth of very large trees.
(BGSmith/Shutterstock)
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FIGURE 12.9 Woodland/shrubland biome. The woodland/
shrubland biome is characterized by hot, dry summers and mild, rainy
winters. (Gary Crabbe/Enlightened Images)

Woodland/Shrubland

The woodland/shrubland biome, illustrated in
FIGURE 12.9, is characterized by hot, dry summers and
mild, rainy winters. This biome is found on the coast

Woodland/shrubland A biome characterized by
hot, dry summers and mild, rainy winters.

Temperate grassland/cold desert A biome
characterized by cold, harsh winters, and hot, dry
summers.
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of southern California (where it is called chaparral), in
southern South America (matorral), in southwestern
Australia (mallee), in southern Africa (fynbos), and in
a large region surrounding the Mediterranean Sea
(maquis). There is a 12-month growing season, but
plant growth is constrained by low precipitation in
summer and by relatively low temperatures in winter.

The hot, dry summers of the woodland/shrubland
biome favor the natural occurrence of wildfires.
Plants of this biome are well adapted to both fire and
drought. Many plants quickly resprout after a fire,
while others produce seeds that open only upon
exposure to the intense heat of a fire. Typical plants
of this biome include drought-resistant shrubs such as
yucca, scrub oak, and sagebrush. Soils in this biome
are low in nutrients because of leaching by the winter
rains. As a result, the major agricultural uses of this
biome are for grazing by animals and growing
drought-tolerant, deep-rooted crops, such as grapes
to make wine.

Temperate Grassland/Cold Desert

The temperate grassland/cold desert biome, shown
in FIGURE 12.10, is characterized by cold, harsh winters
and hot, dry summers. Temperate grasslands are found
in the Great Plains of North America (where they are
called prairies), in South America (pampas), and in cen-
tral Asia and eastern Europe (steppes). Cold, harsh win-
ters and hot, dry summers characterize this biome. Thus,
as in the woodland/shrubland biome, plant growth is
constrained by insufficient precipitation in summer and
cold temperatures in winter. Fires are common, as the
dry and frequently windy conditions fan flames ignited
by lightning. Although estimates vary, it is thought that,
historically, large wildfires occurred in this biome every
few years, sometimes burning as much as 10,000 ha
(nearly 25,000 acres) in a single fire.

Typical plants of temperate grasslands include
grasses and nonwoody flowering plants. These plants
are generally well adapted to wildfires and frequent
grazing by animals. Their deep roots store energy to
enable quick regrowth. Within this biome, the amount
of rainfall determines which plants can survive in a
region. In the North American prairies, for example,
nearly 1 m (39 inches) of rain falls per year on the
eastern edge of the biome, supporting grasses that can
grow up to 2.5 m (8 feet) high. Although these tall-
grass prairies receive sufficient rainfall for trees to
grow, frequent wildfires keep trees from encroaching.
In fact, the Native American people are thought to
have intentionally kept the eastern prairies free of trees
by using controlled burning. To the west, annual pre-
cipitation drops to 0.5 m (20 inches), favoring the
growth of grasses less than 0.5 m (20 inches) tall. These
shortgrass prairies are simply too dry to support trees
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FIGURE 12.10 Temperate grassland/cold desert biome.
The temperate grassland/cold desert biome has cold, harsh winters
and hot, dry, summers that support grasses and nonwoody flowering
plants. (AP Photo/Brandi Simons)

or tall grasses. Farther west, in the rain shadow of the
Rocky Mountains, annual precipitation continues to
decline to 0.25 m (10 inches). In this region, the short-
grass prairie gives way to cold desert.

Cold deserts, also known as temperate deserts, have
even sparser vegetation than shortgrass prairies. Cold
deserts are distinct from subtropical deserts in that they
have much colder winters and do not support the
characteristic plant growth forms of hot deserts, such
as cacti and euphorbs.

The combination of a relatively long growing season
and rapid decomposition that adds large amounts of
nutrients to the soil makes temperate grasslands very
productive. More than 98 percent of the tallgrass prairie
in the United States has been converted to agriculture,
while the less productive shortgrass prairie is predomi-
nantly used for growing wheat and grazing cattle.

Tropical Rainforest

In the tropics, average annual temperatures exceed
20°C. Here we find the tropical biomes: tropical rain-
forests, tropical seasonal forests/savannas, and sub-
tropical deserts.

The tropical rainforest biome, shown in
FIGURE 12.11, is a warm and wet biome that lies
within approximately 20° N and 20° S of the equator.
This biome is found in Central and South America,
Africa, Southeast Asia, and northeastern Australia. It is
also found on large tropical islands, where the oceans
provide a constant source of atmospheric water vapor.

The tropical rainforest biome is warm and wet,
with little seasonal temperature variation. Precipitation
occurs frequently, although there are seasonal patterns
in precipitation that depend on when the ITCZ passes
overhead. Because of the warm temperatures and
abundant rainfall, productivity is high, and decomposi-
tion is extremely rapid. The lush vegetation takes up
nutrients quickly, leaving few nutrients to accumulate
in the soil. Because of its high productivity, approxi-
mately 24,000 ha (59,500 acres) of tropical rainforest
are cleared each year for agriculture. However, the
high rate of decomposition causes the soils to lose their
fertility quickly. As a result, farmers growing crops on
tropical soils often have to keep moving to newly
deforested areas.

Tropical rainforests contain more biodiversity per
hectare than any other terrestrial biome. As much as
two-thirds of Earth’s terrestrial species are found in this
biome. These forests have several distinctive layers of
vegetation. Large trees form a forest canopy that shades
the underlying vegetation. Several layers of succes-
sively shorter trees make up the subcanopy, also
known as the understory. Attached to the trunks and
branches of the trees are epiphytes, plants that hold
small pools of water that support small aquatic ecosys-
tems far above the forest floor. Numerous species of
woody vines (also called lianas) are rooted in the soil,
but climb up the trunks of trees and often into the
canopy.

Tropical rainforest A warm and wet biome
found between 20° N and 20° S of the equator,
with little seasonal temperature variation and
high precipitation.
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FIGURE 12.11 Tropical rainforest biome. Tropical rainforests
are warm and wet, with little seasonal temperature variation.

These forests are highly productive with several distinctive layers of
vegetation. (Doug Weschler/Earth Scenes/Animals Animals)

Tropical Seasonal Forest/Savanna

The tropical seasonal forests/savanna biome,
shown in FIGURE 12.12, is marked by warm tempera-
tures and distinct wet and dry seasons. This seasonal
pattern is caused by the seasonal movement of the

Tropical seasonal forest/savanna A biome
marked by warm temperatures and distinct wet
and dry seasons.
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FIGURE 12.12 Tropical seasonal forest/savanna

biome. Tropical seasonal forest and savannas have warm
temperatures and distinct wet and dry seasons. Vegetation ranges
from dense stands of shrubs and trees to relatively open landscapes

dominated by grasses and scattered deciduous trees. (John Warburton-
Lee/DanitaDelimont.com)

ITCZ, which, because it tracks the seasonal movement
of the most intense sunlight, passes overhead and drops
precipitation only during summer. The trees drop
their leaves during the dry season as an adaptation to
survive the drought conditions and produce new
leaves during the wet season. Thus these forests are
also called tropical deciduous forests.

Tropical seasonal forests are common in much of
Central America, on the Atlantic coast of South America,
in southern Asia, in northwestern Australia, and in sub-
Saharan Africa. Areas with moderately long dry seasons
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support dense stands of shrubs and trees. In areas with
the longest dry seasons, the tropical seasonal climate leads
to the formation of savannas, relatively open landscapes
dominated by grasses and scattered deciduous trees.
Common plants in this biome include acacia and baobab
trees. Grazing and fire discourage the growth of many
smaller woody plants and keep the savanna landscape
open. The presence of trees and a warmer average
annual temperature distinguish savannas from grasslands.

The warm temperatures of the tropical seasonal for-
est/savanna biome promote decomposition, but the
low amounts of precipitation constrain plants from
using the soil nutrients that are released. As a result, the
soils of this biome are fairly fertile and can be farmed.
Their fertility has resulted in the conversion of large
areas of tropical seasonal forest and savanna into
agricultural fields and grazing lands. For example, over
99 percent of the tropical seasonal forest of Pacific
Central America and the Atlantic coast of South
America has been converted to human uses, including
agriculture and grazing.

Subtropical Desert

The subtropical desert biome, shown in FIGURE 12.13,
is located at roughly 30° N and 30° S, and is characterized
by hot temperatures, extremely dry conditions, and
sparse vegetation. Also known as hot deserts, this biome
includes the Mojave Desert in the southwestern United
States, the Sahara Desert in Africa, the Arabian Desert of
the Middle East, and the Great Victoria Desert of
Australia. Cacti, euphorbs, and succulent plants are well
adapted to this biome. To prevent water loss, the leaves
of desert plants may be small, nonexistent, or modified
into spines, and the outer layer of the plant is thick, with
few pores for water and air exchange. Most photosynthe-
sis occurs along the plant stem, which stores water so that
photosynthesis can continue even during very dry peri-
ods. To protect themselves from herbivores, desert plants
have developed defense mechanisms such as spines to
discourage grazing.

When rain does fall, the desert landscape is trans-
formed. Annual plants—those that live for only a few
months, reproduce, and die—grow rapidly during
periods of rain. In contrast, perennial plants—those
that live for many years—experience spurts of growth
when it rains, but then exhibit little growth during the
rest of the year. The slow overall growth of perennial
plants in subtropical deserts makes them particularly
vulnerable to disturbance, and they have long recov-
ery times.
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FIGURE 12.13 Subtropical desert biome. Subtropical
deserts have hot temperatures, extremely dry conditions, and sparse
vegetation. (Topham/The Image Works)

Subtropical desert A biome prevailing at
approximately 30° N and 30° S, with hot temperatures,
extremely dry conditions, and sparse vegetation.
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REVIEW

In this module, we have learned that terrestrial bi-
omes are categorized by the dominant plant growth
forms that exist in a region. These dominant plants
coincide with the climates of a region, which we can
illustrate graphically using climate diagrams. Based

Module 12 AP® Review Questions

1. Inaddition to temperature, a terrestrial biome is de-
fined by
I. annual precipitation.
II. distinctive animal species.
III. distinctive plant species.

I only

I and I only

[ and IIT only
II and III only
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(e) LILandIII

cacos

2. The precipitation line below the temperature line in
a climate diagram shows
(a) the primary growing season.

(b) when plants will grow the least.

(c) the biome is a desert or tundra.

(d) when plant growth will be limited by precipitation.

(e) the seasons in which droughts are most likely to
occur.

3. Permafrost is an important factor in which of the fol-
lowing biomes?
I. Tundra
II. Boreal forest
III. Cold desert

I only

Iand II only
I only

[ and IIT only

(
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(
(
(e) Il andIII only

LcLaecos

on patterns of climate and plant growth forms, we
can categorize nine terrestrial biomes. In the next
module, we will see that aquatic biomes can also be
categorized, though the criteria are quite different
from terrestrial biomes.

4. Plant growth in which of the following biomes is pri-
marily constrained by precipitation?
(a) Boreal forest

(b) Temperate seasonal forest

(¢) Temperate grassland

(d) Tropical rainforest

(

5. Which of the following biomes has the highest soil
nutrient levels?
(a) Tropical rainforest

b) Temperate rainforest

Boreal forest

‘Woodland/shrubland

Temperate seasonal forest

el

(S

(
(
(
(
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Aquatic Biomes

Whereas terrestrial biomes are categorized by dominant plant growth forms, aquatic
biomes are categorized by physical characteristics such as salinity, depth, and water
flow. Temperature is an important factor in determining which species can survive in

a particular aquatic habitat, but it is not a factor used to categorize aquatic biomes.
Aquatic biomes fall into two broad categories: freshwater and marine. Freshwater
biomes include streams, rivers, lakes, and wetlands. Saltwater biomes, also known
as marine biomes, include shallow marine areas such as estuaries and coral reefs as

well as the open ocean.

Learning Objectives

After reading this module you should be able to
e identify the major freshwater biomes.
e identify the major marine biomes.

Freshwater biomes have low
salinity

Freshwater biomes can be categorized as streams and
rivers, lakes and ponds, or freshwater wetlands.

Streams and Rivers

Streams and rivers are characterized by flowing fresh
water that may originate from underground springs or
as runoff from rain or melting snow (FIGURE 13.1).
Streams (also called creeks) are typically narrow and
carry relatively small amounts of water. Rivers are
typically wider and carry larger amounts of water. It is
not always clear, however, at what point a particular
stream, as it combines with other streams, becomes
large enough to be called a river.

As water flow changes, biological communities also
change. Most streams and many rapidly flowing rivers
have few plants or algae to act as producers. Instead,
inputs of organic matter from terrestrial biomes, such
as fallen leaves, provide the base of the food web. This

FIGURE 13.1 Streams and rivers. Streams and rivers are
freshwater aquatic biomes that are characterized by flowing water.
This photo shows Berea Falls on the Rocky River near Cleveland,
Ohio. (Jim West/The Image Works)

organic matter is consumed by insect larvae and crus-
taceans such as crayfish, which then provide food for
secondary consumers such as fish. As fast-moving
streams combine to form rivers, the water flow
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FIGURE 13.2 Lakes and ponds. Lakes, such as Lake George in
New York State, are characterized by standing water and a central zone
of water that is too deep for emergent vegetation. (Frank Paul/Alamy)

typically slows, sediments and organic material settle
to the bottom, and rooted plants and algae are better
able to grow.

Fast-moving streams and rivers typically have
stretches of turbulent water called rapids, where water
and air are mixed together. This mixing allows large
amounts of atmospheric oxygen to dissolve into the
water. Such high-oxygen environments support fish
species such as trout and salmon that need large
amounts of oxygen. Slower-moving rivers experience
less mixing of air and water. These lower-oxygen
environments favor species such as catfish that can bet-
ter tolerate low-oxygen conditions.

Lakes and Ponds

Lakes and ponds contain standing water, at least some
of which is too deep to support emergent vegetation

Littoral zone The shallow zone of soil and water
in lakes and ponds where most algae and
emergent plants grow.

Limnetic zone A zone of open water in lakes
and ponds.

Phytoplankton Floating algae.

Profundal zone A region of water where sunlight
does not reach, below the limnetic zone in very
deep lakes.

Benthic zone The muddy bottom of a lake,
pond, or ocean.

Oligotrophic Describes a lake with a low level of
productivity.
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Emergent
rooted plants

FIGURE 13.3 Lake zones. The littoral zone consists of shallow
water with emerging, rooted plants whereas the limnetic zone is the
deeper water where plants do not emerge. The deepest water, where
oxygen can be limiting because little sunlight penetrates to allow
photosynthesis by producers, is the profundal zone. The sediments
that lie beneath the littoral, limnetic, and profundal zones constitute
the benthic zone.

(plants that are rooted to the bottom and emerge
above the water’s surface). Lakes are larger than ponds,
but as with streams and rivers, there is no clear point
at which a pond is considered large enough to be
called a lake (FIGURE 13.2).

As FIGURE 13.3 shows, lakes and ponds can be
divided into several distinct zones. The littoral zone
is the shallow area of soil and water near the shore
where algae and emergent plants such as cattails
grow. Most photosynthesis occurs in this zone. In the
open water, or limnetic zone, rooted plants can no
longer survive; floating algae called phytoplankton
are the only photosynthetic organisms. The limnetic
zone extends as deep as sunlight can penetrate. Very
deep lakes have a region of water below the limnetic
zone, called the profundal zone. Because sunlight
does not reach the profundal zone, producers cannot
survive there, so nutrients are not easily recycled into
the food web. Bacteria decompose the detritus that
reaches the profundal zone, but they consume oxy-
gen in the process. As a result, dissolved oxygen con-
centrations are not sufficient to support many large
organisms. The muddy bottom of a lake or pond
beneath the limnetic and profundal zones is called the
benthic zone.

Lakes are classified by their level of primary produc-
tivity. Lakes that have low productivity due to low
amounts of nutrients such as phosphorus and nitrogen
in the water are called oligotrophic lakes. In contrast,



(a)

(b)

(c)

FIGURE 13.4 Freshwater wetlands. Freshwater wetlands have soil that is saturated or covered

by fresh water for at least part of the year and are characterized by particular plant communities. (a) In
this swamp in southern lllinois, bald cypress trees emerge from the water. (b) This marsh in south central
Wisconsin is characterized by cattails, sedges, and grasses growing in water that is not acidic. (c) This bog
in northern Wisconsin is dominated by sphagnum moss as well as shrubs and trees that are adapted to

acidic conditions. (Lee Wilcox)

lakes with a moderate level of productivity are called
mesotrophic lakes, and lakes with a high level of
productivity are called eutrophic lakes.

Freshwater Wetlands

Freshwater wetlands are aquatic biomes that are
submerged or saturated by water for at least part
of each year, but shallow enough to support emergent
vegetation. They support species of plants that
are specialized to live in submerged or saturated soils.

Freshwater wetlands include swamps, marshes,
and bogs. Swamps are wetlands that contain emer-
gent trees, such as the Great Dismal Swamp in
Virginia and North Carolina and the Okefenokee
Swamp in Georgia and Florida (FIGURE 13.4a).
Marshes are wetlands that contain primarily non-
woody vegetation, including cattails and sedges
(Figure 13.4b). Bogs, in contrast, are very acidic
wetlands that typically contain sphagnum moss and
spruce trees (Figure 13.4c¢).

Freshwater wetlands are among the most produc-
tive biomes on the planet, and they provide several
critical ecosystem services. For example, wetlands can
take in large amounts of rainwater and release it slowly

into the groundwater or into nearby streams, thus
reducing the severity of floods and droughts. Wetlands
also filter pollutants from water, recharging the ground-
water with clean water. Many bird species depend on
wetlands during migration or breeding. As many as
one-third of all endangered bird species in the United
States spend some part of their lives in wetlands, even
though this biome makes up only 5 percent of the
nation’s land area. More than half of the freshwater
wetland area in the United States has been drained for
agriculture or development or to eliminate breeding
grounds for mosquitoes and various disease-causing
organisms.

Mesotrophic Describes a lake with a moderate
level of productivity.

Eutrophic Describes a lake with a high level of
productivity.

Freshwater wetlands An aquatic biome that is
submerged or saturated by water for at least part
of each year, but shallow enough to support
emergent vegetation.
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FIGURE 13.5 Salt marsh. The salt marsh is a highly productive
biome typically found in temperate regions where fresh water from
rivers mixes with salt water from the ocean. This salt marsh is in
Plum Island Sound in Massachusetts. (Jerry and Marcy Monkman)

| Marine biomes have high salinity

Marine biomes contain salt water and can be catego-
rized as salt marshes, mangrove swamps, intertidal
zones, coral reefs, and the open ocean.

Salt Marshes

Like freshwater marshes, salt marshes—found along
the coast in temperate climates—contain nonwoody
emergent vegetation (FIGURE 13.5). The salt marsh is
one of the most productive biomes in the world. Many
salt marshes are found in estuaries, which are areas along
the coast where the fresh water of rivers mixes with salt
water from the ocean. Because rivers carry large
amounts of nutrient-rich organic material, estuaries are
extremely productive places for plants and algae, and the

Salt marsh A marsh containing nonwoody emergent
vegetation, found along the coast in temperate
climates.

Mangrove swamp A swamp that occurs along
tropical and subtropical coasts, and contains salt-
tolerant trees with roots submerged in water.

Intertidal zone The narrow band of coastline
between the levels of high tide and low tide.
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abundant plant life helps filter contaminants out of the
water. Salt marshes provide important habitat for
spawning fish and shellfish; two-thirds of marine fish
and shellfish species spend their larval stages in estuaries.

Mangrove Swamps

Mangrove swamps occur along tropical and sub-
tropical coasts and, like freshwater swamps, contain
trees whose roots are submerged in water (FIGURE 13.6).
Unlike most trees, however, mangrove trees are salt
tolerant. They often grow in estuaries, but they can
also be found along shallow coastlines that lack inputs
of fresh water. The trees help to protect those coast-
lines from erosion and storm damage. Falling leaves
and trapped organic material produce a nutrient-rich
environment. Like salt marshes, mangrove swamps

provide sheltered habitat for fish and shellfish.

Intertidal Zones

The intertidal zone is the narrow band of coastline that
exists between the levels of high tide and low tide
(FIGURE 13.7). Intertidal zones range from steep, rocky
areas to broad, sloping mudflats. Environmental condi-
tions in this biome are relatively stable when submerged
during high tide. However, conditions can become quite
harsh during low tide when organisms are exposed to
direct sunlight, high temperatures, and desiccation.
Moreover, waves crashing onto shore can make it a chal-
lenge for organisms to hold on and not get washed away.
Intertidal zones are home to a wide variety of organisms
that have adapted to these conditions, including barna-
cles, sponges, algae, mussels, crabs, and sea stars.

FIGURE 13.6 Mangrove swamp. Salt-tolerant mangrove trees,
such as these in Everglades National Park, are important in stabilizing
tropical and subtropical coastlines and in providing habitat for marine
organisms. (Biosphoto/T. & S. Allofs)



FIGURE 13.7 Intertidal zone. Organisms that live in the area
between high and low tide, such as these giant green sea anemones
(Anthopleura xanthogrammica), goose barnacles (Lepas anserifera),
and ochre sea stars (Pisaster ochraceus), must be highly tolerant of
the harsh, desiccating conditions that occur during low tide. This

photo was taken at Olympic National Park, Washington. (im Ziop/
Science Source)

Coral Reefs

Coral reefs, which are found in warm, shallow waters
beyond the shoreline, represent Earth’s most diverse
marine biome (FIGURE 13.8). Corals are tiny animals
that secrete a layer of limestone (calcium carbonate) to
form an external skeleton. The animal living inside this
tiny skeleton is essentially a hollow tube with tentacles
that draw in plankton and detritus. Corals live in water
that is relatively poor in nutrients and food, which is
possible because of their relationship with single-celled
algae that live within the tissues of the corals. When a
coral digests the food it captures, it releases CO, and
nutrients. The algae use the CO, during photosynthesis
to produce sugars and the nutrients stimulate the algae
to release their sugars to the coral. The coral gains
energy in the form of sugars, and the algae obtain CO,,
nutrients, and a safe place to live within the coral’s tiny
limestone skeleton. But this association with photosyn-
thetic algae means that corals can live only in shallow
waters where light can penetrate.

Although each individual coral is tiny, most corals
live in vast colonies. As individual corals die and
decompose, their limestone skeletons remain. Over
time, these skeletons accumulate and develop into
coral reefs, which can become quite massive. The
Great Barrier Reef of Australia, for example, covers an
area of 2,600 km? (1,600 milesz). A tremendous diver-
sity of other organisms, including fish and inverte-
brates, use the structure of the reef as both a refuge in
which to live and a place to find food. At the Great

FIGURE 13.8 Coral reef. The skeletons of millions of corals
build reefs that serve as home to a great variety of other marine
species. Sea goldies (Pseudanthias squamipinnis) and other animals

inhabit this reef of soft coral in the Indian Ocean. (Helmut Corneli/imageb/
imagebroker.net/SuperStock)

Barrier Reef there are more than 400 species of coral,
1,500 species of tropical fish, and 200 species of birds.

Coral reefs are currently facing a wide range of chal-
lenges, including pollutants and sediments that make it
difficult for the corals to survive. Coral reefs also face the
growing problem of coral bleaching, a phenomenon in
which the algae inside the corals die. Without the algae,
the corals soon die as well, and the reef turns white.
Scientists believe that the algae are dying from a combi-
nation of disease and environmental changes, including
lower ocean pH and abnormally high water tempera-
tures. Coral bleaching is a serious problem: Without the
corals, the entire coral reef biome is endangered.

The Open Ocean

The open ocean contains deep ocean water that is
located away from the shoreline where sunlight can no
longer reach the ocean bottom. The exact depth of
penetration by sunlight depends on a number of factors,

Coral reef The most diverse marine biome on
Earth, found in warm, shallow waters beyond the
shoreline.

Coral bleaching A phenomenon in which algae
inside corals die, causing the corals to turn white.

Open ocean Deep ocean water, located away
from the shoreline where sunlight can no longer
reach the ocean bottom.
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including the amounts of sediment and algae
suspended in the water, but it generally
does not exceed 200 m (approximately

650 feet).

Like a pond or lake, the ocean can
be divided into zones. These zones
are shown in FIGURE 13.9. The
upper layer of ocean water that
receives enough sunlight to allow
photosynthesis is the photic zone,
and the deeper layer of water that
lacks sufficient sunlight for photosyn-
thesis is the aphotic zone. The ocean
floor is called the benthic zone.

In the photic zone, algae are the
major producers. They form the base
of a food web that includes tiny zoo-
plankton, fish, and whales. In the
aphotic zone, because of the lack of
light, there are no photosynthetic pro-
ducers. However, there are some species
of bacteria that can use the energy contained in the
bonds of methane and hydrogen sulfide, which are
both found in the deep ocean, to generate energy via
chemosynthesis rather than photosynthesis. These

Photic zone The upper layer of ocean water in the
ocean that receives enough sunlight for photosynthesis.

Aphotic zone The deeper layer of ocean water that
lacks sufficient sunlight for photosynthesis.

Chemosynthesis A process used by some bacteria
in the ocean to generate energy with methane and
hydrogen sulfide.

13

In this module, we have learned that aquatic biomes
are characterized by physical features such as salinity,
depth, and water flow. Freshwater biomes include
streams and rivers, which have flowing water, and
lakes, ponds, and wetlands, which have standing wa-
ter. Marine biomes contain salt water and include salt
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Intertidal zone

High tide

Low tide

Aphotic zone

FIGURE 13.9 The open ocean. The open ocean can be
separated into several distinct zones.

bacteria form the base of a deep-ocean food web that
includes animals such as tube worms (see Figure 5.3c).
The aphotic zone also contains a variety of organisms
that can generate their own light to help them feed in
the dark waters. These organisms include several spe-
cies of crustaceans, jellyfish, squid, and fish.

marshes, mangrove swamps, intertidal zones, coral
reefs, and the open ocean. Differences in water flow,
depth, and salinity help us understand why different
species of producers and consumers, including com-
mercially important species of fish and shellfish, live
in different aquatic regions of the world.




Module 13 AP® Review Questions

1. Which of the following ecosystems experiences harsh
conditions due to conditions from tides?
(a) Coral reef
(b) Freshwater wetlands
(¢) Open ocean
(d) Intertidal zone
(e) Ponds and lakes

2. Most of the photosynthesis in lakes and ponds occurs
in the
(a) benthic zone.
(b) littoral zone.
(¢) limnetic zone.
(d) profundal zone.
(e) aphotic zone.

3. Which of the following is NOT an important
ecosystem service provided by wetlands?
(a) Flood control
(b) Breeding habitat for birds
(¢) Migratory habitat for birds
(d) Water filtration
(e) Seed dispersal

4. Aquatic biomes are categorized by which of the
following?
I.  Dominant plant growth forms
II. Depth
III. Salinity
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5. Which biome contains the aphotic zone?
Coral reefs

Mangrove swamps

Streams and rivers

Freshwater wetlands

Open ocean
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working toward X7  sustainability
Is Your Coffee Made in the Shade?

Around the world, people enjoy drinking coffee. In the
United States alone, 54 percent of adults drink coffee
every day, at an average of 3 cups per day. Worldwide,
people buy 7.7 billion kilograms (16.9 billion pounds)
of coffee beans each year. In short, coffee is an im-
portant part of many people’s lives. But have you ever
thought about where your coffee comes from?

Coffee beans come from several species of shrubs
that historically grew in Ethiopia under the shade of
the tropical rainforest canopy. In the fifteenth century,
coffee was brought to the Middle East and eventually
spread throughout the world. Because of its popularity,
coffee is now farmed in many places around the world,
including South America, Africa, and Southeast Asia.

As farmers began cultivating coffee, they grew it like
many other crops by clearing large areas of rainforest
and planting coftee bushes close together in large open
fields. Because the coffee plant’s native habitat is a
shady forest, coftee farmers found that they had to con-
struct shade over the plants to prevent them from
becoming sunburned in the intense tropical sunlight.

Over the past several decades, however, breeders have
developed more sunlight-tolerant plants that cannot
only handle intense sunlight but can also produce many
more coffee beans per plant.

As coffee was transformed from a plant that was
naturally scattered throughout a diverse rainforest to one
that was grown as a single species in large numbers in
open fields, the coftee fields became attractive targets for
insect pests and diseases. Farmers have applied a variety
of pesticides to combat these pests, which has increased
the cost of farming coftee, poisoned workers, and pol-
luted the environment. Given the world’s demand for
coftee, what other options do coffee farmers have?

Some coftee farmers thought back to the natural
environment in which coftee grows and wondered if
they could farm coffee under more natural conditions.
Such coffee, called shade-grown coffee, is grown in
one of three ways: by planting coffee bushes in an
intact rainforest, by planting the bushes in a rainforest
that has had some of the trees removed, or by planting
the bushes in a field alongside trees that produce other




marketable products, including fruit. Coftee bushes
grown in this way attract fewer pests, so less money is
needed to buy and apply pesticide, and there is less risk
to workers and the nearby soil and water. Using these
methods, coffee can be grown while still preserving
some of the plant diversity of the rainforest. And the
coftee often tastes better. The density of coffee plants is
lower in these more diverse landscapes, however,
which means that only about one-third as much coffee
is produced per hectare. So, while there are cost sav-
ings, the yield is lower. Economically, this means that
owners of shade-grown coffee farms need to charge
higher prices to match the profits of other farms.

How can farmers producing shade-grown coftee stay
in business? A number of environmental groups that
want to preserve biodiversity in tropical rainforests have
stepped in to help. Researchers found that shade-grown
coffee farms provided habitat for approximately 150
species of rainforest birds, whereas open-field coftee
farms provided habitat for only 20 to 50 bird species.
Not surprisingly, researchers also found that other
groups of animals were more diverse on shade-grown
coftee farms. In response to these findings, the
Smithsonian Migratory Bird Center in Washington,
D.C., developed a program to offer a “Bird Friendly”
seal of approval to coffee farmers who were producing
shade-grown coffee. Combined with an advertising
campaign that explained the positive effects of

Shade-grown coffee in Honduras. Coffee grown in the shade
requires less pesticide, helps to preserve the plant diversity of the
rainforest, and even tastes better. (AP Photo/Ginnette Riquelme)
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A bird-friendly certification label. Bird-friendly labels were
introduced by the Smithsonian Migratory Bird Center to inform
consumers that the coffee was grown in the shade in a manner that
improves bird habitat. (Frencesca Slater)

shade-grown coffee on biodiversity, this seal of approv-
al alerted consumers to make a conscious choice about
the impact that their favorite beverage was having on
rainforests. From 2005 to 2011, the sales of the shade-
grown coffee with the Smithsonian seal of approval
increased by an amazing 250 percent. The Arbor Day
Foundation, an environmental organization that pro-
motes the planting of trees, joined the effort by selling
its own brand of shade-grown coffee. Over the past 20
years, it has become clear that when consumers are
informed about how coffee is grown, many people are
willing to choose the shade-grown varieties, even if it
requires spending more money to reduce adverse
impacts on the tropical rainforest biome.

Critical Thinking Questions

1. If shade-grown coftee produces less coffee per hect-
are, what economic factor might prevent all coffee
from being grown this way?

2. If three times as much coffee can be grown in the
Sun than in the shade, what are the trade offs in
terms of the amount of land used for growing coffee
under these two alternative agricultural practices?

References
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REVIEW

In this chapter we have examined how global pro-
cesses such as air and water currents determine region-
al climates and how these regional climates have a
major effect on the types of organisms that can live in
different parts of the world. Among the terrestrial
biomes, temperature and precipitation affect the rate
of decomposition of dead organisms and the produc-
tivity of the soil. Understanding these patterns helps us  world.

understand how humans have come to use the land in
different ways: growing crops in regions with enough
water and a sufficient growing season, grazing domes-
ticated animals in drier areas, and harvesting lumber
from forests. Among the aquatic biomes, differences in
flow, salinity, and depth help to determine the aquatic
species that can live in different aquatic regions of the
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‘Weather Thermohaline circulation Profundal zone
Troposphere El Nifio—Southern Oscillation Benthic zone
Stratosphere (ENSO) Oligotrophic
Albedo Terrestrial biome Mesotrophic
Saturation point Aquatic biome Eutrophic
Adiabatic cooling Tundra Freshwater wetland
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Intertidal zone
Coral reef
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Chemosynthesis

Module 9 The Unequal Heating

of Earth

e Identify the five layers of the atmosphere.
Above Earth’s surface, the first layer of atmosphere
is the troposphere, followed by the stratosphere,
mesosphere, thermosphere, and the exosphere.

Discuss the factors that cause unequal heating
of Earth.

The unequal heating of Earth is caused by difterences
in the angle of the Sun’s rays that strike Earth, the

amount of atmosphere that the Sun’s rays must pass
through before striking Earth’s surface, and how
much of the solar energy that reaches Earth is
reflected rather than absorbed.

Describe how Earth’s tilt affects seasonal
differences in temperatures.

Earth’s central axis is tilted at 23.5°, which causes
seasonal changes in the latitudes that receive the
most intense sunlight.
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Module 10 Air Currents

e Explain how the properties of air affect the

way it moves in the atmosphere.

Air rises when it becomes less dense and sinks when
it becomes more dense. Warm air has a higher satu-
ration point for water vapor than cold air. Changes
in air pressure result in adiabatic cooling or heating;
when water condenses it emits heat, which is
known as latent heat release.

Identify the factors that drive atmospheric
convection currents.

Atmospheric convection currents are driven by the
intense sunlight that strikes Earth near the tropics.
This solar energy warms the surface of Earth, which
causes moist air to rise, cool, and release water as
precipitation. As the air continues to rise, it reaches
the top of the troposphere. The air, which is now
cold and dry, moves toward the poles until it
descends at approximately 30° N or 30° S latitude.
As it descends back to Earth’s surface, the air warms
and then moves back toward the equator.

Describe how Earth’s rotation affects the
movement of air currents.

Because the surface of Earth travels faster near the
equator than near the poles, the Coriolis effect
causes convection currents traveling north and
south to be deflected, thereby creating trade winds,
westerlies, and easterlies.

dense water sinks to the bottom of the ocean and
later comes back to the surface near the equator.

Identify the causes and consequences of the
El Nifio—Southern Oscillation.

The El Nifo—Southern Oscillation occurs when
the typical trade winds from South America weak-
en or reverse, which allows the equatorial current
that usually flows from east to west to reverse direc-
tion. When this happens, the upwelling along the
western coast of South America is impeded, which
affects climates around the world.

Module 12 Terrestrial Biomes

e Explain how we define terrestrial biomes.

Terrestrial biomes are categorized by the dominant
plant forms that exist in a region.

Interpret climate diagrams.

Climate diagrams illustrate monthly patterns of
temperature and precipitation during the year.
They also illustrate the growing season of a biome
and the months during which plants are more con-
strained by temperature or precipitation.

Identify the nine terrestrial biomes.

The nine terrestrial biomes are tundra, boreal for-
ests, temperate rainforests, temperate seasonal for-
ests, woodland/shrublands, temperate grasslands/
cold deserts, tropical rainforests, tropical seasonal
forests/savannas, and subtropical deserts.

* Explain how the movement of air currents
over mountain ranges affects climates.

Module 13 Aquatic Biomes

When moist air from the ocean moves up a moun- . . .
p e Identify the major freshwater biomes.
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tain, the air cools and releases water as precipita-
tion, which results in a moist environment on the
windward side. On the other side of the mountain,
the cool, dry air descends, which results in a dry
environment on the leeward side of the mountain.

Module 11 Ocean Currents

* Describe the patterns of surface ocean

circulation.

Ocean currents are driven by a combination of
temperature, gravity, prevailing winds, the Coriolis
effect, and the locations of continents. Together,
prevailing winds and ocean currents distribute heat
and precipitation around the globe.

e Explain the mixing of surface and deep

ocean waters from thermohaline circulation.

As ocean water flows from the Gulf of Mexico to
the North Atlantic, water evaporates or freezes, and
this causes the remaining water to have a high salt
concentration and therefore a high density. This

Global Climates and Biomes

There are three types of freshwater biomes. Streams
and rivers have flowing fresh water. Lakes and
ponds have standing water, at least some of which
is too deep to support emergent vegetation.
Freshwater wetlands are submerged or saturated by
water for at least part of the year, but shallow
enough to support emergent vegetation.

Identify the major marine biomes.

There are five types of marine biomes. Salt marshes
are found along the coast in temperate climates and
contain nonwoody emergent vegetation. Mangrove
swamps occur along tropical and subtropical coasts
and contain trees that have roots submerged in the
water. The intertidal zone is the narrow band of
coastline that exists between the levels of high tide
and low tide. Coral reefs are found in warm, shal-
low waters beyond the shoreline and represent
Earth’s most diverse marine biome. The open
ocean is characterized by deep water where sunlight
can no longer reach the ocean bottom.



|Chapter 4 AP® Environmental Science Practice Exam

Section 1: Multiple-Choice Questions

Choose the best answer for questions 1—13.

1.

In which layer of Earth’s atmosphere does most
weather occur?
a) Troposphere

(

(b) Stratosphere
() Mesosphere

d) Thermosphere
(e) Lithosphere

Which statement best explains why polar regions are

colder than tropical regions?

(a) Polar regions have lower albedo values.

(b) Polar regions receive less solar energy per unit of
surface area.

(c) Tropical regions receive less direct sunlight
throughout the year.

(d) Sunlight travels through more atmosphere and
loses more energy in tropical regions.

(e) Tropical regions rotate at a faster speed than
polar regions.

Which statement about patterns of air convection is

NOT correct?

(a) The air in a Hadley cell rises where sunlight
strikes Earth most directly.

(b) The greatest amount of precipitation occurs at
the intertropical convergence zone.

(c) The air in a Hadley cell descends near 30° N and
30° S, causing the formation of deserts.

(d) The air of a polar cell rises near 60° latitude.

(e) Along Earth’s surface, the air of a Hadley cell
moves away from the equator.

An increase in evaporation near the equator would
most likely cause

(a) increased precipitation at the ITCZ.

(b) decreased precipitation at the [TCZ.

(c) increased precipitation in Ferrell cells.

(d) increased precipitation at 30° N and 30° S.

(e) decreased precipitation in Ferrell cells.

The high heat capacity of water causes what eftect

when combined with ocean circulation?

(a) The high salinity of deep polar water in the
thermohaline cycle

(b) Warm temperatures in continental coastal areas

(c) The suppression of upwelling during an ENSO
event

(d) Increased elevation of warm tropical waters,
driving surface currents

(e) The heat transfer between the ocean and
atmosphere due to evaporation along the
equator

6. Which of the following processes is NOT
characteristic of oceanic circulation?

(a) Counterclockwise gyres in the Northern
Hemisphere

(b) Slow thermohaline circulation of surface and
deep ocean waters

() Unequal heating of tropical versus polar ocean
waters

(d) El Nifio—Southern Oscillation

(e) Coriolis effect

7.  Which statement about rain shadows is correct?

(a) They occur on the western sides of mountain
ranges in the Northern Hemisphere.

(b) Air gains water vapor as it rises.

(c) As air rises over a mountain range, water vapor
condenses into precipitation.

(d) They occur on the eastern sides of mountain
ranges in the Southern Hemisphere.

(e) The rain shadow side of a mountain range
receives the most rain.

8. Why do scientists use dominant plant growth forms
to categorize terrestrial biomes?

(a) Plants with similar growth forms are always
closely related genetically.

(b) Difterent plant growth forms indicate climate
differences, whereas different animal forms do not.

(c) Plants from similar climates evolve different
adaptations.

(d) Similar plant growth forms are found in climates
with similar temperatures and amounts of
precipitation.

(e) Similar plant growth forms exist in both
terrestrial and aquatic biomes.

9.  Which information is NOT found in climate diagrams?

(a) Average annual temperature

(b) Seasonal changes in temperature

(c) Average annual humidity

(d) The months when plant growth is limited by
precipitation

(e) The length of the growing season

10. Which statement about tundras and boreal forests is
correct?

(a) Both are characterized by slow plant growth, so
there is little accumulation of organic matter.

(b) Tundras are warmer than boreal forests.

(c) Boreal forests have shorter growing seasons than
tundras.

(d) Plant growth in both biomes is limited by
precipitation.

(e) Boreal forests have larger dominant plant growth
forms than tundras.

CHAPTER 4 AP® Environmental Science Practice Exam 143



11. Which of the following statements about temperate
biomes is NOT correct?

(2)

(e)

Temperate biomes have average annual
temperatures above 20°C.

Temperate rainforests receive the most
precipitation, whereas cold deserts receive the
least precipitation.

Temperate rainforests can be found in the
northwestern United States.

Temperate seasonal forests are characterized by
trees that lose their leaves.

Temperate shrublands are adapted to frequent fires.

12. Which statement about tropical biomes is correct?

144

Tropical seasonal forests are characterized by
evergreen trees.

Tropical rainforests have the highest precipitation
due to the proximity of the ITCZ.

Savannas are characterized by the densest
forests.

Tropical rainforests have the slowest rates of
decomposition due to high rainfall.

Subtropical deserts have the highest species
diversity.

CHAPTER 4 Global Climates and Biomes

13.

‘Which statement about aquatic biomes is correct?

(a) They are characterized by dominant plant
growth forms.

(b) They can be categorized by temperature and
precipitation.

(c) Lakes contain littoral zones and intertidal
zones.

(d) Freshwater wetlands have emergent plants in
their deepest areas, whereas ponds and lakes do
not.

(e) Coral reefs have the lowest diversity of species.



Section 2: Free-Response Questions

Write your answer to each part clearly. Support your
answers with relevant information and examples. Where
calculations are required, show your work.

1. Asthe greenhouse effect continues to warm the
planet slowly, the glaciers of Greenland are melting at
a rapid rate. Scientists are concerned that this melting
may dilute the salt water in that region of the ocean
enough to shut down thermohaline circulation. Use
what you know about climate to answer the
following questions.

(a) Explain how shutting down thermohaline
circulation would affect the temperature of
western Europe. (2 points)

(b) Explain the possible consequences for
agriculture in western Europe. (2 points)

(c) Why might the populations of fish along the
west coasts of most continents increase if
thermohaline circulation shuts down?

(3 points)

(d) How would shutting down thermohaline
circulation affect the transport of nutrients
among the oceans of the world? (3 points)

2. A number of Earth’s features determine the locations

of biomes around the world.

(a) Explain why the tropical rainforests are found in
regions of the world that receive the most direct
sunlight. (4 points)

(b) Describe how movement of the ITCZ over the
year influences the location of seasonal forests in
tropical regions. (2 points)

(c) Identity the mechanisms by which albedo and
the angle of the Sun’s rays cause colder
temperatures to occur on Earth near the North
and South Poles. (2 points for each mechanism)
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The plant known as the Dung of the Deuvil,
discovered as a treatment for

the Spanish flu of 1918, may also be
a remedy for the H1N1 virus. (Rstudio/Alamy)




Evolution of
Biodiversity
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The Dung of the Deuvil

Module 16 Speciation and the Pace of Evolution

Module 17 Evolution of Niches and Species Distributions

From 1918 to 1920, the world experi-
enced a flu outbreak of unprecedented
scale. Known as the Spanish flu, the
disease had a devastating effect. Mor-
tality estimates from that time vary,
but somewhere between 20 million
and 100 million people died world-
wide, including more than 600,000
people in the United States. During
the height of the outbreak, reports
stated that some people in China had
found the roots of a particular plant
beneficial in fighting the flu. The plant
(Ferula assafoetida) had a pleasant
smell when cooked, but the raw sap
from the roots had a foul smell that

inspired the plant’s common name, the
Dung of the Devil.

The Dung of the Devil story does not
end in 1920. It turns out that Spanish flu

The Dung of the Devil has the
potential to produce a new
pharmaceutical drug to fight
future H1N1 flu epidemics.

was caused by an H1N1 virus that is
closely related to the H1N1 virus that
caused the worldwide “swine flu”
outbreak of 2009-2010. Scientists in

China recalled that people had used the
plant to fight the Spanish flu 80 years
ago, so they decided to explore its po-
tential to combat the modern H1N1 flu
virus. They found that extracts from
the plant had strong antiviral proper-
ties, stronger even than those of con-
temporary antiviral drugs. Thus the
Dung of the Devil has the potential to
produce a new pharmaceutical drug

to fight future HIN1 flu epidemics.
The Dung of the Devil is just one
of the organisms from which humans
have extracted life-saving drugs. Wil-
low trees from temperate forests were
the original source of salicylic acid,
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from which aspirin is derived. More re-
cently, wild plants have provided sev-
eral important medicines for treating a
variety of cancers. For example, the
rosy periwinkle (Catharanthus roseus),
found only in the tropical forests of
Madagascar, is the source of two drugs
used to treat childhood leukemia and
Hodgkin’s disease. The mayapple
(Podophyllum peltatum), a common
herb of the eastern United States, is the
source of two other anticancer drugs.
Many new medicines, including anti-
inflammatory, antiviral, and antitumor
drugs, have come from a variety of in-
vertebrate animals that inhabit coral

reefs, including sponges, corals, and
sea squirts. Of the most promising
current candidates for new drugs,
70 percent were first discovered in
plants, animals, and microbes. Unfor-
tunately, many species that are either
known or suspected sources of drugs
are being lost to deforestation, agricul-
ture, and other human activities. At the
same time, indigenous people with
knowledge about medicinal uses of the
natural drugs in their environment are
being forced to relocate, and their
knowledge may soon be lost.

Only a small fraction of the millions
of species on Earth has been screened

for useful drugs. It is likely that many
more medicines could be found in
living organisms. The continual dis-
covery of new drugs in organisms
around the world, including the Dung
of the Devil, makes yet another con-
vincing argument for conserving
Earth’s biodiversity.

Sources:

C. L. Lee et al., Influenza A (H1N1)

antiviral and cytotoxic agents from Ferula
assafoetida, Journal of Natural Products

72 (2009): 1568-1572; D. Newman and

G. M. Cragg, Natural products as sources of
new drugs over the last 25 years, Journal
of Natural Products 70 (2007): 461-477.

he use of plants for drugs that can help humans fight diseases is just one of many

reasons that we want to protect the biodiversity of the planet. In general, biodiver-

sity is an important indicator of environmental health, so a rapid decline of biodi-

versity in an ecosystem indicates that it is under stress. The biodiversity on Earth today

is the result of evolution and extinction. Knowledge of these processes helps us to

understand past and present environmental changes and their effects. In this chapter,

we will examine how scientists quantify biodiversity and then look at how the process of

evolution creates biodiversity. We will also examine the processes of speciation and

extinction and the ways species have evolved unique ways of life that affect the abiotic

and biotic conditions under which they can live.

148 CHAPTER 5

Evolution of Biodiversity



The Biodiversity of Earth

As you will recall from Chapter 1, we can think about biodiversity at three
different scales (see Figure 2.1 on page 9). Within a given region, for example,
the variety of ecosystems is a measure of ecosystem diversity. Within a given
ecosystem, the variety of species constitutes species diversity. Within a given
species, we can think about the variety of genes as a measure of genetic
diversity. Every individual organism is distinguished from every other organism,
at the most basic level, by the differences in the information coded by their
genes. Because genes form the blueprint for an organism’s traits, the diversity
of genes on Earth ultimately helps determine the species diversity and
ecosystem diversity on Earth. In other words, all three scales of biodiversity
contribute to the overall biodiversity of the planet. In this module, we will
examine how we estimate the number of species on Earth and how scientists
quantify biodiversity. We will then examine how scientists illustrate the

relatedness among species.

Learning Objectives

After reading this module you should be able to

e understand how we estimate the number of species living on Earth.

e quantify biodiversity.

e describe patterns of relatedness among species using a phylogeny.

It is difficult to estimate the
number of species on Earth

A short walk through the woods, a corner lot, or a city
park makes one thing clear: Life comes in many forms.
A small plot of untended land or a tiny pond contains
dozens, perhaps hundreds, of different kinds of plants
and animals visible to the naked eye as well as

thousands of different kinds of microscopic organisms.
In contrast, a carefully tended lawn or a commercial
timber plantation usually supports only a few types of
grasses or trees (FIGURE 14.1). The total number of
organisms in the plantation or lawn may be the same
as the number in the pond or in the untended plot, but
the number of species will be far smaller.

Recall from Chapter 1 that a species is defined as a
group of organisms that is distinct from other such
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(a)

(b)

FIGURE 14.1 Species diversity and ecosystems. (a) Natural forests contain a high diversity of tree
species. (b) In forest plantations, in which a single tree species has been planted for lumber and paper products,
species diversity is low. (a: Ron and Patty Thomas/Getty Images; b: Brent Waltermire/Alamy)

groups in terms of size, shape, behavior, or biochemi-
cal properties, and that can interbreed with other indi-
viduals in its group to produce viable offspring. This
last requirement is important because sometimes indi-
viduals from different species can mate, but they do
not produce offspring that survive.

The number of species in any given place is the
most common measure of biodiversity, but estimating
the total number of species on Earth is a challenge.
Many species are easy to find, such as the birds or small
mammals you might see in your neighborhood.
Others are not so easy to find. Some species are active
only at night, live in inaccessible locations such as the
deep ocean, or cannot be seen without a microscope.
To date, scientists have named approximately 2 mil-
lion species, which means the total must be larger than
that.

The insects represent a group that contains more spe-
cies than most other groups, so scientists reason that if
we could get a good estimate for the number of insect
species in the world, we would have a much better
sense of the total number of species. In one study,
researchers fumigated the canopies of a single tree spe-
cies in the tropical rainforest and then collected all the
dead insects that fell from the trees onto a tarp on the
ground. From this collection of dead insects, they
counted the number of beetle species that fed on only
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the one tree species they fumigated. By multiplying this
number of beetle species by the total number of tropical
tree species, they estimated that in the tropics there
were perhaps 8 million species of beetles that feed on a
single species of tree. Because beetles make up about 40
percent of all insect species, and because insect species in
the forest canopy tend to be about twice as numerous as
insect species on the forest floor, the researchers sug-
gested that a reasonable estimate for the total number of’
tropical insect species might be 30 million. More recent
work has indicated that this number is probably too
high. Current estimates for the total number of species
on Earth range between 5 million and 100 million, but
most scientists estimate that there are about 10 million
species.

We can measure biodiversity in
terms of species richness and
evenness

Because species are not uniformly distributed, the num-
ber of species on Earth is not a useful indicator of how
many species live in a particular location. Often we
desire to know the number of species at a given location
to determine whether a region is being affected by
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FIGURE 14.2 Measures of species diversity. Species richness and species evenness are two
different measures of species diversity. Although both communities contain the same number of species,
community 1 has a more even distribution of species and is therefore more diverse than community 2.

human activities. To measure species diversity at local
or regional scales, scientists have developed two mea-
sures: species richness and species evenness.

The number of species in a given area, such as a
pond, the canopy of a tree, or a plot of grassland, is
known as species richness. Species richness is used
to give an approximate sense of the biodiversity of a
particular place. However, we may also want to know
the species evenness, which is the relative propor-
tion of individuals within the different species in a
location. Species evenness tells us whether a particular
ecosystem is numerically dominated by one species or
whether all of its species have similar abundances. An
ecosystem has high species evenness if its species are
all represented by similar numbers of individuals. An
ecosystem has low species evenness if one species is
represented by many individuals whereas other spe-
cies are represented by only a few individuals. In this
case, there is eftectively less diversity.

Scientists evaluating the biodiversity of an area
must often look at both species richness and species
evenness. Consider the two forest communities, com-
munity 1 and community 2, shown in FIGURE 14.2.
Both forests contain 20 trees that are distributed
among four species. In community 1, each species is
represented by 5 individuals. In community 2, one
species is represented by 14 individuals and each of the
other three species is represented by 2 individuals.
Although the species richness of the two forests is

identical, the four species are more evenly represented
in community 1. That forest therefore has greater spe-
cies evenness and is considered to be more diverse.
Because species richness or evenness often declines
after a human disturbance, knowing the species richness
and species evenness of an ecosystem gives environ-
mental scientists a baseline they can use to determine
how much that ecosystem has changed. “Do the Math:
Measuring Species Diversity” on page 108 demon-
strates one common way of calculating species

diversity.

The evolutionary relationship
among species can be illustrated
using a phylogeny

Scientists organize species into categories that indi-
cate how closely related they are to one another. The
branching pattern of evolutionary relationships is called

Species richness The number of species in a
given area.

Species evenness The relative proportion of
individuals within the different species in a given
area.
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Measuring Species Diversity

Environmental scientists are often interested in evaluating both species richness
and species evenness, so they have come up with indices of species diversity that
take both measures into account. One commonly used index is Shannon’s index
of diversity. To calculate this index, we must know the total number of species in

a community (n) and, for each species, the proportion of the individuals in the
community that represent that species (p;). Once we have this information, we can
calculate Shannon’s index (H) by taking the product of each proportion (p;) and its
natural logarithm [In (p;)] and then summing these products, as indicated by the
summation symbol (2):

n
H = —_Z1pf In ()

The minus sign makes the index a positive number. Higher values of H indicate
higher diversity.

Imagine a community of 100 individuals that are evenly divided among four
species, so that the proportions (p;) of the species all equal 0.25. We can calculate
Shannon’s index as follows:

H = —[(0.25 X In 0.25) + (0.25 X In 0.25) + (0.25 X In 0.25) X (0.25 X In 0.25)]
H = —[(—0.35) + (—0.35) + (~0.35) + (—0.35)]
H=1.40

Now imagine another community of 100 individuals that also contains four
species, but in which one species is represented by 94 individuals and the other
three species are each represented by 2 individuals. We can calculate Shannon’s
index to see how this difference in species evenness affects the value of the index:

H = —[(0.94 X In 0.94) + (0.02 X In 0.02) + (0.02 X In 0.02) + (0.02 X In 0.02)]
H = —[(—0.06) + (—0.08) + (—0.08) + (—0.08)]
H = 0.30

Because this value of H is lower than the value we calculated for the first community,
we can conclude that the second community has lower diversity. Note that the total
number of individuals does not affect Shannon’s index of diversity; only the number
of species and the proportion of individuals within each species matter.

Your Turn Imagine a third community of 100 individuals in which those
individuals are distributed evenly among all the species, but there are only two
species, not four. Calculate Shannon’s index to see how this difference in species
richness affects the value of the index.

a phylogeny. Phylogenies can be described with a The relatedness of the species in a phylogeny is
diagram like the one shown in FIGURE 14.3, called a  determined by similarity of traits: The more similar the

phylogenetic tree.

Phylogeny The branching pattern of evolutionary

relationships.

traits of two species, the more closely related the two
species are assumed to be. Historically, scientists used
mostly morphological traits, including a large number
of bone measurements, to measure similarity. Today,
scientists base phylogenies on a variety of characteris-
tics, including morphology, behavior, and genetics.
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REVIEW

In this module, we learned that scientists are not able
to determine the exact number of species on Earth.
Most estimates agree on approximately 10 million
species, of which we have identified approximately
2 million. We saw that biodiversity can be quantified

Module 14 AP® Review Questions

1.  How many species are estimated to exist on Earth?
(a) 2 million
(b) 8 million
(¢) 10 million
(d) 30 million
(e) 100 million

2. Two savanna communities both contain 15 plant
species. In community A, each of the 15 species is
represented by 20 individuals. In community B, 10
of the species are each represented by 12 individuals;

Lizard

Hinged jaw

Vertebrae

FIGURE 14.3 A
phylogenetic tree. Phylogenies
are based on the similarity of traits
among Species. Scientists can
assemble phylogenetic trees that
indicate how different groups of
organisms are related and show
where speciation events have
occurred. The brown boxes indicate
when major morphological changes
evolved over evolutionary time.

Chipmunk

Mammary
glands

4 legs

Common
ancestor of
trout, lizard,
and chipmunk

Branch point
Indicates where a
speciation event took
place (one species
gave rise to two or
more new species)

in terms of species richness and evenness. Species can
be arranged on a phylogenetic tree that illustrates the
evolutionary steps that gave rise to current species. In
the next module, we will examine how evolution has
produced such a large diversity of species.

the remaining 5 species are each represented by

3 individuals. Which statement best describes the

two communities?

(a) Community A has the same biodiversity as
community B.

(b) Both communities have the same species
evenness.

(¢) Community B has a higher species richness.

(d) Community A has a higher species
evenness.

(e) Community B has a lower species richness.
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3. Phylogeny is 4. Which of the following is used to calculate Shannon’s

(a) the number of evolutionarily related species in index of diversity?
an ecosystem. I.  The proportion of individuals in each species
(b) the study of morphological traits. II.  The total number of species
(c) the branching pattern of evolutionary III. The number of individuals in each species
relationships.
(d) the process of evolution that creates new species. (a) Ionly
(e) the genetic biodiversity of a species. (b) IandII only
(¢) 1II only
(d) 1II and III only
(e) LII,and III

How Evolution Creates
Biodiversity

We have seen the importance of biodiversity. In this module we will look at the
processes of evolution, which is the source of biodiversity. Because the
evolution of biodiversity depends on genetic diversity, we will examine how
genetic diversity is created. We begin by exploring the sources of genetic
variation and then consider how humans and the natural world select from this
variation to favor particular individuals that go on to reproduce in the next
generation. Finally, we will examine how several random processes can also
cause evolution.

Learning Objectives

After reading this module you should be able to

identify the processes that cause genetic diversity.

explain how evolution can occur through artificial selection.
explain how evolution can occur through natural selection.
explain how evolution can occur through random processes.
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Genetic diversity is created
through mutation and
recombination

Earth’s biodiversity is the product of evolution,
which can be defined as a change in the genetic com-
position of a population over time. Evolution can
occur at multiple levels. Evolution below the species
level, such as the evolution of different varieties of
apples or potatoes, is called microevolution. In con-
trast, when genetic changes give rise to new species, or
to new genera, families, classes, or phyla—larger cate-
gories of organisms into which species are organized—
we call the process macroevolution. Among these
many levels of macroevolution, the term speciation is
restricted to the evolution of new species.

To understand how genetic diversity is created,
we first need to understand genes. Genes are physi-
cal locations on chromosomes within each cell of an
organism. A given gene has DNA that codes for a
particular trait, such as body size, but the DNA can
take different forms known as alleles. An organism’s
genes determine the range of possible traits (physical
or behavioral characteristics) that it can pass down
to its offspring. The complete set of genes in an
individual is called its genotype. In this section, we
will discuss how genotypes help to determine the
traits of individuals and the two processes that can
create genetic diversity in a population: mutation and
recombination.

Genotypes versus Phenotypes

An individual’s genotype serves as the blueprint for the
complete set of traits that organism may potentially pos-
sess. An individual’s phenotype is the actual set of traits
expressed in that individual. Among these traits are the
individual’s anatomy, physiology, and behavior. The
color of your eyes, for example, is your phenotype,
whereas the genes that code for eye color are a part of
your genotype. Changes in genotypes can produce
important changes in phenotypes.

In some cases, an individual’s phenotype is deter-
mined almost entirely by genes. For instance, a person
who inherits the genes for brown eyes will have
brown eyes, regardless of where that person lives.
Most phenotypes, however, are the product of an
individual’s environment as well as its genotype. For
example, in many turtle and crocodile species, the
temperature of eggs during incubation determines
whether the offspring will hatch as males or females.
The water flea, a tiny animal that lives in ponds and
lakes, offers another interesting example. The body
shape of the water flea depends on whether or not a

FIGURE 15.1 Environmental effects on phenotype. Water
fleas raised in the absence of predators produce relatively small heads
and short tail spines (left), whereas individuals raised in the presence
of predators produce relatively large heads and long tail spines (right).
(Christian Laforsch/Science Photo Library/Photo Researchers)

young individual smells predators in its environment
(FIGURE 15.1). If predators are absent, the water flea
develops a relatively small head and tail spine. If
predators are present, however, the water flea devel-
ops a much larger head and a long tail spine. Although
the larger head and longer tail spine help prevent the
water flea from being eaten, they come at the cost of
slower reproduction. Therefore, it is beneficial that
the water flea not produce these defenses unless they
are needed. By being able to respond to changing
environmental conditions, organisms such as the
water flea can improve their ability to survive and
reproduce in any environment.

Evolution A change in the genetic composition of a
population over time.

Microevolution Evolution below the species level.

Macroevolution Evolution that gives rise to new
species, genera, families, classes, or phyla.

Gene A physical location on the chromosomes within
each cell of an organism.

Genotype The complete set of genes in an individual.
Phenotype A set of traits expressed by an individual.
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Mutation

DNA is copied millions of times during an organism’s
lifetime as cells grow and divide. An occasional mis-
take in the copying process produces a random change
in the genetic code, which is known as a mutation.
Environmental factors, such as ultraviolet radiation
from the Sun, can also cause mutations. When muta-
tions occur in cells responsible for reproduction, such
as the eggs and sperm of animals, those mutations can
be passed on to the next generation.

Most mutations are detrimental, and many cause the
offspring that carry them to die while they are
embryos. The effects of some mutations are less severe,
but can still be detrimental. For example, some dusky-
headed conures (Aratinga weddellii) have a mutation
that makes these normally green-feathered parrots
produce feathers that appear to be blue (FIGURE 15.2).
In the wild, individuals with this mutation have a poor
chance of survival because blue feathers stand out
against the green vegetation and make them conspicu-
ous to predators.

Sometimes a mutation Improves an organism’s
chances of survival or reproduction. If such a mutation
is passed along to the next generation, it adds new
genetic diversity to the population. Some mosquitoes,
for example, possess a mutation that makes them less
vulnerable to insecticides. In areas that are sprayed
with insecticides, this mutation improves an individual
mosquito’s chance of surviving and reproducing.

Recombination

Genetic diversity can also be created through recombination.
In plants and animals, genetic recombination occurs as
chromosomes are duplicated during reproductive cell
division and a piece of one chromosome breaks off and
attaches to another chromosome. This process does not
create new genes, but it does bring together new com-
binations of alleles on a chromosome and can therefore
produce novel traits. For example, the human immune
system must battle a large variety of viruses and bacteria
that regularly attempt to invade the body. R ecombination
allows new allele combinations to come together, and
this provides new immune defenses that may prove to be
effective against the invading organisms.

Mutation A random change in the genetic code
produced by a mistake in the copying process.

Recombination The genetic process by which one
chromosome breaks off and attaches to another
chromosome during reproductive cell division.

Evolution by artificial selection The process in
which humans determine which individuals breed,
typically with a preconceived set of traits in mind.
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FIGURE 15.2 Mutations. A mutation inthe genetic code of the
dusky-headed conure causes these normally green-feathered parrots
to develop feathers that appear blue. In nature the mutation makes

individuals more conspicuous and prone to predation. (Howard Voren at
www.Voren.com)

Evolution can occur through
artificial selection

Evolution occurs in three primary ways: artificial selection,
natural selection, and random processes. In this section we
will look at artificial selection.

Humans have long influenced evolution by breeding
plants and animals for desirable traits. For example, all
breeds of domesticated dogs belong to the same species
as the gray wolf (Canis lupus), yet dogs exist in an amaz-
ing variety of sizes and shapes, ranging from toy poodles
to Siberian huskies. FIGURE 15.3 shows the phylogenetic
relationships among the wolf and different breeds of
domestic dogs that were bred from the wolf by humans.
Beginning with the domestication of wolves, dog breed-
ers have selectively bred individuals that had particular
qualities they desired, including body size, body shape,
and coat color. After many generations of breeding, the
selected traits became more and more exaggerated until
breeders felt satisfied that the desired characteristics of a
new dog breed had been achieved. As a result of this
carefully controlled breeding, we have a tremendous
variety of dog sizes, shapes, and colors today. Yet dogs
remain a single species: All dog breeds can still mate with
one another and produce viable offspring.

When humans determine which individuals to
breed, typically with a preconceived set of traits in
mind, we call the process evolution by artificial
selection. Artificial selection has produced numerous
breeds of horses, cattle, sheep, pigs, and chickens with
traits that humans find useful or aesthetically pleasing.
Most of our modern agricultural crops are also the
result of many years of careful breeding. For example,
starting with a single species of wild mustard, Brassica
oleracea, plant breeders have produced a variety of food
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FIGURE 15.3 Artificial selection on animals. The diversity of domesticated dog breeds is the result
of artificial selection on wolves. The wolf is the ancestor of the various breeds of dogs. It is illustrated at the
same level as the dogs in this phylogeny because it is a species that is still alive today. (Data from H. G. Parker et al.,

Science 304 (2004): 1160-1164,)

crops, including cabbage, cauliflower, broccoli, Brussels
sprouts, kale, and kohlrabi, shown in FIGURE 15.4.

As useful as artificial selection has been to humans, it
can also produce a number of unintended results. For
example, farmers often use herbicides to kill weeds.
However, as we cover larger and larger areas with her-
bicides, there is an increasing chance that at least one
weed will possess a mutation that allows it to survive the
herbicide application. If that one mutant plant passes on
its herbicide resistance to its offspring, we will have
artificially selected for herbicide resistance in that weed.

Brussels sprouts

Ancestor:

This process is occurring in many parts of the world
where increased use of the popular herbicide Roundup
(chemical name: glyphosate) has led to the evolution of
several species of Roundup-resistant weeds. A similar
process has occurred in hospitals, where the use of anti-
biotics and antibacterial cleaners has caused artificial
selection of harmful drug-resistant bacteria. These
examples underscore the importance of understanding
the mechanisms of evolution and the ways in which
humans can either purposefully or inadvertently direct
the evolution of organisms.

N

Kohlrabi

Wild mustard

FIGURE 15.4 Artificial selection on plants. Plant breeders have produced a wide range of edible

plants from a single species of wild mustard.
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Evolution can occur through
natural selection

Evolution also takes place through natural mecha-
nisms. In evolution by natural selection, the envi-
ronment determines which individuals survive and
reproduce. Members of a population naturally vary in
their traits, and certain combinations of those traits
make individuals better able to survive and reproduce.
As a result, the genes that produce those traits are more
common in the next generation.

Prior to the mid-nineteenth century, the idea that
species could evolve over time had been suggested by
a number of scientists and philosophers. However, the
concept of evolution by natural selection did not
become synthesized into a unifying theory until two
scientists, Alfred Wallace (1823—1913) and Charles
Darwin (1809-1882), independently put the various
pieces together.

Of the two scientists, Charles Darwin is perhaps the
better known. At age 22, he became the naturalist on
board HMS Beagle, a British survey ship that sailed
around the world from 1831 to 1836. During his jour-
ney, Darwin made many observations of trait variation
across a tremendous variety of species. In addition to
observing living organisms, he found fossil evidence of a
large number of extinct species. He also recognized that
organisms produce many more offspring than are need-
ed to replace the parents, and that most of these offspring
do not survive. Darwin questioned why, out of all the
species that had once existed on Earth, only a small frac-
tion had survived. Similarly, he wondered why, among
all the offspring produced in a population in a given
year, only a small fraction survived to the next year.
During the decades following his voyage, he developed
his ideas into a robust theory. His On the Origin of Species
by Means of Natural Selection, published in 1859, changed
the way people thought about the natural world.

The key ideas of Darwin’s theory of evolution by
natural selection are the following:

* Individuals produce an excess of offspring.
* Not all offspring can survive.
* Individuals differ in their traits.

* Differences in traits can be passed on from
parents to offspring.

* Differences in traits are associated with
differences in the ability to survive and
reproduce.

Evolution by natural selection The process in which
the environment determines which individuals survive
and reproduce.
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FIGURE 15.5 shows how this process works using
the example of body size in a group of crustaceans
known as amphipods. We can begin with parents pro-
ducing offspring that vary in their body size. The larg-
est offspring are consumed by fish because fish prefer
to eat large prey rather than small prey. As a result, the
smaller offspring are left to reproduce. Because body

Parents
(first generation)

: ¢ i
A \C

Offspring
@ (second generation)

@ In this crustacean,
known as an
amphipod, parents
produce offspring that
vary in body size.

e B

@ The larger offspring
are more easily seen
and eaten by fish.
Thus, proportionally
more small offspring
survive to reproduce
(that is, they have
higher fitness).

Parents
(second generation) \ J

Offspring
(third generation)

@ If this natural selection
continues over many
generations, the
crustacean population
will evolve to contain
only small individuals.

Parents
(third generation)

FIGURE 15.5 Natural selection. All species produce an excess
number of offspring. Only those offspring with the fittest genotypes will
pass on their genes to the next generation.



size 1s, in part, determined by an individual’s genes, the
next generation of amphipods will be smaller. This
process can continue over many generations and over
time the fish will cause the evolution of smaller body
sizes in amphipods.

Both artificial and natural selection begin with the
requirement that individuals vary in their traits and
that these variations are capable of being passed on to
the next generation. In both cases, parents produce
more offspring than necessary to replace themselves,
and some of these offspring either do not survive or
do not reproduce. But in the case of artificial selec-
tion, humans decide which individuals will breed,
based on those individuals that possess the traits that
tend toward some predetermined goal, such as a curly
coat or large size. Natural selection does not select for
specific traits that tend toward some predetermined
goal. Rather, natural selection favors any combina-
tion of traits that improves an individual’s fitness—its
ability to survive and reproduce, as we saw in the case
of the smallest amphipods surviving predation by fish.
Traits that improve an individual’s fitness are called
adaptations.

Natural selection can favor multiple solutions to a
particular environmental challenge, as long as each
solution improves an individual’s ability to survive and
reproduce. For example, while all plants living in the
desert face the challenge of low water availability in
the soil, different species have evolved difterent solu-
tions to this common challenge. Some species have
evolved large taproots to draw water from deep in the
soil. Other species have evolved the ability to store
excess water during infrequent rains. Still other species
have evolved waxy or hairy leaf surfaces that reduce
water loss. Each of these very different adaptations
allows the plants to survive and reproduce in a desert
environment (FIGURE 15.6).

Evolution can also occur through
random processes

Artificial and natural selection are important mecha-
nisms of evolution, but evolution can also occur by
random, or nonadaptive, processes. In these cases, the
genetic composition of a population changes over
time, but the changes are not related to differences in
fitness among individuals. There are five random pro-
cesses: mutation, gene flow, genetic drift, bottleneck effects,

and founder effects.

Mutation

If a random mutation is not lethal, it can add to the
genetic variation of a population. As shown in FIGURE
15.7, the larger the population, the more opportunities

(b)

=

FIGURE 15.6 Adaptations. Desert plants have evolved several
different adaptations to their desert environment. (a) The wedgeleaf
draba (Draba cuneifolia) has leaf hairs that reduce water loss. (b) The
Leuchtenbergia cactus (Leuchtenbergia principis) has a large taproot to
draw water from deep in the soil. (c) The waxy outer layers of Aloe vera
reduce water loss. (Inset) Close-up of waxy layer on an aloe that has

been scraped with a knife. (a: FPi/Alamy; b: lan Nartowicz; c: Mark Hannafora/
JWL/Aurora Photos; inset: Lee Wilcox)

there will be for mutations to appear within it. As the
number of mutations accumulates in the population
over time, evolution occurs.

Gene flow

Gene flow is the process by which individuals move
from one population to another and thereby alter the
genetic composition of both populations. Populations

Fitness An individual’s ability to survive and reproduce.
Adaptation A trait that improves an individual’s fitness.

Gene flow The process by which individuals move
from one population to another and thereby alter the
genetic composition of both populations.
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Mutation occurs generations

in the population.

can experience an influx of migrating individuals with
different alleles. The arrival of these individuals from
adjacent populations alters the frequency of alleles in
the population. High gene flow between two popula-
tions can cause the two populations to become very
similar in genetic composition. In a population that is
experiencing natural or artificial selection, high gene
flow from outside can prevent the population from
responding to selection.

Gene flow can be helpful in bringing in genetic
variation to a population that lacks it. For example,
the Florida panther is a subspecies of panther that
once roamed throughout much of the southeastern
United States and likely experienced gene flow with
other subspecies of panthers. By 1995, the Florida
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FIGURE 15.7 Evolution by
mutation. A mutation can arise
in a population and, if it is not lost,
it may increase in frequency over

time.

30% black
70% white

panther only lived in southern Florida, occupying
only 5 percent of its original habitat. Moreover, the
number of panthers declined to only about 30 indi-
viduals, and because the Florida subspecies was iso-
lated from other subspecies, it did not experience
gene flow. As a result, shown in FIGURE 15.8, the
small population had low genetic variation and the
remaining individuals became very inbred. Being
inbred causes individuals to express homozygous,
harmful alleles. In the case of the panthers, these del-
eterious alleles caused a high prevalence of kinked
tails, heart defects, and low sperm counts. In response,
the U.S. Fish and Wildlife Service captured eight
panthers from the Texas subspecies and introduced
them to Florida with the hope that this gene flow

Florida

As the population of Florida
panthers declined to very low
numbers, the percentage of
kinked tails increased to
approximately 90 percent.

Texas

Several Texas panthers
were brought to Florida.

Florida

After breeding with the Texas
panthers, the Florida panther
population was less inbred and
the percentage of kinked tails
declined.

FIGURE 15.8 Evolution

by gene flow. As the Florida
panther declined in population

size, the animals experienced low
genetic variation and showed signs
of inbreeding, which lead to kinky
tails, heart defects, and low sperm
counts. With the introduction of eight
panthers from Texas, the Florida
population experienced a decline

in the prevalence of defects and a
growth in population from 30 to 160
individuals.
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FIGURE 15.9 Evolution by genetic drift. (a) In a small population, some less-common genotypes
can be lost by chance as random mating among a small number of individuals can result in the less-common
genotype not mating. As a result, the genetic composition can change over time. (b) In a large population,

it is more difficult for the less-common genotypes to be lost by chance because the absolute number of
these individuals is large. As a result, the genetic composition tends to remain the same over time in larger

populations.

would increase the genetic variation and allow the
population to grow. By 2011, the prevalence of
defects previously seen from inbreeding had declined
and the Florida panther population had increased to
160 individuals.

Genetic Drift

Genetic drift is a change in the genetic composition of
a population over time as a result of random mating. Like
mutation and gene flow, genetic drift is a nonadaptive,
random process. It can have a particularly important role
in altering the genetic composition of small populations,
as illustrated in FIGURE 15.9. In small populations, shown
in Figure 15.9a, random mating among individuals can
eliminate some of the rare individuals simply because
they did not find a mate in a given year. For example,
imagine a small population of five animals, in which two
individuals carry genes that produce black hair and three
individuals carry genes that produce white hair. If; by
chance, the individuals that carry the genes for black
hair fail to find a mate, those genes will not be passed on.
The next generation will be entirely white-haired, and
the black-haired phenotype will be lost. In this case, the
genetic composition of the population has changed, and
the population has therefore evolved. The cause under-
lying this evolution is random; the failure to find a mate
has nothing to do with hair color. In contrast, a large
population that has the same proportion of black-haired
mice, shown in Figure 15.9b, has a greater absolute
number of mice. As a result, it is less likely that random

mating events will cause all of the black-haired mice to
not find a mate, so their genes are passed on to the next
generation and genetic drift is less likely to occur.

Bottleneck Effect

A drastic reduction in the size of a population that
reduces genetic variation—known as a bottleneck
effect—is another random process that can change a
population’s genetic composition. A population might
experience a drastic reduction in its numbers for many
reasons, including habitat loss, a natural disaster, har-
vesting by humans, or changes in the environment.
FIGURE 15.10 illustrates the bottleneck effect using the
example of cheetahs and spots. When the size of a
population is reduced, the amount of genetic variation
that can be present in the population is also reduced.
With fewer individuals there are fewer unique geno-
types remaining in the population.

Low genetic variation in a population can cause sev-
eral problems, including increased risk of disease and
low fertility. In addition, species that have been through
a population bottleneck are often less able to adapt to
future changes in their environment. In some cases,
once a species has been forced through a bottleneck, the

Genetic drift A change in the genetic composition of a
population over time as a result of random mating.

Bottleneck effect A reduction in the genetic diversity
of a population caused by a reduction in its size.
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10% no spots
50% small spots
40% big spots

Bottleneck
0% no spots
33% small spots
67% big spots

0% no spots
33% small spots
67% big spots

FIGURE 15.10 Evolution by the bottleneck effect. If a population experiences a drastic decrease in
size (goes through a “bottleneck™), some genotypes will be lost, and the genetic composition of the survivors will

differ from the composition of the original group.

resulting low genetic diversity causes it to decline to
extinction, which occurs when the last member of a
species dies. Such declines are thought to be occurring
in a number of species today. The cheetah, for example,
has relatively little genetic variation due to a bottleneck
that appears to have occurred 10,000 years ago.

Founder Effect

Imagine that a few individuals of a particular bird spe-
cies happen to be blown oft their usual migration route
and land on a hospitable oceanic island, as illustrated in
FIGURE 15.11. These two individuals will have been
drawn at random from the mainland population, and
the genotypes they possess are only a subset of those in
the original mainland population. These colonizing
individuals, or founders, will give rise to an island
population that has a genetic composition very differ-
ent from that of the original mainland population. A
change in the genetic composition of a population as a
result of descending from a small number of colonizing

Extinction The death of the last member of a species.

Founder effect A change in the genetic composition
of a population as a result of descending from a small
number of colonizing individuals.
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individuals is known as the founder effect. Like
mutation, genetic drift, and the bottleneck eftect, the
founder effect is a random process that is not based on
differences in fitness.

The founders of

Island the new population Mainland
33% red - - - 50% red
0% blue —t ) 25% blue
67% grey

N L e /,‘ 25% grey

\f

FIGURE 15.11 Evolution by the founder effect. If afew
individuals from a mainland population colonize an island, the genotypes
on the island will represent only a subset of the genotypes present in the
mainland population. As with the bottleneck effect, some genotypes will
not be present in the new population.



We can see an example of the founder effect in the
Amish communities of Pennsylvania. The Amish
population was founded by a relatively small number
of individuals—about 200 people from Germany. This
group happened to carry a mutation for Ellis-van
Creveld syndrome, a condition that causes a variety of
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REVIEW

In this module, we learned that genetic variation
helps to determine the traits that individuals express.
We also learned that artificial selection, natural
selection, and random processes can all cause the
evolution of populations. In the next module, we

Module 15 AP® Review Questions

1. Which evolutionary effect results in reduced genetic
variation in a community?

a) Natural selection

b) The founder effect

) Artificial selection

) Gene flow

e) Mutation
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2. A phenotype is

a) an adaptation that creates a new species.
b) the genes of a particular individual.

a result of genetic recombination.

the set of traits expressed in an individual.
a genetic mutation passed from parent to
offspring.
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3. Which of the following processes create genetic
diversity in a population?
I.  Mutation

II. Allele division
III. Recombination

(a) Tonly

) lLandII only
(c) TandIII only
(d) IIand III only
(e) L II,and III

4. Evolved resistance to a pesticide is an example of
(a) anonadaptive process.
(b) the bottleneck eftect.

malformations including extra fingers. The mutation is
rare in humans around the world, but by chance the
frequency of the mutation was higher in the early
Amish colonists and has remained higher because the
population is an isolated group with little gene flow
from outside its community.

will examine how these evolutionary processes can
cause the evolution of new species, which increases
biodiversity, and how environmental change that is
too rapid for selection can result in extinctions that
cause declines in biodiversity.

(¢) natural selection.
(d) artificial selection.
(e) range of tolerance.

5. Which is the best definition of an adaptation?

(a) A mutation that creates a new species

(b) A trait that improves an individual’s fitness

(c) A trait that is passed on to the next generation
(d) A trait that has no eftect on an individual’s fitness
(e) A trait created by natural selection

6. The change in the genetic composition of a popula-
tion over time due to random mating is called

(a) the bottleneck effect.
(b) gene flow.

(c) genetic drift.

(d) mutation.

(e) phenotype adaption.

7. Ina particular zoo the population of spider monkeys

has a higher proportion of individuals with light
golden brown fur than spider monkeys in the wild. If
the monkeys were recently captured from the wild
and if fur color is largely determined by genetics,
what evolutionary process is at work?

(a) The founder effect

(b) The bottleneck effect

(¢) Microevolution
(
(

=

d) Artificial selection
e) Genetic drift

~— =
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Speciation and the Pace
of Evolution

Over time, speciation has given rise to the millions of species present on Earth
today. Beyond determining how many species exist, environmental scientists
are also interested in understanding how quickly existing species can change,
how quickly new species can evolve, and how quickly species can go extinct.

In this section we will examine the processes that produce new species and the
factors that determine how rapidly species can evolve in response to changes

in the environment.

Learning Objectives

After reading this module you should be able to

e explain the processes of allopatric and sympatric speciation.
e understand the factors that affect the pace of evolution.

Speciation can be allopatric or
sympatric

Microevolution is happening all around us, from the
breeding of agricultural crops, to the unintentional
evolution of drug-resistant bacteria in hospitals, to the
bottleneck that reduced genetic variation in the chee-
tah. But how do we move from the evolution of
genetically distinct populations of a species to the evo-
lution of genetically distinct species? That is, how do
we move from microevolution to macroevolution?

Geographic isolation Physical separation of a group
of individuals from others of the same species.

Allopatric speciation The process of speciation that
occurs with geographic isolation.
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Two common processes are allopatric speciation and
sympatric speciation.

Allopatric speciation

One common way in which evolution creates new spe-
cies is through geographic isolation, which means
the physical separation of a group of individuals from
others of the same species. The process of speciation
that occurs with geographic isolation is known as
allopatric speciation (from the Greek allos, meaning
“other,” and patris, meaning “fatherland”). As shown in
FIGURE 16.1, geographic isolation can occur when a
subset of individuals from a larger population colonizes
a new area of habitat that is physically separated from
that larger population. For example, a single large popu-
lation of field mice might be split into two smaller
populations as geographic barriers change over time.
For example, a river might change course and divide a



Over many generations, each
population evolves independently.

Eventually, the two populations
become genetically distinct.

Later, even if the river dries up
and the two populations come
into contact, they may no

longer be able to interbreed.

FIGURE 16.1 Allopatric speciation. Geographic barriers

can split populations. Natural selection may favor different traits in

the environment of each isolated population, resulting in different
adaptations. Over time, the two populations may become so genetically
distinct that they are no longer capable of interbreeding.

large prairie into two halves, a large lake might split into
two smaller lakes, or a new mountain range could rise.
In such cases, the genetic composition of the isolated
populations might diverge over time, either because of
random processes or because natural selection favors dif-
ferent adaptations on each side of the barrier.

If the two separated habitats differ in environmental
conditions, such as temperature, precipitation, or the
occurrence of predators, natural selection will favor dif~
ferent phenotypes in each of the habitats. If individuals
cannot move between the populations, then over time
the two geographically isolated populations will continue
to become more and more genetically distinct. Eventually,
the two populations will be separated not only by geo-
graphic isolation but also by reproductive isolation,
which means the two populations of a species have
evolved separately to the point that they can no longer
interbreed and produce viable offspring. At this point,
the two populations will have become distinct species.

Allopatric speciation is thought to be responsible for
the diversity of the group of birds known as Darwin’s
finches. When Charles Darwin visited the Galapagos
Islands, located just west of Ecuador, he noted a large
variety of finch species, each of which seemed to live
in different habitats or to eat different foods. Research
on these birds has demonstrated that they all share a
common ancestor that colonized the islands from the
mainland long ago. FIGURE 16.2 is a phylogenetic tree
for these finches. Over a few million years, as Darwin
discovered, the finches that were geographically iso-
lated on different islands became genetically distinct
and eventually became reproductively isolated.

Sympatric Speciation

Allopatric speciation is thought to be the most common
way in which evolution generates new species. However,
it is not the only way. Sympatric speciation is the
evolution of one species into two species without geo-
graphic isolation. It usually happens through a process
known as polyploidy. Most organisms are diploid: They
have two sets of chromosomes. In polyploidy, the num-
ber of chromosomes increases to three, four, or even six
sets. Such increases can occur during the division of
reproductive cells, either accidentally in nature or as a
result of deliberate human actions. Plant breeders, for
example, have found several ways to interrupt the nor-
mal cell division process. Polyploid organisms include
some species of snails and salamanders, 15 percent of

Reproductive isolation The result of two
populations within a species evolving separately to the
point that they can no longer interbreed and produce
viable offspring.

Sympatric speciation The evolution of one species
into two, without geographic isolation.
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Common
ancestor
from South
American
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Large ground
finch

Sharp-beaked |
finch
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finch
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finch

Medium ground
finch
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(seed and cactus
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Small tree
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Woodpecker __|
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FIGURE 16.2 Allopatric speciation of Darwin’s finches. Inthe Galdpagos Islands, allopatric speciation
has led to a large variety of finch species, all descended from a single species that colonized the islands from the

South American mainland.

(a) Einkorn wheat (b) Durum wheat (c¢) Common wheat

FIGURE 16.3 Sympatric speciation. Flowering plants such as
wheat commonly form new species through the process of polyploidy, an
increase in the number of sets of chromosomes beyond the normal two
sets. (a) The ancestral einkorn wheat (Triticum boeoticum) has two sets
of chromosomes and produces small seeds. (b) Durum wheat (Triticum
durum), which is used to make pasta, was bred to have four sets of
chromosomes and produces medium-sized seeds. (¢) Common wheat
(Triticum aestivum), which is used mostly for bread, was bred to have

six sets of chromosomes and produces the largest seeds.
(After http.//zr.molbiol.ru/poaceae_znachenije.htmi)
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all flowering plant species, and a wide variety of agricul-
tural crops such as bananas, strawberries, and wheat. As
FIGURE 16.3 shows for wheat, polyploidy often results in
larger plants and larger fruits.

The key feature of polyploid organisms is that once
they become polyploid, they generally cannot inter-
breed with their diploid ancestors. At the instant poly-
ploidy occurs, the polyploid and diploid organisms are
reproductively isolated from each other and are there-
fore distinct species, even though they may continue
to live in the same place.

The pace of evolution depends on
several factors

How long does evolution take? A significant change
in a species’ genotype and phenotype, such as an
adaptation to a completely difterent food source, can
take anywhere from hundreds to millions of years. In
this section, we will consider examples of rapid evolu-
tion by natural selection and very rapid evolution by
artificial selection.


http://zr.molbiol.ru/poaceae_znachenije.html

FIGURE 16.4 Rapid evolution. The cichlid fishes of Lake
Tanganyika have evolved approximately 200 distinct and colorful species
in the relatively short period since the lake formed in eastern Africa. The
location where each species can be found in the lake is indicated by a
corresponding black dot on the map. (After http.//www.uni-graz.at/~sefck/)

Rapid Evolution by Natural Selection

Sometimes evolution can occur rapidly, as in the case
of the cichlid fishes of Lake Tanganyika, one of the
African Great Lakes. You can see a variety of these
species in FIGURE 16.4. Evidence indicates that the
roughly 200 difterent species of cichlids in the lake
evolved from a single ancestral species over a period of’
several million years. During this period, some cichlid
species specialized to become insect eaters and others
to become fish eaters, while still others evolved to eat
invertebrates such as snails and clams.

Although the cichlids of Lake Tanganyika evolved
quickly in evolutionary terms, the pupfishes of the
Death Valley region of California and Nevada evolved
even more rapidly. In the 20,000 to 30,000 years since
the large lakes of the region were reduced to isolated
springs, several species of pupfish have evolved.

The ability of a species to survive an environmental
change depends greatly on how quickly it evolves the

adaptations needed to thrive and reproduce under the
new conditions. If a species cannot adapt quickly
enough, it will go extinct. This can happen when the
rate of environmental change is faster than the rate at
which evolution can respond. Slow rates of evolution
can occur when a population has long generation times
or when a population contains low genetic variation on
which natural selection can act.

Very Rapid Evolution by Artificial Selection

The pace of evolution by artificial selection can be
incredibly fast. Such rapid evolution is occurring in
many species of commercially harvested fish, including
the Atlantic cod (Gadus morhua). Intensive fishing over
several decades has targeted the largest adults, selectively
removing most of those individuals from the population
and, therefore, also removing the genes that produce
large adults. Because larger fish tend to reach sexual
maturity later, the genes that code for a later onset of
sexual maturity have also been removed. As a result,
after just a few decades of intensive fishing, the Atlantic
cod population has evolved to reach reproductive matu-
rity at a smaller size and a younger age. This evolution
of shorter generation times also means that the cod may
be able to evolve even faster in the future.

Evolution occurs even more rapidly in populations of
genetically modified organisms. Using genetic engineering
techniques, scientists can now copy genes from a species
with some desirable trait, such as rapid growth or disease
resistance. Scientists can insert these genes into other
species of plants, animals, or microbes to produce
genetically modified organisms (GMO). When
those organisms reproduce, they pass on the inserted
genes to their offspring. For example, scientists have
found that a soil bacterium (Bacillus thuringiensis) natu-
rally produces an insecticide as a defense against being
consumed by insects in the soil. Plant breeders have
identified the bacterial genes that are responsible for
making the insecticide, copied those genes, and inserted
them into the genomes of crop plants. Such crops can
now naturally produce their own insecticide, which
makes them less attractive to insect herbivores. Common
examples include Bt-corn and Bt-cotton, so named
because they contain genes from soil bacterium. As you
might guess, inserting genes into an organism is a much
faster way to produce desired traits than traditional plant
and animal breeding, which can only select from the
naturally available variation in a population.

Genetically modified organism (GMO) An organism
produced by copying genes from a species with a
desirable trait and inserting them into another species.
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REVIEW

In this module, we learned that species evolve
through the mechanisms of allopatric and sympatric
speciation. We also saw that there are a number of
factors that can affect the pace of evolution including
how quickly the environment changes, how much

Module 16 AP® Review Questions

1. Which of the following contribute to allopatric
speciation?
I.  Genetic convergence over time
II.  Geographic isolation
III. Reproductive isolation

[ and I only

I and IIT only
1I only

II and III only
I, 11, and I11
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2. Which of the following is often a cause of sympatric
speciation?
(a) Polyploidy
(b) Geographic separation
() Macroevolution

genetic variation exists in the population, the size of
the population, and the generation time of the spe-
cies. In the next module, we will examine how the
evolution of species affects where they live and how
they make their living.

(d) Artificial selection
(e) Genetic modification

3. Which of the following would cause the most-rapid
evolution?
(a) Environmental change

b) Artificial selection

) Geographic isolation

Recombination

Natural selection

(e

(
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(
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4. The Bt-cotton is an example of
evolution through geographic isolation.
evolution through polyploidy.
evolution through genetic modification.
evolution through natural selection.

macroevolution.
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Evolution of Niches and
Species Distributions

Because evolution alters the traits that species express and because different
traits perform well in some environments but not in others, the evolution of
species affects where species are able to live on Earth. As environments have
changed over millions of years, species have responded by altering their
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distributions. This response also suggests that environmental changes in the
future will continue to affect the distributions of species. Species that can move
easily will likely persist whereas species that cannot adjust or move will likely

go extinct.

Learning Objectives

After reading this module you should be able to

e explain the difference between a fundamental and a realized niche.
e describe how environmental change can alter species distributions.

e discuss how environmental change can cause species extinctions.

I Every species has a niche

Every species has an optimal environment in which it
performs particularly well. All species have a range of
tolerance, or limits to the abiotic conditions they can
tolerate, such as extremes of temperature, humidity,
salinity, and pH. FIGURE 17.1 illustrates this concept
using one environmental factor—temperature. As
conditions move further away from the ideal, indi-
viduals may be able to survive, and perhaps even to
grow, but not be able to reproduce. As conditions
continue to move away from the ideal, individuals
can only survive. If conditions move beyond the
range of tolerance, individuals will die. Because the
combination of abiotic conditions in a particular envi-
ronment fundamentally determines whether a species
can persist there, the suite of abiotic conditions under

Survive, grow,
and reproduce

Survive
and
grow

Survive
and
grow

Performance

Survive Survive

Temperature

FIGURE 17.1 Range of tolerance. All species have an ideal
range of abiotic conditions, such as temperature, under which their
members can survive, grow, and reproduce. Under more extreme
conditions, their ability to perform these essential functions declines.

MODULE 17

which a species can survive, grow, and reproduce is
the fundamental niche of the species.

The fundamental niche establishes the abiotic
limits for the persistence of a species. However,
biotic factors can further limit the locations where a
species can live. Common biotic limitations include
the presence of competitors, predators, and diseases.
For example, even if abiotic conditions are favorable
for a plant species in a particular location, other
plant species may be better competitors for water
and soil nutrients. Those competitors might prevent
the species from growing in that environment.
Similarly, even if a small rodent can tolerate the
temperature and humidity of a tropical forest, a
deadly rodent disease might prevent the species
from persisting in the forest. Therefore, biotic fac-
tors further narrow the fundamental niche that a
species actually uses. The range of abiotic and biotic
conditions under which a species actually lives is
called its realized niche. Once we determine what
contributes to the realized niche of a species, we
have a better understanding of the distribution of
the species, or the areas of the world in which the
species lives.

Range of tolerance The limits to the abiotic
conditions that a species can tolerate.

Fundamental niche The suite of abiotic conditions
under which a species can survive, grow, and
reproduce.

Realized niche The range of abiotic and biotic
conditions under which a species actually lives.

Distribution Areas of the world in which a species
lives.
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(a)

(b)

FIGURE 17.2 Generalists and specialists. (a) Some organisms, such as this meadow spittlebug,
are niche generalists that have broad diets and wide habitat preferences. (b) Other organisms, such as this
skeletonizing leaf beetle, are niche specialists with narrow diets and highly specific habitat preferences.

(a: Ray Wilson/Alamy; b: © Bo Zaremba 2009)

When we examine the realized niches of species in
nature, we see that some species, known as niche
generalists, can live under a very wide range of abiotic
or biotic conditions. For example, some insects, such as
the meadow spittlebug (Philaenus spumarius) (FIGURE
17.2a), feed on numerous plant species and can live in
different habitats. Other species, known as niche spe-
cialists, are specialized to live under a very narrow range
of conditions or feed on a small group of species. For
example, the skeletonizing leaf beetle (Trirhabda virgata)
(Figure 17.2b) feeds on only a single species or genus of
plant. Niche specialists can persist quite well when envi-
ronmental conditions remain relatively constant, but
they are more vulnerable to extinction if conditions
change because the loss of a favored habitat or food
source leaves them with few alternatives for survival. In
contrast, niche generalists should fare better under
changing conditions because they have a number of
alternative habitats and food sources available.

Environmental change can alter the
distribution of species

Because species are adapted to particular environmental
conditions, we would expect that changes in environ-
mental conditions would alter the distribution of species

Niche generalist A species that can live under a
wide range of abiotic or biotic conditions.

Niche specialist A species that is specialized to
live in a specific habitat or to feed on a small group
of species.
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on Earth. For example, scientists have found evidence
for the relationship between environmental change and
species distribution in layers of sediments that have accu-
mulated over time at the bottom of modern lakes. Each
sediment layer contains pollen from plants that lived in
the region when the sediments were deposited. In some
cases, this pollen record goes back thousands of years.
In much of northern North America, lakes formed
12,000 years ago at the end of the last ice age when
temperatures warmed and the glaciers slowly retreated
to the north. The retreating glaciers left behind a great
deal of barren land, which was quickly colonized by
plants, including trees. Some of the pollen produced
by these trees fell into lakes and was buried in the lake
sediments. Scientists can measure the ages of these
sediment layers with carbon dating (see Chapter 2).
Furthermore, because each tree species has uniquely
shaped pollen, it is possible to determine when a par-
ticular tree species arrived near a particular lake and
how the entire community of plant species changed
over time. FIGURE 17.3 shows pollen records for three
tree species in North America. These pollen records
suggest that changes in climatic conditions after the ice
age produced substantial changes in the distributions of
plants over time. Pine trees, spruce trees, and birch
trees all moved north with the retreat of the glaciers.
As the plants moved north, the animals followed.
Because past changes in environmental conditions
have led to changes in species distributions, it is reason-
able to ask whether current and future changes in envi-
ronmental conditions might also cause changes in spe-
cies distributions. For example, as the global climate
warms, some areas of the world are expected to receive
less precipitation, while other areas are predicted to
receive more. If our predictions of future environmental



FIGURE 17.3 Changes in

Pine

tree species distributions
over time. Pollen recovered
from lake sediments indicates
that plant species moved north as
temperatures warmed following

the retreat of the glaciers,

Spruce

beginning about 12,000 years
ago. Areas shown in color or
white were sampled for pollen,
whereas areas shown in gray
were not sampled. (Data from

htto://veimages.gsfc.nasa.gov//3453

Birch

/boreal_model.gif)
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changes are correct, and if we have a good understand-
ing of the niche requirements of many species, we
should be able to predict how the distribution of species
will change in the future. North American trees, for
example, are expected to have more northerly distribu-
tions with future increases in global temperatures. As
FIGURE 17.4 shows, the loblolly pine (Pinus taeda) is
expected to move from its far southern distribution and
become common throughout the eastern half of the
United States.

Species vary in their ability to move physi-
cally across the landscape as the environment
changes. Some species are highly mobile at
particular life stages: Adult birds and wind-
dispersed seeds, for example, move across the
landscape easily. Other organisms, such as the
desert tortoise (Gopherus agassizii), are slow
movers. Furthermore, the movements of
many species may be impeded by obstacles
built by humans, including roads and dams. It
remains unclear how species that face these
challenges will shift their distributions as
global climate change occurs.

Environmental change can
cause species extinctions

If environmental conditions change, species that can-
not adapt to the changes or move to more favorable

(a) Loblolly pine: current

No data Lesser
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Present Day

Greater

environments will eventually go extinct. The average
life span of a species appears to be only between
about 1 million to 10 million years. In fact, 99 per-
cent of the species that have ever lived on Earth are
now extinct.

There are several reasons why species might go
extinct. First, there may be no favorable environment

(b) Loblolly pine: predicted

distribution distribution in 2100
Abundance

Greater

FIGURE 17.4 Predicting future species distributions.
Based on our knowledge of the niche requirements of the loblolly pine
tree, we can predict how the distributions might change as a result of

future changes in environmental conditions. (After http.//www.fs.fed.us
/ne/delaware/atlas/web_atlas.htmi#)
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close enough to which they can A
move. For example, on the southwest |
coast of Australia is a small area of :
land that experiences a current cli- '
mate that supports a woodland/
shrubland biome (see Figure 12.9 on

page 128). This biome is surrounded

by a large desert biome to the north

and east and an ocean to the south

and west. If scientists are right in P
predicting that the coming century

will bring a hotter and drier climate
to southwestern Australia, then the
unique species of plants that live in
this small biome will have nowhere
to go where they can survive.

Even if there is an alternative
favorable environment to which a
species can move, it may already be
occupied by other species against
which the moving populations
cannot successfully compete. For
example, the predicted northern movement of the
loblolly pine, shown in Figure 17.4b, might not hap-
pen if another pine tree species in the northern United
States is a better competitor and prevents the loblolly
pine from surviving in that area. Finally, an environ-
mental change may occur so rapidly that the species
does not have time to evolve new adaptations.

The Fossil Record

Much of what we know about the evolution of life
is based on fossils, which are the remains of organisms
that have been preserved in rock. Most dead organ-
isms decompose rapidly; the elements they contain
are recycled and nothing of the organism is pre-
served. Occasionally, though, organic material is
buried and protected from decomposition by mud or
other sediments. That material may eventually
become fossilized, which means it has been hardened
into rocklike material as it was buried under succes-
sive layers of sediment (FIGURE 17.5). When these
layers are uncovered, they reveal a record of at least
some of the organisms that existed at the time the
sediments were deposited. Because of the way layers
of sediment are deposited on top of one another over
time, the oldest fossilized organisms are found in the
deepest layers of the fossil record. We can therefore
use the fossil record to determine when different
species existed on Earth.

Mass extinction A large extinction of species in a
relatively short period of time.
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FIGURE 17.5 Fossils. Fossils, such as this fish discovered in Fossil Butte National
Monument in Wyoming, are a record of evolution. (David R. Frazier)

The Five Global Mass Extinctions

Throughout Earth’s history, individual species have
evolved and gone extinct at random intervals. The fos-
sil record has revealed five periods of global mass
extinction, in which large numbers of species went
extinct over relatively short periods of time. The times
of these mass extinctions are shown in FIGURE 17.6.
Note that because species are not always easy to dis-
criminate in the fossil record, scientists count the num-
ber of genera, rather than species, that once roamed
Earth but are now extinct.

The greatest mass extinction on record took place
251 million years ago when roughly 90 percent of
marine species and 70 percent of land vertebrates went
extinct. The cause of this mass extinction is not known.

A better-known mass extinction occurred at the end
of the Cretaceous period (65 million years ago), when
roughly one-half of Earth’s species, including the dino-
saurs, went extinct. The cause of this mass extinction
has been the subject of great debate, but there is now
a near-consensus that a large meteorite struck Earth
and produced a dust cloud that circled the planet and
blocked incoming solar radiation. This resulted in an
almost complete halt to photosynthesis, and thus an
almost total lack of food at the bottom of the food
chain. Among the few species that survived was a small
squirrel-sized primate that was the ancestor of humans.

Many scientists view extinctions as the ultimate
result of change in the environment. Environmental
scientists can learn about the potential effects of both
large and small environmental changes by studying
historic environmental changes and applying the les-
sons learned to help predict the effects of the environ-
mental changes that are taking place on Earth today.



FIGURE 17.6 Mass extinctions. Five global
mass extinction events have occurred since the
evolution of complex life roughly 500 million years

ago. (Data from GreenSpirit, http://www.greenspirit.org.uk
/resources/TimeLines.jpg)
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The Sixth Mass Extinction

During the last 2 decades, scientists have reached a
consensus that we are currently experiencing a sixth
global mass extinction of a magnitude within the
range of the previous five mass extinctions. Estimates
of extinction rates vary widely, ranging from 2 percent
to as many as 25 percent of species going extinct by
2020. However, in contrast to some previous mass
extinctions, there is agreement among scientists that
the current mass extinction has human causes. These
wide-ranging causes include habitat destruction,
overharvesting, introductions of invasive species,
climate change, and emerging diseases. We will exam-
ine all of these factors in detail in Chapters 18 and 19.

17

REVIEW

In this module, we learned that species differ in their
tolerance to abiotic conditions and that the range of
abiotic and biotic conditions that allow survival,
growth, and reproduction all help to determine where

Module 17 AP® Review Questions

1. The abiotic conditions under which a species can
survive and reproduce is called its
(a) range of tolerance.
(b) realized niche.
(c) range of persistence.
(d) environmental distribution.
(e) fundamental niche.

100 0

Because much of the current environmental change
caused by human activities is both dramatic and
sudden, environmental scientists contend that many
species may not be able to move or adapt in time to
avoid extinction.

The recovery of biodiversity from earlier mass
extinctions took about 10 million years, an unthink-
ably long time from a human perspective. Recovery
from the present mass extinction could take just as
long—>500,000 human generations. Much of the cur-
rent debate among environmental scientists and gov-
ernment officials centers on the true magnitude of this
crisis and on the costs of reducing the human impact
on extinction rates.

a species can live. Past changes in environmental
conditions have altered species distributions and
caused extinctions. Future environmental changes
are expected to have similar effects.

2. Which would be expected for a niche specialist?
(a) A large distribution

Many food sources

A narrow fundamental niche

Adaptability to changing conditions

No difference between its realized and

fundamental niche

G
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3. Which of the following will NOT aftect the distribu- () 5
tion of a species? d 7
(a) Alocalized disease (e) 12
(b) Climate change
(c) A change in the distribution of the species’ food 5. Which is NOT asignificant cause of the current mass
(
(

d) A new food source outside its range of tolerance extinction event?

e) The introduction of a predator species (a) Invasive species
(b) Climate change
4.  How many mass extinction events have there been in (¢) Overharvesting
Earth’s history? (d) Habitat destruction
(a) 2 (e) Extreme weather events
(b) 4
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Protecting the Oceans When
They Cannot Be Bought
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For over 50 years, The Nature Conservancy (TNC) has
protected biodiversity by using a simple strategy: Buy it.
The Conservancy uses grants and donations to purchase
privately owned natural areas or to buy development
rights to those areas. TNC owns over 0.8 million
hectares (2 million acres) of land and has protected
over 46 million hectares (115 million acres) of land by
buying development rights. As a nonprofit, nongovern-
mental organization, TNC has great flexibility to use
innovative conservation and restoration techniques on
natural areas in its possession.

TNC focuses its efforts on areas containing rare
species or that have high biodiversity, including the
Florida Keys in southern Florida and Santa Cruz
Island in California. Recently, it has set its sights on
the oceans, including coastal marine ecosystems.
Coastal ecosystems have experienced steep declines
in the populations of many fish and shellfish, includ-
ing oysters, clams, and mussels, due to a combina-
tion of overharvesting and pollution. By preserving
these coastal ecosystems, TNC hopes to create
reserves that will serve as breeding grounds for
declining populations of overharvested species. In
this way, protecting a relatively small area of ocean
will benefit much larger unprotected areas, and
even benefit the very industries that have led to the
population declines.

Shellfish are particularly valuable in many coastal
ecosystems because they are filter feeders: They
remove tiny organisms, including algae, from large
quantities of water, cleaning the water in the process.
However, shellfish worldwide have been harvested

unsustainably, leading to a cascade of effects through-
out many coastal regions. For example, oyster popula-
tions in the Chesapeake Bay were once sufficient to
filter the water of the entire bay in 3 to 6 days. Now
there are so few oysters that it would take a year for
them to filter the same amount of water. As a result,
the bay has become much murkier, and excessive algae
have led to lowered oxygen levels that make the bay
less hospitable to fish.

Conserving marine ecosystems is particularly chal-
lenging because private ownership is rare. State and

Buying the oceans. Because the ocean floor cannot be privately
owned, The Nature Conservancy has implemented a plan to lease
the harvesting rights to imperiled areas and then either not harvest

shellfish in the area or harvest in a sustainable way. (Arkady Chubykin
/iStockphoto.com)
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federal governments generally do not sell areas of the
ocean. Instead, they have allowed industries to lease
the harvesting or exploitation rights to marine resources
such as oil, shellfish, and physical space for marinas and
aquaculture. So how can a conservation group protect
coastal ecosystems if it cannot buy an area of the
ocean? The Nature Conservancy’s strategy is to pur-
chase harvesting and exploitation rights and use them
as a conservation tool. In some cases, TNC will not
harvest any shellfish in order to allow the populations
to rebound. In many cases, the leases require at least
some harvesting, and TNC hopes to demonstrate sus-
tainable management practices that will serve as an
example of how shellfish harvests can be conducted
while restoring the shellfish beds.

In 2002, TNC acquired the rights to 4,650 ha
(11,500 acres) of oyster beds in New York’s Great
South Bay, along the southern shore of Long Island.
These rights, which were donated to TNC by the
Blue Fields Oyster Company, were valued at $2 mil-
lion. TNC developed restoration strategies and in
2010 reported that populations of shellfish were start-
ing to show signs of recovery. After the oyster popula-
tions have rebounded, TNC hopes to engage in sus-
tainable harvesting over part of this area and conduct
research in the rest of it. TNC has similar projects
under way off the coasts of Virginia, North Carolina,
and Washington State. In California, TNC has pur-
chased trawling permits and, by allowing them to go
unused, has secured a no-trawl area the size of
Connecticut. By 2009, TNC had accumulated the
rights to 10,000 ha (25,000 acres) of marine fisheries
along the coasts of the United States. In the future, it
hopes to lease these permits to other harvesters of fish
and shellfish that will use sustainable practices.

REVIEW

In this chapter, we have learned about the biodiversity of
Earth, how this biodiversity came to be, and how
environmental changes can cause it to decline. The esti-
mated number of species on Earth varies widely, but
many scientists agree on approximately 10 million. In any
given location, we can quantify the diversity of species in
terms of both species richness and species evenness. The
diversity that exists came about through the process of
evolution. We can view patterns of evolution by placing

TNC has recently expanded its efforts in California,
where it buys not only fishing leases but even fishing
boats. It then hires the former fishermen to fish in a
more sustainable manner. For example, TNC has its
fisherman post any information about areas of the
ocean where they accidentally catch protected species,
which helps other fishing boats avoid these areas. One
result is that the amount of unintended species caught,
known as “bycatch,” has declined from between 15 to
20 percent to only 1 percent. In making these changes,
TNC has found effective ways to continue the tradi-
tion of fishing that provides jobs to the local communi-
ties while working to ensure that the fish populations
persist long into the future.

Critical Thinking Questions

1. What are the advantages of working to increase fish
populations by leasing areas of the ocean and ban-
ning fishing in those areas versus leasing areas and
working with local commercial fishing boats to
change fishing practices?

2. What are some of the challenges in getting com-
mercial fishing operations to change their practices?
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species on a phylogeny. Evolution occurs when there are
changes in the genetic composition of a population. This
can happen through artificial selection, natural selection,
or random processes. The species that evolve through
these processes each have a niche that helps to determine
their geographic distributions. Historic changes in the
environment have altered species distributions and caused
many species to go extinct; current and future environ-
mental changes are expected to have similar effects.
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| Key Terms

Species richness
Species evenness

Phylogeny Fitness

Evolution Adaptation
Microevolution Gene flow
Macroevolution Genetic drift

Gene Bottleneck effect
Genotype Extinction
Phenotype Founder effect
Mutation Geographic isolation
Recombination Allopatric speciation

| Learning Objectives Revisited

Evolution by artificial selection
Evolution by natural selection

Reproductive isolation
Sympatric speciation
Genetically modified organism
Range of tolerance
Fundamental niche

Realized niche

Distribution

Niche generalist

Niche specialist

Mass extinction

Module 14 The Biodiversity of Earth

Understand how we estimate the number of
species living on Earth.

Scientists have estimated the number of species on
Earth by collecting samples of diverse groups of
organisms, determining the proportion of all known
species, and then extrapolating these numbers to
other groups to estimate the total number of
species.

Quantify biodiversity.

Biodiversity, can be quantified using a variety of
measurements including species richness, species
evenness, or both. Such measurements provide sci-
entists with a baseline they can use to determine
how much an ecosystem has been affected by a
natural or anthropogenic disturbance.

Describe patterns of relatedness among
species using a phylogeny.

Patterns of relatedness are depicted as phylogenies.
Phylogenies indicate how species are related to one
another and the likely steps in evolution that gave
rise to current species.

Module 15 How Evolution Creates
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Biodiversity

Identify the processes that cause genetic
diversity.

Every individual has a genotype that, in combination
with the environment, determines its phenotype. In
a population, genetic diversity is produced by the
processes of mutation and recombination.

Explain how evolution can occur through
artificial selection.

Evolution by artificial selection occurs when humans
select individuals with a particular phenotypic goal

Evolution of Biodiversity

in mind. Such selection has produced various breeds
of domesticated animals and numerous varieties of
crops. It has also produced harmful outcomes,
including selection for pesticide-resistant pests and
drug-resistant bacteria.

Explain how evolution can occur through
natural selection.

Evolution by natural selection occurs when indi-
viduals vary in traits that can be passed on to the
next generation and this variation in traits causes
different abilities to survive and reproduce in the
wild. Natural selection does not target particular
traits, but simply favors any trait changes that result
in higher survival or reproduction.

Explain how evolution can occur through
random processes.

Because evolution is defined as a change in the
genetic composition of a population, evolution can
also occur when there are mutations within a popu-
lation or gene flow into or out of a population. It
can also occur due to the processes of genetic drift,
the bottleneck effect, or the founder effect.

Module 16 Speciation and the Pace of

Evolution

» Explain the processes of allopatric and

sympatric speciation.

Allopatric speciation occurs when a portion of a
population experiences geographic isolation from
the rest of the population. The composition of iso-
lated populations diverges over time due to random
processes or natural selection. Sympatric speciation
occurs when one species separates into two species
without any geographic isolation. The production
of polyploidy individuals is a common mechanism
of sympatric speciation.



Understand the factors that affect the pace of
evolution.

Evolution can produce adapted populations more
easily when environmental changes are slow rather
than rapid. The populations are also more likely to
adapt when they have high genetic variation, as is
often found in large populations. Should there be a
beneficial mutation arise, however, the mutation
can spread through small populations more rapidly
than large populations. Finally, evolution can occur
more rapidly in populations that have shorter gen-
eration times.

Module 17 Evolution of Niches and

Species Distributions

Explain the difference between a fundamental
and a realized niche.

Every species has a range of tolerance to the abiotic
conditions of the environment. The conditions under
which a species can survive, grow, and reproduce is

known as its fundamental niche. The portion of the
fundamental niche that a species actually occupies
due to biotic interactions, including predation, com-
petition, and disease, is known as the realized niche.
Some species are niche generalists whereas other spe-
cies are niche specialists. The niche a species occupies
determines its distribution.

Describe how environmental change can alter
species distributions.

Because a species niche represents the environmen-
tal conditions under which a species can live, envi-
ronmental change can cause a change in the distri-
bution of a species.

Discuss how environmental change can cause
species extinctions.

When environmental changes are too rapid and too
extensive to permit evolutionary changes, or if a
species is unable to move to more hospitable envi-
ronments, a species will not be able to persist and
will go extinct.
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Section 1: Multiple-Choice Questions

Choose the best answer for questions 1-12.

1.

2.

Which is NOT a measure of biodiversity?

(a) Economic diversity
(b) Ecosystem diversity
(c) Genetic diversity
(d) Species diversity

(

e) Species richness

‘Which statement describes an example of artificial

selection?

(a) Cichlids have diversified into nearly 200 species
in Lake Tanganyika.

(b) Thoroughbred racehorses have been bred for
speed.

(c) Whales have evolved tails that help propel them
through water.

(d) Darwin’s finches have beaks adapted to eating
different foods.

(e) Ostriches have lost the ability to fly.

The following table represents the number of indi-
viduals of different species that were counted in three
forest communities. Which statement best interprets
these data?

Species Community Community Community
A B C
Deer 95 20 10
Rabbit 1 20 10
Squirrel 1 20 10
Mouse 1 20 10
Chipmunk 1 20 10
Skunk 10
Opossum 10
Elk 10
Raccoon 10
Porcupine 10

CHAPTER 5

(a) Community A has greater species evenness than
Community B.

(b) Community A has greater species richness than
Community B.

(¢) Community B has greater species evenness than
Community C.

(d) Community C has greater species richness than
Community A.

(e) Community A has greater species evenness than
Community C.
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The yellow perch (Perca flavescens) is a fish that breeds

in spring. A single female can produce up to 40,000

eggs at one time. This species is an example of which

of the key ideas of Darwin’s theory of evolution by

natural selection?

(a) Individuals produce an excess of oftspring.

(b) Humans select for predetermined traits.

(c) Individuals vary in their phenotypes.

(d) Phenotypic differences in individuals can be
inherited.

(e) Different phenotypes have different abilities to
survive and reproduce.

In 2002, Peter and B. Rosemary Grant studied a popu-
lation of Darwin’s finches on one of the Galapagos Is-
lands that feeds on seeds of various sizes. After a
drought that caused only large seeds to be available to
the birds, they found that natural selection favored
those birds that had larger beaks and bodies. Once the
rains returned and smaller seeds became much more
abundant, however, natural selection favored those birds
that had smaller beaks and bodies. Which process is the
best interpretation of this scenario?

(a) Genetic drift

(b) Founder effect

(c) Microevolution

(d) Macroevolution

(e) Bottleneck eftect

When a population of monkeys migrates to a new
habitat across a river and encounters another popula-
tion of the same species, what evolutionary effect may
occur as a result?

(a) Gene flow

(b) The founder effect
(c) Genetic drift

(d) The bottleneck effect
(e) Recombination

The northern elephant seal (Mirounga angustirostris)
was once hunted to near-extinction. Only 20 animals
remained alive in 1890. Then, after the species was
protected from hunting, its population grew to nearly
30,000 animals. However, this large population pos-
sesses very low genetic variation. Which process is the
best interpretation of this scenario?

(a) Evolution by natural selection

Evolution by artificial selection

Evolution by the founder effect

Evolution by the bottleneck eftect

Evolution by genetic drift

(b
(
(
(
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8.

10.

11.

12.

Which statement is NOT correct?

(a) Most speciation is thought to occur through

allopatric speciation.

Polyploidy is an example of sympatric speciation.

c) Speciation can be caused by either natural

selection or random processes.

Geographic isolation can eventually lead to

reproductive isolation.

(e) Speciation cannot occur without geographic
isolation.

Which allows more-rapid evolution?
Long generation times

Rapid environmental change
Large population sizes

Low genetic variation

High genetic variation

(
(
(
(
(

TECTE

‘Which conditions do NOT define the fundamental
niche of a species?

(a) Humidity

(b) Predators

(c) Temperature
(d) Salinity

(e) pH

Some scientists estimate that the current global
extinction rate is about 30,000 species per year. If
there are currently 10,000,000 species on Earth, how
long will it take to destroy all of Earth’s biodiversity?
(a) Less than 100 years

Between 100 and 300 years

Between 300 and 500 years

Between 500 and 700 years

(b
(
(
(e) Between 700 and 1,000 years

e g

©

Global climate change can cause the extinction of
species due to all of the following EXCEPT

(a) the inability of individuals to move.

the absence of a favorable environment nearby.
(c) the presence of another species occupying a
similar niche in neighboring areas.

the rapid rate of environment change.

(e) the presence of high genetic variation.



Section 2: Free-Response Questions

Write your answer to each part clearly. Support your
answers with relevant information and examples. Where
calculations are required, show your work.

1. Look at the photograph below and answer the
following questions.

(Radius Images/Alamy)

(a) Explain how this human impact on a forest eco-
system might aftect the ability of some species to
move to more suitable habitats as Earth’s climate
changes. (2 points)

(b) Propose and explain one alternative plan that
could have preserved this forest ecosystem.

(2 points)

(c) Distinguish between the terms microevolution
and macroevolution. Explain how the organisms
in the forest on the left could evolve into species
different from those in the forest on the right.

(6 points)

2. Read the following article, which appears courtesy of
The University of Texas Health Science Center at
San Antonio, and answer the questions that follow.

Drug-Resistant E. coli and Klebsiella
Bacteria Found in Hospital Samples and
Elsewhere in U.S.

A research team from The University of Texas
Health Science Center at San Antonio, examining

CHAPTER 5

bacterial isolates obtained in hospital and non-
hospital clinical settings between 2000 and 20006,
has identified drug-resistant strains of E. coli and
Klebsiella bacteria in more than 50 blood, urine and
respiratory samples. These resistant strains, which
resemble bacteria reported in Latin America, Asia,
and Europe, were thought to be rare in the United
States.

“This antibiotic resistance problem is likely
to become widespread,” said paper co-author
Jan Evans Patterson, M.D., professor of medi-
cine, infectious diseases, and pathology at the UT
Health Science Center. “It affects the way we will
treat infections in the future. In the past, we were
concerned with antibiotic resistance in the hospital
primarily, but in this review many of the strains we
detected were from the community. This tells us
antibiotic resistance is spreading in the community
as well, and will affect how we choose antibiotics
for outpatient infections.”

If the trend continues, it may become difficult
to select appropriate antibiotic therapy for urinary
tract infections, for example. “The trend over the
last decade has been to treat urinary infections
empirically, to pick the drug that has worked,” said
James Jorgensen, Ph.D., professor of pathology,
medicine, microbiology, and clinical laboratory sci-
ences at the Health Science Center. “Now it is im-
portant for physicians to culture the patient’s urine
to be sure they have selected the right antibiotic.
The top three drugs that are often prescribed may
not be effective with these resistant bacteria.”

(a) Explain how drug-resistant strains of bacteria
could evolve in a hospital. (4 points)

(b) According to the article, what are scientists now
concerned about that they were not concerned
about in the past? (2 points)

(c) Explain how new drugs could be viewed as re-
stricting the fundamental niche of a particular
bacterial species. (2 points)

(d) Propose two possible solutions to the current
problem of drug-resistant bacteria.

(1 point each)
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Section 1: Multiple-Choice Questions

Choose the best answer for questions 1-20.

1.

Ecosystem boundaries are best defined as

(a) borders that prevent migration or dispersal.

(b) spatial divisions in abiotic and biotic conditions.

(c) vague areas that often lack characteristic
attributes.

(d) the border of a lake or stream.

(e) borders encompassing large areas of land or
water.

Question 2 refers to the following diagram:

2.

4.

180

Sunlight
i
H,O

By ingesting leaf tissue, herbivores utilize the products
of photosynthesis for cellular respiration. The diagram
above shows the flow of inputs and outputs for these
two processes. Labels 1,11, 111, and iv refer to

CO,, C¢H 5,0, energy, and water.

CO,, CO,, energy, and excreted waste.

nutrients, C;H;,Og, O,, and water.

CO,, CgHgOg, energy, and O,.

heat, organic tissue, energy, and O,.
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To estimate gross primary production, researchers can

use all of the following variable combinations EXCEPT

(a) net primary production and plant respiration.

(b) standing crop, plant respiration, consumer
biomass, and mass of consumer waste.

(c) CO, taken up by plant in sunlight and CO,
produced by plants in the dark.

(d) COj released by plants in sunlight and CO,
produced by plants in the dark.

(e) the amount of photosynthesis occurring over time.

Which explains why the distribution of biomass in

ecosystems is often structured like a pyramid?

I. The second law of thermodynamics

II. Low ecological efficiency in natural ecosystems

III. Photosynthesis is more efficient than cellular
respiration

I only

II only
Iand II

I and III

I, 1I, and III

S T
caccoce
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5.

9.

Which process is NOT part of the carbon cycle?
Growth of algae in the open ocean
Combustion of fossil fuels

Weathering of mineral rock
Decomposition of organic material
Cellular respiration

CTE
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Production of synthetic fertilizers is an example of
and one process that enables plants to use fer-

tilizer is .

(a) mnitrogen fixation/nitrification

(b) nitrification/nitrogen fixation

(¢) nitrification/assimilation

(d) denitrification/nitrification

(e) mineralization/leaching

Phosphorus is often limiting in aquatic environments

because

(a) phosphorus is in higher demand by aquatic
organisms relative to all other minerals.

(b) phosphorus is not easily leached from soils and
rapidly precipitates in water.

(c) weathering of rock is an extremely slow
process.

(d) human activity regularly absorbs phosphorus
from aquatic environments.

(e) phosphorus rarely changes form as it is cycled
from land to water.

Intertidal communities are frequently disturbed by

storms that generate large waves. Following a period

of intermediate wave disturbance, a group of re-

searchers examined the species richness of north and

south Pacific intertidal communities. Four days after

the disturbance, they found that northern communi-

ties had returned to their original state whereas

southern communities were still recovering. This re-

sult suggests that northern intertidal communities

(a) have greater resilience.

(b) have greater resistance.

(c) follow predictions of the intermediate distur-
bance hypothesis.

(d) have greater species richness.

(e) experience more frequent disturbance.

Which statement does NOT describe a function of
ozone gas on Earth?
(a) Ozone absorbs ultraviolet-B radiation from
the Sun.
(b) Ozone absorbs ultraviolet-C radiation from
the Sun.
() Ozone absorbs X-ray radiation from the Sun.
(d) Ozone causes the upper stratosphere to become
warmer than the lower stratosphere.
(e) Ozone prevents DNA damage.



10.

11.

12.

13.

14.

If Earth’s axis of rotation were tilted at 45 degrees in-
stead of 23.5 degrees, how many hours of daylight
would the Northern Hemisphere receive during the
March and September equinoxes?

(a) Ohours

(b) 6 hours

() 12 hours

(d) 18 hours

(e) 24 hours

Which order of processes results in the occurrence of

hot and dry deserts at 30°S and 30°N latitudes?

(a) Adiabatic cooling, condensation, latent heat
release, adiabatic heating

(b) Adiabatic heating, condensation, latent heat
release, adiabatic cooling

(c) Latent heat release, adiabatic cooling, air
displacement, condensation

(d) Condensation, adiabatic heating, adiabatic
cooling, latent heat release

(e) Air displacement, condensation, adiabatic
heating, adiabatic cooling

Lush vegetation on the western slopes of the
Colorado Rockies may be attributed to

I. trade winds generated by the Coriolis effect.
II. arain shadow.

III. adiabatic cooling.

(a) Ionly

III only
[and II

[ and III

L, II, and III

c
d
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The mixing of surface water and deep water in the
oceans that occurs because of differences in salinity is
known as

(a) upwelling.

(b) agyre.

(c) the El Nino—Southern Oscillation.

(d) anisocline.

(e) thermohaline circulation.

Which of the following is NOT a cause of the El

Nino—Southern Oscillation?

(a) The position of Australia with respect to South
America

(b) A reversal of trade wind direction

(c) Movement of warm surface water from east to
west

(d) A buildup of warm water along the coast of
South America

(e) Upwelling of water along the coast of South
America

Questions 15 and 16 refer to the following graph:
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15. For the region represented by the graph, when is the

16.

17.

18.

growing season?

(a) January to December
(b) January to July

(¢) April to October

(d) November to March
(e) July to December

What biome is this graph most likely to represent?

(a) Temperate rainforest

(b) Boreal forest

(¢) Temperate seasonal forest
(d) Tropical seasonal forest
(e) Cold desert

Which list contains terms for lake classification, from
systems with the lowest primary productivity to sys-
tems with the highest primary productivity?

(a) Eutrophic, mesotrophic, oligotrophic

b) Oligotrophic, eutrophic, mesotrophic
Mesotrophic, eutrophic, oligotrophic
Mesotrophic, oligotrophic, eutrophic
Oligotrophic, mesotrophic, eutrophic

NN
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Iron is a limiting nutrient for algae in the open ocean.
After researchers released 5,000 kg of'iron into the

ocean, they notice an algal bloom in the zone.
(a) photic (d) intertidal

(b) profundal (e) benthic

(c) aphotic
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Question 19 refers to the following table comparing
forest communities in different regions of North
America.

Total percent statewide cover

Species Connecticut Pennsylvania Georgia
(CT) (PA) (GA)
Red maple 25 40 20
Black oak 30 20 50
White pine 15 10 10
Eastern hemlock 20 10 0
Black cherry 20 20 30
19. Researchers collected data on tree abundance for a

20.

182

group of forest communities in the three states shown

in the table above. Which statement best describes the

forest communities within each state?

(a) CT has the highest species richness; PA has the

highest species evenness.

PA has the highest species richness; CT has the

highest species evenness.

(¢) CT and PA have equal species richness; GA has

the highest species evenness.

GA and PA have equal species richness; GA has

the highest species evenness.

(e) CT and PA have equal species richness; CT has
the highest species evenness.

Humans have developed varieties of grape vines that
produce grapes that make fine wines if grown under
particular environmental conditions. Therefore, the
flavor of grapes on a given vine depends on

I.  genes.

II. environments.

III. artificial selection.
(a) Ionly
(b) II only
(c) HI only
(d) TandII
(e) LILandIII
UNIT 2 AP® Environmental Science Practice Exam

21.

22.

23.

‘Which could cause a dramatic decline in genetic
diversity?

I. Mutation

II. A bottleneck effect

II1. A founder eftect
(a) Ionly

(b) 1II only

(c) III only

(d) TandII

(e) IMandIII

‘Which is an example of sympatric speciation?

(a) A stream diversion divides a single turtle

population into two isolated populations that

evolve into two species.

Forest fragmentation isolates two species of mice.

(c) Two bird species from separate forests evolve

reproductive isolation.

Two fish species in a single lake evolve from a

single ancestor that once lived in the lake.

(e) Artificial selection by humans for certain breeds
of dog.

‘Which of the following is the best definition of a

realized niche?

(a) The range of abiotic and biotic conditions under

which a species can live

The total amount of area in which a species can

live

(¢) The range of abiotic and biotic conditions under

which a species actually lives

The total amount of area in which a species

actually lives

(e) The range of abiotic and biotic conditions in
which a species can live but its predators cannot
live



Section 2: Free-Response Questions

Write your answer to each part clearly. Support your 2. During El Nifio—Southern Oscillation (ENSQO) years,

answers with relevant information and examples. Where the buildup of warm water off the coast of South

calculations are required, show your work. America alters the circulation of the Hadley cell. One

consequence of this altered circulation is a dip in the

1. In temperate forests, average daily temperatures subtropical jet stream that carries storms from west to
during winter often drop to 0° C or lower. During east across North America. Subsequently, southern
this time, many organisms burrow into the soil and California experiences greater precipitation during
remain in a dormant stage until the spring thaw. El Nifio years.

Although these organisms are able to withstand very (a) Draw a diagram that shows both Hadley and

cold temperatures, they also rely on the insulating Ferrell cells, noting latitudinal locations, air

capacity of snow, which prevents soil from experienc- direction and areas of condensation, adiabatic
ing temperature extremes. However, during winters heating, and adiabatic cooling. (4 points)

when snowfall is less abundant, soil is exposed to (b) Why would the western slopes of the southern

freezing temperatures that kill many of the bacteria Colorado Rockies experience greater

and fungi residing in the very top layers of soil. When precipitation than the eastern slopes? (2 points)

bacteria and fungi die, nutrients and other organic (c) A researcher wants to test the hypothesis that

material are easily leached out of cell membranes and gross primary productivity (GPP) on the western
these materials enter the soil. slopes of the Rockies is greater during ENSO

(a) What are two consequences of reduced winter years.
snowfall on the nitrogen cycle in temperate (1)  Write an equation that defines gross
forests? (4 points) primary productivity. (1 point)

(b) What is one consequence of reduced winter (i) What characteristics of local plants should
snowfall on the carbon cycle in temperate the researcher measure to test the hypothe-
forests? (2 points) sis? Provide justification for your responses.

(c) Describe two ways in which stream and pond (2 points)
food webs might be affected by reduced snowfall (ii1) Provide a null hypothesis for this study.
during the winter. (2 points) (1 point)

(d) Exposure of the soil to extreme temperatures can
also kill larger organisms, such as frogs and
burrowing insects. For example, wood frogs
(Lithobates sylvaticus) that burrow too close to the
soil surface are likely to die whereas frogs that
burrow deeper in the soil are likely to survive.
Describe one way in which reduced winter
snowfall could alter the local population genetics
of wood frogs. (2 points)
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How Should We Prioritize the
Protection of Species Diversity?

As a result of human activities, we have seen
a widespread decline in biodiversity across
the globe. Many people agree that we should
try to slow or even stop this loss. But how do
we do this? While ideally we might want to
preserve all biodiversity, in reality preserving
biodiversity requires compromises. For
example, in order to preserve the biodiversity
of an area, we might have to set aside land
that would otherwise be used for housing
developments, shopping malls, or strip mines.
If we cannot preserve all biodiversity, how
do we decide which species receive our
attention? (FIGURE SA2.1)

In 1988, Oxford University professor
Norman Myers noted that much of the
world’s biodiversity is concentrated in areas
that make up a relatively small fraction of the
globe. Part of the reason for this uneven pat-
tern of biodiversity is that so many species are
endemic species. Endemic species are species
that live in a very small area of the world and
nowhere else, often in isolated locations such as the
Hawaiian Islands. Because they are home to so many
endemic species, these isolated areas end up containing
a high proportion of all the species found on Earth.
Myers called these areas biodiversity hotspots.

Endemic species A species that lives in a very
small area of the world and nowhere else.

Biodiversity hotspot An area that contains a
high proportion of all the species found on Earth.

FIGURE SA2.1 The California tiger salamander (Ambystoma cali-

forniense). This salamander is endemic to the biodiversity hotspot of California

and is threatened with extinction due to habitat destruction and the introduction of
non-native predators. (James Gerholdt/Getty Images)

Scientists originally identified 10 biodiversity
hotspots, including Madagascar, western Ecuador, and
the Philippines. Myers argued that these 10 areas were
in need of immediate conservation attention because
human activities there could have disproportionately
large negative effects on the world’s biodiversity.
A year later, the group Conservation International
adopted Myers’s concept of biodiversity hotspots to
guide its conservation priorities. As of 2013,
Conservation International had identified the 34 bio-
diversity hotspots shown in FIGURE SA2.2. Although
these hotspots collectively represent only 2.3 percent
of the world’s land area, more than 50 percent of all
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FIGURE SA2.2 Biodiversity hotspots. Conservation International has identified 34 biodiversity
hotspots that have at least 1,500 endemic plant species and a loss of at least 70 percent of all vegetation.
(Data from Conservation International at http.//www.conservation.org/where/priority_areas/hotspots/Documents

/Cl_Biodiversity-Hotspots_2013_Map.pdf)

plant species and 42 percent of all vertebrate species are
confined to these areas. As a result of this categoriza-
tion, major conservation organizations have adjusted
their funding priorities and are spending hundreds of
millions of dollars to conserve these areas. What does
environmental science tell us about the hotspot
approach to conserving biodiversity?

What makes a hotspot hot?

Since Norman Myers initiated the idea of biodiversity
hotspots, scientists have debated which factors should
be considered most important when deciding where to
focus conservation efforts. For example, most scientists
agree that species richness is an important factor. There
are more than 1,300 bird species in the small nation of
Ecuador—more than twice the number of bird species
living in the United States and Canada. For this rea-
son, protecting a habitat in Ecuador has the potential
to save many more bird species than protecting the
same amount of habitat in the United States or
Canada. From this point of view, the choice to protect
areas with a lot of species makes sense.

Identifying biodiversity hotspots is challenging,
however, because scientists have not yet discovered
and identified all the species on Earth. Because the
distribution of plants is typically much better known
than that of animals, the most practical way to identity
hotspots has been to locate areas containing high num-
bers of endemic plant species. It is reasonable to expect

SCIENCE APPLIED 2

that areas with high plant diversity will contain high
animal diversity as well.

Conservation International considers two criteria
when determining whether an area qualifies as a
hotspot. First, the area must contain at least 1,500
endemic plant species. By conserving plant diversity, the
hope is that we will simultaneously conserve animal
diversity, especially for those groups, such as insects, that
are poorly cataloged. Second, the area must have lost
more than 70 percent of the vegetation that contains
those endemic plant species. In this way, high-diversity
areas with a high level of habitat loss receive the highest
conservation priority. High-diversity areas that are not
being degraded receive lower conservation priority.

What else can make a hotspot hot?

The number of endemic species in an area is undoubt-
edly important in identifying biodiversity hotspots, but
other scientists have argued that this criterion alone is
not enough. They suggest that we also consider the
total number of species in an area or the number of
species currently threatened with extinction in an area.
Would all three approaches identify similar regions of
conservation priority? A recent analysis of birds sug-
gests they would not. When scientists identified bird
diversity hotspots using each of the three criteria—
endemic species, total species richness, and threatened
species—their results, shown in TABLE SA2.1, identi-
fied very different areas. Scientists using the three
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Biodiversity hotspots for birds,
UAEES R identified by three criteria

Total number
Rank  of species

Number of
threatened species

Number of
endemic species

1 Andes Andes Andes
2 Amazon New Guinea Amazon Basin
Basin and Bismarck
Archipelago
3 Western Great Panama and Guiana
Rift Valley Costa Rica Highlands
Highlands
4 Eastern Great Caribbean Himalayas
Rift Valley
5 Himalayas Lesser Sunda Atlantic Coastal
Islands Forest, Brazil

Source: Data from C.D. Orme et al., Global hotspots of species richness are
not congruent with endemism or threat, Nature 436 (2005): 1016-1019.

criteria  to identify hotspots of mammal diversity
reached the same conclusion.

As we can see, some areas of the world that have
high species richness do not contain high numbers of
endemic species. The Amazon, for example, has a high
number of bird species, but not a particularly high
number of endemic bird species compared with other
more-isolated regions of the world, such as the islands
of the Caribbean. Similarly, areas with high numbers
of threatened or endangered species do not always
have high numbers of endemic species. These findings
highlight the critical problem of deciding whether
conservation efforts should be focused on areas con-
taining the greatest number of species, areas containing
the greatest number of threatened species, or areas
containing the greatest number of endemic species. All
three approaches are reasonable.

In addition to considering species diversity, some
scientists have argued that we must also consider the
size of the human population in diverse areas. For
example, we might expect that natural areas contain-
ing more people face a greater probability of being
affected by human activities. Furthermore, if we wish
to project into the future, we must consider not only
the size of the human population today, but also the
expected size of the human population several decades
from now. Scientists have found that many hotspots
for endemic species have human population densities
that are well above the world’s average. Whereas the
world has an average human population density of 42
people per square kilometer, the average hotspot has a
human population of 73 people per square kilometer.
Such places may be at a higher risk of degradation
from human activities. This risk should be considered
when determining priority areas for conservation, and
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it should motivate us to promote development that
does not come at the cost of species diversity.

What are the costs and benefits of
conserving biodiversity hotspots?
Conservation efforts that focus on regions with large
numbers of species place a clear priority on preserving
the largest number of species possible. However,
people making these efforts do not explicitly consider
the likelihood of succeeding in this goal, nor do they
necessarily consider the costs associated with the
effort. For example, there may be many ways of help-
ing a species persist in an area, including buying habi-
tat, entering into agreements with landowners not to
develop their land, or removing threats such as inva-
sive species. In the case of the California tiger sala-
mander, for example, while eliminating invasive
predators may not be feasible, it is possible to protect
salamander habitat. In 2011, the U.S. Fish and
Wildlife Service agreed to designate more than 20,000
ha (50,000 acres) of habitat as being critical for the
salamander’s persistence and in 2012 the agency
agreed to develop a plan to help populations of the
salamander to recover. Each option will have a differ-
ent impact on the number of species that will be
helped, and each option will have different costs of
implementation. Given the limited funds that are
available for protecting species, it is certainly worth
comparing the expected costs and benefits of different
options, both within and among biodiversity hotspots.
In this way, we have the potential to maximize the
return on our conservation investment.

What about biodiversity coldspots?
The concept of biodiversity hotspots assumes that our
primary goal is to protect the maximum number of
species. That goal 1s admirable, but it could come at
the cost of many important ecosystems that do not fall
within hotspots. Yellowstone National Park, for
example, has a relatively low diversity of species, yet it
is one of the few places in the United States that con-
tains remnant populations of large mammals, including
wolves, grizzly bears, and bison. Does this mean that
places such as Yellowstone National Park should
receive decreased conservation attention?
Biodiversity coldspots also provide ecosystem ser-
vices that humans value at least as much as species
diversity. For example, wetlands in the United States
are incredibly important for flood control, water puri-
fication, wildlife habitat, and recreation. Many wet-
lands, however, have relatively low plant diversity
and, as a result, would not be identified as biodiversity
hotspots. It is true that increased species richness leads
to improved ecosystem services, but only as we move
from very low species richness to moderate species
richness. Moving from moderate species richness to
high species richness generally does not further
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improve the functioning of an ecosystem. Since very
high species diversity is not expected to provide any
substantial improvement in ecosystem function, pro-
tecting more and more species produces diminishing
returns in terms of protecting ecosystem services.
Hence, if our primary goal is to preserve the func-
tioning of the ecosystems that improve our lives, we
do not necessarily need to preserve every species in
those ecosystems.

How can we reach a resolution?

During the past 2 decades, it has become clear that
scientists and policy makers need to set priorities for
the conservation of biodiversity. No single criterion
may be agreed upon by everyone. However, it is
important to appreciate the bias of each approach and
to consider the possible unintended consequences of
favoring some geographic regions over others. Our
investment in conservation cannot be viewed as an
all-or-nothing choice of some areas over others.
Instead, our decisions must take into account the costs
and benefits of alternative conservation strategies and
incorporate current and future threats to both species
diversity and ecosystem function. In this way, we can
strike a balance between our desire to preserve Earth’s
species diversity and our desire to protect the func-
tioning of Earth’s ecosystems.

Questions

1. If you were in the role of a decision maker, how
might you balance your desire to protect biodiversity
around the world with the high cost of preserving
biodiversity in any given location?

2. When identifying hotspots around the world, why is
it important to simultaneously consider the bio-
diversity of different areas and the future human
population size in each of these locations?

3. Ifyou had to make a choice between protecting
biodiversity hotspots and biodiversity coldspots, how
would you make this decision?

SCIENCE APPLIED 2

Free-Response Question

Florida Reef is the only living coral barrier reef in the
continental United States. Like other coral reefs on the
planet, Florida Reef is home to many species of coral,
fish, and other aquatic life forms. Also like other
coral reefs, its health is at risk due to such factors as
coral bleaching. However, Conservation International
does not list this as a biodiversity hotspot.

(a) List two reasons why Florida Reef might not be
internationally recognized as a hotspot.
(2 points)

(b) List and describe two ecosystem services
provided by Florida Reet. (2 points)

(¢) What is coral bleaching? (2 points)

(d) Researchers recently found that the disturbance
generated by hurricanes is important for main-
taining the diversity of coral reef ecosystems.
However, massive hurricanes often put many
coral reef species at risk of local extinction.
Generate a hypothesis to explain this pattern.
(4 points)
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New England Forests Come Full Circle

Others moved to the Midwest, where
farmland was more fertile and consid-
erably less expensive.

What happened to the former farm-
land is a testament to the resilience of the

When the Pilgrims arrived in Massachu-
setts in 1620, they found immense
areas of undisturbed temperate
seasonal forest containing a variety of
tree species, including sugar maple

carried to the abandoned fields by birds
or blown there by the wind. Within a year,
the fields were carpeted with a large vari-
ety of plant species. Eventually, a single
group of plants—the goldenrods—came

(Acer saccharum), American beech
(Fagus grandifolia), white pine (Pinus
strobus), and eastern hemlock
(Tsuga canadensis). Over the next
200 years, settlers cut down most of
the trees to clear land for farming
and housing. This deforestation
peaked in the 1800s, at which point
up to 80 percent of all New England
forests had been cleared. Between

The old stone walls that are
so common in the New
England countryside are the
only evidence that this forest
was once farmland.

to dominate the fields by growing taller
and outcompeting other species of
plants for sunlight. The other species
remained in the fields, but they were
not very abundant. Nevertheless, the
dominance of the goldenrods was
short-lived.

Goldenrods and other wildflow-
ers play an important part in old-
field communities because they

1850 and 1950, however, many people
abandoned their New England farms to
take jobs in the growing textile industry.

forest ecosystem. The transformation
began shortly after the farmers left.
Seeds of grasses and wildflowers were

support a diverse group of plant-eating
insects. Some of these herbivorous in-
sects are generalists that feed on a
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wide range of plant species, while oth-
ers specialize on only a small number
of plant species. The number of indi-
viduals of each insect species varies
from year to year, and occasionally
some species experience very large
population increases, or outbreaks.
One such species is a leaf beetle
(Microrhopala vittata) that specializes
in eating goldenrods. Periodic out-
breaks of this species in the abandoned
fields of New England dramatically
reduced goldenrod populations. With
fewer goldenrods, other plant species
could compete and prosper.

The complex interactions among
populations of goldenrods, insects,
and other species created an ever-
changing ecosystem. For example, as
the leaf beetle population increased in
the community, so did the populations
of predators and parasites that fed on
them. As these predators and parasites
reduced the population of leaf beetles,

the goldenrod population began to re-
bound. As the goldenrods surged, they
once again caused other plant species
to decline in numbers.

Over time, tree seeds arrived and
tree seedlings began to grow, which
changed the species composition of
the old fields once again. One species
in particular, the fast-growing white
pine, eventually came to dominate. The
pine trees cast so much shade that the
goldenrods and other sunlight-loving
plant species could not survive.

White pines dominated the old-field
communities until humans began
harvesting them for lumber in the
1900s. Just as the reduction of golden-
rod populations made room for other
plant species, logging of the white pines
made room for broadleaf tree species.
Two of these broadleaf species,
American beech and sugar maple, are
dominant in New England forests today.
The New England fields that had been

abandoned earlier were slowly trans-
formed into communities that resemble
the original forests of centuries ago,
with a mix of pines, hemlocks, and
broadleaf trees. The old stone walls that
are so common in the New England
countryside are the only evidence that
this forest was once farmland.

The story of the New England forests
shows us that populations can increase
or decrease dramatically over time. It
also illustrates how species interac-
tions within a community can alter
species abundance. Finally, it demon-
strates how human activity can alter
the distribution and diversity of species
within an ecosystem.

Sources:

W. P. Carson and R. B. Root, Herbivory and
plant species coexistence: Community
regulation by an outbreaking phytophagous
insect, Ecological Monographs 70 (2000):
73-99; T. Wessels, Reading the Forested
Landscape (Countryman Press, 1997).

New England forest is a wonderful reminder of the intricate complexity of the nat-

ural world. As we saw in this account, there are clear patterns in the distribution

and abundance of species over space and time. Understanding the factors that

generate these patterns can help us find ways to preserve global biodiversity. These

factors include the ways in which populations increase and decrease in size and how

species interact in ecological communities. In this chapter, we will examine the factors

that help determine the abundance and distribution of populations. We will then look at

interactions among species that live within ecological communities and how these inter-

actions further determine whether a species can persist in a particular location on Earth.

Finally, we will examine how ecological communities change over time.
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The Abundance and
Distribution of Populations

Complexity in the natural world ranges from a single individual to all of the biotic and
abiotic components of Earth. In this module, we will begin by broadly examining the
different levels of complexity in nature and then narrow our focus to the population
level. We will consider the characteristics of populations and then discuss factors
that determine how populations increase and decrease over time.

Learning Objectives

After reading this module you should be able to

e explain how nature exists at several levels of complexity.

e discuss the characteristics of populations.

e contrast the effects of density-dependent and density-independent factors on

population growth.

Nature exists at several levels
of complexity

As FIGURE 18.1 shows, the environment around us
exists at a series of increasingly complex levels: indi-
viduals, populations, communities, ecosystems, and
the biosphere. The simplest level is the individual—a
single organism. As we saw in Chapter 5, natural selec-
tion operates at the level of the individual because it is
the individual that must survive and reproduce.

The second level of complexity is a population. A
population is composed of all individuals that belong
to the same species and live in a given area at a particular
time. Evolution occurs at the level of the population.
Scientists who study populations are also interested in
the factors that cause the number of individuals to
increase or decrease. As we saw in Chapter 1, the
boundaries of a population are rarely clear and may be
set arbitrarily by scientists. For example, depending on

what we want to learn, we might study the entire
population of white-tailed deer in North America, or
we might focus on the deer that live within a single
state, or even within a single forest.

The third level of complexity is the community. A
community incorporates all of the populations of
organisms within a given area. Like those of a popula-
tion, the boundaries of a community may be defined
by the state or federal agency responsible for managing
it. Scientists who study communities are generally
interested in how species interact with one another. In
Chapter 4, we saw that terrestrial communities can be
grouped into biomes that contain plants with similar

Population The individuals that belong to the same
species and live in a given area at a particular time.

Community All of the populations of organisms
within a given area.
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FIGURE 18.1 Levels of complexity. Environmental scientists study nature
at several different levels of complexity, ranging from the individual organism to the

biosphere. At each level, scientists focus on different processes.

species
£
A L

Population
Population dynamics—
the unit of evolution

Individual
Survival and reproduction—
the unit of natural selection

growth forms. However, the actual composition of
tree species varies from community to community.
While the temperate seasonal forests of the eastern
United States and Europe experience similar patterns
of temperature and precipitation, they contain different
tree species.

Communities exist within an ecosystem, which
consists of all of the biotic and abiotic components in
a particular location. Ecosystem ecologists study flows
of energy and matter, such as the cycling of nutrients
through the system.

The largest and most complex system environmen-
tal scientists study is the biosphere, which incorporates
all of Earth’s ecosystems. Scientists who study the bio-
sphere are interested in the movement of air, water,
and heat around the globe.

Populations have distinctive
characteristics

When we study nature at the level of the population,
one of the first things that becomes apparent is that
populations are dynamic—that is, they are constantly

Population ecology The study of factors that
cause populations to increase or decrease.

Population size (N) The total number of
individuals within a defined area at a given time.
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Community
Interactions among

Biosphere

Ecosystem Global processes

Flow of energy
and matter

changing. Individuals in the population die, new indi-
viduals are produced, and individuals can move from
one population to another. The study of factors that
cause populations to increase or decrease is the science
of population ecology.

There are many circumstances in which scientists
find it useful to identify the factors that influence popu-
lation size over time. For example, in the case of
endangered species such as the California condor
(Gymnogyps californianus), knowing the factors that
affect its population size has helped us to implement
measures that improve its survival and reproduction.
Similarly, knowing the factors that influence the popu-
lation size of a pest species can help us control it. For
instance, population ecologists are currently studying
the emerald ash borer (Agrilus planipennis), an insect
from Asia that was accidentally introduced to the
American Midwest and is causing the widespread death
of ash trees. Once we understand the population ecol-
ogy of this destructive insect, we can begin to explore
and develop strategies to control or eradicate it.

To understand how populations change over time,
we must first examine the basic characteristics of popu-
lations. These characteristics are size, density, distribution,
sex ratio, and age structure.

Population Size

Population size (IN) is the total number of individu-
als within a defined area at a given time. For example,
the California condor once ranged throughout
California and the southwestern United States. Over
the past 2 centuries, however, a combination of poach-
ing, poisoning, and accidents (such as flying into elec-
tric power lines) greatly reduced the population’s size.
By 1987, only 22 birds remained in the wild. Scientists
realized that the species was nearing extinction and
decided to capture all the wild birds and start a captive
breeding program in zoos. As a result of these captive
breeding programs and other conservation efforts, the
condor population size had increased to more than 437
birds by 2014.
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(c) Clumped distribution

FIGURE 18.2 Population distributions. Populations in nature
distribute themselves in three ways. (a) Many of the tree species in this
New England forest are randomly distributed, with no apparent pattern
in the locations of individuals. (b) Territorial nesting birds, such as these
Australasian gannets (Morus serrator), exhibit a uniform distribution,

in which all individuals maintain a similar distance from one another.

(c) Many pairs of eyes are better than one at detecting approaching
predators. The clumped distribution of these meerkats (Suricata

suricatta) provides them with extra protection. (a: David R. Frazier
Photolibrary, Inc./Science Source; b: Michael Thompson/Earth Scenes/
Animals Animals; c: Clem Haagner/ARDEA)

Population Density

Population density is the number of individuals per
unit area (or volume, in the case of aquatic organisms)
at a given time. Knowing a population’s density, in
addition to its size, can help scientists estimate whether
a species 1s rare or abundant. For example, the density
of coyotes (Canis latrans) in some parts of Texas might
be only 1 per square kilometer, but in other parts of
the state it might be as high as 12 per square kilometer.
Scientists also study population density to determine
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whether a population in a particular location is so
dense that it might outstrip its food supply.
Population density can be a particularly useful
measure for wildlife managers who must set hunting
or fishing limits on a species. For example, managers
may divide the entire population of an animal species
that is hunted or fished into management zones.
Management zones may be designated political areas,
such as counties, or areas with natural boundaries,
such as the major water bodies in a state. Wildlife
managers might offer more hunting or fishing permits
for zones with a high-density population and fewer
permits for zones with a low-density population.

Population Distribution

In addition to population size and density, population
ecologists are interested in how a population occupies
space. Population distribution is a description of how
individuals are distributed with respect to one another.
FIGURE 18.2 shows three types of population distribu-
tions. In some populations, such as a population of trees
in a natural forest, the distribution of individuals is ran-
dom (Figure 18.2a). In other words, there is no pattern
to the locations where the individual trees grow.

In other populations, such as a population of trees
in a plantation, the distribution of individuals is
uniform, or evenly spaced (Figure 18.2b). Uniform
distributions are common among territorial animals,
such as nesting birds that defend areas of similar sizes
around their nests. Uniform distributions are also
observed among plants that produce toxic chemicals
to prevent other plants of the same species from
growing close to them.

In still other populations, the distribution of indi-
viduals is clumped (Figure 18.2¢). Clumped distributions,
which are common among schooling fish, flocking
birds, and herding mammals, are often observed
when living in large groups provides enhanced feeding
opportunities or protection from predators.

Population Sex Ratio

The sex ratio of a population is the ratio of males to
females. In most sexually reproducing species, the sex
ratio is usually close to 50:50, although sex ratios can
be far from equal in some species. In fig wasps, for
example, there may be as many as 20 females for every
male. Because the number of offspring produced is

Population density The number of individuals per
unit area at a given time.

Population distribution A description of how
individuals are distributed with respect to one another.

Sex ratio The ratio of males to females in a
population.
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primarily a function of how many females there are in
the population, knowing a population’s sex ratio helps
scientists estimate the number of oftspring a population
will produce in the next generation.

Population Age Structure

Many populations are composed of individuals of vary-
ing ages. A population’s age structure describes how
many individuals fit into particular age categories.
Knowing a population’s age structure helps ecologists
predict how rapidly a population can grow. For instance,
a population with a large proportion of old individuals
no longer capable of reproducing, or with a large pro-
portion of individuals too young to reproduce, will
produce far fewer offspring than a population that has a
large proportion of individuals of reproductive age.

Population size is affected
by density-dependent and
density-independent factors

Factors that influence population size can be classified
as density dependent or density independent. We will look
at each type in turn.

Density-dependent Factors

In 1932, Russian biologist Georgii Gause conducted a
set of experiments that demonstrated that food supply
can control population growth. Gause monitored pop-
ulation growth in two species of Paramecium (a type of
single-celled aquatic organism) living under ideal condi-
tions in test tubes. Each day he added a constant amount
of food. As the graph in FIGURE 18.3a shows, both spe-
cies of Paramecium initially experienced rapid population
growth, but over time the rate of growth began to slow.

Age structure A description of how many individuals
fit into particular age categories in a population.

Limiting resource A resource that a population
cannot live without and that occurs in quantities
lower than the population would require to increase
in size.

Density-dependent factor A factor that influences
an individual’s probability of survival and
reproduction in a manner that depends on the size of
the population.

Carrying capacity (K) The limit of how many
individuals in a population the environment can
sustain.

Density-independent factor A factor that has the
same effect on an individual’s probability of survival and
the amount of reproduction at any population size.
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Eventually, the two population sizes reached a plateau
and remained there for the rest of the experiment.
Gause suspected that Paramecium population growth
was limited by food supply. To test this hypothesis, he
conducted a second experiment in which he doubled
the amount of food he added to the test tubes. Again,
both species of Paramecium experienced rapid population
growth early in the experiment, and the rate of growth,
again, slowed over time. However, as Figure 18.3b
shows, their maximum population sizes were approxi-
mately double those observed in the first experiment.
Gause’s results confirmed that food is a limiting
resource for Paramecium. A limiting resource is a
resource that a population cannot live without and that
occurs in quantities lower than the population would
require to increase in size. If a limiting resource
decreases, so does the size of a population that depends
on it. For terrestrial plant populations, water and
nutrients such as nitrogen and phosphorus are common
limiting resources. For animal populations, food,
water, and nest sites are common limiting resources.
Factors such as food that influence an individual’s
probability of survival and its amount of reproduction in
a manner that depends on the size of the population are
called density-dependent factors. For example,
because a smaller population requires less total food,
food scarcity will have little or no effect on the survival
and reproduction of individuals in a small population but
it will have large negative effects on a large population.
In Gause’s Paramecium experiments, population
growth slowed as population size increased because
there was a limit to how many individuals the food sup-
ply could sustain. This limit to the number of individu-
als that can exist in a population is called the carrying
capacity of the environment and is denoted as K.
Knowing the carrying capacity for a species and its lim-
iting resource helps us predict how many individuals an
environment can sustain.

Density-independent Factors

Whereas density-dependent factors aftect an individu-
al’s probability of survival and amount of reproduction
differently depending on whether the population is
large or small, density-independent factors have
the same effect on an individual’s probability of sur-
vival and amount of reproduction regardless of the
population size. A tornado, for example, can uproot
and kill a large number of trees in an area. However,
a given tree’s probability of being killed does not
depend on whether it resides in a forest with a high or
low density of other trees. Other density-independent
factors include hurricanes, floods, fires, volcanic erup-
tions, and other climatic events. An individual’s likeli-
hood of mortality increases during such an event
regardless of whether the population happens to be at
a low or high density.
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FIGURE 18.3 Gause’s experiments. (a) Under low-food conditions, the population sizes of two
species of Paramecium initially increased rapidly, but then leveled off as their food supply became
limiting. (b) When twice as much food was provided, both species attained population sizes that were

nearly twice as large, but they again leveled off. (Data from Gause, 1932)

Bird populations are often regulated by density-
independent factors. For example, in the United
Kingdom, a particularly cold winter can freeze the sur-
faces of ponds, making amphibians and fish inaccessible

18

In this module, we learned that nature exists at a se-
ries of different levels of complexity, which include
individuals, populations, communities, and ecosys-
tems. We then examined the level of the population
and observed that populations possess a number of
characteristics that can be used to describe them, in-
cluding their abundance and distribution. Finally,

Module 18 AP® Review Questions

1. Which is the correct order of ecological levels from

basic to complex?

(a) Individual, population, ecosystem, biosphere,
community

(b) Individual, community, ecosystem, population,
biosphere

(c) Individual, population, community, ecosystem,
biosphere

(d) Ecosystem, biosphere, community, population,
individual

(e) Individual, population, community, biosphere,
ecosystem

to wading birds such as herons. With their food supply
no longer available, herons would have an increased risk
of starving to death, regardless of whether the heron
population is at a low or a high density.

we discussed how density-dependent factors can reg-
ulate populations more strongly as populations grow
whereas density-independent factors can regulate
populations at any population size. In the next mod-
ule, we will see how scientists use mathematical
models of populations to obtain insights into how
populations change in abundance over time.

2. Population distribution is
(a) often clumped in response to predation.
(b) used by wildlife managers when regulating
hunting and fishing.
measured relative to other species.
uniform in most tree species.
important when estimating the number of
offspring expected.

(
(
(e
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3. Which is true about a population’s carrying capacity? 5. Which does NOT have a significant eftect on the

(a) ItisdenotedasC. number of oftspring produced by a population?
(b) Itis usually used when studying ecosystems. (a) Population distribution

(c) Itdependson alimiting resource. (b) Sex ratio

(d) Itis controlled by density-independent factors. (c) Age structure

(¢) The population of a species cannot exceed it. (d) Population size

e) Carrying capaci
4. Which population is typically regulated by density- © ying capacity

independent factors?

(a) Algae

b) Predators

c) Paramecium bacteria
d) Birds

(
(
(d)

(e) Trees

Population Growth
Models

Scientists often use models to help them explain how things work and to predict
how things might change in the future. Population ecologists use growth models
that incorporate density-dependent and density-independent factors to explain
and predict changes in population size. These models are important tools for
population ecologists, whether they are protecting an endangered condor
population, managing a commercially harvested fish species, or controlling an
insect pest. In this module we will look at several growth models and other tools
for understanding changes in population size.

Learning Objectives

After reading this module you should be able to

e explain the exponential growth model of populations, which produces a
J-shaped curve.

e describe how the logistic growth model incorporates a carrying capacity and
produces an S-shaped curve.

e compare the reproductive strategies and survivorship curves of different species.
e explain the dynamics that occur in metapopulations.
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The exponential growth model
describes populations that
continuously increase

Population growth models are mathematical equa-
tions that can be used to predict population size at any
moment in time. In this section, we will examine one
commonly used growth model.

As we saw in Gause’s experiments, a population can
initially grow very rapidly when its growth is not lim-
ited by scarce resources. We can define population
growth rate as the number of offspring an individual
can produce in a given time period, minus the deaths of
the individual or its offspring during that same period.
Under ideal conditions, with unlimited resources avail-
able, every population has a particular maximum poten-
tial for growth, which is called the intrinsic growth
rate and denoted as r. When food is abundant, indi-
viduals have a tremendous ability to reproduce. For
example, domesticated hogs (Sus domestica) can have
litters of 10 piglets, and American bullfrogs (Rana cates-
beiana) can lay up to 20,000 eggs. Under these ideal
conditions, the probability of an individual surviving
also increases. Together, a high number of births and a
low number of deaths produce a high population
growth rate. When conditions are less than ideal due to
limited resources, a population’s growth rate will be
lower than its intrinsic growth rate because individuals
will produce fewer oftspring (or forgo breeding entirely)
and the number of deaths will increase.

If we know the intrinsic growth rate of a population
(n and the number of reproducing individuals that are
currently in the population (NNj), we can estimate the
population’s future size (IN;) after some period of time (f)
has passed. The formula that allows us to estimate future
population is known as the exponential growth model

Nt = Noe"

where e is the base of the natural logarithms (the e*
key on your calculator, or 2.72) and ¢ is time. This
equation tells us that, under ideal conditions, the
future size of the population (IN;) depends on the cur-
rent size of the population (N), the intrinsic growth
rate of the population (), and the amount of time (f)
over which the population grows.

When populations are not limited by resources,
growth can be very rapid because more births occur
with each step in time. When graphed, the exponential
growth model produces a J-shaped curve, as shown
in FIGURE 19.1. The J-shape of the curve represents the
change in a growing population over time. At first the
population is so small that it cannot increase rapidly
because there are few individuals present to reproduce.
As the population increases, there are more reproducing
individuals, and so the growth rate increases.

N; = Ngert
o
N
(7]
c
)
=
)
=1
o
[9)
o
Time

FIGURE 19.1 The exponential growth model. When
populations are not limited by resources, their growth can be very rapid.
More births occur with each step in time, creating a J-shaped growth
curve.

One way to think about exponential growth in a
population is to compare it to the growth of a bank
account where Nj is the account balance and r is the
interest rate. Let’s say you put $1,000 in a bank
account at an annual interest rate of 5 percent. After 1
year the new balance in the account would be:

N, = $1,000 X ©05%1
N, = $1,051.27
In the second year, the balance in the account would be:
N, = $1,000 X ¢©05%2)
N, = $1,105.17

In the tenth year, the account would grow to a balance
of $1,648.72. Moving forward to the twentieth year,

Population growth models Mathematical
equations that can be used to predict population
size at any moment in time.

Population growth rate The number of
offspring an individual can produce in a given
time period, minus the deaths of the individual or
its offspring during the same period.

Intrinsic growth rate (r) The maximum potential
for growth of a population under ideal conditions
with unlimited resources.

Exponential growth model (N; = Nye™) A
growth model that estimates a population’s future
size (N; ) after a period of time (t), based on the
intrinsic growth rate (r) and the number of
reproducing individuals currently in the population
(No)-

J-shaped curve The curve of the exponential
growth model when graphed.
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the same 5 percent interest rate would produce a bal-
ance of $2,718.28.

Applying an annual rate of growth to an increasing
amount, whether money in a bank account or a popu-
lation of organisms, produces rapid growth over time.
Exponential growth is density independent because
the value will grow by the same percentage every year.
“Do the Math: Calculating Exponential Growth”
gives a step-by-step example to show how this prin-
ciple works in populations.

The exponential growth model is an excellent starting
point for understanding population growth. Indeed,
there is solid evidence that real populations—even small
ones—can grow exponentially, at least initially. However,
no population can experience exponential growth indefi-
nitely. In Gause’s experiments with Paramecium, the two
populations initially grew exponentially until they
approached the carrying capacity of their test-tube envi-
ronment, at which point their growth slowed and even-
tually leveled off to reflect the amount of food that was
added daily. We now turn to another model that gives a
more complete view of population growth.

The logistic growth model
describes populations that
experience a carrying capacity

While the exponential growth model describes a con-
tinuously increasing population that grows at a fixed rate,
populations do not experience exponential growth
indefinitely. For this reason, ecologists have modified the
exponential growth model to incorporate environmental
limits on population growth, including limiting resourc-
es. The logistic growth model describes a population
whose growth is initially exponential, but slows as the
population approaches the carrying capacity of the envi-
ronment (K). As we can see in FIGURE 19.2, if a popula-
tion starts out small, its growth can be very rapid. As the
population size nears about one-half of the carrying
capacity, however, population growth begins to slow. As
the population size approaches the carrying capacity, the

Logistic growth model A growth model that
describes a population whose growth is initially
exponential, but slows as the population
approaches the carrying capacity of the
environment.

S-shaped curve The shape of the logistic growth
model when graphed.

Overshoot When a population becomes larger
than the environment’s carrying capacity.

Die-off A rapid decline in a population due to
death.
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FIGURE 19.2 The logistic growth model. A small population
initially experiences exponential growth. As the population becomes
larger, however, resources become scarcer, and the growth rate

slows. When the population size reaches the carrying capacity of the
environment, growth stops. As a result, the pattern of population growth
follows an S-shaped curve.

population stops growing. When graphed, the logistic
growth model produces an S-shaped curve. We
observed this pattern in Gause’s Paramecium experiments:
At the carrying capacity, the populations stopped grow-
ing and remained at a constant size (see Figure 18.3).

The logistic growth model 1s used to predict the
growth of populations that are subject to density-
dependent constraints as the population grows, such as
increased competition for food, water, or nest sites.
Because density-independent factors such as hurricanes
and floods are inherently unpredictable, the logistic
growth model does not account for them.

One of the assumptions of the logistic growth
model is that the number of offspring produced
depends on the current population size and the carry-
ing capacity of the environment. However, many spe-
cies of mammals mate during the fall or winter, and
the number of offspring that develop depends on the
food supply at the time of mating. Because these off-
spring are not actually born until the following spring,
there is a risk that food availability will not match the
new population size. If there is less food available in
the spring than needed to feed the offspring, the popu-
lation will experience an overshoot by becoming
larger than the environment’s carrying capacity. As a
result of this overshoot, there will not be enough food
for all the individuals in the population, and the popu-
lation will experience a die-off, which is a rapid
population decline due to death.

The reindeer (Rangifer tarandus) population on
St. Paul Island in Alaska is a good example of this pattern.
As you can see in FIGURE 19.3, a small population of 25
reindeer that was introduced to the island in 1910 grew
exponentially until it reached more than 2,000
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Calculating Exponential Growth

Consider a population of rabbits that has an initial population size of 10 individuals

(No = 10). Let’s assume that the intrinsic rate of growth for a rabbit is r = 0.5 (or 50
percent), which means that each rabbit produces a net increase of 0.5 rabbits each year.
With this information, we can predict the size of the rabbit population 2 years from now:

N; = Noe”

N, = 10 X e°5*2
N, =10 X ¢’

N, = 10 X (2.72)!
N, =10 X 2.72

N; = 27 rabbits
We can then ask how large the rabbit population will be after 4 years:
N; = 10 x g0%%4

N; = 10 X &?
N; = 10 X (2.72)
N; =10 X 7.4

N; = 74 rabbits
We can also project the size of the rabbit population 10 years from now:
Nt =10 X e0.5><‘10
Ny =10 X &°
N; = 10 X (2.72)°
N; =10 X 148.9
N; = 1,489 rabbits

Your Turn Now assume that the intrinsic rate of growth is 1.0 for rabbits.
Calculate the predicted size of the rabbit population after 1, 5, and 10 years. Create
a graph that shows the growth curves for an intrinsic rate of growth at 0.5, as
calculated above, and an intrinsic rate of growth at 1.0. (Note that you will need to
use your calculator to complete this problem.)

/

individuals in 1938. After 1938, the population crashed
to only 8 animals, most likely because the reindeer ran

Such die-offs can take a population well below the
carrying capacity of the environment. In subsequent

out of food. cycles of reproduction, the population may grow large
again. FIGURE 19.4 illustrates the recurring cycle of
2,400 overshoots and die-offs that causes populations to
oscillate around the carrying capacity. In many cases,
o 2,000+ these oscillations decline over time and approach the
N carrying capacity.
0 1,600 . .
c So far we have considered only how populations
-%1,200_ are limited by resources such as food, water, and the
g‘ 800
b Overshoot
4007 Carrying
0 : , , , 8 (C%’ac“y FIGURE 19.4
1910 1920 1930 1940 1950 [ s Bt il el T S e Population
Year S / oscillations. Some
FIGURE 19.3 Growth and decline of a reindeer B Biceoft populations experience
population. Humans introduced 25 reindeer to St. Paul Island, o recurring cycles 9f
Alaska, in 1910. The population initially experienced rapid growth (blue a overshoots and die-offs
line) that approximated a J-shaped exponential growth curve (orange that lead to a pattern of
lin). In 1938, the population crashed, probably because the animals oscillations around the
exhausted the food supply. (Data from V. B. Scheffer, “The rise and fall of a carrying capacity of their
reindeer herd,” Scientific Monthly (1951): 356-362.) Time environment.
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FIGURE 19.5 Population oscillations in lynx and hares. Both lynx and hares exhibit repeated oscillations
of abundance, with the lynx population peaking 1 to 2 years after the hare population. When hares are not abundant,
there is plenty of food, which allows the hare population to increase. As the hare population increases, there are more
hares for lynx to eat, so then the lynx population increases. As the hare population becomes very abundant, they start
to run out of food and the hare population dies off. As hares become less abundant, the lynx population subsequently
dies off. With less predation and more food once again available, the hare population increases again, and the cycle

repeats. (Data from Hudson’s Bay Company)

availability of nest sites. Predation may play an
important additional role in limiting population
growth. A classic example is the relationship between
snowshoe hares (Lepus americanus) and lynx (Lynx
canadensis) that prey on them in North America.
Trapping records from the Hudson’s Bay Company,
which purchased hare and lynx pelts for nearly 90
years in Canada, indicate that the populations of both
species cycle over time. FIGURE 19.5 shows how this
interaction works. The lynx population peaks 1 or 2
years after the hare population peaks. As the hare
population increases, it provides more prey for the
lynx, and thus the lynx population begins to grow. As
the hare population reaches a peak, food for hares
becomes scarce, and the hare population dies off. The

Species have different reproductive
strategies and distinct survivorship
curves

Population size most commonly increases through
reproduction. Population ecologists have identified a
range of reproductive strategies in nature.

K-selected Species

K-selected species are species that have a low intrin-
sic growth rate that causes the population to increase

Wolves struck
by canine virus

decline in hares leads to a subsequent decline in the 50 - ~2,500
lynx population. Because the low lynx numbers
reduce predation, the hare population increases again. 40 5 000

A similar case of predator control of prey popula- ’
tions has been observed on Isle Royale, Michigan, an
island in Lake Superior. Wolves (Canis lupus) and | 301 1,500
moose (Alces alces) have coexisted on Isle Royale for @ R
several decades. Starting in 1981, the wolf population 220 10000
declined sharply, probably as a result of a deadly canine ;O 2
virus. As wolf predation on moose declined, the
moose population grew rapidly until it ran out of food 104 500
and experienced a large die-oft that began in 1995.
FIGURE 19.6 shows the changes in both populations 0 - - - - - 0

1959 1969 1979 1989 1999 2009

over a period of more than 50 years.

K-selected species A species with a low
intrinsic growth rate that causes the population to
increase slowly until it reaches carrying capacity.
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FIGURE 19.6 Predator control of prey populations. As the
population of wolves on Isle Royale succumbed to a canine virus, their
moose prey experienced a dramatic population increase. (Data from J. A.
Vucetich and R. O. Peterson, Ecological Studies of Wolves on Isle Royale: Annual
Report 2007-2008, School of Forest Resources and Environmental Science,
Michigan Technological University,)



slowly until it reaches the carrying capacity of the
environment. As a result, the abundance of K-selected
species is determined by the carrying capacity, and
their population fluctuations are small. The name
“K-selected species” refers to the fact that these popu-
lations commonly exist close to their carrying capacity,
denoted as K in population models.

K-selected species have certain traits in common. For
instance, K-selected animals are typically large organisms
that reach reproductive maturity relatively late, produce
a few, large offspring, and provide substantial parental
care. Elephants, for example, do not become reproduc-
tively mature until they are 13 years old, breed only once
every 2 to 4 years, and produce only one calf at a time.
Large mammals and most birds are K-selected species.
For environmental scientists interested in biodiversity
management or protection, the slow growth of K-selected
species poses a challenge; in practical terms, it means that
an endangered K-selected species cannot respond quickly
to efforts to save it from extinction.

r-selected Species

At the opposite end of the spectrum from K-selected
species, r-selected species have a high intrinsic
growth rate that often leads to population overshoots
and die-offs. Such populations reproduce often and
produce large numbers of offspring. The name
r-selected species refers to the fact that the intrinsic
growth rate is designated as r in population models.
In contrast to K-selected species, populations of
r-selected species do not typically remain near their
carrying capacity, but instead exhibit rapid popula-
tion growth that is often followed by overshoots and
die-ofts. Among animals, r-selected species tend to be
small organisms that reach reproductive maturity
relatively early, reproduce frequently, produce many
small offspring, and provide little or no parental care.
House mice (Mus musculus), tor example, become
reproductively mature at 6 weeks of age, can breed
every 5 weeks, and produce up to a dozen offspring
at a time. Other r-selected organisms include small
fishes, many insect species, and weedy plant species.
Many organisms that humans consider to be pests,
such as cockroaches, dandelions, and rats, are r-select-
ed species.

TABLE 19.1 summarizes the traits of K-selected
and r-selected species. These two categories repre-
sent opposite ends of a wide spectrum of reproductive
strategies. Most species fall somewhere in between
these two extremes, and many exhibit combinations of
traits from the two extremes. For example, tuna and
redwood trees are both long-lived species that take a
long time to reach reproductive maturity. Once they
do, however, they produce millions of small offspring
that receive no parental care.

1RSSR Traits of K-selected and
r-selected species

Trait K—se[ected r—selepted

species species

Life span Long Short

Time to reproductive Long Short

maturity

Number of reproductive Few Many

events

Number of offspring Few Many

Size of offspring Large Small

Parental care Present Absent

Population growth rate Slow Fast

Population regulation Density dependent Density independent

Population dynamics Stable, near carrying

capacity

Highly variable

In addition to different reproductive strategies,
species have distinct patterns of survival over the life
span of individuals. These patterns can be plotted on
a graph as survivorship curves, as shown in
FIGURE 19.7. There are three basic types of survivor-
ship curves. A type I survivorship curve has high
survival throughout most of the life span, but then
individuals start to die in large numbers as they
approach old age. Species with type I curves include
K-selected species such as elephants, whales, and
humans. In contrast, a type II survivorship curve
has a relatively constant decline in survivorship
throughout most of the life span. Species with a type
II curve include corals and squirrels. A type III
survivorship curve has low survivorship early in life
with few individuals reaching adulthood. Species
with type III curves include r-selected species such as
mosquitoes and dandelions.

r-selected species A species that has a high intrinsic
growth rate, which often leads to population overshoots
and die-offs.

Survivorship curve A graph that represents the distinct
patterns of species survival as a function of age.

Type | survivorship curve A pattern of survival over
time in which there is high survival throughout most of
the life span, but then individuals start to die in large
numbers as they approach old age.

Type Il survivorship curve A pattern of survival over
time in which there is a relatively constant decline in
survivorship throughout most of the life span.

Type lll survivorship curve A pattern of survival over
time in which there is low survivorship early in life with
few individuals reaching adulthood.
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FIGURE 19.7 Survivorship curves. Different species have
distinct patterns of survivorship over the life span. Species range from
exhibiting excellent survivorship until old age (type | curve) to exhibiting
a relatively constant decline in survivorship over time (type Il curve)

to having very low rates of survivorship early in life (type Il curve).
K-selected species tend to exhibit type | curves, whereas r-selected
species tend to exhibit type IIl curves.

Interconnected populations form
metapopulations

Cougars (Puma concolor)—also called mountain lions or
pumas—once lived throughout North America but,
because of habitat destruction and overhunting, they
are now found primarily in the remote mountain
ranges of the western United States. In New Mexico,
cougar populations are distributed in patches of moun-
tainous habitat scattered across the desert landscape.
These mountain habitats allow the cats to avoid
human activities and provide them with reliable sourc-
es of water and of prey such as mule deer (Odocoileus
hemionus).

Because areas of desert separate the cougar’s
mountain habitats, we can consider the cougars of
each mountain range to be a distinct population.
Each population has its own dynamics based on local
abiotic conditions and prey availability: Large

Corridor Strips of natural habitat that connect
populations.

Metapopulation A group of spatially distinct
populations that are connected by occasional
movements of individuals between them.

Inbreeding depression When individuals with
similar genotypes—typically relatives—breed with
each other and produce offspring that have an
impaired ability to survive and reproduce.
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mountain ranges support large cougar populations
and smaller mountain ranges support smaller cougar
populations. As FIGURE 19.8 shows, cougars some-
times move between mountain ranges, often using
strips of natural habitat that connect the separated
populations. Strips of natural habitat that connect
populations are known as corridors and provide
some connectedness among the populations. A group
of spatially distinct populations that are connected by
occasional movements of individuals between them is
called a metapopulation.

The connectedness among the populations within a
metapopulation is an important part of each popula-
tion’s overall persistence. Small populations are more
likely than large ones to go extinct. As we have seen,
small populations contain relatively little genetic varia-
tion and therefore may not be able to adapt to chang-
ing environmental conditions. Small populations can
also experience inbreeding depression. Inbreeding
depression occurs when individuals with similar
genotypes— typically relatives—breed with each other
and produce offspring that have an impaired ability to
survive and reproduce. This impaired ability occurs
when each parent carries one copy of a harmful muta-
tion in his or her genome. When the parents breed,
some of their offspring receive two copies of the
harmful mutation and, as a result, have poor chances
of survival and successful reproduction.

Small populations are also more vulnerable than
large populations to catastrophes such as particularly
harsh winters that drive down their populations to
critically low numbers. In a metapopulation, occa-
sional immigrants from larger nearby populations can
add to the size of a small population and introduce
new genetic diversity, both of which help reduce the
risk of extinction.

Metapopulations can also provide a species with
some protection against threats such as diseases. A dis-
ease could cause a population living in a single large
habitat patch to go extinct. But if a population living
in an isolated habitat patch is part of a much larger
metapopulation, then, while a disease could wipe out
that isolated population, immigrants from other popu-
lations could later recolonize the patch and help the
species to persist.

Because many habitats are naturally patchy across
the landscape, many species are part of metapopula-
tions. For instance, numerous species of butterflies
specialize on plants with patchy distributions. Some
amphibians live in isolated wetlands, but occasionally
disperse to other wetlands. The number of species
that exist as metapopulations is growing because
human activities have fragmented habitats, dividing
single large populations into several smaller popula-
tions. Identifying and managing metapopulations is
thus an increasingly important part of protecting
biodiversity.



FIGURE 19.8 A cougar
metapopulation. Populations of cougars
live in separate mountain ranges in New
Mexico. Occasionally, however, individuals
move between mountain ranges. These
movements can recolonize mountain ranges
with extinct populations and add individuals
and genetic diversity to existing populations.

REVIEW

In this module, we examined population growth
models, which help us understand population in-
creases and decreases. Exponential growth models
are the simplest because they assume unlimited re-
sources. Logistic growth models are more realistic
because they incorporate a carrying capacity and the
associated density-dependent factors that occur in
natural populations. By varying assumptions of
growth models, we see that a population can over-
shoot its carrying capacity and experience a die-oft.

Module 19 AP® Review Questions

1. The intrinsic growth rate of a population
(a) occurs at the population’s carrying capacity.
(b) depends on the limiting resources of the
population.
(c) increases as the population size increases.
(d) only occurs under ideal conditions.
(e) decreases as the population size increases.

el

2. Population growth using the exponential growth

model

(a) 1increases at a constant rate.

(b) applies to most populations only after a long time.

(c) hasan increasing intrinsic growth rate.

(d) represents ideal conditions that rarely occur in
natural populations.

(e) 1incorporates the carrying capacity of the
population.

Populations can also oscillate due to predator-prey
interactions. Populations can be characterized as ei-
ther K-selected or r-selected and have unique types
of survivorship curves. Finally, we have seen that a
species can exist as a metapopulation composed of
multiple, interconnected populations. In the next
module, we will move from the population level to
the community level and examine how species inter-
actions help to determine which species can persist in
natural communities.

3. An r-selected species characteristically has
a) atype I survivorship curve.
b) few offspring.

(
(
(c) apopulation near carrying capacity.
(
(

=

d) significant parental care.
e) a fast population growth rate.

~— O —

4. Which is true of a population overshoot?

(a) It occurs when reproduction quickly responds to
changes in food supply.

(b) Itis followed by a die-oft.

(¢) TItis most likely to be experienced by K-selected
species.

(d) Itrarely occurs in species with type III survivor-
ship curves.

(e) Itoccurs when a species stops growing after
reaching the carrying capacity.
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5. Inbreeding depression
(a) rarely occurs in highly connected metapopula-
tions.
(b) results from the creation of corridors between
populations.

(c) results in increased rates of reproduction.

(d) occurs in species that are experiencing
overshoot.

(e) rarely occurs in K-selected species.

Community Ecology

We have explored the factors that determine population size, as well as ways to
model or predict how populations will grow or decline. However, the size of a
population tells us nothing about what determines the distribution of populations

across the planet.

There are two factors that determine whether a species will persist in a
location. As we learned in Chapter 5, if a species is able to disperse to an area,
its ability to persist there depends on the fundamental niche of that species,
which is the range of abiotic conditions that it can tolerate. The survival of a
species in a habitat is also determined by the set of interactions that it has with
other species. In this module we will explore these relationships.

Learning Objectives

After reading this module you should be able to

 identify species interactions that cause negative effects on one or both species.

e discuss species interactions that cause
neutral or positive effects on both species.

e explain the role of keystone species.

Some species interactions cause
negative effects on one or both of
the species

The science of community ecology is the study of
interactions among species. Some interactions have nega-
tive effects on one or both species. Other interactions
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involve neutral or positive effects on the two species. As
we will see, throughout the world species have symbi-
otic relationships, which means that the two species
are living in close association with each other.

Some of the best-known species interactions are
those that cause one or both species to be negatively
affected by the other species. These interactions
include competition, predation, parasitism, and herbivory.



Competition

In 1934, two years after his experiments on logistic
growth in populations of Paramecium, Georgii Gause
studied how different Paramecium species affected
each other’s population growth. FIGURE 20.1 shows
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FIGURE 20.1 Competition for a limiting resource. When
Gause grew two species of Paramecium separately, both achieved large
population sizes. However, when the two species were grown together,
P aurelia continued to grow well, while P caudatum declined to
extinction. These experiments demonstrated that two species competing
for the same limiting resource cannot coexist. (Data from Gause 1934)

the results of his experiments. When the two
species—DP. caudatum and P. aurelie—were grown in
separate laboratory cultures, each species thrived
and reached a relatively high population size within
10 days. However, when the two species were
grown together, P. aurelia continued to thrive but P.
caudatum declined to extinction. Competition, the
struggle of individuals to obtain a shared limiting
resource, caused P. aurelia to do better. Gause’s
observations, combined with additional experiments
with other organisms, led researchers to formulate the
competitive exclusion principle, which states that
two species competing for the same limiting resource
cannot coexist. Under a given set of environmental
conditions, when two species have the same realized
niche, one species will perform better and will drive
the other species to extinction.

We see competition at work throughout nature.
For example, many plant species influence the distri-
bution and abundance of other plant species.
Goldenrods are dominant in the old fields of New
England because of their superior competitive ability:
They can grow taller than other wildflowers and
obtain more of the available sunlight. Similarly, the
wild oat plant (Avena fatua) can outcompete crop
plants on the Great Plains of North America because
its seeds ripen earlier, permitting oat seedlings to start
growing before the other species.

Competition for a limiting resource can lead to
resource partitioning, in which two species divide a
resource based on differences in their behavior or mor-
phology. In evolutionary terms, when competition
reduces the ability of individuals to survive and repro-
duce, natural selection will favor individuals that overlap
less with other species in the resources they use.
FIGURE 20.2 shows how this process works. Let’s imag-
ine two species of birds that eat seeds of different sizes.
In species 1, represented by blue, some individuals eat
small seeds and others eat medium seeds. In species 2,
represented by yellow, some individuals eat medium
seeds and others eat large seeds. As a result, some

Community ecology The study of interactions
between species.

Symbiotic relationship The relationship
between two species that live in close association
with each other.

Competition The struggle of individuals to obtain
a shared limiting resource.

Competitive exclusion principle The principle
stating that two species competing for the same
limiting resource cannot coexist.

Resource partitioning When two species divide
a resource based on differences in their behavior
or morphology.
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FIGURE 20.2 The evolution of resource partitioning. (a)
When two species overlap in their use of a limiting resource, selection
favors those individuals of each species whose use of the resource
overlaps the least with that of the other species. (b) Over many
generations, the two species can evolve to reduce their overlap and
thereby partition their use of the limiting resource.

individuals of both species compete for medium seeds.
This overlap is represented by green. If species 1 is the
better competitor for medium seeds, then individuals of
species 2 that compete for medium seeds will have poor
survival and reproduction. After several generations, spe-
cies 2 will evolve to contain fewer individuals that feed
on medium seeds. This process of resource partitioning
reduces competition between the two species.

Species in nature reduce resource overlap in several
ways. One strategy is temporal resource partitioning, a
process in which two species utilize the same resource
but at different times. For example, wolves and coy-
otes that live in the same territory are active at different
times of day to reduce the overlap in the times that
they are hunting. Similarly, some plants reduce com-
petition for pollinators by flowering at different times
of the year.

If two species reduce competition by using different
habitats, they are exhibiting spatial resource partitioning.
As shown in FIGURE 20.3, desert plant species have

Predation An interaction in which one animal
typically kills and consumes another animal.
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Black grama
grass

FIGURE 20.3 Spatial resource partitioning. Species that
face competition for a shared limiting resource may evolve to partition
the resource and reduce competition. Among desert plants, tarbush
grows very deep roots to reach deep sources of water, whereas grama
grass has an extensive shallow root system that allows it to take up
water rapidly during rare rain events.

evolved a variety of different root systems that reduce
competition for water and soil nutrients; some have very
deep roots while others have shallow roots. For example,
we see that black grama grass (Bouteloua eriopoda) has
shallow roots that extend over a large area to capture
rainwater, whereas tarbush (Flourensia cernua) sends roots
deep into the ground to tap deep sources of water.

A third method of reducing resource overlap is by
morphological resource partitioning, which is the evolu-
tion of differences in body size or shape. As we saw in
Chapter 5, Charles Darwin observed morphological
resource partitioning among the finches of the Galapagos
Islands (see Figure 16.2 on page 166). The 14 species of
finches on the islands descended from a single finch spe-
cies that colonized the islands from mainland South
America. This ancestral finch species would have con-
sumed seeds on the ground. Over time, however, the
finches have evolved into 14 species with uniquely
shaped beaks that allow each species to eat different
foods. The beaks of some species are well suited for
crushing seeds, whereas the beaks of others are better
suited for catching insects. This morphological resource
partitioning reduces competition among the finch
species.

Predation

One of the most dramatic species interactions occurs
between predators and their prey. Predation is an
interaction in which one animal typically kills and
consumes another animal. Predators include African
lions (Panthera leo) that eat gazelles and great horned
owls (Bubo virginianus) that eat small rodents. Organisms



of all sizes may be predators, and their effects on their
prey vary widely.

One specialized type of predator is the group
known as parasitoids, which are animals that lay eggs
inside other organisms—referred to as their host.
When the eggs hatch, the parasitoid larvae slowly con-
sume the host from the inside out, eventually leading
to the host’s death. Parasitoids include certain species
of wasps and flies.

As we learned from the lynx-hare interactions in
Canada and the wolf-moose interactions on Isle
Royale, predators can play an important role in con-
trolling the abundance of prey. In Sweden, red foxes
(Vulpes wvulpes) prey on several species of hares and
grouse. In the 1970s and 1980s, this fox population
was reduced by a disease called mange. With fewer
foxes around, the foxes’ prey increased in abundance:
Populations of grouse doubled in size, and populations
of hares increased sixfold. The predators in all of these
examples play a critical role in their ecosystems: that of
regulating prey populations.

To avoid being eaten or harmed by predators, many
prey species have evolved defenses. These defenses
may be behavioral, morphological, or chemical, or
may simply mimic another species’ defense. FIGURE 20.4
shows several examples of antipredator defenses.
Animal prey commonly use behavioral defenses, such
as hiding and reduced movement, so as to attract less
attention from predators. Other prey species have
evolved impressive morphological defenses, including
camouflage to help them hide from predators and
spines to help deter predators. For example, flounders
are a group of fish that lay on the ocean floor with a
body color that blends in with their surroundings.
Many plants, for example, have evolved spines that
deter herbivores from grazing on their leaves and fruits.

FIGURE 20.4 Prey defenses.

Predation has favored the evolution of fascinating
antipredator defenses. (a) The camouflage of

this stone flounder (Kareius bicoloratus) makes it
difficult for predators to see it. (b) Sharp spines
protect this porcupine (Erethizon dorsatum) from
predators. (c) The poison dart frog (Epipedobates
bilinguis) has a toxic skin. (d) This nontoxic frog
(Allobates zaparo) mimics the appearance of the

poison dart frog. (a: Stephen Frink Collection/Alamy;
b: B. von Hoffman/ClassicStock/ The Image Works;,
¢: Morley Read/Alamy; d: Luis Louro/Alamy)

Similarly, many animals, such as porcupines, stingrays,
and pufter fish, have spines that deter predator attack.

Chemical defenses are another common mecha-
nism of protection from predators. Several species of
insects, frogs, and plants emit chemicals that are toxic
or distasteful to their predators. For example, the poi-
son dart frog shown in Figure 20.4 produces a toxin
on its skin that is toxic to many species of predators.
Many toxic prey are also brightly colored, and preda-
tors learn to recognize and avoid consuming them. In
some cases, prey have not evolved toxic defenses of
their own, but instead have evolved to mimic the
physical characteristics of other prey species that do
possess chemical defenses. By mimicking toxic spe-
cies, these nontoxic species can fool predators into
not attacking them.

Parasitism

Parasitism is an interaction in which one organism
lives on or in another organism—referred to as the
host. Because parasites typically consume only a small
fraction of their host, a single parasite rarely causes the
death of its host. Parasites include tapeworms that live
in the intestines of animals as well as the protists that
live in the bloodstream of animals and cause malaria.
Parasites that cause disease in their host are called
pathogens. Pathogens include viruses, bacteria, fungi,

Parasitoid A specialized type of predator that lays
eggs inside other organisms—referred to as its host.

Parasitism An interaction in which one organism lives
on or in another organism.

Pathogen A parasite that causes disease in its host.
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FIGURE 20.5 Herbivory. When fences are erected to exclude
herbivory by deer, plant growth typically increases dramatically,

especially for species that deer prefer to eat. (Jean-Louis Martin, RGIS/
CEFE-CNRS)

protists, and wormlike organisms called helminths.
These organisms cause many of the most well-known
diseases in the world, ranging from the common cold
to some forms of cancer.

Herbivory

Herbivory is an interaction in which an animal con-
sumes a producer. They typically eat only a portion of
a producer without killing it. The gazelles of the
African plains are well-known herbivores, as are the
various species of deer, rabbits, goats, and sheep. In
aquatic systems, herbivores include sea urchins in the
ocean and tadpoles in ponds that consume various spe-
cies of algae. When herbivores become abundant, they
can have dramatic effects on producers. One way to
assess the effect of herbivores is by excluding herbivores
from an area and seeing how the producers respond.
For example, when deer are excluded from an area by
putting up a high fence, scientists commonly observe an
extraordinary increase in plants, especially in those spe-
cies of plants that deer prefer to consume (FIGURE 20.5).
As in the case of predators and prey, many species of
producers have evolved defenses against herbivores that
include sharp spines and distasteful chemicals.

Herbivory An interaction in which an animal
consumes a producer.

Mutualism An interaction between two species
that increases the chances of survival or
reproduction for both species.
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Other species interactions cause
neutral or positive effects on one
or both species

Some species interactions can be quite beneficial to the
participants. In this section, we will example two such
positive interactions: mutualisms and commensalisms.

Mutualisms

One of the most ecologically important interactions is
the relationship between plants and their pollinators,
which include birds, bats, and insects. The plants depend
on the pollinators for their reproduction, and the polli-
nators depend on the plants for food. In some cases, one
pollinator species might visit many species of plants,
while in others, a range of pollinator species may visit
many plant species. In still other cases, one animal spe-
cies pollinates only one plant species, and that plant is
pollinated only by that animal species. For example,
there are about 900 species of fig trees, and almost every
one is pollinated by a particular species of fig wasp.

When two interacting species benefit each other by
increasing both species’ chances of survival or repro-
duction, we call it a mutualism. Each species in a
mutualistic interaction is ultimately assisting the other
species in order to benefit itself. If the benefit is too
small, the interaction will no longer be worth the cost
of helping the other species. Under such conditions,
natural selection will favor individuals that no longer
engage in the mutualistic interaction.

One well-studied example of plant-animal mutualism
is the interaction between acacia trees and several species
of Pseudomyrmex ants in Central America. The acacia
tree supplies the ants with food and shelter, and the ants
protect the tree from herbivores and competitors. The
ants eat nectar produced by the tree in special structures
called nectaries, and they live in the tree’s large thorns,
which have soft cores that the ants can easily hollow out
(FIGURE 20.6). The ants protect the tree by attacking
anything that falls on it—for example, by stinging
intruding insects that might eat the acacia’s leaves and
destroying vines that might shade the tree’s branches.
Through natural selection over generations of close asso-
ciation, the ants and the trees have both evolved traits
that make this mutualism work. The ants have evolved
several behavioral adaptations: living in the hollowed-
out thorns of the tree, extensive patrolling of branches
and leaves, and attacking all foreign animals and plants
regardless of whether they are useful to the ants as food.
For its part, the acacia tree has evolved specialized
thorns, year-round leaf production, and modified leaves
and nectaries that provide food for the ants.

Two other well-known mutualistic relationships are
those found in coral reefs and in lichens. As we saw in
Chapter 4, algae live within the tiny coral animals that



build the coral reefs. Their relationship is critical: If the
algae die, the coral will die as well. Many of the lichens
that grow on the surfaces of rocks and trees are made
up of an alga and a fungus (and often bacteria) living in
close association. The fungus provides many of the
nutrients the alga needs, and the alga provides carbohy-
drates for the fungus via photosynthesis (FIGURE 20.7).

Commensalisms

Sometimes species can interact in a way that benefits one
species but has no effect on the other species. For exam-
ple, tree branches can serve as perch locations and nest
sites for birds. The birds benefit from the presence of the

FIGURE 20.7 Lichens. Lichens, such as this species named
“British soldiers” (Cladonia cristatella), are composed of a fungus and
an alga that are tightly linked together in a mutualistic interaction.
The fungus provides nutrients to the alga, and the alga provides

carbohydrates for the fungus via photosynthesis. (£d Reschke/Peter Amold
Inc./Getty Images)

FIGURE 20.6 Mutualism. Acacia trees and Pseudomyrmex ants have
each evolved adaptations that enhance their mutualistic interaction. The trees’
thorns serve as nest sites for the ants (inset) and provide them with food in
the form of nectar produced in specialized nectaries (arrow). In return, the ants

protect the trees from herbivores and competing plants. (Oxford Scientific/Getty
Images; inset: Alex Wild Photography)

tree because it provides them perches to search for food
and a place to raise their offspring. However, the survival
and reproduction of the tree is not affected by the pres-
ence of the bird. Species interactions in which one species
benefits but the other is neither harmed nor helped are
called commensalisms. Commensalisms are common
in nature. For example, many species of fish use coral
reefs as hiding places to avoid predators. The fish receive
a major benefit from the presence of the coral, but the
species of coral that construct the reefs are typically nei-
ther harmed nor benefited by the presence of the fish.

Interactions among species are important in determin-
ing which species can live in a community. TABLE 20.1
summarizes these interactions and the effects they have
on each of the interacting species, whether positive (+),
negative (—), or neutral (0). Competition for a limiting
resource has a negative effect on both of the competing
species. In contrast, predation, parasitism, and herbivory
ecach has a positive effect on the consumer, but a negative
effect on the organism being consumed. Mutualism has
positive effects on both interacting species. Commensalism
has a positive effect on one species and no eftect on the
other species.

TABLE 20.1 Interact_ions between species
and their effects

Type of interaction

Species 1 Species 2

Competition = =
Predation
Parasitism
Herbivory
Mutualism

+ o+ o+ + o+

Commensalism

Commensalism A relationship between species
in which one species benefits and the other
species is neither harmed nor helped.
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FIGURE 20.8 Beavers. Beavers are an important species to the community
because of the role they play in creating new pond and wetland habitat. For a species that
is not particularly abundant, the beaver has a strong influence on the presence of other

organisms in the community. (Eric and David Hosking/Corbis; inset: Thomas & Pat Leeson/
Science Source)

Keystone species have large
effects on communities

Some species that are not abundant can still have very
large eftects on a community. The beaver (Castor canaden-
sis) is a prime example. Although they make up only a
small percentage of the total biomass of the North
American forest, beavers play a critical role in the forest
community. They build dams that convert narrow
streams into large ponds, thereby creating new habitat for
pond-adapted plants and animals (FIGURE 20.8). These
ponds also flood many hectares of forest, causing the trees
to die and creating habitat for animals that rely on dead
trees. Several species of woodpeckers and some species of
ducks make their nests in cavities that are carved into the
dead trees.

A keystone species plays a far more important role
in its community than its relative abundance might sug-
gest. The name keystone species is a metaphor that comes
from architecture. As FIGURE 20.9 shows, in a stone
arch, the keystone is the single center stone that sup-
ports all the other stones. Without the keystone, the
arch would collapse. Typically, the most abundant spe-
cies or the major energy producers, while vital to the

Keystone species A species that plays a far
more important in its community than its relative
abundance might suggest.
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health of a community, are not keystone
species. Keystone species typically exist in
low numbers. They may be predators,
sources of food, mutualistic species, or pro-
viders of some other essential service.

The role of keystone predators was well
demonstrated in a classic experiment con-
ducted in intertidal communities oft the
coast of Washington State, as shown in
FIGURE 20.10. These intertidal communities
include mobile animal species such as sea
stars and snails as well as dozens of other spe-
cies that make their living attached to the
rocky substratum, including mussels, barna-
cles, and algae. When sea stars (Pisaster ochra-
ceus) are present, they prey on mussels
(Mytilus californianus). This predation contin-
ually clears spaces where other species can
attach to the rocks. When researchers
removed the sea stars from the community,
the mussels were no longer subject to preda-
tion by sea stars, and they outcompeted the
other species in the community. The mussels
became numerically dominant, while 25
other species declined in abundance. Thus
the predatory sea stars, while not particularly
numerous, played a key role in reducing the
abundance of a superior competitor—the mussel—and
allowing inferior competitors to persist.

The ability of predators to alter the outcome of
competition is common in nature. We observed it in
the opening of this chapter, where we described the
effects of outbreaks of the leat beetle that specializes on
goldenrods in the old fields of New England. An out-
break of these herbivorous beetles reduces populations
of goldenrods, which are superior competitors, and
increases the abundance of many wildflower species
that are inferior competitors.

Some species are considered keystone species because
of the importance of their mutualistic interactions with
other species. For example, most animal pollinators are
abundant or provide a service that can be duplicated by
other species. Some communities, however, rely on
relatively rare pollinator species, which are therefore
keystone species. On many South Pacific islands, a spe-
cies of bat known as the flying fox (Pteropus vampyrus)
is the only pollinator and seed disperser for hundreds of

1
—
Keystone

FIGURE 20.9 Keystone. Keystone species get their name from the
keystone of an arch. Without the keystone in place, the arch would fall apart.
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FIGURE 20.10 Keystone predators. Sea stars are keystone predators in their rocky intertidal communities in
Washington State. When sea stars are present, they consume mussels, which are strong competitors for space. This
predation creates open spaces that inferior competitors can colonize. As a result, the diversity of species is high. In the
absence of sea stars, the mussels dominate the surfaces of the intertidal rocks, and the diversity of species declines

dramatically. (Data from T. T. Paine, “Intertidal community structure: Experimental studies on the relationship between a dominant competitor
and its principal predator,” Oecologia 15 (1974): 93—120. Photos by (top) blueeyes/Shutterstock; (bottom) Alex L. Fradkin/Stockbyte)

tropical plant species. Flying foxes have been hunted
for food to near-extinction. Without the pollinating
and seed-dispersing functions of the flying foxes, many
plant species may become extinct, dramatically chang-
ing these island communities.

Mycorrhizal fungi are another group of mutualists
that serve as keystone species. These fungi are found
on and in the roots of many plant species, where they
increase the plants’ ability to extract nutrients from the
soil. They play a critical role in the growth of plant
species, which in turn provide habitat and resources
for other members of a forest or field community.
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REVIEW

In this module, we saw that interactions among spe-
cies affect whether a species can persist. Some inter-
actions such as competition, predation, parasitism,
and herbivory have negative effects on one or both
species. Other interactions such as mutualisms and
commensalisms have neutral or positive effects on

Finally, a keystone species that creates or maintains
habitat for other species is known as an ecosystem
engineer. We have already seen that beavers are eco-
system engineers. Alligators play a similar role in their
communities by digging deep “gator holes” in sum-
mer. These holes serve as critical sources of water for
many other animals during dry months.

Ecosystem engineer A keystone species that
creates or maintains habitat for other species.

both species. Keystone species have particularly large
effects on a community; they can dramatically alter
the habitat, such as when beavers construct dams. In
the next module, we will examine how species in
communities change over time as a result of changes
in the biotic and abiotic environment.
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Module 20 AP® Review Questions

1. Resource partitioning 4. Which of the following is NOT typical of a keystone
(a) occurs in mutualisms. species?
(b) can occur through morphological difterences (a) It can shape and maintain habitats for other
between competing species. species.
(c) can cause the extinction of a competing species. (b) It can limit a dominant competitive species.
(d) isnot the result of behavioral changes. (¢) It can have a relatively low abundance.
(e) does not occur among competing predators. (d) Itisat the top of the food chain.

(e) Itisrarely a primary producer.
2. The interaction between bees and sunflowers is an

example of 5. Which interaction harms both species involved?
(;) ﬁreiation. gab) Coglpetition

(b) herbivory. ) Predation

(c) parasitism. (¢) Parasitism

(d) mutualism. (d) Mutualism

(e) commensalism. (e) Commensalism

3. Pathogens are a type of
) mutualist.
) parasite.
) predator.
d) herbivore.
commensalist.

Community Succession

Even without human activity, natural communities do not stay the same forever.
Change in the species composition of communities over time is a perpetual
process in nature. In this module we will look at how both terrestrial and aquatic
communities change over time.

Learning Objectives

After reading this module you should be able to
explain the process of primary succession.

explain the process of secondary succession.
explain the process of aquatic succession.
describe the factors that determine the species richness of a community.
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Primary succession starts with
no soil

Virtually every community experiences ecological
succession, which is the predictable replacement of
one group of species by another group of species over
time. Depending on the community type, ecological
succession can occur over time spans varying from
decades to centuries.

Some terrestrial communities begin with bare rock
and no soil. For example, a community may begin form-
ing on newly exposed rock left behind after a glacial
retreat, newly cooled lava after a volcanic eruption, or an
abandoned parking lot. When succession begins with
bare rock and no soil, we call it primary succession.

FIGURE 21.1 shows the process of primary succes-
sion in a temperate forest biome in New England. The
bare rock can be colonized by organisms such as algae,
lichens, and mosses—organisms that can survive with
little or no soil. As these early-successional species
grow, they excrete acids that allow them to take up
nutrients directly from the rock. The resulting chemi-
cal alteration of the rock also makes it more susceptible
to erosion. When the algae, lichens, and mosses
die, they become the organic matter that mixes with
minerals eroded from the rock to create new soil.

Over time, soil develops on the bare surface and it
becomes a hospitable environment for plants with
deep root systems. Mid-successional plants such as
grasses and wildflowers are easily dispersed to such
areas. These species are typically well adapted to
exploiting open, sunny areas and are able to survive in
the young, nutrient-poor soil. The lives
and deaths of these mid-successional ;
species gradually improve the
quality of the soil by

Perennial
wildflowers
Exposed and grasses

rocks mosses

increasing its ability to retain nutrients and water. As a
result, new species colonize the area and outcompete
the mid-successional species.

The type of community that eventually develops
is determined by the temperature and rainfall of the
region. In the United States, succession produces
forest communities in the East, grassland communities
in the Midwest, and shrubland communities in
the Southwest. In some areas, the number of species
increases as succession proceeds. In others, late-
successional communities have fewer species than
early-successional communities.

Secondary succession starts
with soil

Shrubs

Time

Secondary succession occurs in areas that have
been disturbed but have not lost their soil. Secondary
succession follows an event, such as a forest fire or

Ecological succession The predictable
replacement of one group of species by another
group of species over time.

Primary succession Ecological succession
occurring on surfaces that are initially devoid of soil.

Secondary succession The succession of plant
life that occurs in areas that have been disturbed
but have not lost their soil.

e

Beech and maple

Aspen; cherry, broadleaf forest

and young pine
forest

FIGURE 21.1 Primary succession. Primary succession occurs in areas devoid of
soil. Early-arriving plants and algae can colonize bare rock and begin to form soil, making
the site more hospitable for other species to colonize later. Over time, a series of distinct
communities develops. In this illustration, representing an area in New England, bare rock
is initially colonized by lichens and mosses and later by grasses, shrubs, and trees.
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FIGURE 21.2 Secondary succession. Secondary succession occurs where soil is present, but all
plants have been removed. Early-arriving plants set these areas on a path of secondary succession. Secondary
succession in a New England forest begins with grasses and wildflowers, which are later replaced by trees.

hurricane, that removes vegetation but leaves the soil
mostly intact. Secondary succession also occurs on
abandoned agricultural fields, such as the New England
farms we discussed at the beginning of the chapter.
FIGURE 21.2 shows the process of secondary succes-
sion, again for a typical forest in New England. It
usually begins with rapid colonization by plants that
can easily disperse to the disturbed area. The first to
arrive are typically such plants as grasses and wildflow-
ers that have light, wind-borne seeds. As in primary
succession, these species are eventually replaced by
species that are better competitors for sunlight, water,
and soil nutrients. In regions that receive sufficient
rainfall, trees replace grasses and flowers. The first tree
species to colonize the area are those that can disperse
easily and grow rapidly. For example, the seeds of
aspen trees are carried on the wind, and cherry tree
seeds are carried by birds that consume the fruit and
excrete the seeds on the ground. Trees such as aspen
and cherry are often called pioneer species because
of their ability to colonize new areas rapidly and grow
well in full sunshine. As the pioneer trees increase in
number and grow larger, however, they cause an

Pioneer species A species that can colonize
new areas rapidly and grow well in full sunshine.
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increased amount of shade on the ground. Because
pioneer trees need full sunshine to grow, new seed-
lings of these trees cannot persist. In contrast, species
that are more shade tolerant, including many species
of beech and maple, survive and grow well in the
shade of the pioneer tree species. These shade-tolerant
species grow up through the pioneer canopy and
eventually outcompete the pioneer trees and domi-
nate the forest community.

The process of secondary succession happens on
many spatial scales, from small-scale disturbances such
as a single treefall to huge areas cleared by natural
disasters such as hurricanes or wildfires. The process is
similar in both cases. For example, if a large tree falls
and creates an opening for light to reach the forest
floor, the seedlings of trees that grow rapidly in full
sunlight outcompete other seedlings, and secondary
succession begins again.

Historically, ecologists have described succession
as ending with a climax stage. In forests, for example,
ecologists considered the oldest forests to be climax
forests. However, it is now recognized that, because
natural disturbances such as fire, wind, and out-
breaks of insect herbivores are a regular part of most
communities, a late-successional stage is typically
not final because at any moment it can be reset to an
earlier stage.



Succession occurs in a variety of
aquatic ecosystems

Disturbances also create opportunities for succession in
aquatic environments. For example, the rocky intertidal
zone along the Pacific coast of North America is
exposed to the air during low tide and lies under water
during high tide. From time to time, major storms turn
over rocks or clear their surfaces of living things. These
bare rocks can then be colonized through the process
of primary succession. Diatoms and short-lived species
of red and green algae are usually the first to arrive. Not
long afterward, the rocks are colonized by barnacles
and several species of long-lived red algae. This mid-
successional stage develops rather quickly—in about 15
months. Finally, if the rock is not disturbed again for 3
years or more, the area may become dominated by
several species of attached barnacles and mussels.
FIGURE 21.3 shows the pattern of succession in fresh-
water lakes. A glacier may carve out a lake basin,

Increase in ()
floating and £
submerged & 2 =
plants

Accumulating
ediments

Grasses
and shrubs

FIGURE 21.3 Succession in lakes. Over a time span of
hundreds to thousands of years, lakes are filled with sediments and
slowly become terrestrial habitats.

scouring it of sediments and vegetation. Over time, algae
and aquatic plants colonize the lake. The growth of
plants and algae and the erosion of surrounding rock and
soil slowly fill the basin with sediment and organic mat-
ter, making it increasingly shallow. This process, which
may take hundreds or even thousands of years, will
eventually fill in the lake completely and make it a ter-
restrial habitat.

The species richness of a
community is influenced by many
factors

As we have seen, species are not distributed evenly
on Earth. They are organized into biomes by global
climate patterns and into communities whose com-
position changes regularly as species interact. In a
given region within a biome, the number and types
of species present are determined by three basic pro-
cesses: colonization of the area by new species, spe-
ciation within the area, and losses from the area by
extinction. The relative importance of these pro-
cesses varies from region to region and is influenced
by four factors: latitude, time, habitat size, and distance
from other communities.

Latitude

As we move from the equator toward the North or
South Pole, the number of species declines. For exam-
ple, the southern latitudes of the United States support
more than 12,000 species of plants, whereas a similar-
sized area in northern Canada supports only about
1,700 species. This latitudinal pattern is also observed
among birds, reptiles, amphibians, and insects. For
more than a century, scientists have sought to under-
stand the reasons for this pattern, yet those reasons
remain unclear.

Time

Patterns of species richness are also regulated by time.
The longer a habitat exists, the more colonization,
speciation, and extinction can occur in that habitat.
For example, Lake Baikal in Siberia—more than
25 million years old—is one of the oldest lakes in the
world. Its benthic zone is home to over 580 species
of invertebrates. By contrast, only 4 species of inver-
tebrates inhabit the benthic zone of the Great Slave
Lake in northern Canada—a lake that is similar in
size and latitude to Lake Baikal, but is only a few tens
of thousands of years old. This difference suggests
that older communities have had more opportunities
for speciation.
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Habitat size and distance from a source
of species

The final two factors that influence species richness are
the size of the habitat and the distance of that habitat
from a source of colonizing species. These factors are
the basis for the theory of island biogeography,
which demonstrates the dual importance of habitat size
and distance from a mainland in determining species
richness.

Larger habitats typically contain more species. In
FIGURE 21.4, for example, we can see that larger islands
of reed habitat in Hungary contain a greater number of
bird species than smaller islands. There are three rea-
sons for this pattern. First, dispersing species are more
likely to find larger habitats than smaller habitats, par-
ticularly when those habitats are islands. Second, at any
given latitude, larger habitats can support more species
than smaller habitats. Larger habitats are capable of
supporting larger populations of any given species, and
larger populations are less prone to extinction. Third,
larger habitats often contain a wider range of environ-
mental conditions, which in turn provide more niches
that support a larger number of species. A wider range
of environmental conditions also provides greater
opportunities for speciation over time.

The distance between a habitat and a source of colo-
nizing species is the second factor that affects the species
richness of communities. For example, oceanic islands
that are more distant from continents generally have
fewer species than islands that are closer to continents.
Distance matters because, while many species can dis-
perse short distances, only a few can disperse long
distances. In other words, if two islands are the same size
and contain the same resources, the nearer island should

Theory of island biogeography A theory that
demonstrates the dual importance of habitat size
and distance in determining species richness.
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REVIEW

In this module, we learned that communities change
over time in a process known as succession. In ter-
restrial communities, an area that begins with no
soil undergoes primary succession whereas an area
that begins with soil undergoes secondary succes-
sion. In aquatic communities, lakes and ponds can
slowly fill in with sediments over thousands of years
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FIGURE 21.4 Habitat size and species richness. Species richness
increases as the size of the habitat increases. In this example, researchers
counted the number of bird species that inhabited reed islands in Lake
Velence, Hungary. As island area increased, the number of bird species

initially rose quickly and then began to slow. (Data from A. Baldi and
T. Kisbenedek, “Bird species numbers in an archipelago of reeds at Lake Velence,
Hungary,” Global Ecology and Biogeography 9 (2000): 451-461.)

accumulate more species than the farther island because
it has a higher rate of immigration by new species.

Conservation and island biogeography

The eftects of colonization, speciation, and extinction
on the species richness of communities have important
implications for conservation. The theory of island
biogeography was originally applied to oceanic islands,
but it has since been applied to “habitat islands” within
a continent, such as the “islands” of protected habitat
represented by national parks. These habitat islands are
often surrounded by less hospitable habitats that have
been dramatically altered by human activities. If we
wish to set aside natural habitat for a given species or a
group of species, we need to consider both the size of
the protected area and the distance between the pro-
tected area and other areas that could provide colonists.

to eventually become terrestrial habitats. We also
learned that the species richness of a community is
affected by the latitude of a habitat, the length of
time that the habitat has been present, the size of the
habitat, and the distance from the habitat to other
habitats that serve as sources of species.



Module 21 AP® Review Questions

1. Which is true of primary succession?

(a) It starts with bare soil.

(b) As it progresses the number of species initially
decreases.

It occurs after forest fires.

It begins with colonization by algae, lichens, and
mosses.

It results in an ecosystem of grasses and small

plants.

The process of succession in lakes

results in a terrestrial ecosystem.

occurs rarely because disturbances are rare.
depends primarily on the fish species within
the lake.

progresses fastest in very deep lakes.

has no climax species.

Which tree species is a pioneer species in North
American forests?
(a) Beech

(b) Fir
(c) Aspen

(d) Maple
(e) Oak

Which factor does NOT aftect species richness?

Latitude

Survivorship curves

Time

Habitat size

Distance from other communities

Which is NOT a factor in the theory of island
biogeography?

(a) Dispersing species are more likely to find a large
habitat.

Islands can also be isolated areas within a
continent.

Large populations are less likely to go extinct.
Larger habitats contain a larger range of environ-
mental conditions.

Islands farther from the continent have more
species due to increased speciation.

working toward
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Bringing Back the Black-footed Ferret

Throughout the western United States, the Great Plains
were once covered with large congregations of prairie
dogs. Spanning several difterent species, these prairie dog
“towns” consisted of networks of underground tunnels.
They were great attractions for out-of-town tourists,
but the local ranchers who had to live with the prairie
dogs were not nearly as fond of the little rodents. Prairie
dogs are effective herbivores that consume a great deal of
plant biomass, including agricultural crops. The ranchers
viewed prairie dogs as competitors for their crops and
sought a variety of ways, such as poisoning, to eradicate
them. An unintended consequence of the ranchers’ vic-
tory against the prairie dogs was the near-extinction of
another species, the black-footed ferret (Mustela nigripes).

The black-footed ferret is a member of the weasel
family and the only species of ferret native to North
America. It lives in burrows and preys on prairie dogs.
In fact, a single ferret can consume 125 to 150 prairie
dogs in a year. Although prairie dogs had been the fer-
rets’ main source of food for millions of years, things
started to change when settlers began plowing the

Great Plains for agriculture. This destroyed many prai-
rie dog towns, while other prairie dog towns were
poisoned. Together, the plowing and poisoning have
reduced the prairie dog population by 98 percent.

As we would expect in a density-dependent scenar-
10, the reduction in the prairie dog population reduced
the carrying capacity of the environment for the black-
footed ferret. The poisoning campaign poisoned ferrets
as well as prairie dogs. Because both small and large
populations of ferrets were poisoned, and a large pro-
portion of ferrets died in both cases, the poisoning had
a density-independent eftect on the ferret population.

In 1967, the black-footed ferret was officially
listed as an endangered species, and the last known
population died out in 1974. People feared that the
black-footed ferret was extinct. In 1981, however, a
small population of 130 ferrets was discovered in
Wyoming. Conservation efforts began, but a highly
lethal disease known as canine distemper passed
through the population, reducing the entire species
to a mere 18 animals.




As part of a collaboration between federal biologists,
private landowners, and several zoos, all 18 ferrets
were immediately brought into captivity in the hope
that a captive breeding program might be able to
restore their numbers. The black-footed ferret is a
K-selected species; it breeds once a year and has 3 to 4
offspring, for which the parents provide a great deal of
parental care. As a result, population increases could
not occur rapidly. Nevertheless, the captive popula-
tion grew to 120 animals by 1989.

At this point, the captive breeding program was
considered successful enough to allow reintroduction
of the species into the wild. However, the biologists
first had to consider exactly where they wanted to
reintroduce the ferrets. They understood the risks of
introducing all the animals into a single site because
another round of disease could kill the entire popula-
tion. To manage the reintroduction process, the
biologists decided to make use of the metapopulation
concept. They reintroduced the ferrets in several
places across the Great Plains, choosing locations
with healthy prairie dog populations that had a low
risk of extermination.

From 1991 to 2013, black-footed ferrets were rein-
troduced at 19 sites, from northern Mexico all the way
up to southern Canada. These eftorts are clearly paying
off. Today, more than 1,000 ferrets live in the wild,
and hundreds more are part of the ongoing captive
breeding program. But the rescue effort is not over.
During years of high rainfall, outbreaks of plague, a
bacterial disease carried by fleas, kill many ferrets. To
combat plague, biologists have been dusting prairie
dog towns with an insecticide powder that kills fleas.
They are also working on a new vaccine against
plague. Their goal is to achieve a wild population of
1,500 ferrets, with more than 30 animals at each of 10
reintroduction sites. If the biologists meet this goal, the

chapter

REVIEW

Community ecology examines how species interac-
tions help to determine the species that are present in
a community. Different characteristics of populations
affect their abundance and distribution including
density-dependent and density-independent factors.
Population growth models help us understand how
populations increase and decrease over time. Species
also have distinctive reproductive strategies and growth
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Black-footed ferret. Once critically endangered, populations of
the black-footed ferret are rebounding as a result of collaborative
conservation efforts. (0. Robert & Lori Franz/Corbis)

ferret can be moved from the endangered species list
to the less-perilous classification of “threatened.”

Critical Thinking Questions

1.  How can humans balance the interests of ranchers
who want to control prairie dog populations with
the interests of conservationists who want to prevent
the extinction of the black-footed ferret?

2. How has the metapopulation concept helped con-
servationists manage the recovery of the black-
footed ferret?
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curves, which affect population size and characteristics.
At the community level, major types of species interac-
tions include competition, predation, parasitism, mutu-
alism, and commensalism. Communities experience
ecological succession. The species richness of a given
community depends on latitude, elapsed time, habitat
size, and habitat distance to other sources of species.
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Population size (NN)
Population density
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| Learning Objectives Revisited

present to reproduce but then grows rapidly as the

Module 18 The Abundance and

Distribution of Populations

e Explain how nature exists at several levels of

complexity.
Nature exists at several levels of complexity: indi-
viduals, populations, communities, ecosystems, and
the biosphere.

Discuss the characteristics of populations.

Populations can have distinct population sizes, den-
sities, distributions, sex ratios, and age structures.

Contrast the effects of density-dependent and
density-independent factors on population
growth.

Density-dependent factors influence an individual’s
probability of survival and reproduction in a man-
ner that is related to the size of the population.
Density-independent factors have the same effect
on an individual’s probability of survival and repro-
duction in populations of any size.

Module 19 Population Growth Models

* Explain the exponential growth model of

populations, which produces a J-shaped curve.
The exponential growth model describes rapid
growth under ideal conditions when resources are not
limited. The J-shaped curve occurs because the popu-
lation initially grows slowly when few individuals are

number of reproducing individuals increases.

Describe how the logistic growth model
incorporates a carrying capacity and produces
an S-shaped curve.

The logistic growth model incorporates density-
dependent factors that allow rapid initial growth
but then cause population growth to slow down as
populations approach their carrying capacity. When
we allow lag times between when resources change
in abundance and when populations produce new
offspring, we can observe population overshoots

and die-offs.

Compare the reproductive strategies and
survivorship curves of different species.

Organisms have a range of reproductive patterns.
At the extremes are r-selected species, which
experience rapid population growth rates, and
K-selected species, which experience high survi-
vorship and slow population growth rates. Patterns
of survivorship over the life span can be graphi-
cally represented as type I, I, and III survivorship
curves.

Explain the dynamics that occur in
metapopulations.

Metapopulations are groups of spatially distinct
populations that are connected by occasional move-
ments of individuals. These movements reduce the
probability of any of the populations going extinct.
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that alter the outcome of competition in intertidal
communities and beavers that create large ponds by
constructing dams on streams.

Module 20 Community Ecology

* Identify species interactions that cause

220 CHAPTER 6

negative effects on one or both species.
Competition is an interaction between two species
that share a limiting resource. Over time, competition
for a resource can cause natural selection to favor
those individuals that have reduced overlap in resource
use and this can lead to spatial, temporal, or morpho-
logical resource partitioning. Predation is an interac-
tion in which animals partially or entirely consume
another animal. Predators can affect the abundance of
prey populations and cause the evolution of anti-
predator defenses in prey populations. Parasitism is an
interaction in which one organism lives on or
in another organism. Those parasites that can cause
disease in their hosts are known as pathogens.
Herbivory is an interaction in which animals con-
sume producers. In some cases, herbivores can have
dramatic effects on plant and algal communities by
removing the most palatable species.

Discuss species interactions that cause neutral
or positive effects on both species.

Mutualisms are interactions that benefit two interacting
species by increasing the chances of survival or
reproduction for both. One of the most common
mutualisms is the interaction between flowering plants
and their pollinators. A second well-known mutualism
is between acacia trees and the ants that defend
the trees in exchange for food and a place to live.
Commensalisms are interactions in which one species
benefits but the other is neither harmed nor helped.
Examples include birds perching on trees and marine
fish using coral reefs for protection from predators.

* Explain the role of keystone species.

Keystone species play a role in the community that
is far more important than its relative abundance
might suggest. Common examples include predators

Population and Community Ecology

Module 21 Community Succession

e Explain the process of primary succession.

Primary succession occurs on surfaces that are ini-
tially devoid of soil, such as bare rock that is
exposed after the retreat of glaciers or the cooled
lava from a volcanic eruption. Over time, plants
and animals arrive at the site and modify the envi-
ronment, making it more favorable for other spe-
cies to arrive and persist.

Explain the process of secondary succession.

Secondary succession occurs in areas that have been
disturbed but have not lost their soil. A common
example is the bare soil left behind when farmers
stop planting crops in a field. Over time, plants and
animals colonize the site, alter the environmental
conditions, and favor the persistence of other
species.

Explain the process of aquatic succession.

Lakes and ponds experience sedimentation over
long periods of time and this slowly fills in the
basin. Over thousands of years, the lakes and ponds
can be slowly converted into terrestrial habitats.

Describe the factors that determine the
species richness of a community.

The species richness of a community is typically
higher at latitudes that are closer to the equator.
Richness is also higher in older sites where evolu-
tion has been producing new species for longer
periods of time. Finally, more species exist in larger
habitats and habitats that are closer to sources of
new species, as is the case for oceanic islands that
are located close to continents.



| Chapter 6 AP® Environmental Science Practice Exam

Section 1: Multiple-Choice Questions

Choose the best answer for questions 1—12.

1.

2.

3.

Number of geese (thousands)

Which is NOT an example of a density-
independent factor?

(a) Drought

(b) Competition

Forest fire

Hurricane
Flood

~

(
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As the size of a white-tailed deer population increases,

(a) the carrying capacity of the environment for
white-tailed deer will be reduced.

(b) avolcanic eruption will have a greater
proportional effect than it would on a smaller
population.

(c) the effect of limiting resources will decrease.

(d) the number of gray wolves, a natural predator
of white-tailed deer, will increase.

(e) white-tailed deer are more likely to become
extinct.

The following graph shows population growth of
Canada geese in Ohio between 1955 and 2002.
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This graph can best be described as:

a) an exponential growth curve.

a logistic growth curve.

a stochastic growth curve.

oscillation between overshoot and die-oft.

(

(b
(c
(d
(e) approaching the carrying capacity.
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Which is NOT a true statement based on the logistic

growth model?

(a) Population growth is limited by density-
dependent factors.

(b) A population will initially increase exponentially
and then level off as it approaches the carrying
capacity of the environment.

(c) Future population growth cannot be predicted
mathematically.

(d) Population growth slows as the number of
individuals approaches the carrying capacity.

(e) A graph of population growth produces an
S-shaped growth curve over time.

Which characteristics are typical of r-selected species?

I.  They produce many offspring in a short period
of time.

II. They have very low survivorship early in life.

III. They take a long time to reach reproductive

maturity.
(a) Tonly
(b) 1II only
(c) III only
(d) TandII
(e) IIandIII

A high intrinsic growth rate would most likely be

characteristic of

(a) a K-selected species such as elephants.

(b) an r-selected species such as the American
bullfrog.

(c) a K-selected species that lives close to its carrying
capacity.

(d) aspecies that is near extinction.

(e) aspecies with a low reproductive rate that takes a
long time to reach reproductive maturity.
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The following graph presents three survivorship
curves.
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Choose the description that best describes the graph.

(a) Type I could represent the house mouse, which
is a typical r-selected species.

(b) Type II could be the average of r-selected and
K-selected species in a specific area.

(c) Type III could represent elephants, which are
typical K-selected species.

(d) Type I could represent an oak tree species that
experiences very low survivorship early and late
in life.

(e) Type II could represent a coral species that has a
constant decline in survivorship throughout its life.

In the coniferous forests of Oregon, eight species of
woodpeckers coexist. Four species select their nesting
sites based on tree diameter, while the fifth species
nests only in fir trees that have been dead for at least
10 years. The sixth species also nests in fir trees, but
only in live or recently dead trees. The two remaining
species nest in pine trees, but each selects trees of dif-
ferent sizes. This pattern is an example of

(a) resource partitioning.

(b) commensalism.

(c) predation.

(d) predator-mediated competition.
(e) akeystone species.

Which statement about ecological succession is

correct?

(a) Secondary succession begins in a community
lacking soil.

(b) Primary succession occurs over a shorter time
span than secondary succession.

(c) Succession is influenced by competition for
limiting resources such as available soil, moisture,
and nutrients.

(d) In forest succession, less shade-tolerant trees
replace more shade-tolerant trees.

(e) Forest fires and hurricanes lead to primary
succession because a soil base still exists.

CHAPTER 6 Population and Community Ecology

10.

11.

12.

Which sequence of secondary succession would be

likely to occur in abandoned farmland in the eastern

United States?

(a) Bare soil, lichens, mosses, grasses, deciduous trees

(b) Bare rock, lichens, mosses, grasses, shrubs, mixed
shade- and sunlight-tolerant trees

(c) Bare soil, grasses and wildflowers, shrubs,
shade-tolerant trees

(d) Bare soil, grasses and wildflowers, shrubs,
sunlight-tolerant trees, shade-tolerant trees

(e) Bare rock, grasses and wildflowers, lichens,
mosses, shrubs, coniferous trees

The theory of island biogeography suggests that
species richness is affected by which of the following
factors?

[. Island distance from mainland

II. How the island is formed

II. Island size

(a) Ionly
(b) I only
(c) HIonly
(d) TandIII
(e) IIandIII

Which combination of factors would result in the
highest biodiversity?

(a) A smallisland, close to a continent

b) A large island, close to a continent

A medium island, distant from a continent

A small island, distant from a continent

A large island, distant from a continent
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Section 2: Free-Response Questions

Write your answer to each part clearly. Support your
answers with relevant information and examples. Where
calculations are required, show your work.

1.

The California Department of Fish and Wildlife is
developing a plan to connect mountain “habitat is-
lands” that are separated by open areas of flat, arid
land in the deserts of southeastern California. These
mountain areas are habitats for desert bighorn sheep
(Owis canadensis), which move extensively among the
islands through habitat corridors. The habitat corri-
dors provide opportunities for recolonization, season-
al migration, and maintenance of genetic variation
among the metapopulation of desert bighorn sheep.
(a) Explain what is meant by a metapopulation and

how it relates to the desert bighorn sheep.

(1 point)

(b) Identity two density-dependent factors and one
density-independent factor that could affect the
populations of desert bighorn sheep. (3 points)

(c) Explain the consequences to the desert bighorn
sheep population if the plan to connect the
mountain habitat islands is not implemented.

(2 points)

(d) Explain how the theory of island biogeography
applies to the mountainous areas of southeastern
California. (4 points)

CHAPTER 6

Read the following information, which was posted
in the great apes exhibit of the Fremont Zoo, and
answer the questions that follow.

The western lowland gorilla (Gorilla gorilla) lives in
the moist tropical rainforests of western Africa. The
gorillas’ primary diet consists of fruits, leaves, foliage,
and sometimes ants and termites. Occasionally they
venture onto farms and feed on crops. Their only nat-
ural enemy is the leopard, the only animal other than
humans that can successfully kill an adult gorilla.
However, disease, particularly the Ebola virus, is
threatening to decimate large populations of these
gorillas in Congo.

The western lowland gorilla has a life span of about
40 years and produces one offspring every
4 years. Males usually mate when they are 15 years
old. Females reach sexual maturity at about 8 years of
age, but rarely mate before they are 10 years old.

(a) Based on the information above, is the western
lowland gorilla an r-selected or a K-selected
species? Provide evidence to support your
answer. (3 points)

(b) Identity and explain four community interac-
tions that involve the western lowland gorilla.

(4 points)

(c) Explain what is meant by secondary succession
and describe how it may be initiated in a tropical
forest. (3 points)
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There are more than 215 million children

under the age of 15 in China today.
(Pierre Montavon/Strates/Panos Pictures)



Module 22 Human Population Numbers

The Human Population

Module 23 Economic Development, Consumption,
and Sustainability

The Environmental Implications of China’s

Growing Population

Human population size, affluence, and
resource consumption all have inter-
related impacts on the environment.
The example of China is striking. With
more than 1.3 billion people—almost
20 percent of the human population
on Earth—China is the world’s most
populous nation. Because of its rapid
economic development, it may one
day become the world’s largest
economy. Once-scarce consumer
goods such as automobiles and re-
frigerators are becoming increasing-
ly commonplace in China. Although the
United States, with 315 million people,
has historically been the world’s largest
consumer of resources and the greatest
producer of many pollutants, China is
rapidly surpassing the United States in
both consumption and pollution. It is

already the largest emitter of carbon
dioxide and sulfur dioxide, and it
consumes one-third of commercial fish
and seafood. The Chinese are facing

The Chinese are facing
considerable environmental
challenges as their affluence
increases.

considerable environmental challenges
as their affluence increases.
Sustainably managing the presence
of humans on Earth requires addressing
both population growth and resource
consumption. China has already taken
dramatic steps to limit its population

growth. For many decades, China has
had a “one-child” policy. Couples that
restricted themselves to a single child
were rewarded financially, while those
with three or more children faced
sanctions, such as a 10 percent
salary reduction. Chinese officials
have used numerous tools—many
controversial—to meet population
targets, including abortions, steriliza-
tions, and the designation of certain
pregnancies as “illegal.”

China is one of only a few coun-
tries where government-mandated
population control measures have
contributed to reducing population
growth. After decades of having one
of the world’s highest fertility rates,
China now has a fertility rate of 1.5
births per woman. In addition to the
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one-child policy, economic prosperity
has also contributed to slowing popu-
lation growth. If China’s current
population dynamics continue, its
population will reach a maximum by
2030 and begin declining shortly after
that.

Population decline is only one part
of the picture, however. Even if Chi-
na’s population were to stop growing
today, the country’s resource con-
sumption would continue to increase
as standards of living improve. Great-
er numbers of Chinese people are pur-
chasing cars, home appliances, and
other material goods that are common
in Western nations. All of these prod-
ucts require resources to produce and
use. Manufacturing a refrigerator re-
quires mining and processing raw
materials such as steel and copper,
producing plastic from oil, and using
large quantities of electricity. Having a
refrigerator in the home increases

daily electricity demand. All of these
processes generate carbon dioxide,
air and water pollution, and other
waste products.

A look at a typical Chinese city
street is evidence of the country’s
growing affluence. Between 1985 and
2002, China’s population increased
30 percent, but the number of motor
vehicles used in China grew by over
500 percent, from 3 million to 20 mil-
lion. Today, China has over 50 million
private cars on the road, and by 2020
the total will be 140 million, according
to Chinese government estimates.
China is already the second largest
consumer of petroleum (after the Unit-
ed States), and concentrations of ur-
ban air pollutants, such as carbon
monoxide and photochemical smog,
are on the rise. In 2013, 7 of the 10
most polluted cities in the world were
in China, according to an Asian Devel-
opment Bank study.

There is some good news, however.
China already has higher fuel efficiency
standards for cars than does the United
States, and it is quickly becoming a
leader in the manufacturing of renew-
able energy technologies.

China’s influence on the environ-
ment is dramatic because of its size and
its increasing industrial activity. How-
ever, increasing industrial activity is oc-
curring in many other parts of the world
as human populations and consump-
tion increase. What will be the environ-
mental impact of humans in 2020, and
what can we do to reduce it?

Sources:

H. Kan, B. Chen, and C. Hong, Health
impact of outdoor air pollution in China:
Current knowledge and future research
needs, Environmental Health Perspectives
117 (2009): A187; Asian Development
Bank, Toward an Environmentally
Sustainable Future: Country Environmental
Analysis of the People’s Republic of China,
August 2012 Report.

uman population growth and associated resource consumption have large im-

pacts on the environment. In 2014, Earth’s human population was 7.2 billion and

increasing by 235,000 people per day. At the same time, people in many parts of

the world are using more resources than ever before. Aimost all aspects of environmen-

tal science are affected by the numbers of people on Earth and their activities. This

chapter describes how human populations grow, what limits human population num-

bers, and the relative impacts of human population size and human consumption

behavior.
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Human Population
Numbers

Although it may seem surprising, environmental scientists do not know the
human carrying capacity of Earth. However, we are able to discuss the
factors that contribute to the carrying capacity of humans on Earth and what
drives human population growth. We can also look at patterns of past
human population growth to gain an understanding of what might occur in

future decades.

Learning Objectives

After reading this module you should be able to

e explain factors that may potentially limit the carrying capacity of humans on Earth.
e describe the drivers of human population growth.
e read and interpret an age structure diagram.

Scientists disagree on
Earth’s carrying capacity

Every 5 days, the global human popula-
tion increases by more than a million
lives: 1.9 million infants are bormn and
800,000 people die. The human popula-
tion has not always grown at this rate,
however. As FIGURE 22.1 shows, until a
few hundred years ago the human
population was relatively stable: Deaths
and births occurred in roughly equal
numbers. This situation changed about
400 years ago, when agricultural output
increased and sanitation began to
improve. Better living conditions caused
death rates to fall, but birth rates remained
relatively high. This was the beginning of

Human population size (billions)

Black Death/
| Advent of agriculture The Plague
(ca. 8000 BCE) (1348-1350)

I I I
2 million 7000 6000 5000 4000 3000 2000 1000 O 1000 2010
Year BCE CE

FIGURE 22.1 Human population growth. The global human

a period of rapid population growth that has brought us  population has grown more rapidly in the last 400 years than at any
to the current human population of 7.2 billion people. other time in history.
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FIGURE 22.2 A theoretical model of food supply and
population size. (a) In a theoretical 100-year period without
significant improvements in agricultural technology, the human
population grows exponentially, while the food supply grows linearly.
Consequently, a food surplus is followed by a food deficit. (b) In a
theoretical 100-year period with significant improvements in agricultural
technology, the food supply increases suddenly. Consequently, there is a
continuing food surplus.

As we saw in Chapter 6, under ideal conditions all
populations grow exponentially. In most cases, expo-
nential growth slows or stops when an environmental
limit is reached. The limiting factor can be a scarcity
of resources such as food or water or an increase in
predators, parasites, or diseases. Limiting factors deter-
mine the carrying capacity of a habitat. Are human
populations constrained by limiting factors?

Environmental scientists have differing opinions on
Earth’s carrying capacity for humans. Some scientists
believe we have already outgrown, or eventually will
outgrow, the available supply of food, water, timber,
fuel, and other resources on which humans rely. One
of the first proponents of the notion that the human
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population could exceed Earth’s carrying capacity was
English clergyman and professor Thomas Malthus. In
1798, Malthus observed that the human population
was growing exponentially while the food supply we
rely on was growing linearly. In other words, the food
supply increases by a fixed amount each year, while
the human population increases in proportion to its
own increasing size. Malthus concluded that the
human population size would eventually exceed the
food supply. FIGURE 22.2a shows this projection
graphically.

A number of environmental scientists today sub-
scribe to Malthus’s view that humans will eventually
reach the carrying capacity of Earth, after which the
rate of population growth will decline. Other scientists
do not believe that Earth has a fixed carrying capacity
for humans. They argue that the growing population
of humans provides an increasing supply of intellect
that leads to increasing amounts of innovation. Humans
can alter Earth’s carrying capacity by employing cre-
ativity—one of the fundamental ways in which
humans differ from most other species on Earth.

For example, in the past whenever the food supply
seemed small enough to limit the human population,
major technological advances increased food produc-
tion. This progression began thousands of years ago.
The development of arrows made hunting more effi-
cient, which allowed hunters to feed a larger number
of people. Early farmers increased crop yields with
hand plows and later with oxen- or horse-driven
plows. More recently, mechanical harvesters made
farming even more efficient. Each of these inventions
increased the planet’s carrying capacity for humans, as
Figure 22.2b shows.

The ability of humans to innovate in the face of
challenges has led some scientists to expect that we will
continue to make technological advances indefinitely.
This expectation is reasonable, but questions remain.
Based on our history, should we assume that humans
will continue to find ways to feed a growing popula-
tion? Are there other limits to human population
growth? And how do we know if we have exceeded
Earth’s carrying capacity?

Many factors drive human
population growth

As we know from our study of biological populations,
a variety of factors influence the growth, reproduction,
and success of plant and animal species. Many of these
same factors influence human populations as well.
Population size, birth and death rates, fertility, life
expectancy, and migration are factors that influence
population size in countries. In order to understand the
impact of the human population on the environment,



Inputs

Immi ratlon . Emigration
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size

we must first understand what drives human population
growth. The study of human populations and popula-
tion trends is called demography, and scientists in this
field are called demographers. By analyzing specific
data such as changes in population size, fertility, life
expectancy, and migration, demographers can offer
insights—some of them surprising—into how and why
human populations change and what can be done to
influence rates of change.

Changes in Population Size

We can view the human population as a system with
inputs and outputs, like all biological systems. If there are
more births than deaths, the inputs are greater than the
outputs, and the system expands. For most of human
history, total births slightly outnumbered total deaths,
resulting in very slow population growth. If the reverse
had been true, the human population would have
decreased and would have eventually become extinct.

When demographers look at population trends in
individual countries, they take into account inputs and
outputs. As FIGURE 22.3 shows, inputs include both
births and immigration, which is the movement of
people into a country or region from another country or
region. Outputs, or decreases, include deaths and emi-
gration, which is the movement of people out of a
country or region. When inputs to the population are
greater than outputs, the growth rate is positive.
Conversely, if outputs are greater than inputs, the
growth rate is negative.

Demographers use specific measurements to deter-
mine yearly birth and death rates. The crude birth
rate (CBR) is the number of births per 1,000 indi-
viduals per year. The crude death rate (CDR) is the
number of deaths per 1,000 individuals per year.
Worldwide, there were 20 births and 8 deaths per
1,000 people in 2014. We do not factor in migration
for the global population because, even though people
move from place to place, they do not leave Earth.
Thus, in 2014, the global population increased by 12
people per 1,000 people. This rate can be expressed
mathematically as a percentage:

[CBR — CDR]
10
[20—8]
10
= 1.2%

Global population growth rate

We divide by 10 to arrive at the percentage because the
birth and death rates are expressed per 1,000 people.

Outputs FIGURE 22.3 The human population as
decrease a system. We can think of the human population
population a5 a system, with births and immigration as inputs
size and deaths and emigration as outputs.

To calculate the population growth rate for a single
nation, we take immigration and emigration into
account:

National population growth rate =
[(CBR + immigration) —(CDR + emigration)]
10

If we know the growth rate of a population and
assume that growth rate is constant, we can calculate
the number of years it takes for a population to double,
which is known as its doubling time. As a population
grows rapidly, the doubling time gives us a better sense
of the magnitude of the change than the growth rate
alone. Because growth rates may change in future
years, we can never determine a country’s doubling
time with certainty. Therefore, we say that a popula-
tion will double in a certain number of years if the
growth rate remains constant.

The doubling time can be approximated mathemat-
ically using a formula called the rule of 70:

70

growth rate

Doubling time (years) =

Therefore, a population growing at 2 percent per year
will double every 35 years:

70 35
— = ears
> y
Note that this is true of any population growing at
2 percent per year, regardless of the size of that popula-
tion. At a 2 percent growth rate, a population of 50,000
people will increase by 50,000 in 35 years, and a popu-
lation of 50 million people will increase by 50 million
in 35 years.

Demography The study of human populations and
population trends.

Demographer A scientist in the field of demography.

Immigration The movement of people into a country
or region, from another country or region.
Emigration The movement of people out of a
country or region.

Crude birth rate (CBR) The number of births per
1,000 individuals per year.

Crude death rate (CDR) The number of deaths per
1,000 individuals per year.

Doubling time The number of years it takes a
population to double.
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FIGURE 22.4 Projected world population growth. Demographers project that
the global human population will be between 8.1 billion and 9.6 billion by 2050. By 2100, it
is projected to be between 6.8 billion and 10.5 billion. The dashed lines represent estimated

values. (After Millennium Ecosystem Assessment, 2005)

As we saw in Figure 22.1, Earth’s population has
doubled several times since 1600. It is almost certain,
however, that Earth’s population will not double
again. FIGURE 22.4 shows the current projections
through the year 2100. Most demographers believe
that the human population will be somewhere between
8.1 billion and 9.6 billion in 2050 and will stabilize
between 6.8 billion and 10.5 billion by roughly 2100.

Fertility

To understand more about the role births play in popu-
lation growth, demographers look at the total fertility
rate (TFR), an estimate of the average number of
children that each woman in a population will bear
throughout her childbearing years (between the onset of
puberty and menopause). For example, in the United

Total fertility rate (TFR) An estimate of the average
number of children that each woman in a population
will bear throughout her childbearing years.

Replacement-level fertility The total fertility rate
required to offset the average number of deaths in a
population in order to maintain the current population
size.

Developed country A country with relatively high
levels of industrialization and income.

Developing country A country with relatively low
levels of industrialization and income.

Life expectancy The average number of years that
an infant born in a particular year in a particular
country can be expected to live, given the current
average life span and death rate in that country.
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children replace the parents who con-
ceive them when the parents die.
Replacement level fertility is higher
than 2, however, because it also must
account for children who die before
they are able to have children or peo-
ple who otherwise do not have chil-
dren. As we shall see, the rate of death among
children depends on a country’s economic status.

In developed countries—countries with relatively
high levels of industrialization and income—we typi-
cally see a replacement-level fertility of about 2. In
developing countries—those with relatively low lev-
els of industrialization and incomes of less than $3 per
person per day—a TFR of greater than 2.1 is needed to
achieve replacement-level fertility. Replacement level
fertility is higher in developing countries because mor-
tality among young people tends to be higher.

In a country where TFR is equal to replacement-
level fertility, and where immigration and emigration
are equal, the country’s population is stable. A country
with a TFR of less than 2.1 and no net increase from
immigration is likely to experience a population decrease
because that country’s TFR is below replacement-level
fertility. In contrast, a developed country with a TFR
of more than 2.1 and no net decrease from emigration
is likely to experience population growth because that
country’s TFR is above replacement-level fertility.

Life Expectancy

To understand more about the outputs in a human
population system, demographers study the human life
span. Life expectancy is the average number of years
that an infant born in a particular year in a particular
country can be expected to live, given the current
average life span and death rate in that country. Life
expectancy is generally higher in countries with better
health care. A high life expectancy also tends to be a
good predictor of high resource consumption rates
and environmental impacts. FIGURE 22.5 shows life
expectancies around the world.
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FIGURE 22.5 Average life expectancies around the world. Life expectancy varies significantly by

continent and in some cases by country. (Data from CountryWatch, htto://www.countrywatch.com/facts/facts_default
.aspx?type=image&img=LEAG, data from http.//www.worldlifeexpectancy.com/world-life-expectancy-map)

Life expectancy is often reported in three different
ways: for the overall population of a country, for males
only, and for females only. For example, in 2014, global
life expectancy was 70 years overall, 68 years for men,
and 72 years for women. In the United States, life expec-
tancy was 76 years overall, 73 years for men, and 81 years
for women. In general, human males have higher death
rates than human females, leading to a shorter life expec-
tancy for men. In addition to biological factors, men have
historically tended to face greater dangers in the work-
place, made more hazardous lifestyle choices, and been
more likely to die in wars. Cultures have changed over
time, however, and as more and more women enter the
workforce and the armed forces, the life expectancy gap
between men and women will probably decrease.

Infant and Child Mortality

The availability of health care, access to good nutrition,
and exposure to pollutants are all factors in life expec-
tancy, infant mortality, and child mortality. The infant
mortality rate is defined as the number of deaths of
children under 1 year of age per 1,000 live births. The
child mortality rate is defined as the number of deaths
of children under age 5 per 1,000 live births. FIGURE
22.6 shows infant mortality rates around the world.

If a country’s life expectancy is relatively high and its
infant mortality rate is relatively low, it is likely that the
country has a high level of available health care, an
adequate food supply, potable drinking water, good
sanitation, and a moderate level of pollution. Conversely,
if its life expectancy is relatively low and its infant mor-
tality rate is relatively high, it is likely that the country’s

population does not have sufficient health care or sanita-
tion and that potable drinking water and food are in
limited supply. Pollution and exposure to other envi-
ronmental hazards may also be high. In 2014, the global
infant mortality rate was 41. In the United States, the
infant mortality rate was 5.9. In other developed coun-
tries, such as Sweden (2.6) and France (3.3), the infant
mortality rate was even lower. Availability of prenatal
care is an important predictor of the infant mortality
rate. For example, the infant mortality rate is 63 in
Liberia and 40 in Bolivia, both countries where many
women do not have good access to prenatal care.
Sometimes, life expectancy and infant mortality in a
given sector of a country’s population differ widely from
life expectancy and infant mortality in the country as a
whole. In this case, even when the overall numbers seem
to indicate a high level of health care throughout the
country, the reality may be starkly different for a portion
of its population. For example, whereas the infant mor-
tality rate for the U.S. population as a whole is 6.0, it is
12.4 for African Americans, 8.5 for Native Americans,
and 5.3 for Caucasians. This variation in infant mortality
rates is probably related to socioeconomic status and vary-
ing degrees of access to adequate nutrition and health
care. These differences are often issues of environmental
justice, a topic we discuss in more detail in Chapter 20.

Infant mortality The number of deaths of children
under 1 year of age per 1,000 live births.

Child mortality The number of deaths of children
under age 5 per 1,000 live births.
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FIGURE 22.6 Infant mortality around the world. Infant mortality rates are lower in developed
countries and higher in developing countries. (Data from http.//www.mapsofworld.com/infant-mortality-rate-map. htm#bot)

Aging and Disease
Even with a high life expectancy and a low infant
mortality rate, a country may have a high crude death
rate, in part because it has a large number of older
individuals. The United States, for example, has a
higher standard of living than Mexico, which is con-
sistent with the higher life expectancy and lower infant
mortality rate in the United States. At the same time,
the United States has a much higher CDR, at 8 deaths
per 1,000 people on average, than Mexico, which has
5 deaths per 1,000 people on average. This higher
CDR results from the much larger elderly population
in the United States, with 13 percent of its population
aged 65 years or older, compared with the 6 percent
of the population aged 65 or older in Mexico.
Disease is an important regulator of human popu-
lations. According to the World Health Organization,
infectious diseases—those caused by microbes that are
transmissible from one person to another—are the
second biggest killer worldwide after heart disease. In
the past, tuberculosis and malaria were two of the
infectious diseases responsible for the greatest number
of human deaths. Today, the human immunodefi-
ciency virus (HIV), which causes acquired immune
deficiency syndrome (AIDS), is responsible for more
deaths annually than either tuberculosis or malaria.
Between 1990 and 2012, AIDS-related illnesses killed
more than 28 million adults and children. Because
HIV disproportionately infects people aged 15 to
49—the most productive years in a person’s life
span—HIV has had a more disruptive eftect on soci-
ety than other illnesses that affect the very young and
the very old.

232 CHAPTER 7 The Human Population

HIV has a significant effect on infant mortality, child
mortality, population growth, and life expectancy. In
Lesotho, in southern Africa, where 23 percent of the
adult population is infected with HIV, life expectancy
fell from 63 years in 1995 to 40 years in 2009. It has
since been increasing and is now approximately 48.

As FIGURE 22.7 shows, approximately 34 million
people were living with HIV in 2011, 22 million of
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FIGURE 22.7 HIV infection worldwide. Worldwide, about
33 million people are living with HIV, two-thirds of them in sub-Saharan
Africa. (Data from World Health Organization, UNAIDS)
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Net migration rate =

dO the Calculating Population Growth
In 2012, New Zealand had a population of 4.3 million people, a TFR of 2.1, and a net

migration rate of 2 per 1,000. How many people will New Zealand gain in the
m at following year as a result of immigration? If the TFR stays the same for the next
century, and the net migration rate stays the same as well, when will the population

of New Zealand double?

number of immigrants /year
number of people in the population

A TFR of 2.1 for a developed country suggests that the country is at replacement-
level fertility and, therefore, the population is stable. The migration rate suggests that

2 X
1,000 4,300

Xx = 8,600 people/year

So, 8,600 people are added to New Zealand each year by migration. If there is no
growth due to biological replacement, then the rate of increase is

8,600 people/year
4,300,000 people

= 0.2% Jyear

Your Turn How many years will it take for the New Zealand population to double
if the population increases due to migration only? Recall that to calculate doubling
time, we use the rule of 70:

70

oubling time (years) growth rate

~

/

them in sub-Saharan Africa. The annual number of
deaths due to AIDS reached a peak of 2.1 million in
2005 but has decreased since then. We will talk more
about AIDS and other infectious diseases in Chapter 17.

Migration

Regardless of its birth and death rates, a country may
experience population growth, stability, or decline as a
result of migration. Net migration rate is the differ-
ence between immigration and emigration in a given
year per 1,000 people in a country. A positive net
migration rate means there is more immigration than
emigration, and a negative net migration rate means
the opposite. For example, approximately 1 million
people immigrate to the United States each year, and
only a small number emigrate. With a U.S. population
of 315 million, these rates are equal to 3.2 immigrants
per 1,000 people.

A country with a relatively low CBR but a high
immigration rate may still experience population
growth. For example, the United States has a TFR of
1.9, but it has a high net migration. As a result, the

U.S. population will probably increase by 30 percent
by 2050. Canada has a net migration rate of 0.7 per
1,000 and a TFR of 1.6, which is well below
replacement-level fertility. Therefore, both the United
States and Canada will experience net population
growth over the next few decades, but the growth will
come from immigration rather than from births
originating within the existing population. “Do the
Math: Calculating Population Growth” shows how
this can happen.

In countries with a negative net migration rate and
a low TFR, the population actually decreases over
time. Very few countries fit this model. One is the
country of Georgia, in western Asia. It has a growth
rate of 0.2 percent, a TFR of 1.7, and a net migration
rate of =5 per 1,000. Georgia is projected to have a
20 percent population decrease by 2050.

Net migration rate The difference between
immigration and emigration in a given year per
1,000 people in a country.

MODULE 22 Human Population Numbers 233



We have noted that although the movement of
people around the world does not affect the total
number of people on the planet, migration is still an
important issue in environmental science. The
movement of people displaced because of disease,
natural disasters, environmental problems, or conflict
can create crowded, unsanitary conditions, and
shortages of food and water. In some cases people are
moved into refugee camps where they have little
opportunity to improve their conditions through
employment or emigration. All of these situations
can easily become humanitarian and environmental
health issues. The movement of people from devel-
oping countries to developed countries tends to
increase the ecological footprint of those people
because, over time, immigrants typically adopt the
litestyle and consumption habits of their new coun-
try. A person who migrates from Mexico to the
United States, for example, is likely to use more
resources as a U.S. resident than as a resident of
Mexico because the United States typically has a
more affluent lifestyle.

Age structure diagrams describe
how populations are distributed
across age ranges

Demographers use data on age to predict how rapidly
a population will increase and what its size will be in
the future. The age structure of a population describes
how its members are distributed across age ranges, usu-
ally in 5-year increments. Age structure diagrams,
examples of which are shown in FIGURE 22.8, are
visual representations of the number of individuals
within specific age groups for a country, typically
expressed for males and females. Each horizontal bar of
the diagram represents a 5-year age group. The total
area of all the bars in the diagram represents the size of
the whole population.

Age structure diagram A visual representation
of the number of individuals within specific age
groups for a country, typically expressed for
males and females.

Population pyramid An age structure diagram
that is widest at the bottom and smallest at the
top, typical of developing countries.

Population momentum Continued population
growth after growth reduction measures have
been implemented.
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While every nation has a unique age structure, we
can group countries very broadly into three categories.
A country with many more younger people than
older people has an age structure diagram that is widest
at the bottom and narrowest at the top, as shown in
Figure 22.8a. This type of age structure diagram, called
a population pyramid, is typical of developing
countries, such as Venezuela and India. The wide base
of the graph compared with the levels above it indi-
cates that the population will grow because a large
number of females aged 0 to 15 have yet to bear chil-
dren. Even if each one of these future potential moth-
ers has only two children, the population will grow
simply because there are increasing numbers of women
able to give birth.

The population pyramid can also be used to illus-
trate how long a time it takes for changes to affect a
growing population. Population momentum is
continued population growth after growth reduction
measures have been implemented. It occurs because
there are relatively large numbers of individuals at
reproductive maturity in the population. Population
momentum has been compared with the momentum
of a long, heavy freight train, which takes longer to
stop than a shorter, lighter freight train. It is the reason
why a population keeps on growing after birth control
policies or voluntary birth reductions have begun to
lower the CBR of a country. Eventually, over several
generations, those actions will bring the population to
a more stable growth rate but the momentum of all
the individuals who have recently reached child-bear-
ing age will carry the population forward for a number
of years.

A country with little difference between the num-
ber of individuals in younger age groups and in older
age groups has an age structure diagram that looks
more like a column from age O through age 50, as
shown in Figure 22.8b. If a country has few individuals
in the younger age classes, we can deduce that it has
slow population growth or is approaching no growth
at all. The United States, Canada, Australia, Sweden,
and many other developed countries have this type of
age structure diagram. A number of developing coun-
tries that have recently lowered their growth rates
should begin to show this pattern within the next
10 to 15 years.

A country with a greater number of older people
than younger people has an age structure diagram
that resembles an inverted pyramid. Such a country
has a total fertility rate below 2.1 and a decreasing
number of females within each younger age range.
Such a population will continue to shrink. Italy,
Germany, Russia, and a few other developed coun-
tries display this pattern, seen in Figures 22.8c and
22.8d. China is in the very early stages of showing
this pattern.
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FIGURE 22.8 Age structure diagrams in 2010. The horizontal axis of the age structure diagram shows
the population size in millions for males and females in each 5-year age group shown on the vertical axis. (a) A
population pyramid illustrates a rapidly growing population. (b) A column-shaped age structure diagram indicates
population stability. (c) In some developed countries, the population is declining. (d) China’s population control
measures will eventually lead to a population decline. (Data from http.//www.census.gov/ipc/www/idb/pyramids.htmi)
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REVIEW

In this module we have seen that scientists disagree
about the human carrying capacity of Earth. While
some believe that we have exceeded human carrying
capacity on Earth, others suggest that human
ingenuity and innovation will allow an almost
infinite increase in the carrying capacity for human

Module 22 AP® Review Questions

1. Thomas Malthus introduced

(a) the study of human demographics.

(b) the hypothesis that humans could exceed Earth’s
carrying capacity.

(c) the concept of variation in replacement-level
fertility due to differences in industrialization.

(d) the age structure diagram.

(e) the concept of population momentum.

2. Doubling time can be approximated mathematically

by
70%
(2)

growth rate -

10%

growth rate -
(c) 2% X growth rate.

CBR — CDR
10 '

20

) R - DR’

3. Replacement-level fertility is

just under 2 children in the United States.

the number of births per 1,000 women.

always greater than 2.

the base level of 1 child to replace the mother.
higher in developed countries than developing
countries.

GIIDICHO

(
(
(
(
(

existence. Many factors drive human population
growth, including crude birth rate, crude death rate,
and fertility rates. The age structure diagram is an
important tool for evaluating the age composition of
populations.

4. A country has a net immigration rate of 3 per 1,000, a
CBR of 9 per 1,000,and a CDR of 11 per 1,000.
‘What is the growth rate of this country?

(@) 0.1%

(b) 0.2%
(c) 0.5%
(d) 1%
(e) 2%

5. An age structure diagram with roughly similar num-
bers of individuals in each group is representative of
which country?

(a) India

(b) Mexico

(c) Sweden

(d) Venezuela

(©)

e) Russia
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Economic Development,
Consumption, and
Sustainability

Human populations undergo change as a variety of natural and societal
conditions in those populations change over time. Some of these changes occur
with specific patterns that can be described and explained. In this module we
will look at demographic transitions, the effect of these transitions on the
environment, and the relationship between economic development and

sustainability.

Learning Objectives

After reading this module you should be able to

e describe how demographic transition follows economic development.
e explain how relationships among population size, economic development, and

resource consumption influence the environment.

e describe why sustainable development is a common but elusive goal.

Demographic transition follows
economic development

As we saw in Module 22, populations in different coun-
tries change over time and the population of Earth
has also fluctuated. Demographers are interested in
understanding the reasons behind fluctuations in popu-
lation growth in the past and whether they apply to
contemporary or future demographic issues. We will
begin this module by looking at an important theory of
how populations change. We will also look at family
planning because it is an important component of
demographic transition.

The Theory of Demographic Transition

Historically, nations that have gone through similar
processes of economic development have experienced
similar patterns of population growth. Scientists who
studied the population growth patterns of European
countries in the early 1900s described a four-phase
process they referred to as a demographic transition.
The theory of demographic transition says that as

Theory of demographic transition The theory that
as a country moves from a subsistence economy to
industrialization and increased affluence it undergoes
a predictable shift in population growth.
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FIGURE 23.1 Demographic transition. The theory of
demographic transition models the way that birth, death, and growth
rates for a nation change with economic development. Phase 1 is a
preindustrial period characterized by high birth rates and high death
rates. In phase 2, as the society begins to industrialize, death rates drop
rapidly, but birth rates do not change. Population growth is greatest

at this point. In phase 3, birth rates decline for a variety of reasons. In
phase 4, the population stops growing and sometimes begins to decline
as birth rates drop below death rates.

a country moves from a subsistence economy to indus-
trialization and increased affluence, it undergoes a pre-
dictable shift in population growth. The four phases of
a demographic transition are shown in FIGURE 23.1.

The theory of demographic transition, while help-
ful as a learning tool, does not adequately describe the
population growth patterns of some developing coun-
tries either today or during the last quarter-century.
Both birth and death rates have declined rapidly in a
number of developing countries because of a variety of
factors that are not yet entirely understood. In some
developing countries governments have taken mea-
sures to improve health care and sanitation and pro-
mote birth control, in spite of the country’s poverty.

Despite the limitations of the theory of demographic
transition, it is worth examining in more detail because
it allows us to understand the way some countries
influence the environment as they undergo growth and
development.

Phase 1: Slow Population Growth

Phase 1 represents a population that is nearly at steady
state. The size of the population will not change very
quickly because high birth rates and high death rates

Affluence The state of having plentiful wealth
including the possession of money, goods, or

property.
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offset one another. In other words, CBR equals CDR.
This pattern is typical of countries before they begin to
modernize. In these countries, life expectancy for
adults 1s relatively short due to difficult and often dan-
gerous working conditions. The infant mortality rate is
also high because of disease, lack of health care, and
poor sanitation. In a subsistence economy, where most
people are farmers, having numerous children is an
asset. Children can do jobs such as collecting firewood,
tending crops, watching livestock, and caring for
younger siblings. With no social security system, par-
ents also count on having many children to care for
them when they become old.

Western Europe and the United States were in phase
1 before the Industrial Revolution, which began in the
late eighteenth century. Today, crude birth rates exceed
crude death rates in almost every country, so even the
poorest nations have moved beyond phase 1. However,
an increase in crude death rates due to war, famine, and
diseases such as AIDS has pushed some countries back
in the direction of phase 1. For example, a decade ago,
Lesotho (CBR= 26, CDR = 28 in 2005) moved back
into phase 1 as a result of its high death rate.

Phase 2: Rapid Population Growth

In phase 2, death rates decline while birth rates remain
high and, as a result, the population grows rapidly. As a
country modernizes, better sanitation, clean drinking
water, increased access to food and goods, and access to
health care, including childhood vaccinations, all reduce
the infant mortality rate and CDR. However, the CBR
does not markedly decline. Couples continue to have
large families because it takes at least one generation, if
not more, for people to notice the decline in infant
mortality and adjust to it. This is another example of
population momentum. It also takes time to implement
educational systems and birth control measures.

A phase 2 country is in a state of imbalance: Births
outnumber deaths. India is in phase 2 today. The
United States population exhibited a phase 2 popula-
tion pyramid in the early twentieth century when
there were high birth rates, low death rates, and a large
total fertility rate.

Phase 3: Stable Population Growth

A country enters phase 3 as its economy and educa-
tional system improve. In general, as family income
increases, people have fewer children, as FIGURE 23.2
shows. As a result, the CBR begins to fall. Phase 3 is
typical of many developed countries, including the
United States and Canada.

Why do people produce fewer children as their
income increases? As societies transition from subsistence
farming to more complex economic specializations, hav-
ing large numbers of children may become a financial
burden rather than an economic benefit. Relative
affluence, more time spent pursuing education, and the
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FIGURE 23.2 Total fertility rate and per capita income.

Wealthier nations tend to have lower total fertility rates. (Data from htto:
//www.gapminder.org)

availability of birth control increase the likelihood that
people will choose to have smaller families. However, it
is important to note that cultural, societal, and religious
norms may also play a role in birth rates.

As birth rates and death rates decrease in phase 3,
the system returns to a steady state. Population growth
levels off during this phase, and population size does
not change very quickly, because low birth rates and
low death rates cancel each other out.

Phase 4: Declining Population Growth

Phase 4 is characterized by declining population size
and often by a relatively high level of affluence and
economic development. Japan, the United Kingdom,

FIGURE 23.3 Elderly populations. Some countries have very
large elderly populations. Here, men and women gather at a senior
residence home in San Diego, California. (Stockbroker/Alamy Images)
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Germany, Russia, and Italy are phase 4 countries, with
the CBR well below the CDR.

The declining population in phase 4 means fewer
young people and a higher proportion of elderly people
(FIGURE 23.3). This demographic shift can have impor-
tant social and economic effects. With fewer people in
the labor force and more people retired or working
part-time, the ratio of dependent elderly to wage earn-
ers increases, and the costs of pension programs and
social security services will increase the tax burden on
each wage earner. There may be a shortage of health
care workers to care for an aging population.
Governments may encourage immigration as a source
of additional workers. In some countries, such as Japan,
the government provides economic incentives to
encourage families to have more children in order to
offset the demographic shift.

Recent studies on demographic shifts in highly
developed countries suggest that the TFR actually
increases after reaching a low point between 1.2 and
1.5. The reasons for this increase are unclear, but it
appears that when a population becomes affluent and
well educated, it becomes somewhat easier for women
to raise children, and they choose to do so in slightly
greater numbers. Such a pattern is occurring in Norway,
Italy, the United States, and other developed nations.

Family Planning

We have already observed that as family income
increases, people tend to have fewer children. In fact,
there is a link between higher levels of education and
affluence among females, in particular, and lower
birth rates. As the educational levels of women
increase and women enter the workplace, fertility
generally decreases. Even in developed countries
where the TFR has increased slightly after hitting its
apparent low point, women have fewer children than
those in developing countries. Educated and working
women tend to have fewer children than other
women, and many delay having children because of
the demands of school and work. Having a first child
at an older age means that a woman is likely to have
tewer children in her lifetime.

Women with more education and income also
tend to have more access to information about meth-
ods of birth control, they are more likely to interact
with their partners as equals, and they may choose to
practice family planning with or without the consent
of their partners. Family planning is regulation of
the number or spacing of offspring through the use

Family planning The practice of regulating the
number or spacing of offspring through the use of
birth control.
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FIGURE 23.4 Total fertility rates for educated and
uneducated women in six countries. Fertility is strongly related

to female education in many developing countries. (Data from Population
Reference Bureau, 2007 World Population Data Sheet, http.//www.prb.org/pdf07/
07WPDS_Eng.pctf)

of birth control. When women have the option to
use family planning, crude birth rates tend to drop.
FIGURE 23.4 shows how female education levels cor-
relate with crude birth rates. In Ethiopia, for instance,
women with a secondary school education or higher
have a TFR of 2.0, whereas the TFR among unedu-
cated women is 6.1.

There have been many examples of effective family
planning campaigns in the last few decades. In the
1980s, Kenya had one of the highest population
growth rates in the world, and its TFR was almost 8.
By 1990, its TFR was about 4—one-half of the previ-
ous rate. Kenya’s government achieved these dramatic
results by implementing an active family planning
campaign. The campaign, which began in the 1970s,
encouraged smaller families. Advertising directed
toward both men and women emphasized that
overpopulation led to both unemployment and harm
to the natural environment. The ads also promoted
condom use.

Thailand also successfully used family planning
campaigns to lower its growth rate and TFR. Beginning
in 1971, national population policy encouraged mar-
ried couples to use birth control. Contraceptive use
increased from 15 to 70 percent, and within 15 years
the population growth rate fell from 3.2 to 1.6 per-
cent. Today, Thailand’s growth rate is 0.6 percent,
among the lowest in Southeast Asia. Some of the
credit for this hugely successful reduction in the
growth rate is given to a creative and charismatic gov-
ernment official who gained a great deal of attention,
in part by handing out condoms in public places.
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Population size, economic
development, and consumption
interact to influence the environment

Both population size and the amount of resources each
person uses are critical factors that determine the
impact of humans on Earth. Every human exacts a toll
on the environment by eating, drinking, generating
waste, and consuming products. Even relatively simple
foods such as beans and rice require energy, water, and
mineral resources to produce and prepare. Raising and
preparing meat requires even more resources: Animals
require crops to feed them as well as water and energy
resources. Building homes, manufacturing cars, and
making clothing and consumer products all require
energy, water, wood, steel, and other resources. These
and many other human activities contribute to envi-
ronmental degradation.

Both population and economic development con-
tribute to the consumption of resources and to human
impact on the environment. In this section we will
examine how relationships among population size,
economic development, and resource consumption
influence the environment. We will then look more
closely at local, urban, and global impacts.

Resource Use

In Module 22 we described developing countries as
those with relatively low levels of industrialization and
incomes of less than $3 per person per day. In contrast,
developed nations have relatively high levels of both
industrialization and income. Of Earth’s 7.2 billion
human inhabitants, roughly 6.0 billion live in develop-
ing countries, and 1.2 billion live in developed coun-
tries. As FIGURE 23.5 shows, 9 of the 12 most populous
nations on Earth are developing countries. FIGURE 23.6
charts the relationship between economic development
and population growth rate for developing nations.
Populations in developing parts of the world have con-
tinued to grow relatively rapidly, at an average rate of
1.4 percent per year. At the same time, populations in
the developed world have almost leveled off, with an
average growth rate of 0.1 percent per vyear.
Impoverished countries are increasing their populations
more rapidly than are affluent countries.

Differences in resource use are striking in terms of
how population and wealth affect the environment.
Calculating the per capita ecological footprint for a
country provides a way to measure the effect of
affluence—the state of having plentiful wealth that
includes the possession of money, goods, or property—
and consumption on the planet. Although affluence
tends to be associated with higher consumption, it is
possible to be affluent without having a large ecological
footprint. FIGURE 23.7 shows some examples of
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FIGURE 23.6 Population growth past and future.
Population growth in developed countries has mostly ceased, while that
in developing countries is slowing, but is expected to continue beyond
2050. (Data from United Nations Population Division)
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FIGURE 23.8 Material possessions. Most families in
developing countries have few possessions compared with their
counterparts in developed countries. In each of these photos, members
of a family are shown outside their homes with all their possessions. (a)
A family in a rural region of Tibet. (b) An individual in an urban part of

China, where more development has occurred. (Huang Qingjun [http:
//www.huangqingjun.com/])

footprint comparable to that of China because of its
high levels of consumption. However, China’s rapid
development, as described at the beginning of this
chapter, means that its ecological footprint is likely to
continue to grow in the coming years.

The IPAT Equation

The total environmental impact of 7.2 billion people
is hard to appreciate and even more difficult to quan-
tify. Some people consume large amounts of resources
and have a negative impact on environmental systems,

IPAT equation An equation used to estimate the
impact of the human lifestyle on the environment:
Impact = population X affluence X technology.

Gross domestic product (GDP) A measure of
the value of all products and services produced in
one year in one country.
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while others live much more lightly on the land
(FIGURE 23.8). Living lightly can be intentional, as
when people in the developed world make an effort to
live “green,” or sustainably. But it can also be uninten-
tional, as when poverty prevents people from acquir-
ing material possessions or building homes.

To estimate the impact of human lifestyles on Earth,
environmental scientists Barry Commoner, Paul Ehrlich,
and John Holdren developed the IPAT equation

impact = population X affluence X technology

Although it is written mathematically, the IPAT equa-
tion is a conceptual representation of the three major
factors that influence environmental impact. Impact in
this context is the overall environmental effect of a
human population multiplied by affluence, multiplied
by technology. It is useful to look at each of these fac-
tors individually.

Population has a straightforward effect on impact.
All else being equal, two people consume twice as
much as one. Therefore, when we compare two
countries with similar economic circumstances, the
one with more people is likely to have a larger impact
on the environment.

Affluence is created by economic opportunity and
does not have as simple a relationship to impact as
population does. One person in a developed country
can have a greater impact than two or more people in
a developing country. A family of four in the United
States that owns two large sport utility vehicles and
lives in a spacious home with a lawn and swimming
pool uses a much larger share of Earth’s resources than
a Bangladeshi family of four living in a two-room
apartment and traveling on bicycles and buses. The
more affluent a society or individual is, the higher the
environmental impact.

The effect of technology is even more complicated.
Technology can both degrade the environment and cre-
ate solutions to minimize our impact on the environ-
ment. For example, the manufacturing of chlorofluoro-
carbons (CFCs) resulted in safe and effective refrigeration
and air conditioning that was beneficial to human health,
yet CFCs led to ozone destruction in the stratosphere. In
contrast, the hybrid electric car helps to reduce the
impact of the automobile on the environment because it
has greater fuel efficiency than a conventional internal
combustion vehicle. The IPAT equation originally used
the term fechnology, but some scientists now use the term
destructive technology to differentiate it from beneficial
technologies such as the hybrid electric car.

The Impact of Affluence

To help gauge a country’s wealth and its potential
impact on the environment, environmental scientists
often turn to the most commonly used measure of a
nation’s wealth. Gross domestic product (GDP) is
the value of all products and services produced in one
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year in one country. GDP is made up of four types of
economic activity: consumer spending, investments,
government spending, and exports minus imports. A
country’s per capita GDP often correlates with its pol-
lution levels. At very low levels of per capita GDP,
industrial activity is too low to produce much pollu-
tion; the country uses very little fossil fuel and gener-
ates relatively little waste. Many developing countries
fit this pattern.

As GDP increases, a nation begins to be able to afford
to burn fossil fuels, especially coal, which, although
relatively inexpensive, emits a substantial amount of
pollution. The country may also rely on rudimentary,
inefficient equipment that emits large amounts of pol-
lutants. It is at this point in its development that a coun-
try emits pollution at the highest levels. The United
States fit this pattern during the twentieth century.
China, which is going through a similar rapid industri-
alization, currently relies on coal as its primary energy
source. Many people view this shift as a trade oft that
occurs as a country’s GDP increases: Breathing dirty air
poses a different risk to human health than poverty.
Although it is not always a more desirable risk, many
people would choose dirty air over poverty.

As a nation’s GDP increases further, it may reach a
turning point. It can afford to purchase equipment that
burns fossil fuels more efficiently and cleanly, which
helps to reduce the amounts and types of pollution
generated. People may also be willing to expend
resources and support government efforts to regulate
polluting industries. Wealthier societies are also able to
afford better policing and enforcement mechanisms
that ensure environmental regulations are being fol-
lowed. Western European countries and the United
States fit this scenario today. We will explore this turn-
ing point in more depth in Chapter 20.

Some environmental scientists argue that increasing
the GDP of developing nations is the best way to save
the environment, for at least two reasons. First, as we
have seen, rising income generally correlates with falling
birth rates, and a reduced population size should lead to
a reduction in environmental impact. Second, wealthier
countries can afford to make environmental improve-
ments and increase their efficiency of resource use.

Local versus Global Impacts, and
Urban Impacts

Impacts on the environment may occur locally—within
the borders of a region, city, or country—or they may
be global in scale. The scale of impact depends on the
nature of the economy and the degree to which the
society has developed. For example, a person may cre-
ate a local impact by using products created within the
country’s borders. That same person may create a
global impact by using materials that are imported. In
addition to local and global impacts, some impacts are
specific to people who live in urban environments.
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FIGURE 23.9 Deforested land in Brazil. Clearing forests and
grasslands for agriculture can lead to erosion, soil degradation, and

habitat loss. This photo shows erosion caused by clear-cutting in Brazil.
(Publiphoto/Science Source)

Local versus Global

In general, highly localized impacts are typical of rural,
agriculturally based societies. Most of the materials
consumed in developing countries are produced
locally. While this may benefit the local economy, it
can lead to regional overuse of resources and environ-
mental degradation. Chapter 3 described deforestation
in Haiti as an example of such overuse.

Two commonly overused local resources are the
land itself and woody biomass from trees and other
plants. A growing population requires increasing
amounts of food. In developing countries that do not
import their food, local demand for agricultural land
increases with population size. To put more land into
cultivation, farmers may convert forests or natural
grasslands into cropland.

Brazil provides an example of land overuse in a devel-
oping nation. The United Nations Food and Agriculture
Organization estimates that in Brazil, approximately 3
million hectares (7.4 million acres) were cleared per year
during the peak years between 2000 and 2005. Some of
this land was used for small-scale agriculture and some
for industrial production of soybeans, sugarcane, and
corn. The local environmental impacts of converting
land to agricultural use include erosion, soil degradation,
and habitat loss (FIGURE 23.9). Agriculture has global as
well as local impacts, whether it occurs in developed or
developing countries. Conversion of land to agriculture
reduces the total amount of atmospheric carbon dioxide
uptake by plants, which affects the global carbon cycle.
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In addition, an increase in the use of fertilizers made
from fossil fuels increases the release of greenhouse gases
into the atmosphere.

Global impacts are more common in affluent or
urban societies because they tend to specialize produc-
tion in the industrial and high technology sectors. For
example, more than half the ecological footprint of the
United States comes from its use of fossil fuels, of
which approximately 50 percent are imported. China’s
ecological footprint has more than doubled since 1970,
and its ratio of local to global impact has shifted. Most
of its ecological footprint was previously driven by
demand for food, fiber crops such as cotton, hemp,
and flax, and woody biomass. However, in recent
years, China’s demand for fossil fuels has increased
dramatically.

Families in suburban areas of developed countries
such as the United States consume far fewer local
resources than rural families in developing countries,
but they have a much greater impact on the global
environment. In general, populations with large
global impacts tend to deplete more environmental
resources. Much of the impact comes from con-
sumption of imported energy sources such as oil and
other imported resources such as food. When people
are affluent, they are more likely to purchase import-
ed bananas, fish, and coffee from other countries,
drive long distances in automobiles that were manu-
factured in factories hundreds or thousands of miles
away, and live in homes surrounded by lawns that
require large quantities of water, fertilizer, and
pesticides.

Urban Impacts

Urban populations represent one-half of the human
population but consume three-fourths of Earth’s
resources. While definitions vary by country, an
urban area, according to the U.S. Census Bureau,
contains more than 386 people per square kilometer
(1,000 people per square mile). New York City is
the most densely populated city in the United States,
with 10,400 people per square kilometer (27,000
people per square mile). Mumbai, India, is the most
densely populated city in the world, with 23,000
people per square kilometer (60,000 people per
square mile).

More than 75 percent of people in developed coun-
tries live in urban areas, as FIGURE 23.10 shows, and
that number is expected to increase slightly over
approximately the next 20 years. In developing coun-
tries, 44 percent of people live in urban areas, but that

Urban area An area that contains more than 385
people per square kilometer (1,000 people per square
mile).
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FIGURE 23.10 Urban growth. More than one-half of the world’s

population will live in urban settings by 2030. (Data from United Nations
Population Fund)

number is increasing more rapidly than in developed
countries and will probably reach 56 percent by 2030.
TABLE 23.1 shows that, of the 20 largest cities in the
world, 16 are in developing countries. Worldwide,
almost 5 billion people are expected to live in urban
areas by 2030.

Urban living in both developed and developing
countries presents environmental challenges. Most
developed countries employ city planning to some
degree. As urban areas expand, experts design and install
public transportation facilities, water and sewer lines,
and other municipal services. In addition, while urban
areas produce greater amounts of solid waste, pollution,
and carbon dioxide emissions than suburban or rural
areas, they tend to have smaller per capita ecological
footprints. There are many reasons for this difference,
including greater access to public transportation and
services that are nearby, such as shopping.

In developing countries, the relatively affluent
portions of urban areas have safe drinking water,
sewage treatment systems, and systems for disposal of’
household solid waste to minimize their impact on
the surrounding environment. However, many less-
affluent urban residents have no access to these ser-
vices. Rapid urbanization in the developing world
often results in an influx of the very poor who often
cannot afford permanent housing and instead con-
struct temporary shelters with whatever materials
they find available, including mud, cardboard, or
plastic. Whether they are squatter settlements, shan-
tytowns, or slums, these overcrowded and under-
served living situations are a common fact of life in



The largest 20 urban areas in the world
Rank City, Country Population (millions)
1 Tokyo, Japan 37.2
2 Delhi, India 22.7
3 Mexico City, Mexico 20.4
4 New York-Newark, United States 20.4
5 Shanghai, China 20.2
6 Sao Paulo, Brazil 19.9
7 Mumbai, India 19.7
8 Beijing, China 15.6
9 Dhaka, Bangladesh 15.4
10 Kolkata, India 144
11 Karachi, Pakistan 13.9
12 Buenos Aires, Argentina 138
13 Los Angeles-Long Beach-Santa Ana, United States 13.4
14 Rio de Janeiro, Brazil 12.0
15 Manila, Philippines 1.9
16 Moscow, Russia 1.6
17 Osaka-Kobe, Japan 115
18 Istanbul, Turkey 1.3
19 Lagos, Nigeria 1.2
20 Cairo, Egypt 11.2

Source: United Nations Population Division.

Note: Data are from 2011 and contain the areas defined by the United Nations as “urban agglomerations.” Other
agencies agglomerate urban areas differently and obtain slightly different results.

most cities in the developing world. The United
Nations organization UN-HABITAT estimates that
1 billion people live in squatter settlements and other
similar areas throughout the world. Most residents
live in housing structures without flooring, safe walls
and ceilings, or such basic amenities as water, sanita-
tion, or health care (FIGURE 23.11).

Sustainable development is a
common, if elusive, goal

We have seen that economic development and
advancement improve human well-being, but it also
has a strong influence on the environmental impact of
a society. While many people believe that we cannot
have both economic development and environmental
protection, a growing number of social and natural
scientists maintain that, in fact, sustainable economic
development is possible.

As we saw in Chapter 1, sustainable development
goes beyond economic development to meet the
essential needs of people in the present without

MODULE 23

compromising the ability of future generations to
meet their needs. In other words, sustainable
development strives to improve standards of living—
which involves greater expenditures of energy and

LACHE
mmicr - LACHE

7%

FIGURE 23.11 Shantytowns. A squatter settlement on the
outskirts of Lima, Peru. Such shantytowns expand outward from the
urban center. (Reuters/Mariana Bazo/Landov)

Economic Development, Consumption, and Sustainability 245



resources—without causing additional environmental
harm. Many cities in Scandinavia have achieved some-
thing close to sustainable development. For example,
Overtorned, a Swedish town of 5,600 people, recently
revived the local economy by focusing its economic
activities on renewable energy, free public transporta-
tion, organic agriculture, and land preservation. The
city still has an ecological footprint, of course, but it is
much smaller, and thus much more sustainable, than it
was previously.

How can sustainable development be achieved?
There are no simple answers to that question, nor is
there a single path that all people must follow. The
Millennium Ecosystem Assessment project, com-
pleted in 2005, offers some insights. This project’s
reports constitute a global analysis of the effects of
the human population on ecosystem services such as
clean water, forest products, and natural resources.
They are also a blueprint for sustainable develop-
ment. The reports, prepared at the request of the
United Nations, concluded that human demand for
food, water, lumber, fiber, and fuel has led to a
large and irreversible loss of biodiversity. The
Millennium Ecosystem Assessment drew several
other conclusions:

23

REVIEW

In this module we examined the theory of the
demographic transition, which states that in some
countries, the process of industrialization causes a
reduction in the population growth rate. Slower
population growth is typical of many countries that
have industrialized and become wealthier. Some
nations that have slowed in population growth have

Module 23 AP® Review Questions

1. According to the theory of demographic transition,
countries move through growth phases in which
order?

(a) Stable growth, rapid growth, slow growth,
declining growth

(b) Rapid growth, slow growth, stable growth,
declining growth

(c) Slow growth, declining growth, rapid growth,
stable growth
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* Ecosystem sustainability will be threatened if the
human population continues along its current
path of resource consumption around the globe.

* The continued alterations to ecosystems that
have improved human well-being (greater access
to food, clean water, suitable housing) will also
exacerbate poverty for some populations.

» [If we establish sustainable practices, we may be
able to improve the standard of living for a large
number of people.

The project’s reports state that “human actions are
depleting Earth’s natural capital, putting such strain on
the environment that the ability of the planet’s ecosys-
tems to sustain future generations can no longer be taken
for granted.” They further suggest that sustainability, as
well as sustainable development, will be achieved only
with a broader and accelerated understanding of the
connections between human systems and natural sys-
tems. This means that governments, nongovernmental
organizations, and communities of people will have to
work together to raise standards of living while under-
standing the impacts of those improvements on the local,
regional, and global environments.

not industrialized. Those countries that have indus-
trialized typically increase their consumption of
resources, with adverse impacts on the environment.
Impacts can occur locally and globally. Some loca-
tions are beginning to take on the challenge of fos-
tering industrialization and economic development
in a sustainable manner.

(d) Slow growth, rapid growth, stable growth,
declining growth

(e) Stable growth, rapid growth, declining growth,
slow growth

2. Which of the following have contributed to increased
family planning worldwide?
I.  Women’s education
II. Increased income
III. Advertising campaigns




(a) TandII only 4.  The IPAT equation was developed to estimate

(b) TandIIl only (a) the affluence of a country’s population.

(c) IIandIII only (b) the rate of demographic transition.

(d) TandIIl only (c) the impact of human lifestyles on Earth.

(e) ILII,and III (d) the gross domestic product of a country.
(e) the effect of urbanization on resource use.

3. Which of the following is NOT a factor in gross do- 5. Approximately what percentage of the population of

mestic product? developed countries lives in urban areas?

(a) Consumer spending (a) 20%

(b) Cost of environmental damage (b) 44%

(¢) Government spending (c) 50%

(d) Imports and exports (d) 75%

(e) Investments (e) 86%

working toward 5? sustainability

Gender Equity and Population Control in Kerala

India is the world’s second most populous country and Since 1971, Kerala’s birth rate, like its mortality rate,
will probably overtake China as the most populous  has fallen to levels similar to those in North America
before 2030. Since the 1950s, India has tried various and other industrialized countries. The current total
methods of population control, steadily reducing its
growth rate to the current 1.5 percent. Although this
growth rate would suggest below-replacement-level
tertility, India’s population will continue to increase for
some time because of its large number of young peo-
ple. The Population Reference Bureau estimates that
India’s population will not stabilize until after 2050.

In the 1960s, India attempted to enforce nationwide
population control through sterilization, but massive
protests against this coercive approach led to changes in
policy. Since the 1970s, India has emphasized family
planning and reproductive health, although each
Indian state chooses its own approach to population
stabilization. Some states have had tremendous success
in lowering growth rates. Kerala, in southwestern
India, is one of those states.

The state of Kerala is about twice the size of
Connecticut. But Connecticut has a population of
roughly 3.5 million people while Kerala has a popula-
tion of more than 30 million. Kerala’s population
density is about 820 people per square kilometer
(2,100 people per square mile), almost 3 times that of
India as a whole, and 25 times that of the United
States. Until 1971, Kerala’s population was growing
even faster than the population in the rest of India, in .
large part because the state government had imple-  Computer students in Kerala, India. Literacy rates similar to those in
mented an effective health care system that decreased  developed countries may be a factor in the population stabilization that has
infant and adult mortality rates. occurred in the state of Kerala, India. (Owen Franken/Corbis)




fertility rate in Kerala is about 2.0—lower than the U.S.
TFR of 2.1 and much lower than the TFR of 2.7 for
India as a whole. As a result, Kerala’s population has
stabilized. How did the state’s population stabilize
despite its poverty?

A special combination of social and cultural factors
seems to be responsible for Kerala’s sustainable popula-
tion growth. Kerala has emphasized “the three Es” in
its approach: education, employment, and equality. In
addition to its accessible health care system, Kerala has
good schools that support a literacy rate of over 90
percent, the highest in India. Furthermore, unlike rates
in the rest of India, male and female literacy rates in
Kerala are almost identical. In other parts of India and
in most other developing countries, women attend
school, on average, only half as long as men do. As we
have learned, higher education levels for women lead
to greater female empowerment and increased use of
family planning. In Kerala, 63 percent of women use
contraceptives, compared with 48 percent in the rest of
India, and many women delay childbirth and join the
workforce before deciding to start families. Kerala has a
strong matriarchal tradition in which women are highly
valued and their education is encouraged. Education
and empowerment allow these women to be in a better
position to make decisions regarding family size.

The World Bank estimates that if the rest of the devel-
oping world had followed Kerala’s lead 30 years ago and
equalized education for men and women, current TFR

chapter

REVIEW

Throughout this chapter, we have examined the ways
in which the human population changes in response to
natural biological factors and in response to other fac-
tors that are specifically human in nature. Together,
these factors determine the carrying capacity of Earth,
the total number of human beings that the world can
support. People in the developed world are currently
exhibiting very different behavior from those in the
developing world. In the developed world, population
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throughout the developing world would be close to
replacement-level fertility. Evidence for this view can be
found in the reduced fertility rates of other relatively poor
countries where women and men have equal status, such
as Sri Lanka and Cuba. In fact, gender equity was made a
cornerstone of an international program to control popu-
lation growth at the 1994 Third International Conference
on Population and Development in Cairo, Egypt.

Critical Thinking Questions

1. Name some typical ways countries have tried to
lower birth rates.

2. What are some other innovative ways to lower birth
rates?

3. Can achieving replacement-level fertility sometimes
cause difficulties? If so, describe some problems that
might occur.

4.  What is preventing the model used to promote
slower population growth in Kerala from being used
elsewhere in the world?
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growth has almost stopped while consumption of
resources is still quite high. In the developing world,
growth rates, while slowing, are still high, and con-
sumption of resources is still rather low. As the world
becomes more urban, and the impacts of development
and consumption from larger numbers of people
increase, the challenge is to achieve sustainable growth
while also promoting the improvement of living
conditions in the developing world.
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Economic Development,

Numbers

* Explain factors that may potentially limit the

carrying capacity of humans on Earth.
Scientists disagree about the size of Earth’s carrying
capacity for humans. Some scientists believe we
have already exceeded that carrying capacity. Others
believe that innovative approaches and new tech-
nologies will allow the human population to con-
tinue to grow beyond the environmental limits
currently imposed by factors such as the supply of
food, water, and natural resources.

Describe the drivers of human population
growth.

The human population is currently 7.2 billion
people, and it is growing at a rate of about a
million people every 5 days. If we think of the
human population—as a whole or in individual
countries—as a system, there are more inputs—
births and immigration—than outputs—deaths and
emigration. To understand changes in population
size, demographers measure crude birth rate, crude
death rate, total fertility rate, replacement-level
fertility, life expectancy, infant and child mortality,
age structure, and net migration rate.

Read and interpret an age structure diagram

Age structure diagrams are visual representations
of age structures for males and females. Each hori-
zontal bar in the diagram represents an age group.
The total area of all the bars in the diagram repre-
sents the size of the whole population. A country
with more younger people than older people has
an age structure diagram that is widest at the bot-
tom and narrowest at the top. This is often called
a population pyramid and is typical of developing
countries. Developed countries tend to have closer
to an even age distribution and their age structure
diagrams are more vertical or column-like.

Consumption, and
Sustainability

¢ Describe how demographic transition follows

economic development.

A number of countries have undergone a demo-
graphic transition as their economies have mod-
ernized. Economic development generally leads to
increased affluence, increased education, less need
for children to help their families generate subsis-
tence income, and increased family planning.
These factors have reduced the average size of
families in developed countries, which leads to
slower population growth. Eventually, population
size may even decline.

Explain how relationships among population
size, economic development, and resource
consumption influence the environment.

Most population growth today is occurring in
developing countries. Only one-fifth of the global
population lives in developed countries, but those
countries consume more than half the world’s ener-
gy and resources. The IPAT equation states that the
environmental impact of a population is a result of
population size, affluence, and technology. A rela-
tively small population can have a high environmen-
tal impact if its affluence leads to high consumption
and extensive use of destructive technology.
However, an affluent nation can more easily take
measures to reduce its environmental impact through
the use of technology that counters pollution and
increases the efficiency of resource use.

Explain why sustainable development is a
common but elusive goal.

Sustainable development attempts to raise standards
of living without increasing environmental impact.
The Millennium Ecosystem Assessment is a blueprint
for sustainable development.
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| Chapter 7 AP® Environmental Science Practice Exam

Section 1: Multiple-Choice Questions

Choose the best answer for questions 1—12.

1.

‘Which of the following does NOT support the theo-

ry that humans can devise ways to expand their car-

rying capacity on Earth?

(a) The development of CFCs for use in
refrigeration

(b) The development of hydraulic fracturing to
reach natural gas reserves

(c) The use of arrows for hunting animals

(d) The use of horse-driven plows

(e) The use of waste methane from landfills for elec-
tricity generation

A metropolitan region of 100,000 people has 2,000
births, 500 deaths, 200 emigrants,and 100 immigrants
over a 1-year period. Its population growth rate is

(a) 1.2 percent.

(b) 1.4 percent.

(c) 1.6 percent.

(d) 1.8 percent.

(e) 2.0 percent.

Which of the following pairs of indicators best
reflects the availability of health care in a country?
(a) Crude death rate and growth rate

(b) Crude death rate and crude birth rate

(c) Growth rate and life expectancy

(d) Infant mortality rate and crude death rate

(e) Infant mortality rate and life expectancy

In 2013, the population of Earth was about
billion, with about billion living in China.
(a) 6.1/1.1

(b) 6.1/1.2
(c) 6.3/1.4
(d) 7.1/1.2
(e) 7.1/1.4

Use the following age structure diagram to answer question 5.
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5.

A country with an age structure diagram like the one
shown is most likely experiencing

(a) ahigh life expectancy.

b) slow population growth.

a short doubling time.

a low infant mortality rate.

replacement-level fertility.

el g
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‘Which statement about total fertility rate is correct?

(a) TFR is equal to the crude birth rate minus the
crude death rate.

(b) TEFR is the average number of children each wom-
an must have to replace the current population.

(c) TFR is generally higher in developed countries
than in developing countries.

(d) TFR is equal to the growth rate of a country.

(e) TFR is the average number of children each
woman will give birth to during her childbear-
ing years.

Even if a country reduces its birth rate and maintains
replacement-level fertility, its population will still
continue to grow for several decades because of

(a) lower death rates.

b) increased income.

population momentum.

better health care.

e) increased life expectancy.

(
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At current growth rates, which country will probably
be the most populous in the world after 20507

(a) China

(b) Brazil

(¢) India

(d) Indonesia

(e) United States

Which characteristics are typical of developed
countries?

I. High technology use

II. Low GDP

[II. Small-scale sustainable agriculture

I only

I only

[ and III only
II and III only
I, 11, and IIT
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oae e

10. What percentage of the world’s population lives in

developing countries?
) 34

) 50
) 66
) 82
) 98

a0 o8

(
(
(
(
(

©



11.

12.

‘Which country best exemplifies phase 4 of a demo-
graphic transition?

(a) Argentina

(b) China
(c) India
(d) Japan
(e) Mexico

As Brazil has become more developed and industrial-
ized, its population growth has stabilized. At the same
time, the use of technology and raw materials has
increased to meet the demands of a wealthier and
more prosperous population. This increased con-
sumption is predicted by

(a) Thomas Malthus.

(b) the Millennium Ecosystem Assessment.

(c) the theory of demographic transition.

(d) the IPAT equation.

(e) population momentum.

Section 2: Free-Response Questions

Write your answer to each part clearly. Support your

answers with relevant information and examples. Where

calculations are required, show your work.

1.

Answer the following questions about the theory of

demographic transition.

(a) Draw a fully labeled diagram that shows how
birth and death rates change as a country under-
goes the four phases of a demographic transition.
(3 points)

(b) For each of the phases labeled in your diagram,
explain the changes occurring in each phase and
describe what is causing them. (3 points)

(c) Describe a strategy that a government might im-
plement to slow its population growth that could
be utilized by a country undergoing a demo-
graphic transition. Explain how your proposed
strategy would work, and describe one potential
drawback to its implementation. (4 points)

CHAPTER 7

2. Look at the age structure diagrams for country A

and country B below and answer the following
questions.

Age

80+
Male 75
70
65
60
55
50
45
40
35
30
25
20
15
10
5
0

Female

Population size (country A)

Age

Male 870;
70
65
60
55
50
45
40
35
30
25
20
15
10
5
0

Female

Population size (country B)

(a) What observations and educated predictions can
you make about the following characteristics of

country A?

(i) The age structure of its population
(1 point)

(1) The total fertility rate of the country
(1 point)

(111) The life expectancy of the population
(1 point)

(iv) The growth rate and doubling time of the
population (2 points)
(b) Describe one socioeconomic feature of country
A. (2 points)
(c) Explain how country B differs from country A in

terms of
(1) the age structure of its population.
(1 point)

(1) 1its infant mortality rate. (1 point)
(111) 1its rate of population growth. (1 point)
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Unit 3 AP® Environmental Science Practice Exam

Section 1: Multiple-Choice Questions
Choose the best answer for questions 1—20.

1. Which of the following is NOT true regarding limit-

ing resources?

(a) A limiting resource is an important density-
independent factor.

(b) A limiting resource is common to all members of
a population.

(c) Foraging territory is an example of a limiting
resource.

(d) The number of reproducing individuals in a
population is not a limiting resource.

(e) A population at carrying capacity has consumed
all limiting resources.

2. Which of the following is most likely to result in a

random population distribution?

(a) Clumping of individuals around limiting
resources

(b) Competition among individuals

() Density-independent factors

(d) Variable carrying capacities among populations
within a metapopulation

(e) An age structure biased toward younger
individuals

3. The common reed (Phragmites australis) is a perenni-
al grass found throughout temperate and tropical
regions of the world. Researchers recently discov-
ered that many North American populations of the
reed are composed entirely of genetically identical
clones. Which is most likely true of these popula-

tions?
(a) The age structure is unlikely to vary among
populations.

(b) Evolution by natural selection occurs very slowly
in the absence of seed dispersal among
populations.

(c) Density-dependent factors will be more impor-
tant than density-independent factors in regulat-
ing population densities.

(d) Density-dependent factors will be less important
than density-independent factors in regulating
population densities.

(e) Individual populations will not reach carrying
capacity.
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4.

Species with a type III survivorship curve are likely to
exhibit

I. fast population growth rate.

II. large amounts of parental care.

II1. density-independent population regulation.

(a) Tonly
(b) II only
(c) HIonly
(d) TandII
(e) TandIII

In an experimental grassland plot, researchers planted
20 seeds of a wildflower species that exhibits exponen-
tial growth with an intrinsic growth rate of 0.60.Ap-
proximate the maximum population size after 10 years.

(@) 20X 0.60

) 20 = 0.60

(C) e0.60 X 10

(d) e0.60 X 11

(e) 20 X e0460 X 10

Which of the following is NOT a likely consequence
of resource niche partitioning?

(a) Predator-prey interactions

(b) Clumped species distributions

(¢) Morphological variation within species

(

(

el

Competition within a species

e) Coexistence among species

Mycorrhizal fungi are commonly found attached to

plant roots. The fungi are more efficient than plants at

extracting nutrients from the soil. In exchange for

nutrients, plants provide the fungi with sugars made

through photosynthesis. However, when nutrients in

the soil are abundant, researchers have found that

plant growth increases if mycorrhizal fungi are re-

moved.This phenomenon suggests that

(a) mycorrhizae have switched from being mutual-
1sts to parasites.

(b) mycorrhizae have switched from being mutual-
ists to predators.

(c) mycorrhizae have switched from being mutual-
ists to commensalists.

(d) mycorrhizae have ceased to act as a keystone
species.

(e) mycorrhizae are not able to partition resources as
well as plants.



10.

11.

12.

13.

Given two islands of the same size, the theory of
island biogeography suggests that the

island should have a higher

(a) farther/extinction rate

b) closer/speciation rate

farther/species diversity

closer/species richness

closer/population size

/\/\/(-3\/\
~ T — T

€

Ecological succession
(a) begins with primary succession, followed by

secondary succession, and ends with a climax stage.

(b) begins with either primary or secondary succes-
sion and ends with a climax stage.

(c) cannot occur if there are no species initially pres-
ent at a site.

(d) starts with bare soil and ends with a climax forest.

(e) does not end with a climax stage.

The theory of island biogeography does not apply to
(a) protected wildlife areas.

islands very far away from the mainland.
metapopulations.

mountaintop communities.

bacterial communities.

= — =

@

(b
(c
d
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‘Which may lead to an increase in the carrying capac-
ity of the global human population?

I. Niche partitioning

II. Technological advancement

III. Reduction in per-capita consumption rate
(a) Ionly

(b) II only

() TandlII

(d) II and III

(e) L II,and III

InVietnam, there were 16 births and 6 deaths out of ev-
ery 100 people in the year 2011. Using the rule of 70,
estimate the doubling time forVietnam’s population.

(a) 0.7 years

(b) 7 years

(c) 0.14 years

(d) 1.4 years

(e) 14 years

=

hich is NOT likely to describe a population in a

developing country?

) Replacement level fertility is higher than 2.1.

) Infant mortality is 10 percent or more.

) Immigration is relatively low or nonexistent.

) The age structure will be shaped like an inverted
pyramid.

(e) Per capita ecological footprint is much lower

than in developed countries.

14. World Bank records indicate that in 2010, the total

15.

16.

17.

fertility rate in Puerto Rico was 1.6 and population
size was 4,000,000. If net migration rate was — 1.0,
then the best estimate of the population in 2012 is
(a) 2,500,000.

() 3,700,000.
() 4,000,000.
(d) 4,500,000.
(€) 4,600,000.

A developing country with a total fertility rate of 4.0
and a net migration rate of —3.5 is likely to have an
age structure

(a) shaped like a pyramid.

shaped like an inverted pyramid.

shaped like a column.

that is variable depending on the demographic.
shaped like a diamond.

(b
(c
(d
(

_ =

©

Which is NOT a factor that determines population

growth under the theory of demographic transition?

(a) Improved sanitation and health care leads to rap-
id population growth.

(b) Population momentum holds birth rates stable
while death rates decline.

(c) Density independent factors slow economic
growth.

(d) Education reduces a population growth rate.

(e) A burgeoning proportion of elderly people slows
advancement.

Increasing the gross domestic product of a nation can
be associated with

[. anincrease in pollution.

II. adecrease in pollution.

III. an increase in population size.

(a) Ionly

(b) II only

(c) I only

(d) TandII

(e) L 1II,and III
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Questions 18 and 19 refer to the following table:

18.

19.

20.

Number

Ecological Average of coal Population

footprint monthly burning growth
Country (km?) salary plants rate (%)
Argentina (119) 1,000,000 1,100 1 0.98
Colombia (108) 800,000 700 4 1.10
Philippines (64) 1,100,000 300 9 1.84
Brazil (133) 5,500,000 800 7 0.83
Panama (89) 100,000 800 1 1.38

Sources: Global Energy Observatory, http:/fwww.globalenergyobservatory.org;
United Nations International Labour Organization, http:/fwww.ilo.org;

World Bank, http://data.worldbank.org.

Based solely on the IPAT equation, is likely to
have the greatest population size and s likely to
have smallest population size.

(a) Argentina/Colombia

(b) Colombia/Philippines

(c) Philippines/Panama

(d) Brazil/Panama
(e) Brazil/Argentina

el

€

Which country is most likely to be in the second

phase of demographic transition?

(a) Argentina

(b) Colombia

(c) Philippines

(d) Brazil

(e) Panama

If everyone moved to urban areas, it is likely that

(a) the global ecological footprint would decrease.

(b) the global ecological footprint would increase.

(c) the global ecological footprint would remain the
same.

(d) global sustainability would be achieved.

(e) global population increase would cease.

Section 2: Free-Response Questions

Write your answer to each part clearly. Support your
answers with relevant information and examples. Where
calculations are required, show your work.

1.
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Whalbachia is one of the world’s most common parasitic
microbes. It infects an enormous number of species,
including many insects. Estimates indicate that as
many as 70 percent of all insect species are infected
with Wolbachia, including mosquitoes, spiders, and
mites. The bacteria reproduce inside a host and are
transmitted directly from mother to offspring or when
infected males mate with uninfected females. After
infection, Wolbachia consume host resources, which
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leaves the host with fewer resources for reproduction.
As a result, infected females often have fewer offspring.
(a) What is a possible limiting resource for
Wholbachia, aside from the amount of resources
within the host? (2 points)

Describe the population trajectory of Wolbachia
inside of a host. (2 points)

Describe the population trajectory of Wolbachia
in a population of hosts. (2 points)

Based on your answer for the previous question,
what is one possible way that natural selection 1s
altering the interaction between Wolbachia and
its hosts? (2 points)

Discuss how the presence of nearby host
populations might alter the spread of Wolbachia.
(2 points)

(©)

China’s one-child policy has drastically reduced total
fertility rate to 1.4,and has led to a reduction in
population growth rate to 0.50 percent in 2012. One
problem associated with this is the development of an
inverted population pyramid. Care for the elderly
requires a substantial amount of energy, resources, and
manpower. Chinese elderly primarily rely on their
families for health care.

(a) Given China’s one-child policy, provide two
examples of how China’s growing elder
population will affect future population growth.
(3 points)

Describe one potential benefit and one potential
problem associated with the emigration of elderly
individuals from rural to urban areas. (2 points)
The total population size of China was
1,400,000,000 in 2012, with a crude birth rate of
12 births per 1,000 individuals. The number of
individuals that emigrated from China was
700,000 and the number of individuals that
immigrated to China was 200,000. Calculate the
crude death rate. (3 points)

‘What would the total fertility rate be if all
families in China obeyed the one-child policy
rule? (1 point)

(b)


http://www.globalenergyobservatory.org
http://www.ilo.org
http://data.worldbank.org
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How Can We Manage Overabundant

Animal Populations”?

The growing human population has caused population
declines in many animal species, while, at the same
time, other species have flourished as the result of
human alterations of the landscape. Increases in the
populations of these species have had many conse-
quences. How have these increases happened, and
what, it anything, should we do about them?

What causes animal population
explosions?

The white-tailed deer is a high-profile example of
dramatic animal population growth in the United
States. Before European colonists arrived, its densities
were approximately 4 to 6 deer per square kilometer
(10 to 15 deer per square mile). In many areas today,
however, deer densities are up to 20 times higher. In
New York State, for example, unregulated hunting
and the clearing of preferred deer habitats for farming
had nearly eliminated the deer population by 1900,
but the population has since grown exponentially to
1 million deer.

This population growth can be explained by pro-
cesses we discussed in Chapters 6 and 7. For example,
white-tailed deer prefer to live in early-successional
fields containing wildflowers and shrubs. Abandoned
farms that have undergone secondary succession dur-
ing the twentieth century, such as the old fields of
New England that we described in Chapter 6, are
prime deer habitat. Such increases in habitat and food
supply have increased the carrying capacity of the
environment for deer. With a higher carrying capacity,
density-dependent controls on the population are
weaker, and reproduction increases.

In addition to providing deer with habitat and food,
humans have eliminated many of the deer’s major
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predators, including wolves and cougars. During much
of the twentieth century, regulated hunting held deer
populations in check, taking the place of natural pred-
ators that had largely been eliminated. Over the last
few decades, however, the number of deer hunters has
steadily declined, allowing the deer population to
increase. In short, a higher carrying capacity and a
lower mortality by both predators and hunters have
allowed deer populations to grow exponentially and
exceed their historic carrying capacity (FIGURE SA3.1).

The white-tailed deer is not the only species whose
populations are exploding. Animal overpopulation is a
global issue. Many large herbivorous mammals have
benefited from anthropogenic alterations of the envi-
ronment, including predator extinctions, reduced

FIGURE SA3.1 Deer overpopulation. Ashumans have
provided increased food and habitat for white-tailed deer and
simultaneously removed their major predators, deer populations have

increased to the point that they exceed the historic carrying capacity.
(Gary Griffen/Earth Scenes/Animals Animals)
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FIGURE SA3.2 Overabundant kangaroos. Abnormally high
populations of kangaroos consume all of their natural food supply and
consequently move into human-dominated landscapes, where they
come into conflict with humans. (David Wall/Alamy)

hunting, increased habitat, and increased food supplies
provided by agriculture and by people who feed them.
The sika deer (Cervus nippon) of Nara, Japan, for
example, lives in an area that has been protected as a
natural monument since World War II. Many factors
have contributed to a population explosion of this spe-
cies. Human visitors to the area feed the deer, hunting
is restricted, and Japan’s native wolves—natural preda-
tors of the deer—are extinct. In Australia, eastern gray
kangaroos (Macropus giganteus), which normally con-
sume wild grasses, are also consuming agricultural
crops and the grass on golf courses. (FIGURE SA3.2).
Their natural predator, the Tasmanian wolf (Thylacinus
cynocephalus), i1s now extinct. In South Africa, the
population of African elephants (Loxodonta africana)
doubled within 10 years of being granted legal protec-
tion from hunting.

Large herbivorous mammals are not the only ani-
mals that experience overpopulation as the result of
human activity. Florida’s 500,000 monk parakeets
(Myiopsitta monachus) are the offspring of individuals
that have escaped from the pet trade since the 1960s.
Other former pets, including dogs and cats, quickly
establish feral populations when released into the wild.
Populations of Canada geese (Branta canadensis) have
grown along with the number of agricultural fields and
golf courses on which they can feed.

What effects do overabundant species
have on communities?

Populations that exceed their historic carrying capacity
can cause widespread problems. Large populations of
herbivore species such as deer, elephants, and kanga-
roos can overgraze the plants in their community,
leaving little food for other herbivorous species. In
Australia, grazing by the overabundant kangaroos
removes many of the plants needed by other
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herbivores, including several species of endangered
animals that depend on these plants for food and
habitat.

These large animal populations also have direct
effects on humans. Herbivorous mammals consume
agricultural crops, landscape plants, and valuable wild
plant species. In the United States, for example, the
deer population so greatly exceeds the land’s natural
carrying capacity that it is now difficult to regenerate
several valuable forest tree species, including northern
red oak (Quercus rubra) and sugar maple. Deer also
consume suburban landscape plants and damage
$60 million worth of agricultural crops each year.

Wildlife overabundance increases wildlife-human
encounters, such as deadly collisions of vehicles with
deer or kangaroos. More frequent contact with wild-
life also increases the risk of humans contracting dis-
eases that the animals carry. White-tailed deer, for
example, carry ticks that can be infected by the bacte-
rium that causes Lyme disease. According to the
Centers for Disease Control and Prevention, nearly
100,000 people in the United States contracted Lyme
disease in 1992, a number that climbed to more than
300,000 by 2013.

How can we control overabundant
species?
Controlling the population of any species involves
issues that are ecological, political, moral, and ethical.
From an ecological perspective, it is clear how to con-
trol a wildlife population: reduce the available food and
habitat to lower the carrying capacity, compensate for
the missing predators by killing individuals in the
population, or slow the population’s ability to repro-
duce. On a local scale, it can be helpful to discourage
people from feeding wildlife. On a larger scale, how-
ever, reducing food and habitat is often the least viable
option because it would typically require restricting the
access of large herbivores to millions of hectares of land.
In 2009, the Australian government ordered the
army to shoot 6,000 kangaroos as a way to reduce the
population of 9,000 kangaroos living on a large military
compound. The objective was to reduce the amount of’
grazing done by the kangaroo herd and therefore pro-
tect rare plants and the insects that live on those plants.
Culling the kangaroo population on the military com-
pound was a controversial decision that was opposed
by animal rights activists and by many Australians who
consider the kangaroo a national symbol that should be
protected. The activists obtained a court injunction to
stop the culling of the species, but after a delay, the
kangaroo cull proceeded. Throughout the world, even
when all parties agree that the overabundance of a spe-
cies poses major problems for humans and for the
environment, culling a herd through shooting is an
increasingly unpopular strategy.

How Can We Manage Overabundant Animal Populations?



FIGURE SA3.3 Administering contraceptives to wild
animals. In South Africa, a wildlife biologist shoots a dart containing
contraceptives at a female elephant. The goal is to reduce the
overabundant elephant population and reduce the destructive effects of
these elephants on the habitat. (Gialuigi Guercia/AFP/Getty Images)

A strategy that has more public support is the use of
birth control. This approach is common in cities,
where many feral cats are trapped, neutered, and
returned to the wild. Researchers are also investigating
ways to give animals contraceptive drugs in order to
reduce their populations over time. The drugs being
developed differ in their modes of action, ranging
from chemicals that prevent animals from making
critical reproductive hormones to chemicals that pre-
vent sperm from fertilizing an egg. Contraceptive
strategies are currently being tested on a variety of spe-
cies, including deer, kangaroos, elephants, and monk
parakeets (FIGURE SA3.3).

Reducing animal overpopulation with contraceptives
has widespread public appeal because it eliminates the
need to kill animals. Getting the contraceptive drugs
into the animals, however, presents substantial chal-
lenges. Drugs can be administered to some animals via
dart guns. For others, such as monk parakeets, research-
ers are working on ways to administer medications in
food. Some contraceptive drugs last for a single breeding
season and require a new dose each season, which can
be difficult and expensive. The cost of giving an animal
a single dose of a contraceptive drug ranges from $100
to $500 per animal.

The issue of overabundant wildlife highlights a num-
ber of other environmental issues. The underlying
causes of animal overpopulation are typically associated
with human population increases. These human-caused
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wildlife population explosions can, in turn, have sub-
stantial negative effects on humans and their environ-
ment. Although there are several potential solutions to
the problem of animal overpopulation, successtul solu-
tions must take into account the public’s affection for
wildlife, its opposition to killing animals, and its fre-
quent lack of knowledge about the negative effects of
overabundant species.

Questions

1. If humans are responsible for environmental changes
that cause increases in the populations of native
species, under what conditions should we work to
reverse these population increases?
How might the options to control overabundant
populations differ in rural versus urban areas?

Free-Response Question

(a) List three density-dependent factors and three
density-independent factors that can influence
the population size of white-tailed deer.

(2 points)

(b) Describe two ways that deer populations at low
abundance can accelerate the process of ecologi-
cal succession in a forest toward a climax stage.
(4 points)

(c) Consider a region of temperate forest that
contains 100,000 deer with a sex ratio of 3
females to 1 male, an infant mortality rate of 10,
a crude birth rate of 40, and a crude death rate
of 20. Only 10 percent of the females are able to
reproduce.

(1) Calculate population growth rate for white-
tailed deer in this region. (2 points)

(1) Calculate the number of deer that hunters
would need to shoot in order to keep the
deer population stable. (2 points)
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Lithium is a vital component of
environmentally friendly hybrid-electric
cars but mining lithium has adverse
environmental consequences. This lithium
mine is in Bolivia. (Robin Hammona/Panos Pictures)
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Module 25 Weathering and Soil Science

Module 24 Mineral Resources and Geology

Are Hybrid Electric Vehicles as Environmentally

Friendly as We Think?

Many people in the environmental sci-
ence community believe that hybrid
electric vehicles (HEV) and all-electric
vehicles are some of the most exciting
innovations of the last decade. Cars
that run on electric power or on

a combination of electricity and
gasoline are much more efficient in
their use of fuel than similarly sized
internal combustion (IC) automo-
biles. Some of these cars use no
gasoline at all, while others are able
to run as much as twice the distance
as a conventional IC car on the same
amount of gasoline.

Although HEV and all-electric vehi-
cles reduce our consumption of liquid
fossil fuels, they do come with environ-
mental trade offs. The construction
of HEV vehicles uses scarce metals,
including neodymium, lithium, and
lanthanum. Neodymium is needed to

form the magnets used in the electric
motors, and lithium and lanthanum are
used in the compact high-performance
batteries the vehicles require. At present,

Although HEV and all-electric
vehicles reduce our
consumption of liquid fossil
fuels, they do come with
environmental trade offs.

there appears to be enough lanthanum
available in the world to meet the
demand of the Toyota Motor Corporation,
which has manufactured more than
3 million Prius HEV vehicles. Toyota
obtains its lanthanum from China. There
are also supplies of lanthanum in various
geologic deposits in California, Australia,

Bolivia, Canada, and elsewhere, but
most of these deposits have not yet been
developed for mining. Until this happens,
some scientists believe that the produc-
tion of HEVs and all-electric vehicles
will eventually be limited by the
availability of lanthanum.
In addition to the scarcity of
metals needed to make HEV and
all-electric vehicles, we have to
consider how we acquire these
metals. Wherever mining occurs, it
has a number of environmental
consequences. Material extraction
leaves a landscape fragmented by
holes, and road construction necessary
for access to and from the mining site
further alters the habitat. Erosion and
water contamination are also common
results of mining.

A typical Toyota Prius HEV uses
approximately 1 kg (2.2 pounds) of
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neodymium and 10 kg (22 pounds) of
lanthanum. Mining these elements
involves pumping acids into deep
boreholes to dissolve the surrounding
rock and then removing the acids and
resulting mineral slurry. Lithium is
extracted from certain rocks, and
lithium carbonate is extracted from
brine pools and mineral springs
adjacent to or under salt flats. Both
extraction procedures are types of
surface mining, which can have severe
environmental impacts. The holes,

open pits, and ground disturbance
created by mining these minerals
provide the opportunity for air and
water to react with other minerals in the
rock, such as sulfur, to form an acidic
slurry. As this acid mine drainage flows
over the land or underground toward
rivers and streams, it dissolves metals
and other elements. As a result, water
near surface mining operations is highly
acidic—sometimes with a pH of 2.5
or lower. It may also contain harmful
levels of dissolved metals and minerals.

Current HEV technology does
represent a step forward in our search
to reduce the use of fossil fuels. How-
ever, to make good decisions about
the use of resources, we must have a
full understanding of the costs and
benefits.

Sources:

M. Armand and J.-M. Tarascon, Building
better batteries, Nature 451 (2008): 652—
657; Anonymous, Rare earth metals may
trigger trade wars, www.discovery.com,
February 11, 2013.

s we saw in our account of the hybrid-electric car, decisions about resource use

are not always simple. Why are some of Earth’s mineral resources so limited? Why

do certain elements occur in some locations but not in others? What processes

create minerals and other Earth materials, and what are the consequences of extracting

them? Understanding the answers to these questions helps environmental scientists

make informed decisions about the environmental and economic costs and benefits of

resource use.

In this chapter we will explore the subjects of resources, geology, and soil science.

We will look inside Earth to explore its structure, its formation, and the ongoing processes

that affect the composition and availability of elements and minerals on our planet. We

will then turn to the surface of Earth to explore how the rock cycle distributes these

resources. With this foundation, we will examine the formation of soil, which is essential

for so many biological activities on Earth. Finally, we will look at the problems we face in

extracting resources from Earth—an issue of great concern to environmental scientists

and others.
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Mineral Resources
and Geology

Almost all of the mineral resources on Earth accumulated when the planet
formed 4.6 billion years ago. But Earth is a dynamic planet. Earth’s geologic
processes form and break down rocks and minerals, drive volcanic eruptions
and earthquakes, determine the distribution of scarce mineral resources, and
create the soil in which plants grow. In this module we will examine the
distribution of Earth’s mineral resources and some of the geological processes

that continue to affect this distribution.

Learning Objectives

After reading this module you should be able to

e describe the formation of Earth and the distribution of critical elements on Earth.
e define the theory of plate tectonics and discuss its relevance to the study of the

environment.

e describe the rock cycle and discuss its importance in environmental science.

The availability of Earth’s resources
was determined when the planet
was formed

Earth’s history is measured using the geologic time
scale, shown in FIGURE 24.1. It’s hard to believe that
events that took place 4.6 billion years ago continue to
have such an influence on humans and their interactions
with Earth. The distribution of chemicals, minerals,
and ores around the world is in part a function of
the processes that occurred during the formation
of Earth.

The Formation and Structure of Earth

Nearly all the elements found on Earth today are as old
as the planet itself. FIGURE 24.2 illustrates how Earth

formed roughly 4.6 billion years ago from cosmic dust
in the solar system. The early Earth was a hot, molten
sphere. For a period of time, additional debris from the
formation of the Sun bombarded Earth. As this molten
material slowly cooled, the elements within it sepa-
rated into layers according to their mass. Heavier ele-
ments such as iron sank toward Earth’s center, and
lighter elements such as silica floated toward its surface.
Some gaseous elements left the solid planet and
became part of Earth’s atmosphere. Although asteroids
occasionally strike Earth today, the bombardment
phase of planet formation has largely ceased and the
elemental composition of Earth has stabilized. In other
words, the elements and minerals that were present
when the planet formed—and which are distributed
unevenly around the globe—are all that we have.
Some minerals such as silicon dioxide—the primary
component of sand and glass—are readily available
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FIGURE 24.1 The geologic time scale. Time since the origin of Earth through the present is divided into
three eons. The most recent eon, the Phanerozoic, is broken down into three eras. The Phanerozoic can also be

divided into 11 periods, the most recent of which is the Quaternary.

worldwide on beaches and in shallow marine and glacial
deposits. Others such as diamonds—which are formed
from carbon that has been subjected to intense pressure—
are found in relatively few isolated locations. Over the

Core The innermost zone of Earth’s interior, composed
mostly of iron and nickel. It includes a liquid outer layer
and a solid inner layer.

Mantle The layer of Earth above the core, containing
magma.

Magma Molten rock.
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course of human history, this uneven geographic distri-
bution has driven many economic and political
conflicts.

Because Earth’s elements settled into place accord-
ing to their mass, the planet is characterized by distinct
vertical zonation. If we could slice into Earth as shown
in FIGURE 24.3 we would see concentric layers com-
posed of various materials. The innermost zone is the
planet’s core, over 3,000 km (1,860 miles) below
Earth’s surface. The core is a dense mass largely made
of nickel and some iron. The inner core is solid, and
the outer core is liquid. Above the core is the mantle,
containing molten rock, or magma, that slowly cir-
culates in convection cells, much as the atmosphere



Consolidation of
cosmic dust cloud

Planets and Sun
begin to form

Present-day
solar system

FIGURE 24.2 Formation of Earth and the solar system.
The processes that formed Earth 4.6 billion years ago determined the
distribution and abundance of elements and minerals today.

does. The asthenosphere, located in the outer part
of the mantle, is composed of semi-molten, ductile
(flexible) rock. The brittle outermost layer of the
planet, called the lithosphere (from the Greek word
lithos, which means “rock”), is approximately 100 km
(60 miles) thick. It includes the solid upper mantle as
well as the crust, the chemically distinct outermost
layer of the lithosphere. It is important to recognize
that these regions overlap: The lowest part of the litho-
sphere is also the uppermost portion of the mantle.

The lithosphere is made up of several large and
numerous smaller plates, which overlie the convection
cells within the atmosphere. Over the crust lies the
thin layer of soil that allows life to exist on the planet.
The crust and overlying soil provide most of the
chemical elements that make up life.

Because Earth contains only a finite supply of mineral
resources, we will not be able to extract resources from
the planet indefinitely. In addition, once we have mined
the deposits of resources that are most easily obtained,
we must use more energy to extract the remaining
resources. Both of these realities provide an incentive
for us to minimize our use of mineral resources and to
reuse and recycle them whenever possible.

Hot Spots

One of the critical consequences of Earth’s formation
and elemental composition is that the planet remains

“ / Liquid outer core

Solid inner core

(a) Earth’s vertical zonation

| ¥ Lithosphere

%%%Asthenosphere %‘E% )

Taner—
Outer cO© — —“core
- p——— Halifax
Los
Angeles —
400 km

(b) Scale of Earth’s layers

FIGURE 24.3 Earth’s layers. (a) Earth is composed of
concentric layers. (b) If we were to slice a wedge from Earth, it would
cover the width of the United States.

very hot at its center. The high temperature of Earth’s
outer core and mantle is thought to be the result of the
radioactive decay of various isotopes of elements such
as potassium, uranium, and thorium, which release
heat. The heat causes plumes of hot magma to well

Asthenosphere The layer of Earth located in the
outer part of the mantle, composed of semi-molten
rock.

Lithosphere The outermost layer of Earth, including
the mantle and crust.

Crust In geology, the chemically distinct outermost
layer of the lithosphere.
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America

Ancient rock
assemblages

Continental shelf

(a) Rock formations

upward from the mantle. These plumes produce hot
spots: places where molten material from the mantle
reaches the lithosphere. As we shall see in the follow-
ing pages, hot spots are an important component of
the surface dynamics of Earth.

The theory of plate tectonics
describes the movement of the
lithosphere

Prior to the 1900s, scientists believed that the major
features of Earth—such as continents and oceans—
were fixed in place. In 1912, a German meteorologist
named Alfred Wegener published a revolutionary
hypothesis proposing that the world’s continents had
once been joined in a single landmass, which he called
“Pangaea.” His evidence included observations of

Hot spot In geology, a place where molten material
from Earth’s mantle reaches the lithosphere.

Plate tectonics The theory that the lithosphere of
Earth is divided into plates, most of which are in
constant motion.

Tectonic cycle The sum of the processes that build
up and break down the lithosphere.
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Fossils of the freshwater
reptile Mesosaurus have
been found in South
America and Africa.

(b) Fossil evidence

FIGURE 24.4 Evidence of drifting continents. Several lines of

evidence show that the current landmasses were once joined together in a single
supercontinent. (a) Identical rock formations are found on both sides of the Atlantic
Ocean. (b) Fossils of the same species have been collected from different continents.

identical rock formations on both sides of the Atlantic
Ocean, as shown in FIGURE 24.4a. The positions of
these formations suggested that a single supercontinent
may have broken up into separate landmasses. Fossil
evidence also suggested that a single large continent
existed in the past. Today, we can find fossils of the
same species on different continents that are separated
by oceans; Figure 24.4b shows one example.

Many resisted the idea that Earth’s lithosphere could
move laterally. However, following the publication of
Wegener’s hypothesis, scientists found additional evidence
that Earth’s landmasses had existed in several different
configurations over time. This led to the theory of plate
tectonics, which states that Earth’s lithosphere is divided
into plates, most of which are in constant motion. The
tectonic cycle is the sum of the processes that build up
and break down the lithosphere.

The theory of plate tectonics is often called a unifying
theory in geology and earth sciences because it relates to
so many different aspects of the earth sciences.

Plate Movement

We now know that the lithosphere consists of a number
of plates. Oceanic plates lie primarily beneath the
oceans, whereas continental plates lie beneath landmasses.
The crust of oceanic plates is dense and rich in iron,
while the crust of continental plates generally contains
more silicon dioxide, which is much less dense than
iron. The continental plates are therefore lighter and



FIGURE 24.5 Tectonic plates. Earth is covered with tectonic plates,
motion. The arrows indicate the direction of plate movement. New lithosphe
older lithosphere is recycled into the mantle at subduction zones.

typically rise above the oceanic plates. FIGURE 24.5
identifies Earth’s major plates.

Oceanic and continental plates “float” on top of the
denser material beneath them. Their slow movements
are driven by convection cells in Earth’s mantle. The
heat from Earth’s core creates these convection cells,
which are similar to those in the atmosphere. (See Figure
10.6 on page 115.) Mantle convection drives continuous
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change: the creation and renewal of Earth materials in
some locations of the lithosphere and destruction and
removal of Earth material in other locations. As oceanic
plates move apart, rising magma forms new oceanic
crust on the seafloor at the boundaries between those
plates. This process, called seafloor spreading, is shown
in the center of FIGURE 24.6. Where oceanic plates
meet continental plates, old oceanic crust is pulled

Oceanic crust

Lower portion

of lithosphere FIGURE 24.6

Convection and plate
movement. Convection
in the mantle causes
oceanic plates to spread
apart as new rock rises to
the surface at spreading
zones. Where oceanic
and continental plate
margins come together,
older oceanic crust is
subducted.

Subduction
zone
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FIGURE 24.7 Plate
movement over a hot

spot. The Hawaiian Islands were
formed by volcanic eruptions as
the Pacific Plate traveled over

a geologic hot spot. The chain

of inactive volcanoes to the
northwest of Hawaii shows that
those locations used to be over

Kauai

Niihau . @(5.1)
(4.89)

the hot spot. Numbers indicate
how long ago each area was
located over the hot spot (in
millions of years).

The island of Niihau
was formed 4.89

that region of the

Pacific Plate was over

the hot spot.

million years ago when

downward beneath the continental lithosphere, removed
from the ocean bottom, and pushed toward the center
of Earth. In this process, the heavier oceanic plate slides
underneath the lighter continental plate. This is best seen
on the left side of Figure. 24.6. This process of one plate
passing under another is known as subduction.

Consequences of Plate Movement

Because the plates move, continents on those plates slowly
drift over the surface of Earth. As the continents have
drifted, their climates have changed and geographic barri-
ers were formed or removed, and as a result, species
evolved and adapted, or slowly or rapidly went extinct. In
some places, as the plates moved a continent that straddled
two plates broke apart, creating two separate smaller con-
tinents or islands in different climatic regions. As you may
recall from our discussion of allopatric speciation in
Chapter 5, species that become separated can take differ-
ent evolutionary paths and over time evolve into two or
more separate species. The fossil record tells us how spe-
cies adapted to the changes that took place over geologic
time. Climate scientists and ecologists can use this infor-
mation to anticipate how species will adapt to the
relatively rapid climate changes happening on Earth today.

Although the rate of plate movement is too slow for
us to notice, geologic activity provides vivid evidence
that the plates are in motion. As a plate moves over a

Subduction The process of one crustal plate passing
under another.

Volcano A vent in the surface of Earth that emits ash,
gases, or molten lava.

Divergent plate boundary An area beneath the ocean
where tectonic plates move away from each other.

Seafloor spreading The formation of new ocean
crust as a result of magma pushing upward and
outward from Earth’s mantle to the surface.
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geologic hot spot, heat from the rising mantle plume
melts the crust, forming a volcano: a vent in Earth’s
surface that emits ash, gases, and molten lava. Volcanoes
are a natural source of atmospheric carbon dioxide,
particulates, and metals. Over time, as the plate moves
past the hot spot, it can leave behind a trail of extinct
volcanic islands, each with the same chemical compo-
sition. The Hawaiian Islands, shown in FIGURE 24.7,
are an excellent example of this pattern.

Types of Plate Contact

Many other geologic events occur at the zones of con-
tact that result from the movements of plates relative
to one another. These zones of plate contact can be
classified into three types: divergent plate boundaries,
convergent plate boundaries, and transform fault boundaries.

Beneath the oceans, plates move away from each
other at divergent plate boundaries, as illustrated in
FIGURE 24.8a. At these boundaries, oceanic plates
move apart as if on a giant conveyer belt. As magma
from the mantle reaches Earth’s surface and pushes
upward and outward, new rock is formed, a phenom-
enon, called seafloor spreading. Seafloor spreading
creates new lithosphere and brings important elements
such as copper, lead, and silver to the surface of Earth.
However, this new rock typically lies under the deep
ocean. Over tens to hundreds of millions of years, as
the tectonic cycle continues, some of that material
forms new land that contains these valuable resources.



(a) Divergent plate boundary

(b) Convergent plate boundary

(c) Transform fault
boundary

FIGURE 24.8 Types of plate boundaries. (a) At divergent plate
boundaries, plates move apart. (b) At convergent plate boundaries, plates
collide. (c) At transform fault boundaries, plates slide past each other.

Clearly, if tectonic plates are diverging in one place,
and if the surface of Earth has a finite area, the plates
must be moving together somewhere else. Convergent
plate boundaries form where plates move toward
one another and collide, as shown in Figure 24.8b.
The plates generate a great deal of pressure as they
push against one another.

When plates move sideways past each other, the
result is a transform fault boundary, shown in Figure
24.8c. A fault is a fracture in rock across which there 1s
movement. Where this occurs, it is said that there is a
high level of seismic activity, which is the frequency
and intensity of earthquakes experienced over time. A
fault zone is a large expanse of rock where a fault has
occurred. Fault zones—also called areas of high seismic
activity—form in the brittle upper lithosphere where
two plates meet or slide past one another. In these large
expanses of rock where movement has occurred, the
rock near the plate margins becomes fractured and
deformed from the immense pressures exerted by plate
movement. We’ll discuss faults and earthquakes in more
detail in the next section.

If two continental plates meet, both plate margins
may be lifted, forming a mid-continental mountain
range such as the Himalayas in Asia (FIGURE 24.9a). As

(a) The Himalayas from space

Mountain range

Continental

Collision zone lithosphere

Asthenosphere

(b) Formation of the Himalayas

FIGURE 24.9 Collision of two continental plates. (a) A
satellite image of the Himalayas, which include the highest mountains
on Earth. (b) The Himalayan mountain range was formed when the
collision of two continental plates forced the margins of both plates
upward. (European Space Agency)

shown in Figure 24.9b, when both plates are com-
posed of material of equal density, one does not get
subducted under the other. Instead, they are forced
into one another, and the force of the plate movement
pushes material upward in one of the processes that
leads to the formation of mountains.

Most plates and continents move at about the same
rate as your fingernails grow: roughly 36 mm, or 1.4

Convergent plate boundary An area where plates
move toward one another and collide.

Transform fault boundary An area where tectonic
plates move sideways past each other.

Fault A fracture in rock caused by a movement of
Earth’s crust.

Seismic activity The frequency and intensity of
earthquakes experienced over time.

Fault zone A large expanse of rock where a fault has
occurred.
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Plate Movement

If two cities lie on different tectonic plates, and those plates are moving so that the
cities are approaching each other, how many years will it take for the two cities to be
situated adjacent to each other?

Los Angeles is 630 km (380 miles) southeast of San Francisco. The plate under
Los Angeles is moving northward at about 36 mm per year relative to the plate under
San Francisco. Given this average rate of plate movement, how long will it take for
Los Angeles to be located next to San Francisco?

The distance traveled is 630 km, and the net distance moved is 36 mm per year.
We can use this formula to determine the answer

Kolo the
math

time = distance + rate
630 km = 630,000 m = 630,000,000 mm
630,000,000 mm

36 mm/year

We could also put these dimensional relationships together as follows and then
cancel units that occur in both the numerator and denominator. We are left with an
answer in numbers of years

1,000 m) <1,000 mm) (1 year
X X

= 17,500,000 years

630km< 1 km 1m 36 mm

) = 17,500,000 years

It will take about 18 million years for Los Angeles to be located alongside San
Francisco.

Your Turn How long will it take for a plate that moves at 20 mm per year to travel
K the distance of one football field? Note that a football field is 91.44 m (100 yards) long. /

inches, per year. While this movement is far too slow
to notice on a daily basis, the two plates underlying the
Atlantic Ocean have spread apart and come together
twice over the past 500 million years, causing Europe
and Africa to collide with North America and South
America and separate from them again. “Do the Math:
Plate Movement” shows how we can calculate the
time it takes for plates to move.

Faults, Earthquakes, and Volcanoes

Although the plates are always in motion, their move-
ment, while generally slow, is not necessarily smooth.
Imagine rubbing two rough and jagged rocks past each

Earthquake The sudden movement of Earth’s crust
caused by a release of potential energy along a
geologic fault and usually causing a vibration or
trembling at Earth’s surface.

Epicenter The exact point on the surface of Earth
directly above the location where rock ruptures during
an earthquake.

Richter scale A scale that measures the largest
ground movement that occurs during an earthquake.
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other. The rocks would resist that movement and get
stuck together. The rock along a fault is also jagged
and thus resists movement, but the mounting pressure
eventually overcomes the resistance and the plates give
way, slipping quickly. This is an earthquake, which
is a sudden movement of Earth’s crust caused by the
release of potential energy along a fault, causing
vibration or movement at the surface. Earthquakes
occur when the rocks of the lithosphere rupture
unexpectedly along a fault. The plates can move up to
several meters in just a few seconds. Earthquakes are
common in fault zones, which are areas of seismic
activity. FIGURE 24.10 shows one such area, the San
Andreas Fault in California, which is a transform fault.
The epicenter of an earthquake is the exact point on
the surface of Earth directly above the location where
the rock ruptures, also shown in Figure 24.10.

Earthquakes are a direct result of the movement of
plates and their contact with each other. Volcanic
eruptions happen when molten magma beneath the
crust is released to the atmosphere. Sometimes the two
events are observed together, most often along plate
boundaries where tectonic activity is high. FIGURE 24.11
shows one example, in which earthquake locations and
volcanoes form a circle of tectonic activity, called the
“Ring of Fire,” around the Pacific Ocean.



(b)

FIGURE 24.10 A fault zone. Many areas of seismic activity,

The Environmental and Human
Toll of Earthquakes and
Volcanoes
Plate movements, volcanic erup-
tions, seafloor spreading, and other
tectonic processes bring molten rock
from deep beneath Earth’s crust to
the surface, and subduction sends
surface crust deep into the mantle.
This tectonic cycle of surfacing and
sinking is a continuous Earth process.
When humans live in close proxim-
ity to areas of seismic or volcanic
activity, however, the results can be
dramatic and devastating.
Earthquakes occur many times a
day throughout the world, but most
are so small that humans do not feel
them. The magnitude of an earth-
quake is reported on the Richter
scale, a measure of the largest ground
movement that occurs during an
earthquake. The Richter scale, like
the pH scale described in Chapter 2,
is logarithmic. On a logarithmic scale,

including the San Andreas Fault in California, are characterized by a a value increases by a factor of 10 for each unit increase.
transform fault. The epicenter of an earthquake is the point on the Thus a magnitude 7.0 earthquake, which causes serious
surface of Earth directly above the location where the rock ruptures. (age damage, is 10 times greater than a magnitude 6.0
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FIGURE 24.11 Locations of earthquakes and volcanoes. A “Ring of Fire" circles the Pacific Ocean
along plate boundaries. Other zones of seismic and volcanic activity, including hot spots, are also shown on this map.

MODULE 24 = Mineral Resources and Geology 269



earthquake and 1,000 (10°) times greater than a magni-
tude 4.0 earthquake, which only some people can feel
or notice. Worldwide, there may be as many as 800,000
small earthquakes of magnitude 2.0 or less per year, but
an earthquake of magnitude 8.0 occurs approximately
once every year.

Even a moderate amount of Earth movement can
be disastrous. Moderate earthquakes (defined as mag-
nitudes 5.0 to 5.9) lead to collapsed structures and
buildings, fires, contaminated water supplies, ruptured
dams, and deaths. Loss of life is more often a result of
the proximity of large population centers to the epi-
center than of the magnitude of the earthquake itself.
The quality of building construction in the aftected
area is also an important factor in the amount of dam-
age that occurs. In 2008, a magnitude 7.9 earthquake
in the southwestern region of Sichuan Province,
China, killed more than 69,000 people. The epicenter
was near a populated area where many buildings were
probably not built to withstand a large earthquake. In
2010, a magnitude 7.0 earthquake in Haiti killed more
than 200,000 people. Many of the victims were
trapped under collapsed buildings (FIGURE 24.12).

Extra safety precautions are needed when dangerous
materials are used in areas of seismic activity. Nuclear
power plants are designed to withstand significant
ground movement and are programmed to shut down
if movement above a certain threshold occurs. The
‘World Nuclear Association estimates that 20 percent of
nuclear power plants operate in areas of significant
seismic activity. Between 2004 and 2009, in four sepa-
rate incidents, nuclear power plants in Japan shut down
operation because of ground movement that exceeded
the threshold. In 2011, seismic activity there led to a
devastating major earthquake and tsunami that caused
the second-worst nuclear power plant accident ever to
occur, as we will see in Chapter 13.
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FIGURE 24.12 Earthquake
damage in Haiti. The 2010
earthquake in Haiti killed more than
200,000 people and destroyed most
of the structures in the capital,

Port-au-Prince. (Dominic Nahr/Magnum
Photos)

Volcanoes, when active, can be equally disruptive
and harmful to human life. Active volcanoes are not
distributed randomly over Earth’s surface; 85 percent of
them occur along plate boundaries. As we have seen,
volcanoes can also occur over hot spots. Depending on
the type of volcano, an eruption may eject cinders, ash,
dust, rock, or lava into the air (FIGURE 24.13). Volcanoes

FIGURE 24.13 A volcanic eruption. This 2001 explosive

eruption from the Etna volcano in Italy threatened several nearby towns.
(Mario Cipollini/Aurora)



(a) (b)

FIGURE 24.14 Some common minerals. (a) Pyrite (FeS,), also called “fool’s gold.” (b) Graphite, a form
of carbon (C). (c) Halite, or table salt (NaCl). (a—b: John Grotzinger/Raman Rivera-Moret/ Harvard Mineralogical Museum; c:

The Natural History Museum/Alamy)

can result in loss of life, habitat destruction and altera-
tion, reduction in air quality, and many other environ-
mental consequences.

The world gained a new awareness of the impact of
volcanoes when eruptions from a volcano in Iceland
disrupted air travel to and from Europe in April 2010.
Ash from the eruption entered the atmosphere in a
large cloud and prevailing winds spread it over a wide
area. The ash contained small particles of silicon diox-
ide, which have the potential to damage airplane
engines. Air travel was suspended in many parts of
Europe, and millions of travelers were stranded in what
may have been the greatest travel disruption ever to
have been caused by a volcano.

The rock cycle recycles scarce
minerals and elements

The second part of the geologic cycle is the rock cycle,
which refers to the constant formation and destruction
of rock. The rock cycle is the slowest of all of Earth’s
cycles. Environmental scientists are most often con-
cerned with the part of the rock cycle that occurs at or
near Earth’s surface.

Rock, the substance of the lithosphere, is composed
of one or more minerals (FIGURE 24.14). Minerals are
solid chemical substances with uniform (often crystal-
line) structures that form under specific temperatures
and pressures. They are usually compounds, but may be
composed of a single element such as silver or gold.

Formation of Rocks and Minerals

FIGURE 24.15 shows the processes of the rock cycle.
Rock forms when magma from Earth’s interior reach-
es the surface, cools, and hardens. Once at Earth’s
surface, rock masses are broken up, moved, and

deposited in new locations by processes such as weath-
ering and erosion. New rock may be formed from the
deposited material. Eventually, the rock is subducted
into the mantle, where it melts and becomes magma
again. The rock cycle slowly but continuously breaks
down rock and forms new rock.

While magma is the original source of all rock,
there are three major ways in which the rocks we see
at Earth’s surface can form: directly from molten
magma; by compression of sediments; and by exposure
of rocks and other Earth materials to high temperatures
and pressures. These three modes of formation lead
to three distinct rock types: igneous, sedimentary, and
metamorphic.

Igneous Rocks

Igneous rocks form directly from magma. They are
classified by their chemical composition as basaltic or
granitic, and by their mode of formation as intrusive
or extrusive.

Basaltic rock is dark-colored rock that contains
minerals with high concentrations of iron, magnesium,
and calcium. It is the dominant rock type in the crust
of oceanic plates. Granitic rock is lighter-colored rock
made up of the minerals feldspar, mica, and quartz, and
contains elements such as silicon, aluminum, potassi-
um, and calcium. It is the dominant rock type in the
crust of continental plates. When granitic rock breaks
down due to weathering, it forms sand. Soils that
develop from granitic rock tend to be more permeable

Rock cycle The geologic cycle governing the constant
formation, alteration, and destruction of rock material
that results from tectonics, weathering, and erosion,
among other processes.

Igneous rock Rock formed directly from magma.
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Transport and
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Melting occurs when
tectonic plates are
subducted.

FIGURE 24.15 The rock cycle. The rock cycle slowly but continuously forms new rock and breaks down
old rock. Three types of rock are created in the rock cycle: Igneous rock is formed from magma; sedimentary
rock is formed by the compression of sedimentary materials; and metamorphic rock is created when rocks are

subjected to high temperatures and pressures.

than those that develop from basaltic rock, but both
types of rock can form fertile soil.

Intrusive igneous rocks form within Earth as
magma rises up and cools in place underground.
Extrusive igneous rocks form when magma cools
above Earth’s surface, such as when it is ejected from
a volcano or released by seafloor spreading. Extrusive
rocks cool rapidly, so their minerals have little time
to expand into large individual crystals. The result is
fine-grained, smooth types of rock such as obsidian.
Both extrusive and intrusive rocks can be either gra-
nitic or basaltic in composition.

The formation of igneous rock often brings to the
surface rare elements and metals that humans find

Intrusive igneous rock Igneous rock that forms when
magma rises up and cools in a place underground.

Extrusive igneous rock Rock that forms when magma
cools above the surface of Earth.

Fracture In geology, a crack that occurs in rock as
it cools.

Sedimentary rock Rock that forms when sediments
such as muds, sands, or gravels are compressed by
overlying sediments.

Metamorphic rock Rock that forms when sedimentary
rock, igneous rock, or other metamorphic rock is
subjected to high temperature and pressure.
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economically valuable, such as the lanthanum described
at the beginning of this chapter. When rock cools, it is
subject to stresses that cause it to break. Cracks that
occur when rock cools, known as fractures, can
occur in any kind of rock. Water from the surface of
Earth running through fractures may dissolve valuable
metals, which may precipitate out in the fractures to
form concentrated deposits called veins. These deposits
are important sources of gold- and silver-bearing ores
as well as rare metals such as tantalum, which is used
to manufacture electronic components of cell phones.

Sedimentary Rocks

Sedimentary rocks form when sediments such as
muds, sands, or gravels are compressed by overlying
sediments. Sedimentary rock formation occurs over long
periods when environments such as sand dunes, mudflats,
lake beds, or areas prone to landslides are buried and the
overlying materials create pressure on the materials
below. The resulting rocks may be uniform in composi-
tion, such as sandstones and mudstones that formed from
ancient oceanic or lake environments. Alternatively,
they may be highly heterogeneous, such as conglomerate
rocks formed from mixed cobbles, gravels, and sands.
Sedimentary rocks hold the fossil record that pro-
vides a window into our past. When layers of sediment
containing plant or animal remains are compressed



over eons, those organic materials may be preserved, as
described in Chapter 5.

Metamorphic Rocks

Metamorphic rocks form when sedimentary rocks,
igneous rocks, or other metamorphic rocks are sub-
jected to high temperatures and pressures. The pres-
sures that form metamorphic rock cause profound
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REVIEW

In this module, we looked at the formation of Earth
and the distribution of minerals. After Earth formed,
heavier elements sank to the core, which accounts for
the distribution and abundance of elements we see at
the surface of Earth. The plates that overlay Earth
and move at different rates further distribute
elements. Plates are in constant motion around the
globe and the resulting seismic activity contributes
to various environmental hazards and has led to the
creation of different landforms such as mountain

Module 24 AP® Review Questions

1. Which layer of Earth is composed primarily of iron
and nickel?
(a) The core
(b) The crust

(c) The asthenophere

(d) The mantle

(¢) The lithosphere

2. Subduction

(a) 1s the reason similar fossils appear on both sides
of the Atlantic.

(b) 1s the result of a hot spot moving near a plate
boundary.

(c) occurs when one plate passes under another.

(d) occurs when oceanic plates diverge and form
volcanoes.

(e) is the process in transform boundaries that results
in earthquakes.

3. The Hawaiian islands were formed
a) ata divergent plate boundary.
b) ata hotspot.

¢) ata convergent plate boundary.
d) ata transform fault.

e) atamid-ocean ridge.

(
(
(
(
(

physical and chemical changes in the rock. These pres-
sures can be exerted by overlying rock layers or by
tectonic processes such as continental collisions, which
cause extreme horizontal pressure and distortion.
Metamorphic rocks include stones such as slate and
marble as well as anthracite, a type of coal. Metamorphic
rocks have long been important as building materials
in human civilizations because they are structurally
strong and visually attractive.

ranges. Minerals and rocks of various compositions
result from the chemical composition of the material
that forms them, and the geologic conditions under
which they form. When rocks and minerals break
down as a result of various environmental conditions,
they release chemical elements and the precursors of
soils. In the next module we will examine the
conditions under which rocks break down and how
that contributes to the variety of soils that form
around the world.

4.  How far will a plate travel in 60,000 years if it moves
at net rate of 25 mm/yr?

(a) 24m

(b) 1,500 m

(

(

(

ROINCHR

3,000 m
4,800 m
12,000 m

\_/&

S

5. Which rock is formed at high temperatures and
pressures?
(a) Extrusive igneous

(b) Intrusive igneous

(c) Basaltic

(d) Sedimentary

() Metamorphic

~— =

6. Earthquake epicenters are often at

(a) divergent boundaries.
(b) convergent boundaries.
(c) transform boundaries.
(d) hot spots.

(

e) subduction zones.
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Weathering and Soil
Science

Soil is a combination of geologic and organic material that forms a dynamic
membrane over much of the surface of Earth. A variety of processes that occur in soil
connect the overlying biology with the underlying geology. In this module we will
explore the weathering of rocks that leads to the formation of soil and the
development of specific soil horizons. We will discuss physical, chemical, and
biological processes that take place in soils. Finally, we will examine human activities
that degrade soils, including the process of mining.

Learning Objectives

After reading this module, you should be able to

e understand how weathering and erosion occur and how they contribute to

element cycling and soil formation.

e explain how soil forms and describe its characteristics.

e describe how humans extract elements and minerals and the social and

environmental consequences of these activities.

The processes of weathering and
erosion contribute to the recycling
of elements

We have seen that rock forms beneath Earth’s surface
under intense heat, pressure, or both heat and pressure.
When rock is exposed at Earth’s surface, it begins to
break down through the processes of weathering and
erosion. These processes are components of the rock
cycle, returning chemical elements and rock fragments

Physical weathering The mechanical breakdown of
rocks and minerals.
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to the crust by depositing them as sediments through
the hydrologic cycle. This physical breakdown and
chemical alteration of rock begins the cycle all over
again, as shown in Figure 24.15. Without this part of
the rock cycle, elements would never be recycled and
the precursors of soils would not be present.

Weathering

Weathering occurs when rock is exposed to air, water,
certain chemical compounds, or biological agents such
as plant roots, lichens, and burrowing animals. There
are two major categories of weathering—physical and
chemical—that work in combination to degrade rocks.

Physical weathering is the mechanical breakdown
of rocks and minerals, shown in FIGURE 25.1. Physical



(b)

weathering can be caused by water, wind, or variations
in temperature such as seasonal freeze-thaw cycles.
When water works its way into cracks or fissures in
rock, it can remove loose material and widen the
cracks, as illustrated in Figure 25.1a. When water
freezes in the cracks, the water expands, and the pres-
sure of its expansion can force rock to break. Different
responses to temperature can cause two minerals within
a rock to expand and contract differently, which also
results in splitting or cracking. Coarse-grained rock
formed by slow cooling or metamorphism tends to
weather more quickly than fine-grained rock formed
by rapid cooling or metamorphism.

Biological agents can also cause physical weather-
ing. Plant roots can work their way into small cracks
in rocks and pry them apart, as illustrated in
Figure 25.1b. Burrowing animals may also contribute
to the breakdown of rock material, although their
contributions are usually minor. However it occurs,
physical weathering exposes more surface area and
makes rock more vulnerable to further degradation.
By producing more surface area for weathering pro-
cesses to act on, physical weathering increases the rate
of chemical weathering. Chemical weathering is the
breakdown of rocks and minerals by chemical reac-
tions, the dissolving of chemical elements from rocks,
or both these processes. It releases essential nutrients
from rocks, making them available for use by plants
and other organisms.

Chemical weathering occurs most rapidly on newly
exposed minerals, known as primary minerals. It alters
primary minerals to form secondary minerals and the
ionic forms of their constituent chemical elements. For
example, when feldspar—a mineral found in granitic
rock—is exposed to natural acids in rain, it forms clay
particles and releases ions such as potassium, an essential
nutrient for plants. Lichens can break down rock in a
similar way by producing weak acids. Their effects can
commonly be seen on soft gravestones and masonry.
Rocks that contain compounds that dissolve easily,

FIGURE 25.1 Physical
weathering. (a) Water can work its way
into cracks in rock, where it can wash
away loose material. When the water
freezes and expands, it can widen the
cracks. (b) Growing plant roots can force
rock sections apart.

such as calcium carbonate, tend to weather quickly.
Rocks that contain compounds that do not dissolve
readily are often the most resistant to chemical weath-
ering. In examining element cycles in Chapter 3, we
noted that weathering of rocks is an important part of
the phosphorus cycle.

Recall from Chapter 2 that solutions can be basic or
acidic. Depending on the starting chemical composition
of rock and the pH of the water that comes in contact
with it, hundreds of different chemical reactions can
take place. For example, as we saw in Chapter 2, carbon
dioxide in the atmosphere dissolves in water vapor to
create a weak acid, called carbonic acid. When waters
containing carbonic acid flow into geologic regions that
are rich in limestone, they dissolve the limestone (which
is composed of calcium carbonate) and create spectacular
cave systems (FIGURE 25.2).

Some chemical weathering is the result of human
activities. For example, sulfur emitted into the atmo-
sphere from fossil fuel combustion combines with
oxygen to form sulfur dioxide. That sulfur dioxide
reacts with water vapor in the atmosphere to form
sulfuric acid, which then causes acid precipitation. Acid
precipitation, also called acid rain, is precipitation
high in sulfuric acid and nitric acid from reactions
between water vapor and sulfur and nitrogen oxides
in the atmosphere. Acid precipitation is responsible
for the rapid degradation of certain old statues and
gravestones and other limestone and marble structures.
‘When acid precipitation falls on soil, it can promote

Chemical weathering The breakdown of rocks and
minerals by chemical reactions, the dissolving of
chemical elements from rocks, or both.

Acid precipitation Precipitation high in sulfuric acid
and nitric acid from reactions between water vapor
and sulfur and nitrogen oxides in the atmosphere.
Also known as Acid rain.
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FIGURE 25.2 Chemical weathering. Water that contains
carbonic acid wears away limestone, sometimes forming spectacular
caves. (Mauritius/SuperStock)

chemical weathering of certain minerals in the soil,
releasing elements that may then be taken up by
plants or leached from the soil into groundwater and
streams.

Chemical weathering, due to either natural processes
or acid precipitation, can contribute additional elements
to an ecosystem. Knowing the rate of weathering helps
researchers assess how rapidly soil fertility can be
renewed in an ecosystem. In addition, because the
chemical reactions involved in the weathering of certain
granitic rocks consume carbon dioxide from the atmo-
sphere, weathering can actually reduce atmospheric
carbon dioxide concentrations.

Erosion

We have seen that physical and chemical weathering
results in the breakdown and chemical alteration of
rock. Erosion is the physical removal of rock frag-
ments (sediment, soil, rock, and other particles) from a
landscape or ecosystem. Erosion is usually the result of
two mechanisms. In one, wind, water, and ice move
soil and other materials by downslope creep under the
force of gravity. In the other, living organisms, such as

Erosion The physical removal of rock fragments from
a landscape or ecosystem.
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FIGURE 25.3 Erosion. Some erosion, such as the erosion that
created these formations in the Badlands of South Dakota, occurs
naturally as a result of the effects of water, glaciers, or wind. The
Badlands are the result of the erosion of softer sedimentary rock
types, such as shales and clays. Harder rocks, including many types

of metamorphic and igneous rocks, are more resistant to erosion.
(welcomia/Shutterstock)

animals that burrow under the soil, cause erosion.
After eroded material has traveled a certain distance
from its source, it accumulates. Deposition is the accu-
mulation or depositing of eroded material such as sedi-
ment, rock fragments, or soil.

Erosion is a natural process: Streams, glaciers, and
wind-borne sediments continually carve, grind, and
scour rock surfaces (FIGURE 25.3). In many places,
however, human land use contributes substantially to
the rate of erosion. Poor land use practices such as
deforestation, overgrazing, unmanaged construction
activity, and road building can create and accelerate
erosion problems. Furthermore, erosion usually leads
to deposition of the eroded material somewhere else,
which may cause additional environmental problems.
We discuss human-caused erosion further in Chapters
10 and 11.

Soil links the rock cycle and
the biosphere

Soil has a number of functions that benefit organisms
and ecosystems. As you can see in FIGURE 25.4, soil is
a medium for plant growth. It also serves as the primary
filter of water as water moves from the atmosphere into
rivers, streams, and groundwater. Soil contributes
greatly to biodiversity by providing habitat for a wide
variety of living organisms—from bacteria, algae, and
fungi to insects and other animals. Soil and the organ-
isms within it filter chemical compounds deposited by
air pollution and by household sewage systems; some
of these materials remain in the soil and some are
released to the atmosphere or into groundwater.
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In this section we will look at the formation and
properties of soil.

The Formation of Soil

In order to appreciate the role of soil in ecosystems,
we need to understand how and why soil forms and
what happens to soil when humans alter it. It takes
hundreds to thousands of years for soil to form. Soil is
the result of physical and chemical weathering of rocks
and the gradual accumulation of detritus from the
biosphere. We can determine the specific properties of
a soil if we know its parent rock type, the amount of’
time it has been forming, and its associated biotic and
abiotic components.

FIGURE 25.5 shows the stages of soil development
from rock to mature soil. The processes that form soil
work in two directions simultaneously. The breakdown
of rocks and primary minerals by weathering provides the
raw material for soil from below. The deposition of
organic matter from organisms and their wastes contri-
butes to soil formation from above. What we normally
think of as “soil” is a mix of these mineral and organic
components. A poorly developed (young) soil has sub-
stantially less organic matter and fewer nutrients than a

\ variety of organisms

FIGURE 25.4 Ecosystem
services provided by soil.

Soil serves as a medium for plant
growth, as a habitat for other
organisms, and as a recycling
system for organic wastes. Soil also
helps to filter and purify water.

Habitat for a

more developed (mature) soil. Very old soils may also be
nutrient poor because over time plants remove many
essential nutrients and water leaches away others. Five
factors simultaneously determine the properties of soils:
parent material, climate, topography, organisms, and time.

Parent Material

A soil’s parent material is the underlying rock material
from which a soil’s inorganic components are derived.
Different soil types arise from different parent materials.
For example, a quartz sand (made up of silicon dioxide)
parent material will give rise to a soil that is nutrient
poor, such as those along the Atlantic coast of the United
States. By contrast, a soil that has calcium carbonate as
its parent material will contain an abundant supply of
calcium, have a high pH, and may also support high
agricultural productivity. Such soils are found in the area
surrounding Lake Champlain in Vermont and northern
New York, as well as in many other locations.

Parent material The rock material from which the
inorganic components of a soil are derived.
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FIGURE 25.5 Soil formation. Soil is a mixture of organic and inorganic matter. The breakdown of rock
and primary minerals from the parent material provides the inorganic matter. The organic matter comes from

organisms and their wastes.

Climate

Climate influences soil formation in a number of ways.
Soils do not develop well when temperatures are
below freezing because decomposition of organic mat-
ter and water movement are both extremely slow in
frozen or nearly frozen soils. Therefore, soils at high
latitudes of the Northern Hemisphere are composed
largely of organic material in an undecomposed state,
as we saw in Chapter 4. In contrast, soil development
in the humid tropics is accelerated by rapid weathering
of rock and soil minerals, leaching of nutrients, and
decomposition of organic detritus. Climate also has an
indirect effect on soil formation because it affects the
type of vegetation that develops, and therefore the
type of detritus left after the vegetation dies.

Topography

Topography—the surface slope and arrangement of a
landscape—is another factor in soil formation. Soils that
form on steep slopes are constantly subjected to erosion
and, on occasion, more drastic mass movements of mate-
rial as happens in landslides. In contrast, soils that form at
the bottoms of steep slopes may continually accumulate
material from higher elevations and become quite deep.

Organisms

Many organisms influence soil formation. Plants
remove nutrients from soil and excrete organic acids
that speed chemical weathering. Animals that tunnel or

Soil degradation The loss of some or all of a soil’s
ability to support plant growth.
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burrow—for example, earthworms, gophers, and
voles—mix the soil, uniformly distributing organic and
mineral matter. Collectively, soil organisms act as recy-
clers of organic matter. In the process of using dead
organisms and wastes as an energy source, soil organ-
isms break down organic detritus and release mineral
nutrients and other materials that benefit plants.
Human activity has dramatic effects on soils. For cen-
turies, the use and overuse of land for agriculture, for-
estry, and other human activities has led to significant
soil degradation: the loss of some or all of the ability
of soils to support plant growth. One of the major causes
of soil degradation is soil erosion, which occurs when
topsoil is disturbed—for example, by plowing—or when
vegetation is removed. As we saw in Chapter 3, these
activities lead to erosion by water or wind (FIGURE 25.6).

FIGURE 25.6 Erosion from human activity. Erosion in this
cornfield in Tennessee is obvious after a brief rainstorm. (Tim McCabe/
USDA Natural Resources Conservation Service)



0O horizon: Organic matter in
various stages of decomposition

A horizon (topsoil): Zone of
overlying organic material mixed
with underlying mineral material

E horizon: Zone of leaching of metals
and nutrients; occurs in some soils
beneath either the O horizon or

the A horizon.

B horizon (subsoil): Zone of
accumulation of metals and nutrients

C horizon (subsoil): Least-
weathered portion of the soil profile,
similar to the parent material

FIGURE 25.7 Soil horizons. All soils have horizons, or layers,
which vary depending on soil-forming factors such as climate,
organisms, and parent material. Most soils have either an O or A horizon
and usually not both. Some soils that have an O horizon also have an E
horizon.

While topsoil loss can happen rapidly—in as little as a
single growing season—it takes centuries for the lost
topsoil to be replaced. Compaction of soil by machines,
humans, and livestock can alter its properties and reduce
its ability to retain moisture. Compaction and drying of
soil can, in turn, reduce the amount of vegetation that
grows in the soil and thereby increase erosion. Intensive
agricultural use and irrigation can deplete soil nutrients,
and the application of agricultural pesticides can pollute
the soil. In Chapters 11 and 14 we will return to the
ways in which human activity affects the soil.

Time

The final factor that determines the properties of a soil
is the amount of time during which the soil has devel-
oped. As soils age, they develop a variety of character-
istics. The grassland soils that support much of the food
crop and livestock feed production in the United
States are relatively old soils. Because they have had
continual inputs of organic matter for hundreds of
thousands of years from the grassland and prairie veg-
etation growing above them, they have become deep
and fertile. Other soils that are equally old, but with
less productive communities above them and perhaps
greater quantities of water moving through them, can
become relatively infertile.

Soil Horizons

As soils form, they develop characteristic horizons,
which are horizontal layers with distinct physical
features such as color or texture, shown in FIGURE 25.7.

The specific composition of those hori-
zons depends largely on climate, vege-
tation, and parent material. At the sur-
face of many soils is a layer known as
the O horizon, composed of organic
detritus such as leaves, needles, twigs,
and even animal bodies, all in various
stages of decomposition. The O hori-
zon is most pronounced in forest soils
and is also found in some grasslands.
Organic matter is sometimes called
humus (pronounced “hu-mus,” but
often mispronounced by beginning stu-
dents as hummus, the delicious food
made from chickpeas, olive oil, and
garlic). In actuality, only the most
decomposed organic matter at the low-
est part of the organic horizon is truly humus.

In a soil that is mixed, either naturally or by human
agricultural practices, the top layer is the A horizon,
also known as topsoil, a zone of organic material and
minerals that have been mixed together. In some
acidic soils, an E horizon—a zone of leaching, or
eluviation—forms under the O horizon or, less often,
the A horizon. When an E horizon is present, iron,
aluminum, and dissolved organic acids from the over-
lying horizons are transported through and removed
from the E horizon and then deposited in the B hori-
zon, where they accumulate. When an E horizon is
present, it always occurs above the B horizon. The B
horizon, commonly known as subsoil, is composed
primarily of mineral material with very little organic
matter. If nutrients are present in the soil, they will be
in the B horizon. The C horizon—the least weath-
ered soil horizon—occurs beneath the B horizon and
is similar to the parent material.

Horizon A horizontal layer in a soil defined by
distinctive physical features such as texture and
color.

O horizon The organic horizon at the surface of
many soils, composed of organic detritus in various
stages of decomposition.

A horizon Frequently the top layer of soil, a zone of
organic material and minerals that have been mixed
together. Also known as Topsoil.

E horizon A zone of leaching, or eluviation, found in
some acidic soils under the O horizon or, less often,
the A horizon.

B horizon A soil horizon composed primarily of
mineral material with very little organic matter.

C horizon The least-weathered soil horizon, which
always occurs beneath the B horizon and is similar
to the parent material.
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FIGURE 25.8 Soil properties. (a) Soils consist of a mixture of
clay, silt, and sand. The relative proportions of these particles determine
the texture of the soil. (b) The relative sizes of sand, silt, and clay.

Properties of Soil

Soils with different properties serve different func-
tions for humans. For example, some soil types are
good for growing crops and others are more suited for
building a housing development. Therefore, to under-
stand and classify soil types, we need to understand
the physical, chemical, and biological properties of
soils.

Time = zero

Sand, silt,
or clay
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100 days

Physical Properties of Soil

The physical properties of soil refer to features related
to physical characteristics such as size and weight.
Sand, silt, and clay are mineral particles of difterent
sizes. The texture of a soil is determined by the
percentages of sand, silt, and clay it contains.
FIGURE 25.8a plots those percentages on a triangle-
shaped diagram that allows us to identify and compare
soil types. Each location on the diagram has three
determinants: the percentages of sand, of silt, and of
clay. A point in the middle of the “loam” category
(approximately at the “a” in “loam” in Figure 25.8)
represents a soil that contains 40 percent sand, 40 per-
cent silt, and 20 percent clay. We can determine this
by following the lines from that point to the scales on
each of the three sides of the triangle. If you are not
certain which line to follow from a given point, always
follow the line that leads to the lower value. For
example, if you want to determine the percentage of
sand in a sample represented by the red dot in Figure
25.8, you might follow the line out to either 60 per-
cent sand or 40 percent sand; however, since you
should always follow the line to the lower value, in
this case the percentage of sand is 40 percent. The sum
of sand, silt, and clay will always be 100 percent.
Conversely, in the laboratory, a soil scientist can deter-
mine the percentage of each component in a soil
sample and then plot the results. The name for the soil,
for example “silty clay loam,” follows from the
percentage of the components in the soil.

The permeability of soil—how quickly soil drains—
depends on its texture, shown in FIGURE 25.9. Sand
particles—the largest of the three components—pack
together loosely. Water can move easily between the
particles, making sand quick to drain and quick to dry
out. Soils with a high proportion of sand are also easy
for roots to penetrate, making sandy soil somewhat
advantageous for growing plants such as carrots and
potatoes. Clay particles—the smallest of the three
components—pack together much more tightly than
sand particles. As a result, there is less pore space in a
soil dominated by clay, and water and roots cannot
easily move through it. Silt particles are intermediate
both in size and in their ability to drain or retain water.

100 years

FIGURE 25.9 Soil
permeability. The
permeability of soil depends on
its texture. Sand, with its large,
loosely packed particles, drains
quickly. Clay drains much more
slowly.



The best agricultural soil is a mixture of sand, silt,
and clay. This mixture promotes balanced water
drainage and retention. In natural ecosystems, how-
ever, various herbaceous and woody plants have
adapted to growing in wet, intermediate, and dry
environments, so there are plants that thrive in soils of’
virtually all textures.

Soil texture can have a strong influence on how the
physical environment responds to environmental pol-
lution. For example, the ground water of western
Long Island in New York State has been contaminated
over the years by toxic chemicals discharged from local
industries. One major reason for the contamination is
that Long Island is dominated by sandy soils that read-
ily allow surface water to drain into the groundwater.
While soil usually serves as a filter that removes pollut-
ants from the water moving through it, sandy soils are
so permeable that pollutants move through them
quickly and therefore are not filtered effectively.

Clay is particularly useful where a potential con-
taminant needs to be contained. Many modern landfills
are lined with clay, which helps keep the contaminants
in solid waste from leaching into the soil and ground-
water beneath the landfill.

Chemical Properties of Soil

Chemical properties are also important in determining
how a soil functions. Clay particles contribute the most
to the chemical properties of a soil because of their
ability to attract positively charged mineral ions, referred
to as cations. Because clay particles have a negative
electrical charge, cations are adsorbed—held on the sur-
face—by the particles. The cations can be subsequently
released from the particles and used as nutrients by
plants.

The ability of a particular soil to adsorb and release
cations is called its cation exchange capacity (CEC),
sometimes referred to as the nutrient holding capacity.
The overall CEC of a soil is a function of the amount
and types of clay particles present. Soils with high CECs
have the potential to provide essential cations to plants
and therefore are desirable for agriculture. If a soil is
more than 20 percent clay, however, its water retention
becomes too great for most crops as well as many other
types of plants. In such waterlogged soils, plant roots are
deprived of oxygen. Thus there is a trade oft between
CEC and permeability.

The relationship between soil bases and soil acids is
another important soil chemical property. Calcium,
magnesium, potassium, and sodium are collectively
called soil bases because they can neutralize or coun-
teract soil acids such as aluminum and hydrogen. Soil
acids are generally detrimental to plant nutrition, while
soil bases tend to promote plant growth. With the
exception of sodium, all the soil bases are essential for
plant nutrition. Base saturation is the proportion of
soil bases to soil acids, expressed as a percentage.
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FIGURE 25.10 Soil organisms. Bacteria, fungi, and protozoans
account for 80 to 90 percent of soil organisms. Also present are snails,
slugs, insects, earthworms, and rodents.

Because of the way they affect nutrient availability
to plants, CEC and base saturation are important
determinants of overall ecosystem productivity. If a
soil has a high CEC, it can retain and release plant
nutrients. If it has a relatively high base saturation, its
clay particles will hold important plant nutrients such
as calcium, magnesium, and potassium. A soil with
both high CEC and high base saturation is likely to
support high productivity.

Biological Properties of Soil

As we have seen, a diverse group of organisms populates
the soil. FIGURE 25.10 shows a representative sample.
Three groups of organisms account for 80 to 90 percent
of the biological activity in soils: fungi, bacteria, and
protozoans (a diverse group of single-celled organisms).
Rodents and earthworms contribute to soil mixing and
the breakdown of large organic materials into smaller
pieces. Earthworms are responsible for abundant humus
formation in soils. Some soil organisms, such as snails

Cation exchange capacity (CEC) The ability of a
particular soil to absorb and release cations.

Base saturation The proportion of soil bases to soil
acids, expressed as a percentage.
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and slugs, are herbivores that eat plant roots as well as
the aboveground parts of plants. However, the majority
of soil organisms are detritivores, which consume dead
plant and animal tissues and recycle the nutrients they
contain. Some soil bacteria also fix nitrogen, which, as
we saw in Chapter 3, is essential for plant growth.

The distribution of mineral
resources on Earth has social and
environmental consequences

The tectonic cycle, the rock cycle, and soil formation
and erosion all influence the distribution of rocks and
minerals on Earth. These resources, along with fossil
fuels, exist in finite quantities, but are vital to modern
human life. In this section we will discuss some impor-
tant nonfuel mineral resources and how humans obtain
them; we will discuss fuel resources in Chapters 12 and
13. Some of these resources are abundant, whereas
others are rare and extremely valuable.

Abundance of Ores and Metals

As we saw at the beginning of this chapter, early Earth
cooled and differentiated into distinct vertical zones.
Heavy elements sank toward the core, and lighter ele-
ments rose toward the crust. Crustal abundance is
the average concentration of an element in Earth’s
crust. Looking at FIGURE 25.11, we can see that four
elements—oxygen, silicon, aluminum, and iron—
constitute over 88 percent of the crust. However, the
chemical composition of the crust is highly variable
from one location to another.

Environmental scientists and geologists study the
distribution and types of mineral resources around
the planet in order to locate them and to manage
their extraction or conservation. Ores are concen-
trated accumulations of minerals from which eco-
nomically valuable materials can be extracted. Ores
are typically characterized by the presence of valu-
able metals, but accumulations of other valuable
materials, such as salt or sand, can also be considered

Crustal abundance The average concentration of an
element in Earth’s crust.

Ore A concentrated accumulation of minerals from
which economically valuable materials can be extracted.

Metal An element with properties that allow it to
conduct electricity and heat energy, and to perform
other important functions.

Reserve In resource management, the known quantity
of a resource that can be economically recovered.
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FIGURE 25.11 Elemental composition of Earth’s
crust. Oxygen is the most abundant element in the crust. Silicon,
aluminum, and iron are the next three most abundant elements.

ores. Metals are elements with properties that allow
them to conduct electricity and heat energy and to
perform other important functions. Copper, nickel,
and aluminum are common examples of metals.
They exist in varying concentrations in rock, usually
in association with elements such as sulfur, oxygen,
and silicon. Some metals, such as gold, exist naturally
in a pure form.

Ores are formed by a variety of geologic processes.
Some ores form when magma comes into contact
with water, heating the water and creating a solution
from which metals precipitate, while others form
after the deposition of igneous rock. Some ores occur
in relatively small areas of high concentration, such as
veins, and others, called disseminated deposits, occur
in much larger areas of rock, although often in lower
concentrations. Still other ores, such as copper, can
be deposited both throughout a large area and in
veins. Nonmetallic mineral resources, such as clay,
sand, salt, limestone, and phosphate, typically occur
in concentrated deposits. These deposits occur as a
result of their chemical or physical separation from
other materials by water, in conjunction with the
tectonic and rock cycles. Some ores, such as bauxite—
the ore in which aluminum is most commonly
found—are formed by intense chemical weathering
in tropical regions.

The global supply of mineral resources is difticult
to quantify. Because private companies hold the
rights to extract certain mineral resources, informa-
tion about the exact quantities of resources is not
always available to the public. The publicly known
estimate of how much of a particular resource is
available is based on its reserve: the known quantity
of the resource that can be economically recovered.



Approximate Supplies of Metal Reserves Remaining
Global reserves U.S. reserves

Metal remaining (years) remaining (years)
Iron (Fe) 120 40
Aluminum (Al) 330 2

Copper (Cu) 65 40

Lead (Ph) 20 40

Zinc (Zn) 30 25

Gold (Au) 30 20

Nickel (Ni) 75 0

Cobalt (Co) 50 0
Manganese (Mn) 70 0
Chromium (Cr) 85 0

Sources: Data from S. Marshak, Earth: Portrait of a Planet, 3rd ed. (W. W. Norton, 2007); U.S. Geological Survey
Mineral Commodity Summaries 2013, http://minerals.er.usgs.gov/minerals/pubs/mcs/.

TABLE 25.1 lists the estimated number of years of
remaining supplies of some of the most important
metal resources commonly used in the United States,
assuming that rates of use do not change. Some
important metals, such as tantalum, have never
existed in the United States. The United States has
used up all of its reserves of some other metals, such
as nickel, and must now import those metals from
other countries.

Mountaintop removal

Mining Techniques

Miner