


Earth is remarkably suvited for life. Water, important both in the
internal composition of organisms and as an external environmen-
tal factor affecting life, covers three-fourths of the planet. Earth’s
temperature is habitable—neither too hot, as on Mercury and
Venus, nor too cold, as on Mars and the outer planets. We receive
a moderate amount of sunlight—enough to power photosynthe-
sis, which supports almost all the life-forms that inhabit Earth,
'Our atmosphere bathes the Planet in gases and provides essential
oxygen and carbon dioxide that organisms require. On land, soil
develops from rock and provides support and minerals for plants,
Mountains that arise from geologic processes and then erode over
vast Spans of time affect weather patterns, provide minerals, and
store reservoirs of fresh water as ice and snow that melt and flow to
lowlands during the warmer months. Lakes and ponds, rivers and
streams, wetlands, and groundwater feservoirs provide terrestrial
organisms with fresh water,

Earth’s abundant natural resources have provided the backdrop
for a parade of living things to evolve. Life has existed on Earth
for about 3.8 billion years. Although early Earth was inhospitable
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driver of all other environmental problems, the one that
links alt others, is the marly people who live in the aréa shown in
this picture. According to the United Nations, in 1950 only eight
cities in the world had populations larger than 5 million, the larg-
est being New York, with 12.3 million, By 2011 Tokyo, Japan
had 17.8 million inhabitants, with 37.2 million inhabitants in the
greater Tokyo metropolitan area. The combined population of the
world’s 10 largest urban agglomerations was over 200 million (see
Table 9.1),

In 2011, the human population as a whole passed a significant
milestone: 7 billion individuals. Not only is this figtire incompre-
hensibly large, but also our population grew this large in a brief
span of time. In 1960, the human population was only 3 billion
(Figure 1.3). By 1975, there were 4 billion people, and by 1999,
there were 6 billion. The 7.2 billion people who currently inhabit
our planet consume great quantities of food and water, use a great
deal of energy and raw materials, and produce much waste.

Despite family planning efforts in many countries, population
growth rates do not change quickly. Several billion people will be
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Figure 1.3 Human population growth. It tock thousands of years
for the human population to reach 1 billion (in 1800) but only 130 years
to reach 2 billion (1930). It took only 30 years to reach 3 billion (1960),
15 years to reach 4 billion (1975), 12 years to reach 5 billion (1987), 12
years to reach 6 billion (1999), and 13 years to reach 7 billion (2012).
(Population Reference Bureau)
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Figure 1.4 - Slumin Mumbai (Bombay), India. Many of the woild’s
people live in extrenie poverty. One trend associated with poverty is
the increasing movement of poor people from rural to urban areas. As a
result, the number of poor people living in er around the ﬁ'mges of cities
is mushrooming. '

Agricultural Organization, at least 1 billion people (many of them
children) lack access to the food needed for healthy, productive
lives.

Most demographers (people who study human populations)
expect the world population to stabilize before the end of the cur-
rent century. Worldwide, fertility rates have decereased to a cur-
rent average of about three children per family, and this average is
projected to continue to decline in coming decades. Expert projec-
tions for world population at the end of the twenty-first century
range from about 8.3 billion to 10.9 billion, depending largely on
how fast the fertility rate decreases (see Figure 8.3).

No one knows whether Earth can support so many people
indefinitely. Among the tasks we must accomplish is feeding a
world population considerably larger than the present one without
undermining the natural resources that support us. Our ability to
achieve this goal will determine the quality of life for our children
and grandchildren.
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DEVELOPMENT, ENVIRONMEN? AND SUSTAINABILITY

Until recently, demographers differentiated countries as highly
developed, moderately developed, and less developed. The United
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Population, Resources, and the
ironmes

The relationships among population growth, use of natural
resources, and environmental degradation are complex. ‘We
address the details of resource manageément and envirorimental
problems in this and later chapters, but for now, let us consider
two useful generalizations: (1) The resources essential to an indi-
vidual’s survival are small, but a rapidly increasing population
tends to overwhelm and deplete local soils, forests, and other
natural resources (Figure 1.5a). (2) In highly developed coun-
tries, individual resource demands are large, far above what is
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needed for survival. Consumption by people in affluent nations
can exhaust resources and degrade the environment on a global
scale (Flgure 1.5b).

TYPES OF RESOURCES

When examining the effects of humans on the environment, it is
important to distinguish between two types of natural resources:
nonrenewable and renewable (Figure 1.6). Nonrenewable
resources, which include minerals (such as aluminum, copper, and
uranium) and fossil fuels (coal, oil, and natural gas), are present in
limited supplies and are depleted by use. Natural processes do not
replenish nonrenewable resources within a reasonable period on
the human time scale. Fossil fuels, for example, take millions of
years to form.

In addition to a nation’s population, several other factors affect
how nonrenewable resources are used, including how efficiently
the resource is extracted and processed as well as how much of it




is required or consumed by different groups. People in the United
States, Canada, and other highly developed nations tend to con-
sume most of the world’s nonrenewable resources. Nonetheless,
Earth has a finite supply of nonrenewable resources that sooner
or later will be exhausted. In time, technological advances may
provide substitutes for some nonrenewable resources. Slowing
the rate of population growth and consumption will buy time to
develop such alternatives.

Some exariples of renewable resources are trees, fishes,
fertile agricultural soil, and fresh water. Nature replaces these
resources fairly rapidly (on a scale of days to centuries), and they
can be used forever as long as they are not overexploited in the
short term. In developing countries, forests, fisheries, and agricul-
tural land are particularly important renewable resources because
they provide food. Indeed, many people in developing countries
are subsistence farmers who harvest just enough food so that they
and their families can survive.

Rapid population growth can cause the overexploitation of
renewable resources. For example, large numbers of poor people
must grow crops on land inappropriate for farming, such as on
mountain slopes or in tropical rain forests. Although this practice
may provide a short-term solution to the need for food, it does not
work in the long term: Whén these lands are cleared for farming,
their agricultural productivity declines rapidly, and severe envi-
ronmental deterioration occurs. Renewable resources are usually
only potentially renewable. They must be used in a sustainable
way—in a manner that gives them time to replace or replenish
themselves.

The effects of population growth on natural resources are par- .

ticularly critical in developing countries. The economic growth
of developing countries is often tied to the exploitation of their
natural resources, usually for export to highly developed countries.
Developing countries are faced with the difficuit choice of exploit-
ing natural resources to provide for their expanding populations
in the short term (to pay for feod or to cover debts) or conserving
those resources for future generations.

It is instructive to note that the economic growth and devel-
opment of the United States, Canada, and other highly developed
nations came about through the exploitation and, in some cases,
the destruction of resources. Continued economic growth in
highly developed countries now relies significaritly on the impor-
tation of these resources from less developed countries. One
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Figure 1.6 Natural resources.
Nonrenewable resources are replaced on a
geologic time scale, and their supply dimin-
ishes with use. Renewable resources can

be (but are not always) replaced on a fairly
short time scale; as will be explained in later
chapters, most renewable resources are derived
from the sun’s energy.

of the reasons economic growth in highly developed countries
has been possible is the uneven distribution of both renewable
and nonrenewable resources around the world. Many very poor
countries—Ethiopia, for example—have only limited fossil-fuel
resources.

RESOURCE CONSUMPTION

Consumption is the human use of materials and energy. Con-
sumption, which is both an economic and a social act, provides the
consumer with a sense of identity as well as status amiong peers.
Advertisers promote consumption as a way to achieve happi-
ness. Western culture encourages spending and consumption well
beyond that which is necessary for survival. ,

In general people in hlghly developed countries are extrava-
gant consumers; their use of resources is greatly out of propornon
to their numbers. A single child born in a highly developed country
may have a greater 1mpact on the environment and on resource
depletion than 12 or more children born in a developing country.
Many natural resources are used to provide the automobiles, air
conditioners, disposable diapers, cell phones, DVD players, com-
puters, clothes, newspapers, athletic shoes, furniture, boats, and
other comforts of life in highly developed countries. Yet such con-
sumer goods represent a small fraction of the total materials and
energy required to produce and distribute them. According to the
Worldwatch Institute, a private research institution in Washington,
D.C., Americans collectively consume almost 10 billion tons of
materials every year. The disproportionately large consumption of
resources by highly developed countries affects natural resources
and the environment as much as or more than the population
explosion in the developing world.

Unsustainable Consumption Consumption in a country is
unsustainable if the level of demand on its resource base damages
the environment or depletes resources to such an extent that future
generations will have lower qualities of life. In comparing human
impact on the environment in developing and highly developed
countries, we see that unsustdinable consumption can occur in
two ways. First, environmental quality and resource depletion can
result from too many people, even if those people consume few
resources per person. This is the current situation in many devel-
oping nations.



6 1 Intreducing Environmental Science and Sustainability

In highly developed countries, unsustainable consumption
results when individuals consume substantially more resources
than necessary for survival. Both types of unsustainable consump-
tion have the same effect—pollution, environmental degradation,
and resource depletion. Many affluent, highly developed countries,
including the United States, Canada, Japan, and most of Europe,
consume unsustainably: Highly developed countries represent less
than 20% of the world’s population, yet they consume significantly
more than half of its resources.

According to the Worldwatch Institute, highly developed
countries account for the lion’s share of total resources consumed:

o 86% of aluminum used

e 76% of timber harvested

o 68% of energy produced

e 61% of meat eaten

o 42% of the fresh water consumed

These nations also generate 75% of the world’s pollution
and waste.

ECOLOGICAL FOOTPRINT

Environmental scientists Mathis Wackernagel and William Rees
developed the concept of ecological footprmt to help people visu-
alize what they use from the environment. Each person has an
ecologlcal footprint, an amount of productive land, fresh water,
and ocean required on a continuous basis to supply that person
with food, wood, energy, water, housing, clothing, transportation,
and waste disposal. The Living Planet Report 2010, produced by
scientists at the Global Footprint Network, World Wildlife Fund,
and Zoological Society of London, estimates that since about
1975, the human population has been consuming more of the pro-
ductive land, water, and other resources than Earth can support
(Figure 1.7). In 2010, annual consumption was about 50% more
than Earth produces. This is an unsustainable consumption rate.
‘The Living Planet Report estimates that Earth has about 11.4
billion hectares (28.2 billion acres) of productive land and water.
If we divide this area by the global human population, we see that
each person is allotted about 1.6 hectares (4.0 acres). However,
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Figure 1.7 Global ecological overshoat. Earth’s ecological foot-
print has been increasing over time. By 2010, humans were using the
equivalent of 1.5 Earths, a situation that is not sustainable. (Data from
World Wildlife Fund, Living Planet Report 2010)

the average global ecological footprint is currently about 2.7
hectares (6.7 acres) per person, which means we humans have an
ecological .overshoor.- We can see the short- term results around
us—forest destruction, degradation of croplands, loss of biologi-
cal diversity, declining ocean fisheries, local water shortages, and
increasing pollution. The long-term outlook, if we do not seriously
address our consumption of natural resources, is potentially disas-
trous. Either per-person consumption will drop, population will
decrease, or both. '

In the developing nation of India, the per capita ecological
footprint is 0.9 hectare (2.2 acres); India is the world’s second-
largest country in terms of population, so even though its per capita
footprint is low, the country’s footprint is high: 986.3 million hect-
ares (Figure 1.8). In France, the per capita ecological footprint is
4.9 hectares (12.1 acres); although its per capita footprint is high,
France’s footprint as a country is 298.1 million hectares, which is
lower than India’s, because its population is much smaller. In the
United States, the world’s third-largest country, the per capita eco-
logical footprint is 7.9 hectares (19.5 acres); the U.S. footprint as
a country is 2,457 million hectares! If all people in the world had
the same lifestyle and level of consumption as the average North
American, and assuming no changes in technology, we would
need about four additional planets the size of Earth.
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(a) The average ecological footprint of a person living in India, France,
or the United States. For example, each Indian réquires 0.9 hectare
(2.2 acres) of productive land and ocean to meet his or her resource
Tequirements.
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(b) The total ecological footprint for the countries of India, France, and
the United States. Note that India, although having a low per capita
ecological footprint, has a significantly higher ecological footprint as a
country because of its large population. If everyone in the world had the
same level of consumption as the average American, it would take the
resources and area of five Earths.

Figure 1.8 Ecological footprints. (Data from World Wildlife Fund,
Living Planet Report 2012)
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As developing countries increase their economic growth and
improve their standard of living, more and more people in those
nations purchase consumer goods. More new cars are now sold
annually in Asia than in North America and Western Europe com-
bined. These new consumers may not consume at the high level
of the average consumer in a highly developed cotintry, but their
consumption has increasingly adverse effects on the environment.
For example, air pollution caused by automotive traffic in urban
centers in developing countries is terrible and getting worse every
year. Millions of dollars are lost because of air pollution-related
health problems in these cities. One of society’s challenges is to
provide new consumers in developing countries (as well as our-
selves) with less polluting, less consuming forms of transportation.

THE IPAT MODEL

Generally, when people turn on the tap to brush their teeth in the
morning they do not think about where the water comes from or
about the environmental consequences of removing it from a river
or the ground. Similarly, most North Americans do not think about
where the energy comes from when they flip on a light switch or
start a car. We do not realize that all the materials in the products
we use every day come from Earth, nor do we grasp that these
materials eventually are returned to Earth, much of them in sani-
tary landfills. ,

Such human impacts on the environment are difficult to
assess. They are estimated using the three factors most important
in determining environmental impact (I):

1. The number of people (P)

2. Affluence, whrch is a measure of the consumption or amount of
resources used per person (A) ‘

3. The environmental effects (resources needed and wastes pro-
duced) of the technologies used to obtain and consume the
resources (7)

These factors are related in this way:

n: In science, 2 model is a formal statement that
s” describes the behavior of a system. The IPAT
edictshow,  Todel, which biologist Paul Ehrlich and physi-
hons part of - cist John Holdren first proposed in the 1970s,
st mw.naﬁemhe' shows the mathematical relationship between
restofthesystem - environmental impacts and the forces driving
them.,

For example, to determine the environmental impact of emis-
sic:’ns of the greenhouse gas CO, fmm motor vehjcles multiply

sumptmn per person) trmes the average car’s annual CO2 emis-
sions per ‘year (technological impact). This model demonstrates
that although increasing motor vehicle efficiency and developing
cleaner technologies will reduce pollution and environmental deg-
radation, a larger reduction will result if population and per capita
consumption are also controlled.

The IPAT equation, though useful, must be interpreted
with care, in part because we often do not understand all the
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environmental impacts of a particular technology on complex
environmental systems. Motor vehicles are linked not only to
global warming from CO, emissions but also to local air pollution
(tailpipe exhaust), water pollution (improper disposal of motor oil
and antifreeze), and solid waste (disposal of nonrecyclable auto-
mobile parts in sanitary landfills). There are currently more than
600 million motor vehicles on the planet, and the number is rising
rapidly.

The three factors in the I[PAT equation are always changing in
relation to one another. Consumption of a particular resource may
increase, but technological advances may decrease the environ-
mental impact of the increased consumption. For example, there
are more television and computer screens in the average house-
hold than there were 20 years ago (increased affluence) and more
households (increased population). However, many of the new
units are flat screens, which require less materials to produce and
less energy to operate (more efficient technology). Thus, consumer
trends and choices may affect environmental impact.

Similarly, the average fuel economy of new cars and light
trucks (sport-utility vehicles, vans, and pickup trucks) in the
United States declined from 22.1 miles per gallon in 1988 to 20.4
miles per gallon in the early 2000s, in part because of the popular-
ity of sport-utility vehicles (SUVs). In addition to being less fuel
efficient than cars, SUVs emit more emissions per vehicle mile.
More recently, hybrids have helped to increase the average fuel
economy (Figure 1.9). Such trends and uncertainties make the
IPAT equation of limited usefulness for long-term predictions.

The IPAT equation is valuable because it helps identify what
we do not know or understand about consumption and its. envi-
ronmental impact. The National Research Council of the U.S.
National Academy of Sciences! has identified research areas we
must address, including the following: Which kinds of consump-
tion have the greatest destructive impact on the environment?
Which groups in society are responsible for the greatest environ-
mental disruption? How can we alter the activities of these envi-
ronmcrlta]ly disruptive groups? It will take years to address such

Miles per galion

' Toyota Honda Ford Honda
Prius Civie Escape Civic
Hybrid Hybrid  Hybrid SUV  Nonhybrid

Eg city [} Highway

Figure 1.9 Fuel-efficient hybrids. Shown are city and highway
miles per gallon for three hybrid models available in 2014. (U.S.
Department of Energy)

"The National Research Council is a private, nonprofit society of distinguished
scholars. It was organized by the National Academy of Sciences to advise the U.S.
government on complex issues in scierice and technology.
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questions, but the answers should help decision makers in gov-
ernment and business formulate policies to alter consumption pat-
terns in an environmentally responsible way. Our ultimate goal
should be to reduce consumption so that our current practices do
not compromise the ability of future generations to use and enjoy
the riches of our planet.

REVIEW

1. How do renewable reséurces differ from nonrenewable resources?

2. How are human population growth and affluence related to natural
resource depletion?

3. What is an ecological footprint?
4, What does the /PAT model demonstrate?

One of the most important concepts in this text is sustainability. A
sustainabitity The . sustainable world is one in which humans can
lity to meet current  “have economic development and fair allocation
man economicand * of resources without the environment going into
scial needs without
romising the ability = 2 decline from the stresses imposed by human
of the environment . SOCiéty on the natural systems (such as fertile

to support futtre SOI], water, and a1r) that maintain life. When the

generations. : environment is used sustainably, humanity’s

present needs are met without endangering the

welfare of future generations (Frgure 1.10). Envlronmental sus-

tainability applies at many levels, including individual, commu-
nity, regrona] national, and global levels.

e Our actions can affect the health and well-being of natural
ecosystems, including all living things.

° Earth’s resour‘c'es are not present in infinite s’upply, our access

resources such as fresh water regenerate for future needs.

e The products we consume can impose costs to the environ-
ment and to society beyond those captured in the price we pay
for those products.

e Sustainability requires a concerted and coordinated effort of
people on a global scale.

Many experts in environmental problems think human soci-
ety is not operating sustainably because of the following human
behaviors:

* We extract nonrenewable resources such as fossil fuels as if
they were present in unlimited supplies.

‘We consuine renéwable resources such as fresh water and forests
faster than natural systems can replemsh them (Flgure 1. 11)

the envir nment to absorb them is hmltless

A small fraction of the human population dominates a large
percentage of Earth’s resources.

e Our numbers continue to grow despite Earth’s finite ability to

feed us, sustain us, and absorb our wastes.

If left unchecked, these activities could threaten Earth’s
tems to such a degree that recovery is impossi-
r resources like agricultural land, fisheries, and fresh
€3 1austed to the point that they cannot recover qu1ckly,
I suffering would result. Thus managing these
nably means more than protecting the envuon—
ty promotes human well-being.

clear-cut forest slope. Loggmg destroys the habltat for forest organ-
isms and increases the rate of soil erosion on steep slopes. Photographed
in Carada.
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At first glance, the issues may seem simple. Why do we not
just reduce consumption, improve technology, and limit popula-
tion growth? The answer is that various interacting ecological,
societal, and economic factors complicate the solutions. Qur inad-
equate understanding of how the environment works and how
human choices affect the environment is 2 major reason that prob-
lems of sustainability are difficult to resolve. The effects of many
interactions between the environment and humans are unknown
or difficult to predict, and we generally do not know if we should
take corrective actions before our understanding is more complete.

SUSTAINABILITY AND THE TRAGEDY OF THE COMMONS

Garrett Hardin (1915-2003) was a professor of human ecology
at the University of California—Santa Barbara who wrote about
human environmental dilemmias. In 1968, he published his classic
essay, “The Tragedy of the Commons,” in the journal Science.
He contended that our inability to solve many environmental
problems is the result of a struggle between short-term individual
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commons are experiencing increasing environmental stress (see,
for example, the discussion of climate change in Chapter 20). No
individual, jurisdiction, or ¢ountry owns common-pool resources,
and they are susceptible to overuse. Although exploitation may
benefit only a few, everyone on Earth must pay for the environ-
mental cost of exploitation.

The world needs effective legal and economic policies to pre-
vent the short-term degradation of common-pool resources and
ensure their long-term well-being. We have no quick fixes because
solutions to global environmental problems are not as simple or
short term as are solutions to some local problems. Most environ-
mental ills are inextricably linked to other persistent problems
such as poverty, overpopulation, and social injustice-—problems
beyond the capacity of a single nation to resolve. The large number
of participants who must organize, agree on limits, and enforce
rules complicates the creation of global treaties to manage com-
mon-pool resources. Cultural and economic differencés among
participants make finding solutions even more challenging.

Clearly, all people, businesses, and governments must foster

a strong sense of stewardship—shared respon- | stewardship Shared

welfare and long-term environmental sustainability and societal ] ! Gsn
sibility for the sustainable care of our planet. . responsibility for the

welfare. !
sustainable care of our

Hardin used the commons to illustrate this struggle. In medi-
eval Europe, the inhabitants of a village shared pastureland, called
the commons, and each herder could bring animals onto the com-
mons to graze. If the villagers did not cooperatively manage the
commons, each might want to bring more animals onto it. If every
herder in the village brought as many animals onto the commons
as possible, the plants would be killed from overgrazing, and the
entire village would suffer. Thus, an unmanaged commons would
inevitably be destroyed by the people who depended on it.

Hardin argued that one of the outcomes of the eventual
destruction of the commons would be private ownership of land,
because when each individual owned a parcel of land, it was in
that individual’s best interest to protect the land from overgrazing.
A second outcome Hardin considered was government ownership

- and management of such resources, because the government had
the authority to impose rules on users of the resource and thereby
protect it.

Cooperation and commitment at the interna-
tional level are essential if we are to alleviate
poverty, stabilize the human population, and preserve our environ-
ment and its resources for future generations.

planet.

GLOBAL PLANS FOR SUSTAINABLE DEVELOPMENT

In 1987, the World Commission on Environment and Develop-
ment released a groundbreaking report, Our Common Future (see
Chapter 24). A few years later, in 1992, representatives from most
of the world’s countries met in Rio de Janeiro, Brazil, for the UN
Conference on Environment and Develgpment. Countries attend-
ing the conference examined environmental problems that are
international in scope: pollution and deterioration of the planet’s
atmosphere and oceans, a decline in the number and kinds of
organisms, and destruction of forests.

In addition, the Rio participants adopted Agenda 21, an action

Hardin’s essay has stimulated a great deal of research in the  plan of sustainzble development in which - sustainable develop-
decades since it was published. In general, scholars agree that deg-  future economic development, particularly in fsent Asdefined by
radation of the self-governing commons—now called commen-  developing countries, will be reconciled with ~theBrundtlandreport,

, ‘ . . o : . . economic development
common-poel  pool resources—typically is not a problem in  environmental protection. The goals of sustain- that meets the needs of

surées Those parts
of our environment
vailable to everyone
t for which no single

closely knit communities. Indeed, sociologist
Bill Freudenberg has pointed out that medieval
commons were successfully managed but

able development are achieving improved living
conditions for all people while maintaining a
healthy environment in which natural resources

the present generation
without compromising
the ability of future gen-
erations to meet their

became degraded after they were privatized.
Economist Elinor Ostrum demonstrated that
common pool resources can be sustainably
managed by communities with shared interests,
strong local governance, and community-
enforced accountability.

As one goes from local to regional to global common-pool
resources, the challenges of sustainably managing resources
become more complex. In today’s world, Hardin’s parable
has particular relevance at the global level. These modern-day

individual has
responsibility-the
sphere and climate,
water, forests, wild-
and ocean fisheries.

are not overused and excessive pollution is not
generated. Three factors—environmentally
sound decisions, economically viable decisions, and socially equi-
table decisions—are necessary for truly sustainable development.
To use sustainability as a guiding principle for environmental man-
agement requires that we think about how these three factors inter-
act as parts of a complex and interlinked system (Figure 1.12).

A serious application of the principles of environmental sus-
tainability to economic development will require many changes in
such fields as population policy, agriculture, industry, economics,

own needs.
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En iféﬁm’ ntal Scien

Environmental science encompasses the many « envirommental
interconnected issues involving human popula- - science The inter-
tion, Earth’s natural resources, and environmen- d'sc'pl'?a,’y study of
tal pollution. Environmental science combines UmManity’s relationship
. g Pou Ofl. Enyironm PN R ~ with other ofganisms
information from many disciplines, such as biol-

Sustainable
Development

»-and the nonliving physi-

ocially Equitab
Decisions

12 sustainable development, a systems concept: Using
e development as an organizing principle for environmental
Inanagement requires us to recognize that econiomic developnient, social
justice, and the environment are linked in many and complex ways.

We must consider whether econoniic decisions harm the environment

or deplete natural resources, whether resource management decisions

are socially equitable, and whether societal decisions impact economic
opportunities for current and future generations.

and energy use. In 2000, representatives from 189 countries met
at the UN Millennium Summit and committed their countries to a
global partnership with goals known as the Millennium Develop-
ﬂmgnt Goals (see Chapter 8).

Despite such international summits, we have made only lim-

ited progress in improving the quality of life for poor people or in
solving the world’s most serious environmental problems. Many
governments have shifted their atterition from serious environ-
mental priorities to other challenges such as terrorism, worsening
international tensions, and severe economic problems, Meanwhile,
scientific warnings about important environmental problems such
as global climate change have increased, ,

Despite the lack of significant change at the international
level, some natioris, states, and municipalities have made impor-
tant environmental progress. Many countries have enacted more
stringent air pollution laws, including the phasing out of leaded
gasoline. More than 100 countries have created sustainable devel-
opment commissions. Cotporations that promote environmentally
responsible business practices have joined to form the World
Business Council for Sustainable Development. The World Bank,
which makes loans to developing countries, has invested billions
of dollars in sustainable development projects around the world.

REVIEW

1. Whatis sustainability?
2, Whatis the tragedy of the commons?
3. What are the three foundations of sustainable development?

0gy, geography, chemistry, geology, physics, . calenvironment,
economics, sociology, demography (the study of
populations), cultural anthropology, natural resources management,
agriculture, engineering, law, politics, and ethics. Ecology, the
branch of biology that studies the interrelationships between organ-
isms and their environment, is a basic tool of environmental science.

Environmental scientists try to establish general principles
about how the natural world functions. They use these principles
to develop viable solutions to environmental problems—solutions
based as much as possible on scientific knowledge. Envirdnmental
problems are' generally complex, so our understanding of them is
often less complete than we would like it to be. Environmental
scientists are often asked to reach a consensus before they fully
understand the systems that they study. As a result, they often
make recommendations based on probabilities rather than precise
answers. 7

Many of the environmeqtal problems disc’:ussed in this book
are serious, but environmental science is not simply a “doom-and-
gloom” listing of problems coupled with predictions of a bleak
future. To the contrary, its focus is, and our focus as individuals
and as world citizens should be, on identifying, understanding, and
finding better ways to manage the stresses that human activities
place on environmental resources and systems.

EARTH SYSTEMS AND ENVIRONMENTAL SCIENCE

One of the most exciting aspects of environmental science and
many other fields of science is working out how systems that con-
sist of many interacting parts function as a whole. As discussed in
the chapter introduction, Earth’s climate is a system that in turn is
composed of sma‘ile’r, intc'rdejp;endent Systems, such as the atmo-
sphere and ocean; these smaller systems are linked and interact
with one another in the overall climate system.

The systems approach provides a broad look at overall pro-
cesses, as opposed to the details of individual parts or steps. A
commuter i city traffic may be quite familiar with the production
of COZ by a car engine, but that kno‘wledge does not automatically
translate into an uﬁderstanding of the global effect of millions of
motor vehicles emitting CO,. Thus, using a systems perspective
helps scientists gain valuable insights that are not always obvious
from looking at individual components within the system.




Also, problems arise from not thinking about systems. For
example, if a company decides to burn waste oil to avoid its leak-
ing into groundwater, pollution shifts from groundwater to the air.
A systems perspective would require company executives to think
about the trade-offs between the two disposal methods and, more
importantly, about alternatives that might avoid generating waste
oil in the first place.

Environmental scientists often use models to describe the
interactions within and among environmental systems. Many of
these models are computer simulations that represent the overall
effect of competing factors to describe an environmental system in
numerical terms. Models help us understand how the present situ-
ation developed from the past or how to predict the future course
of events, including the long-term impacts of decisions or choices
we make today. Models also generate additional questions about
environmental issues. (Appendix IIT contains an introduction to
modeling.) ;

A natural system consisting of a community of organisms
and its physical environment is known as an ecosystem. In eco-
systems, biological processes (such as photosynthesis) interact
with physical and chemical processes to modify the composition
of gases in the atmosphere, transfer energy
from the sun through living organisms, recycle
waste products, and respond to environmental
changes with resilience. Natural ecosystems
are the foundation for our concept of environ-
mental sustainability.

Ecosystems are organized into larger and
larger systems that interact with one another
(discussed in Chapter 3). At a global level
are Barth systems, which include Earth’s ¢li-
mate, atmosphere, land, coastal zones, and the
ocean. Environmental scientists use a systems
approach to try to understand how human
activities are altering global environmental
parameters such as temperature, CO, concen-
tration in the atmosphere, land cover, changes
in nitrogen levels in coastal waters, and declin-
ing fisheries in the ocean.

Many aspects of Earth systems are in a
steady state or, more accurately, a dynamic
equilibrium, in which the rate of change in one
direction is the same as the rate of change in
the opposite direction. Feedback occurs when a
change in one part of asystem leads to a change
in another part. Feedback can be negative or
positive. In a negative feedback system, a
change in some condition triggers a response
that counteracts, or reverses, the changed con-
dition (Figure 1.13a). A negative feedback
mechanism works to keep an undisturbed
system in dynamic equilibrium. For example,
consider fish in a pond. As the number of fish
increases, available food decreases and fewer
fish survive; thus, the fish population declines.

change.

(a) Negative feedback. In this sim-
plified example, the initial balance
between a population of fish and its
food supply is ultimately restored.
Thus, in a negative feedback system,
the response to change opposes the
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In a positive feedback system, a change in some condi-
tion triggers a response that intensifies the changing condition
(Figure 1.13b); a positive feedback mechanism leads to greater
change from the original condition. Positive feedback can be very
disruptive to an already disturbed system. For example, melting of
polar and glacial ice can lead to greater absorption of solar heat by
the exposed land area, which in turn leads to more rapid melting.
As you will see throughout this text, many negative and positive
feedback mechanisms operate in the natural environment.

SCIENCE AS APROCESS

One key to the successful solution of any environmental problem
is a careful evaluation of conditions, causes, and effects. Science—
a system for managing and producing information—is the most
effective way to do this evaluation. It is important to understand
clearly just what science is, as well as what it is not. Many people
think of science as a body of knowledge—a collection of facts
about the natural world and a search for relationships among these

Response

to change:

Negative

feedback Response
to changs:
Positive
feedback

(b) Positive feedback. In this simplified example of
a positive feedback system, the response to change
increases, or amplifies, the deviation from the
original point.

Figure 1.13 Feedback systems.
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3. Design and perform an experiment to test the hypothesis.
An experiment involves collecting data by making careful
observations and ‘measurements. Much of the creativity in sci-
ence involves designing experiments that sort out the confusion
caused by competing hypotheses. The process never “proves”
anything; instead, it disproves or falsifies alternative hypoth-
eses ‘until only the most plausible hypothesis is left.

>

Analyze and interpret the data to reach a conclusion. Does
the evidence match the prediction stated in the hypothesis—
that is, do the data support or refute the hypothesis? Should the
hypothesis be modified or rejected based on the observed data?

n

Share new knowledge. Publishing articles in scientific jour-
nals or books and presenting the information at meetings per-
mits others to understand and critique methods and findings,
and repeat the experiment or design new experiments that either
verify or refute the work. ~ '

Although the scientific method is usually described as a lin-
ear sequence of events, science is rarely as straightforward or tidy
as the scientific method 1mphes Good science involves creativ-
ity and openness to new ideas in recognizing questions, develop-
ing hypotheses, and des1gmng experiments. Scientific knowledge
progresses by trial and error. Many creative ideas end up as dead
ends, and temporary setbacks or reversals of direction often occur
as knowledge progresses. Scientific knowledge often expands hap-
hazardlyg with the “big picture” emerging slowly from confusmg
and sometimes contradictory details.

Scientific work is often incorrectly portrayed in the media as
“new facts” that have just come to light At a later time, addi-
tional “new facts” that question the validity of the original study
are reported. If one were to read the scientific papers on which
such media reports are based, one would ﬁnd that the scientists
made tentative conclusions based on thelr data. Science progresses
from uncertainty to less uncertainty, not from certainty to greater
certainty. Science leads to a better understanding of nature over
time, despite the fact that science never “proves” anything.

Most often, many factors influence the processes scientists
waiit to study. Each factor that influences a process is a variable.
Ideally, to evaluate alternative hypotheses about a given variable,
we run experiments that hold all other variables constant so that
they do not confuse or mislead us. To test a hypothesis about a
variable, two forms of the experiment are done in parallel. In an
experimental group, we alter the chosen variable in a known
way. In'a control group, we do not alter that variable. In all other
respects the two groups are the same. We then ask, “What is the
difference, if any, between the outcomes for the two groups?” Any
difference is the result of the influence of that variable because
all other variables remained the same. Much of the challenge of
environmental science lies in designing control groups and in suc-
cessfully isolating a single variable from all other variables.

Theorles Theories explain scientific laws. A theory is an inte-
grated explanation of numerous hypotheses, each supported by
a large body of observations and experiments and evaluated by
the peer review process. A theory condenses and simplifies many
data that previously appeared unrelated. A good theory grows as
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additional information becomes known. It predicts new data and
suggests new relationships among a range of natural phenomena.

A theory simplifies and clarifies our understanding of the nat-
ural world because it demonstrates relationships among classes of
data. Theories are the solid ground of science, the explanations of
which we are most sure. This definition contrasts sharply with the
general public’s use of the word theory, implying lack of knowl-
edge or a guess—as in, “[ have a theory about the existence of life
on other planets.” In this book, the word theory is always used in
its scientific sense, to refer to a broadly conceived, logically coher-
ent, and well-supported explanation.

Absolute truth is not possible in science, only varying degrees
of uncertainty. Science is continually evolving as new evidence
comes to light, and its conclusions are always provisional or uncer-
tain. It is always possible that the results of future experiments will
contradict a prevailing theory, which will then be replaced by a
new or modified theory that better explains the scientific laws of
the natural world.

in enuronmental science today 18 that carbon dlox1de (CO;_) and
other gases released from burning fossil fuels has caused and will
continue to cause Earth’s climate to change. Clearly, however, the
climate is a complex system, with many variables that change over
a long period. We cannot run an expenment to test the hypothesis
that releasing greenhouse gases over a century causes global tem-
peratures to increase. Underst; 1d1ng climate char._ge requues usto
Obsﬁerve what is happening, compare those observations to what
existing theory predicts will happen, and adapt our theories based
on new observations, The theory of climate change draws on phys-
ics, chemistry, oceanography, atmospheric science, astronomy,
and other scientific fields.
Many of the components of cllmate theory can be tested
directly (Figure 1.15). As one example, scientists have tested the
hypothesis that some gases, which we call greenhouse gases, can
absorb energy (where energy absorption is a variable). In one such
experiment, they filled identical containers with air, varied the
concentrations of CO, in the containers, and then added heat. They
observed temperature increases in the containers with more CO..
While such experiments do not prove that CO; absorbs heat, they
demonstrate that it is reasonable to think the hypothesis is correct.
Indeed, heat absorption by CO, has been understood for over a
century. :
Climate scientists have combined this expemmental evidence
about greenhouse gases with our understanding of other parts of -
the climate, such as natural variability, solar variability, and reflec-
tivity of ice and other surfaces, to establish a theory of climate
change. This theory has uncertainties, but it predicts that as green-
house gas concentrations increase, global atmospheric temperature
will increase, sea level will rise, precipitation patterns will change,
and glaciers and ice caps will melt (Figure 1.16). As we will see
in Chapter 20, observations have confirmed this general theory,
while allowing us to refine it and make more reliable predictions
about the future. Climate theory does not tell us what we should do
to avoid climate change, only what we can expect from different
possible decisions.
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ADDRESSING ENVIRONMENTAL PROBLEMS

Viewed simply, there are five stages in addressing an environmen-




1. Scientific assessment. The first stage in addressing any envi-
ronmental problem is scientific assessment, the gathering of
information. The problem is defined. Data are then collected,
and experiments or simulations are performed.

2. Risk analysis. Using the results of a scientific investigation,
we can analyze the potential effects of doing nothing or of
intervening—what is expected to happen if a particular course
of action is followed, including any adverse effects the action
might generate. In other words, the risks of one or more reme-
diation (correction or cleanup) options are considered.

Figure 1.17 Addressing environmental problems. These five
steps provide a framework for addressing environmental problems, such
as the hypothetical example given. Solving environmental problems
rarely proceeds in such a straightforward manner.
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3. Public education and involvement. Public participation and
commitment are an essential part of addressing most environ-
mental problems. The public can be a source of both knowledge
and values, and many individuals and groups have a stake in
the outcome of decisions. People are generally more willing to
work together to solve a problem if they have the opportunity
to participate from the start.

Political action, Affected parties select and implement a course
of action. Ideally, science provides information on what can be
done, but in the political process, opinions often differ about
how to interpret evidence when selecting a course of action.
Often, what people think should be done affects their beliefs
about science and scientists.

gl

»n

Long-term evaluation. The results of any action taken should
be carefully monitored, both to see if the environmental prob-
lem is being addressed and to improve the initial assessment
and modeling of the problem.

These five stages represent an ideal approach to systemati-
cally addressing environmental problems. In real life, addressing
environmental problems is rarely so neat and tidy, particularly
when the problem is of regional or global scale, or when those
bearing the costs are not those who stand to benefit from a new
policy. Quite often, the public becomes aware of a problem, which
triggers discussion regarding remediation before the problem has
been clearly identified. Also, we often do not know what scientific
information is needed until stage 2, 3, or even 4, which means
that to make informed decisions, we often need to ask scientists to
develop additional research.

To demonstrate the five steps as they operate in an ideal situ-
ation, let us consider a relatively simple environmental problem
recognized and addressed in the 1950s—pollution in Lake Wash-
ington. This problem, unlike many environmental issues we face
today, was relatively easy to diagnose and solve.

CASE IN POINT

LAKE WASHINGTON

Lake Washington is a large, deep freshwater lake on the eastern
boundary of Seattle (Figure 1.18). During the first part of the
twentieth century, the Seattle metropolitan area expanded east-
ward toward the lake from the shores of Puget Sound, putting Lake
Washington under increasingly intense environmental pressures.
Between 1941 and 1954, 10 suburban sewage treatment plants
began operating around the lake. Each plant treated.the raw sew-
age to break down the organic material within it and released the
effluent (treated sewage) into the lake. By the mid-1950s, a great
deal of treated sewage had been poured into the lake.

Scientists at the University of Washington were the first to
note the effects of this discharge on the lake. Their studies indi-
cated that large masses of cyanobacteria (photosynthetic bacteria)
were growing in the lake. Cyanobacteria require a plentiful supply
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1. Comprehenswe regl, al pla.umng by the many suburbs sur-
rounding the lake

2. Complete elimination of sewage chscharge into the 1ake

3. Research to identify the key nutrients causing the cyanobacte-
ria to grow
It is one thing to suggest that treated sewage no longer be added to
Lake Washington and quite another to devise an acceptable reme-
diation option. Further treatment of sewage could remove some
nutrients, but it might not be practical to remove all of them. The
alternative was to dump the sewage somewhere else—but where?

In this case, officials decided to discharge the treated sewage into
Puget Sound. In their plan, a ring of sewers built around the lake
would collect the treated sewage and treat it further before dis-
charging it into Puget Sound.

The plan to further treat the sewage was formulated to mini-
mize the environmental impact on Puget Sound. It was assumed
that the treated effluent would have less of an impact ori the greater
quantity of water in Puget Sound. Also, phosphate does not control
cyanobacterial growth in Puget Sound as it does in Lake Wash-
ington. The growth of photosynthetic bacteria and algae in Puget

Sound is la:gely limited by tides, which mix the water and trans-

port the tiny organisms into deeper water, where they cannot get
enough light to grow rapidly.

Despite the Washington Pollution Control Commission’s
conclusions, local sanitation authorities were not convinced that
urgent action was necessary. Public action required further educa-
tlon, and sc ts played a key role. They wrote articles for the
12 ined what nutrient ennchment is ‘and what

ener 1 pubhc s awareness increased as

ent treét 1t and dxsc arge it mto Puget
lake had detenorated furthEI Vlslbﬂlty

the ﬁrst of the Waste treatm ent plants around thc lake began to
divert its effluent into the new trunk sewer, One by one, the others
diverted theirs, until the last effluent was diverted in 1968. The
lake’s condition began to improve (Flgure 1.19).

Water transparency returned to normal within a few years.
Cyanobacteria persisted until 1970 but eventually disappeared. By
1975, the lake was back to normal, and today the lake remains
clear. Continuing to protect the water quality even as population
around the lake grows has required a systems perspective. Rather
than just clean up wastewater, more recent efforts have included
strategies that reduce the generation of wastes, such as water recy-
cling and efforts to reduce oil and other industrial wastes.




—
(4]
(=]

[3,]
[=]

Dissolved phosphorus
(10%kg per year)
=]
o

0L
1955

1965 1970 1975
Year
«# Total dissolved phosphorus

z== Amount of dissolved phosphorus in

~= sewage effluent

1960

(a) Dissolved phosphorus in Lake Washington from 1955 to 1974. Note
that the level of dissolved phosphorus dectined in the lake as the phos-
phorus contributed by sewage effluent (shaded area) declined.

5 100 =
8%
ES 5
En
3
E% 50 -
0 m
2
@ : :
BE o5
e | =
1965 1970 1975
Year
+” Phosphorus
#* Chlorophyli

(b) Cyanobacterial growth from 1964 to 1975, during Lake Washing-
ton’s recovery, as measured indirectly by the amount of ch]orophyll the
pigment involved in photosynthesis, Note that as the level'of phosphorus
dropped in the lake, the number of cyanobactena {that is, the chlorophyll
content) declined. L

Flgure 1.19 Nutrientsin Lake Washmgton compared with cyano
bacterial growth (From W.T. Edmondson) The Uses of Ecology: Lake
Washington and Beyond. University of Washington Press (1991).
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REVIEW

1. What are the steps used to solve an environmental problem?

2. What was the Lake Washington pollution problem of the 1950s?
How was it addressed?

REVIEW OF LEARNING QBJECTIVES WITH SELECTED KEY TERMS

s Explain how human activities affect global systems.

Earth consists of many physical and biological systems. Its abundant
resources have allowed many forms of life to thrive and evolve. Humans,
through our growing population and technology, have exploited these
resources to the point that we are putting the environment at risk.

+ Describe the factors that characterize human development and
how they impact environmént and sustainability.

Human development is typically characterized by factors associated with
wealth, such as access to energy resources and medical technology. His-
torically, highly developed countries have represented less than 20% of
the global population but account for more than 50% of resource use. Less

developed countries (LDCs) are developing countries with high poverty
rates, low levels of industrialization, high fertility rates, high infant mor-
tality rates, and very low per capita incomes (relative to highly developed
countries). Increasingly, many of the world’s countries, such as China and
India, have mixed development, with some urban residents owning con-
siderable wealth but other urban and most rural residents living in poverty.

« Differentiate between renewable and nonrenewable resources.

Renewable resources aie those that nature replaces fairly rapidly (on a
scale of days to centuries), and can be used forever as long as they are not
overexploited in the short term. Nonrenewable resources are present in
limited supplies and are depleted by use.
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ered question; develop
st the hypothesis;

sposal of the sewage
in another way solved the lake’s pgllution problem.

1. Explain why a single m in the United States can have a 4. In this chapter, we said the current global. ecological footprint is 2.7
greater effect on the environment than 12 or more children bomin a hectares (6.7 acres) per person. Do you think it will be higher, lower,
developing country. or the same in 15 years? Explain your answer,

2. Do you think it is possible for the world to sustain its present popula- 5. How are the concepts of ecological footprint and the JPAT model
tion of 7.2 billion indefinitely? Why or why not? similar? Which concept do you think is easier for people to grasp?

» Is consumption driven more by population than affluence in h1ghly 6. Explain the following proverb as it relates to the concept of envi-
developed couniries? Less developed couniries? Explain the ronmental sustainability: We have not inherited the world from our
difference. ancestors; we have borrowed it from our children,
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7. Name an additional example of 2 common-pool resource other than 17. Examine the graph, which shows an estimate of the discrepancy
those mentioned in this chapter. between the wealth of the world’s poorest countries and that of the
8. Explain why economic well-being, environment, and ethics all con- richest countries.

tribute to sustainable development.

9. Give an example of an Earth system.

10. Thomas Henry Huxley once wrote, “The great tragedy of science—
the slaying of a beautiful hypothesis by an ugly fact.” Explain what he
meant, based on what you have learned about the nature of science.

11. In the chapter, the term model is defined as a formal staterient that
describes a situation and that can be used to predict the future course
of events. On the basis of this definition, is a2 model thé same thing
as a hypothesis? Explain your answer.

Average dajly income in
2007 U:S. dollars

12. Some people want scientists to give them precise, definitive answers
to environmental problems. Explain why this is not possible, and

explain its implications for making decisions about climate change.

13. Explain why it might be difficult to make a decision about |75
whether to allow farmers to spray pesticides even if we all
agree about the negative health effects of the pesticide.

14

Plaf; the follog'ing s(tiafesiiin addrlessing Zmiim nmental b. Based on the trend eviden m thls gmph pred1ct what the graph
problems in order and briefly explain éach: long-term might look 1'11@ in 100

evaluation, public education and involvement, risk analysis, scien-
tific assessmerit, political action.

‘c. Some economlsts thmkt
is unsustainable. Are ther
YOur answer, :

urrent path of economic growth

i ; : R ta consmtent with this idea? Explain
15. What does the term sysfem mean in environmental science? P

16. In what ways do decisions about energy use and climate change that
we make today limit the possibilities available to the next genera-
tion? Explain your answer.
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_Eood for Thought
1 For one week, keep track of the food you eat. Where does your able to eat only foods grown within 100 kilometers of your house?

food come from? How is it packaged‘? Did you produce any of 500 kilometers? Explain the benefits and challenges of trying to do so.
it yourself, or do you know the individuals who did? Would you be







A Brief Environmental History of the
Umted States

From the establishment of the first permanent English colony at
Jamestown, Virginia, in 1607, the first two centuries of U.S. his-
tory were a time of widespread environmental exploitation. Land,
timber, wildlife, rich soil, clean water, and other resources were
cheap and seemingly inexhaustible. Early European settlers did
not dream that the bountiful natural resources of North America
would one day become scarce. During the 1700s and early 1800s,
most Americans had a frontier attitude, a desire to conquer and
exploit nature as quickly as possible. Concerns about the depletion
and degradation of resources occasionally surfaced, but efforts to
conserve were seldom made because the vastness of the continent
made it seem that we would always have enough resources.

PROTECTING FORESTS ,

The great forests of the Northeast were leveled within a few gener-
ations, and shortly after the Civil War in the 1860s, loggers began
deforesting the Midwest at an accelerated rate. Within 40 years,

they deforested an area the size of Europe, stnppmg Minnesota,

Michigan, and Wlsconsm of virgin forest (Figure 2.1). By 1897,

the sawmills of Mlclngan had proceSSed 160 billion board feet of
white pine, leaving less than 6 billion board feet standing in the
whole state.
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During the nineteenth century, many U.S. naturalists began to
voice concemns about conserving natural resources. John James
Audubon (1785-1851) painted lifelike portraits of birds and
other animals in their natural surroundings. His paintings, based
on detailed field observations, aroused widespread public inter-
est in the wildlife of North America. Henry David Thoreau
(1817-1862), a prominent U.S. writer, lived for two years on the
shore of Walden Pond near Concord, Massachusetts. There he
observed nature and contemplated how people could economize
and simplify their lives to live in harmony ‘with the natural world.
George Perkms Marsh (1801-1882) was a farmer, linguist, and
diplomat at various times during his life. Today he is most remem-
beted for his book Man and Nature, which recognized the inter-
relatedness of human and environmental systems and provided one
of the first discussions of humans as agents of global environmental
change Marsh was Wldely traveled, and Man and Nature was based
geographlcally separate asthe Mlddle East a.nd hIS natlve Vermont

In 1875, a group of public-minded citizens formed the
American Farest;y Association, with the intent of influencing
public opinion against the wholesale destruction of America’s
forests. Sixteen years later, in 1891, the General Revision Act
gave the president the authority to establish forest reserves on
federally owned land. Benjaniin Harrison (1833-1901), Grover
Cleveland (1837-1908), and Theodore Roosevelt (1858-1919)
used this law to remove 17.4 million hectares (43 million acres) of
forest, primarily in the West, from logging.

In 1907 angry northwestern congressmen pushed through a
bill rescinding the president’s péwers to establish forest reserves.
Theodore Roosevelt, an important contributor to the conservation
movement, responded by designating 21 new national forests that
totaled 6.5 million hectares (16 million acres). He then signed into
law the bill that prevented-him and future presidents from estab-
lishing additional forest reserves.

Roosevelt appointed Gifford Pinchot (1865-1946) as the first
head of the U.S. Forest Service. Both Roosevelt and Pinchot were

utilitarian conservationists who viewed forests . utilitarian conser-

in terms of their usefulness for people—such as ~ vationist A PerSflJn

in providing jobs. Pinchot supported expanding ~ Who values natural re-

th P tl g'}: t uppd P f ' sources because of their
e nation’s forest reserves and managing for- usefulness for practical

ests scientifically, such as by harvesting trees - purposes but uses them

only at the rate at which they regrow. Today, = sensibly and carefully.

national forests are managed for multiple uses,

from biological habitats to recreation to timber harvest to cattle

grazing. :

ESTABLISHING AND PROTECTING NATIONAL PARKS
AND MONUMENTS

Congress established the world’s first national park in 1872 after
a party of Montana explorers reported on the natural beauty of the
canyon and falls of the Yellowstone River; Yellowstone National
Park now includes parts of Idaho, Montana, and Wyoming. In
1890, the Yosemite National Park Bill established the Yosemite

@ Minniesota Historical Society/Cotb

Figure 2.1 Logging opéraﬁons in 1884. This huge logjam occurred
on the St. Croix River near Taylois Falls, Minnesota.
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the protection of

battle with the city of |
and form a reservoir in the Hetch :
which lay within Yosemite National Park and was as beautiful as
Yosemite Valley. In 1913, Congress voted to approye the dam.
The controversy generated a strong sentiment favoring 1 better
protection for national parks, and in 1916 Congress created the
National Park Service to manage the national parks and monu-
ments for the enjoyment of the public “without impairment.” It
was this clause that gave a different outcome to another battle,
fought in the 1950s between conservationists and dam builders
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Aldo Leopold (1886-1948) was a wildlife biologist and
environmental visionary who was influential in the conservation
movement of the mid- to late-twentieth century. His textbook
Game Management, published in 1933, supported the passage of
a 1937 act in which new taxes on sporting weapons and ammu-
nition funded wildlife management and research. Leopold also
wrote philosophically about humanity’s relationship with nature
and about the need to conserve wilderness areas. In A Sand County
Almanac, published in 1949, Leopold argued persuasively for a
land ethic and the sacrifices such an ethic requires.

Aldo Leopold had a profound influence on many American
thinkers and writers, including Wallace Stegner (1909-1993),
who penned his famous “Wilderness Essay” in 1962. Stegner’s
essay, written to a commission conducting a national inventory of
wilderness lands, helped create support for passage of the Wilder-
ness Act of 1964. Stegner wrote:

Something w,il‘l have gone out of us as a people if we
ever let the remaining wilderness be destroyed; if we
permit the last virgin forests to be turned into comic -
books and plastic cigarette cases; if we drive the few
remaining members of the wild species into zoos or to
extinction; if we pollute the last clean air and dirty the
last clean streams and push our paved roads through
the last of the silence, so that never again will Ameri-
cans be free in their own country from the noise, the
exhausts, the stinks of human and automotive waste. We
simply need that wild country available to us, éven if we
never do more than drive to its edge and look in. For it
can be a means of reassuring ourselves of our sanity as
creatures, a part of the geography of hope.

During the 1960s, public concern about pollution and resource
quality began to increase, in large part because of marine biologist
Rachel Carson (1907-1964). Carson wrote about interrelation-
ships among living organisms, including humans, and the natural
environment (Figure 2.4). Her most famous work, Silent Spring,
was published in 1962. In this work, Carson wrote against the
indiscriminate use of pesticides.

Silent Spring heightened public awareness and concern about
the dangers of uncontrolled use of DDT and other pesticides,
including poisoning of wildlife and contamination of food sup-
plies. Ultimately, this heightened public awareness led to restric-
tions on the use of certain pesticides. At about this time, the media
began to increase its coverage of environmental incidents, such as
hundreds of deaths in New York City from air pollution (1963),
closed beaches and fish kills in Lake Erie from water pollution
(1965), and detergent foam 1n a creek in Pennsylvania (1966).

In 1968, when the population of Earth was “only” 3.5 billion
people (compared to 7.0 billion in 2011), ecologist Paul Ehrlich
published The Population Bomb. In it, he described the unavoid-
able environmental damage necessary for Earth to support such a
huge population, including soil loss, groundwater depletion, and
extinctions. Ehrlich’s book triggered public debate on the issue
of overpopulation and how to address it effectively. As will be
discussed later in this chapter, Ehrlich’s environmental worldview
influenced his theory that the world could comfortably hold only
around 1 billion people.
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Figure 2.4 Rachel Carson. Carson’s book Silent Spring heralded the
beginning of the environmental movement. Photographed in Maine in
1962.

THE ENVIRONMENTAL MOVEMENT OF THE LATE
TWENTIETH CENTURY

Until 1970, the voices of environmentalists were heard in the
United States primarily through societies such as the Sierra Club
and the National Wildlife Federation. There was no generally per-
ceived environmental movement until the spring of 1970, when
Gaylord Nelson, former senator from Wisconsin, urged Harvard
graduate student Denis Hayes to organize the first nationally
celebrated Earth Day. This event awakened U.S. environmental
consciousness to population growth, overuse of resources, and
pollution and degradation of the environment. On Earth Day 1970,
an estimated 20 million people in the United States demonstrated
their support for environmental quality by planting trees, cleaning
roadsides and riverbanks, and marching in parades. (Figure 2.5
presents a list of selected environmental events since Earth Day
1970.)

In the years that followed the first Earth Day, environmental
awareness and the belief that individual actions could repair the
damage humans were doing to Earth became a pervasive, popular
movement. Musicians popularized environmental concerns, and
many of the world’s religions embraced environmental themes
such as protecting endangered species.

By Earth Day 1990, the movement had spread around the
world, signaling the rapid growth in environmental consciousness;
an estimated 200 million people in 141 nations demonstrated to
increase public awareness of the importance of individual efforts.
Earth Day continues to be a popular event around the world, and
many years include an organizing theme, such as “Think Globally,
Act Locally” (1990) and “The Face of Climate Change” (2013,
Figure 2.6).
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Explain how the attitudes of uti litarian conservationists
toward environmental policy differ from those of biocentric
preservationists.

MAPRESS:cam

mes /24

i

ares/Tampa Bay

igure 2.6 Earth Day 2013. Maria Martinez Head Start students, along
dth faculty and staff, plant a tree as part of Earth Day events in 2014.
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_U.S. Environmental Legislation.
LEARNING OBJECTIVES L
/ metital Policy Act is the corner-

&nts provide powerfut

By the late 1960s, much of the U.S. public had become increas-
ingly disenchanted with governmental secrecy, and many did not
trust industry to work in the public interest. This broad social
transformation, which included opposition to the Vietnam War
and resistance to racist policies, was reflected in environmental
attitudes as well. Galvanized by well-publicized ecological disas-
ters, such as the 1969 oil spill off the coast of Santa Barbara, Cali-
fornia, and by overwhelming public support for the Earth Day
movement, in 1970 the Environmental Protection Agency
(EPA) was formed, and the National Environmental Policy Act
environmental ., (NEPA) was signed into law. A key provision of

mpact statement
{EIS) Adocument -

that summarizes

tential and expected
verse impacts on the -

ironment associated

vith a project as well
is alternatives to the -
Jposed project; typi-
{ly mandated by law
wublic and/or private
projects. -

NEPA required the federal government to con-
sider the environmental inipact of any proposed
federal action, such as financing highway or
dam construction. NEPA provides the basis for
developing detailed environmental impact
statements (EISs) to accompany every federal
recommendation or legislative proposal. These

- EISs are supposed to help federal officials make
- informed decisions. Each EIS must include the

following:

1. The nature of the proposal and why it is needed
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public scrutiny, which placed intense pressure on federal agencies
to respect EIS findings.

NEPA revolutionized environmental protection in the United
States. In addition to overseeing federal highway construction,
flood and erosion control, military projects, and many other public
works, federal agencies oversee nearly one-third of the land in the
United States. Federally owned holdings include extensive fossil-
fuel and mineral reserves as well as millions of hectares of public
grazing land and public forests, all subject to NEPA. Many states
and local governments now require EISs for public (and some-
times private) projects, as do many foreign countries.

NEPA has evolved considerably through four decades of liti-
gation and eight presidential administrations, but the fundamental
effect of publicly available information rémains. Although almost
everyone agrees that NEPA has helped federal agencies reduce
adverse environmental impacts of their activities and projects, it
has its critics. Environmentalists complain that EISs are some-
times incomplete, include only alternatives that make a predeter-
mined alternative look attractive, or are ignored when decisions
are made. Other critics think the EISs delay important projects
(“paralysis by analysis™) because EISs are too involved, take too
long to prepare, and are often the targets of lawsuits.

ENVIRONMENTAL POLICY SINCE 1970

Although Iegislation to manage many environmental problems
existed before 1970, the regulatory system that exists today was
largely put into place during the 1970s. Congress has passed many
environmental laws that address a wide range of issues; such as
endangered species, clean water, clein air, energy conservation,
hazardous wastes, and pesticides (Table 2.1). These laws have
greatly increased federal regulation of pollution, ¢reating a tough

interlocking mesh of laws to improve envir ntal quality.
2. Theenvironmental impacts of the proposal, including short-term fnteriocking mesh oL Jaws 1o impiove environmental quality

and long-term effects and any adverse environmental effects if
the proposal is implemented (Figure 2.7)

3. Alternatives to lessen the adverse effects of the
proposal; providing ways to mitigate the impact
of the project

A required step in the EIS process is the solici-
tation of public comments, which generally provide
a broader perspective on the proposal and its likely
effects. NEPA established the Couneil on Environ-
mental Quality to monitor the required EISs and
report directly to the president. This council had
no enforcement powers, and NEPA was originally
considered innocuous, generally more a statement of
good intentions than a regulatory policy.

During the next few years, environmental activ-
ists took people, corporations, and the federal gov-
emment to court to challenge their EISs and use
them to block proposed development. The courts
decreed that EISs must be substantial documents
that thoroughly analyze the environmetrital conse-
quences of anticipated projects on soil, water, and organisms. The
courts also said that the public must have access to EISs. These
rulings put sharp teeth into the law—particularly the provision for

How will
_increased soil

erosion impact water
quality?

Figure 2.7 Environmental impact statements. These detailed
statements help federal agencies and the public consider the environmen-
tal impacts of proposed activities. When anticipated impacts are likely to
be high, decision makers will feel pressure to seek alternative actions.
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Many environmental laws contain provisions that allow private
citizens to take violators, whether they are private industries or
government-owned facilities, to court for noncompliance. These
citizen suits have contributed significantly in the enforcement of
environmental leglslamon

In the early 1980s, President Reagan attempted to reverse the
pro-environmental trend by appointing a pro-business EPA admin-

istrator, Ann Gorsuch and leaving many top-level positions in

talLegislation

the agency unfilled. Congresswnal and pubh backlash led to even
more restnctlve envn'onmenta] aws. G 5 replaced wi
' st EPA administra-
lished the agency’s

ated 2 ratlonal orga-
' t would avoid the

mzed approach to envuonmental :e" ulatior
effect of stringent and then relaxed environmental

“pendulum”
regulation.

,;Taylor Gra.zmg Actof 1934

Soil Conservation Act of 1935

Multiple Use Sustained Yield Act of 1960 (re national forests)
Wilderness Act of 1964

Land and Water Conservation Fund Act of 1965 *

Wild and Scenic Rivers Act of 1968

National Trails System Act of 1968

Coastal Zone Management Act of 1972

National Reserves Management Act of 1974

Forest and Rangeland Renewable I Resources Act of 1974
Federal Land Policy and Management Act of 1976
National Forest Management Act of 1976

Soil and Water Resources Conservation Act of 1977
Surface Mining Control and Reclamation Act of 1977
Public Rangelands Improyement Act of 1978

Antarctic Conservation Act of 1978

Endangered American Wilderness Act of 1978

Alaska National Interest Lands Act of 1980

Coastal Barrier Resources Act of 1982

Emergency Wetlands Resources Actof 1986

North American Wetlands Conservation Act of 1989

California Desert Protection Act of 1994

Food, Conservation, and Energy Act of 2008 (the latest version of the
“farm bill,” which has been amended and ver
5 years or so since the 1930s)

Air Quality and Noise Control
Noise Control Act of 1965
Clean Air Act of 1970

Qme Communities Act of 1978 -
Asbestos Hazard and Emergency Response Act of 1986
Clean Aerct Amendments of 1990

WatEr Q: ’ lzty and Management

Development Act of 1986
bstance Control Agree

an Actof 1988
Oceans Act of 2000 ‘

Control of Pestzczdes

Food, Drug, an Cosmetics Act of 1938 :

Federal Insecticide, Fungicide, and Rodenticide Act of 1947
Food Quality Protection Act of 1996

Management of Solid and Hazardous Wastes

Solid Waste Disposal Act of 1965

Resource Recovery Act of 1970

Hazardous Materials Transportation Act of 1975

Toxic Substances Control Act of 1976

Resource Conservation and Recovery Act of 1976

Low-Level Radioactive Policy Act of 1980

Comprehensive Environmental Response, Compensation, and
Liability (“Superfund”) Act of 1980

Nuclear Waste Policy Act of 1982

Hazardous and Solid Waste Amendments of 1984

Superfund Amendments and Reauthorization Act of 1986

Medical Waste Tracking Act of 1988

Marine Plastic Pollution Control Act of 1987

Oil Pollution Act of 1990

Pollution Prevention Act of 1990

_ State or Regional Solid Waste Plans (RCRA Subtitle D) of 1991




Since 1980, the rate of new major environmental legislation
has slowed, but environmental policy continues to evolve through
administrative actions and the judicial process. In 1994, President
Clinton issued an executive order requiring that environmental
justice be considered in all regulatory actions. Environmental pol-
icy through the Clinton and George W. Bush administrations was
characterized by expanded use of cost-benefit analysis in environ-
mental regulation.

The George W. Bush administration placed higher priority
on extracting environmental resources than reducing human
impacts on the environment. No major environmental laws were
passed between 2000 and 2008, and a number of major land-use
regulations—such as preserving habitat for the spotted owl—were
relaxed. In addition, in some cases states were barred from pass-
ing regulations more stringent than those required by the federal
government, most notably the attempt by California and 13 other
states to impose antomobile efficiency standards on cars and light
trucks. One of the first acts of the Obama administration was to
reverse this prohibition.

In one significant legal case during the George W. Bush admin-
istration, Massachusetts sued the EPA to require that gréenhouse
gases be regulated under the Clean Air Act{(CAA). The EPA made
two arguments: (1) that the CAA did not authorize climate change
regulations and (2) that the CAA was not an appropriate way to
manage climate change since it is a global problem, not amenable
to local or even national solutions. The Supreme Court disagreed,
concluding that greenhouses gases are pollutants emitted into the
air and capable of endangering public health or welfare. 1t further
noted that the EPA claim that it should not regulate greenhouse
gases was inconsistent with‘the CAA, since the EPA had acknowl-
edged that greenhouse gases contribute to climate change.

The EPA is usually given the job of translating environmental
laws into specific regulations. Before the regulations become offi-
cial, several rounds of public comments allow affected parties to
present their views; the EPA is required to respond to all of these
comments; Next, the Office of Management and Budget reviews
the new regulations. Some regulations proposed by the EPA must
be justified by cost-benefit analysis, while others (including those
lmder the Clean Air Act) are bafrred from considering economic
' ment of environmental regu-
Iatlons often fa]l to state govi rnments which must send the EPA
deta.lled plans showmg how they intend to achleve regulatory goals

of envlronmental regulatlons Lhat aﬁ"ect mdmduals corporatlons
local communities, and states.

Environmental laws have not always worked as intended.
The Clean Air Act of 1977 required coal-burning power plants
to outfit their smokestacks with expensive scrubbers to remove
sulfur dioxide from their emissions but made an exception for tall
smokestacks (Figure 2.8). This loophole led to the proliferation
of tall stacks that have since produced acid rain throughout the
Northeast. The Clean Air Act Amendments of 1990, described in
Chapter 19, go a long way toward closing this loophole. In addi-
tion, many environmental regulations are not enforced properly.
According to Oliver Houck of the Tulane Law School, environ-
mental laws such as the Clean Water Act have compliance rates
of about 50%.
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Despite imperfections, U.S. environmental legislation has had
overall positive effects. Since 1970:

1. Twenty-three national parks have been established, and the
National Wilderness Preservation System now totals more
than 43 million hectares (107 million acres).

2. Millions of hectares of land vulnerable to erosion have been
withdrawn from farming, reducing soil erosion in the United
States by more than 60%.

3. Many previously endangered species are better off now than
they were in 1970, and the American alligator, California gray
whale, bald eagle, and brown pelican have recovered enough to
be removed from the endangered species list. (Dozens of other
species, however, such as the manatee, ivory-billed wood-
pecker, polar bear, and Kemp’s sea turtle, have suffered further
declines or extinction since 1970.)

4. Energy efficiency and conservation technology have improved
markedly for buildings, vehicles, and consumer products.

Although we still have a long way to go, pollution-control
efforts have been particularly successful. According to the EPA’s
most recent Report on the Environment (2008):

1. Both emissions and ambient concentrations of six important
air pollutants have dropped by at least 25% since 1970, much
more in the case of lead. (Carbon dioxide emissions have
continued to rise.)

2. Since 1990, levels of wet sulfate, a major component of acid
rain, have dropped by about 33%,

Figure 2.8 Tall smokestacks, Such smokestacks, which emit sulfur
dioxide from coal-burniig power plants, were exempt from the require-
ment of pollution-control devices under the Clean Air Act of 1977.
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3. In 2008, 92% of the U.S. population got its drinking water from
community water systems with no violations of EPA standards,
up from around 75% in 1993.

4. In 2014, 45% of municipal solid waste was combusted for

energy recovery .or recovered for composting or recycling,
up from 6% in the 1960s. While total municipal solid waste
has been increasing, the amount sent to 1andfills has remained

roughly constant since 1980.

5. In 2007, the EPA considered human exposures to contamina-

tion to be under control at 93% of listed hazardons waste sites,

up from 379% of the sites listed in 2000.

‘However, not all environmental trends are positive. In some
major urban areas, such as Houston and Las Vegas, air quality
, to deteriorate since about 2000. While technology has

environment—have value to people and that those values can be
converted into some cOMmonN CUiLency. Thus, in a market econ-
omy such as that of the United States, goods and services have
dollar values, which are determined by the amount of money
someone is willing to pay for them.

This leads to a second precept, the rational rational attor
actor model. Economists assume two things 'mOtjel In ecoriomics,
about all individuals. First, individuals have the assumption thatall

G e . - individuals spend their
preferences among different goods and Services, i —w.d resourcesin a
which economists refer to as utility. Second,  fashion that maimizes

individuals can and do spend their - limited © theirindividual utilities.

ney and time) in a way that pro-

most ufility.

n an ideal economy, TesOUICES will

be allocated efficiently. Efficiency is a term
] s use to describe multiple individuals

- utility Aneconomic
term referring to the

_ ‘benefit that an indi-

- vidual gets from some

- ‘good of service. Rational

gun
uced environmental impacts of industries and products, popula- ;
cases have outpaced technological improvements (recall ~ gettingt t amount of goods or services - actors try to maximize
the IPAT model from Chapter 1). In addition, despite broad and limited set of resources. For example, if - utility.
reasing concern about climate change, no effective U.S. or will build 9 cars with a given amount of material
ational policies have be stablished. Future environmental orkers, while business plan B will build 10 equiv-
ovement will require more sophisticated strategies, involving business plan B is more effi-
technological and behavior changes.

,,,,,,

yple use their limited resources
ists combine theoretical

st

ic Is 1 de developing hypotheses, testing models,
and analyzing observations and data. They try to understand the
consequences of the ways in which peoplé, businesses, and gov-
ernments allocate their resources.

Economists who work on environmental problems must
take a systems perspective. For example, Nobel Prize~winning
economist Amartya Sen addresses overlapping issues of environ- -
ment, poverty, nationalism, gender, and governmental structure
(Figure 2.9). This approach recognizes the complex interactions
among the environment, society, health, and well-being.
Economics, especially as applied to public policy, relies

on several precepts, First, economics is utilitarian. This ‘means
that all goods and services—including those provided by the

& Franbressa/New

en. Economist Amart;
assumptions about economic
pnme scognizes the complex, systemic
ironment, society, health, and well-being.




compensation for the added cost of business. The blacksmith then
has several options—for example, to close the shop, find a way
to control the soot, or pay the laundry owner for the extra cost
of business. The efficient solution is the one that costs the least
money for everyone. If closing the shop costs $10,000 per year,
using soot-control equipment costs $200 per year, and paying to
rewash laundry costs $500 per year, the blacksmith should choose
to control soot. This same solution will occur even if the black-
smith does have the right to release soot, since the laundry owner
should be willing to pay the blacksmith $200 to use soot-control
equipment rather than spending $500 to rewash laundry.

Unfortunately, most environmental externalities are not as
clearly defined as the laundry/blacksmith example. Usually, there
are many polluters and many affected individuals. A small town
may have 5,000 automobiles, each of which generates a different
amount of pollution that affects each of 10,000 residents. Damage
associated with the releases may depend on time of day as well as
where in the town pollution is generated. Even if we could assess
those damages, it would be impossible for each driver to compen-
sate each person impacted by the car’s emissions. The problem
becomes even more extreme for climate change, where billions of
individuals generate and are affected by greenhouse gases.

Several economic solutions exist for cases of multiple pollut-
ers, all of which rely on the idea that we can identify an efficient or
optimal amount of pollution. At this optimum, the cost to society
of having less pollution is offset by the benefits to society of the
act1v1ty creatmg the pollutlon To find ttus optunum requires that
cost of a small add1t10nal amount of pollutlon Determmmg the
marginal cost of pollution involves assessing pollution damage
to health, property, agriculture, and aesthetics. Pollution can also
reduce ecosystem services (see Table 5.1), which are benefits to
humans—including clean water and fresh air—provided by natu-
ral systems. Determining the marginal cost of pollution is gener-
ally not an easy process.

Similarly, the marginal cost of abatement is the cost asso-
ciated with reducing (abating) a small additional amount of pol-
lution. Untreated wastewater from a pulp mill contains a variety
of chemicals and suspended wood fibers, The cost of filtering the
fibers is relatively low, requiring mechanical screening. The cost
of removing inorganic chemicals, however, may be quite high (see
Chapter 21). The societal benefit of filtering is relatively high com-
pared to the benefit of removing a small amount of a chemical. If
we insist that only perfectly pure water comes out of the pulp mill,
the cost of paper will be extremely high,

Figure 2.10 demonstrates how the marginal cost of pollutlon
and the marginal cost of abatement lead to an optimal ameunt of
pollution. The green line represents the marginal cost of abate-
ment, and the red line the marginal cost of pollution. When the
amount of pollution being generated is high, abatement costs are
relatively low. Similarly, when pollution concentration is low,
abatement costs are high; in this case, the benefit of additional con-
trol is low. Pollution is at an optimal level when marginal costs of
pollution and abatement are equal (the point at which the red and
green lines intersect), When that is the case, the economic system
is efficient, meaning that society would be worse off with either
more or less pollution. If a pulp mill operating at that optimal level
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Figure 2,10 Economic optimality and pollution. This figure rep-
resents the econtomically optimal level of pollution in an efficient market.
The upward-sloping curve (red line) represents the cost of damage
associated with pollution at various levels. As pollution rises, the social
cost (in terms of human health and a damaged environment) increases
sharply. The downward-sloping curve (green line) represénts the cost
of reducing pollution to a lower, less damaging level. The intersection
of these two curves is the economically optimal point, where a shift in
either direction (more or less pollution) will lead to lower total societal
benefits.

were to spend an additional $1 on control equipment, the value to
society of the reduction in pollution would be less than $1,

It is unusual to find unregulated economic systems at the point
of economic optimality. In unregulated markets, those who pollute
often must pay only 4 fraction of the total costs of pollution. Thus,
the marginal cost of pollution faced by the polluter (private cost)
is substantially lower than the marginal cost of pellution faced
by society as' a whole. This is represented by Figure 2.11, which
contains two marginal cost of pollution curves. The marginal cost
curve on the left (red line) is the societal marginal cost of pollu-
tion, which includes that faced by the polluter, To the right of this
is the private marginal cost of pollution curve (blue line), which is
the fraction of the overall marginal cost paid by the polluter. With-
out some sort of regulation, the amount of pollution generated will
be determined by the point at which the private marginal cost of
pollution is equal to the marginal cost of abatement (intersection of
green and blue lines). Substantially more pollution may be gener-
ated at this intersection than is optima!l from a societal perspective.

STRATEGIES FOR POLLUTION CONTROL

Economists favor market-based solutions to environmentat exter-
nality problems. Historically, many environmental regulations
have been command and control solutions. This means the EPA
or other government agency requires that a particular piece of
equipment be installed to limit emissions to water, air, or soil.
Industries regulated in this fashion often object that they are
thereby discouraged from developing lower-cost alternatives that
would achieve the same level of pollution control for less money.

Command and control regulations may result in pollu-
tion levels that are lower or higher than the economically opti-
mum level; for this reason, they are not popular with economists.
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Figure 2.11 Inefficiency arising from different marginal costs.

This figure represents the marginal costs of pollution faced by saciety
(red line), the private marginal cost of pollution faced by the polluter
(blue line), and the marginal cost of abatement (green line). The polluter
will generate pollution at the point where the private marginal cost of
pollution intersects with the marginal cost of abatement. At this point,
substantially more pollunon is’ generated than is optimal from a societal

éerslaectwe

':"V'equently, most econo' ‘;sts Whether they have progresswe or

mand and control ones, Twoﬁrmajor mcenhve-based approaches
that have met W1th rmxed pohcy success are envuonmental taxes
51 beneﬁt—

. A popu]ar mcentlvc-based approach for regulatmg polluhon,
‘ larly in Europe, mvolves 1mposmg an emission Vcharge on

rect wl at ihcy perce ',vc as distor-
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¥ If the tax is set at »the correct level the pnvate margmal
of pollutlon will be. equivalent to the societal cost of pollution.
depicted in Figure 2.12,

Many European countnes have restructured their taxes to take
account environmentally destructive products and activities.
nany increased taxes on gasoline, heating oil, and natural gas
e sunultaneously lowering its income tax. One result was
an increase in carpooling. There were concerns, however, about
er Germany’s energy-intensive industries could remain
titive with industries in countries without similar energy
tax The Netherlands introduced a tax on natural gas, electric-
el oil, and heating oil that includes incentives for energy
efﬁmency, income taxes were decreased to offset the tax burden
on individuals. Electricity and fuel use has declined as a result.
Finland has implemented a carbon dioxide tax. Sweden introduced
taxes on carbon and sulfur while simultaneously reducing income
taxes. These charges increase the cost of polluting or of overusing
natural resources. They also are usually revenue-neutral since they
are offset by rebates or reductions in other taxes.

High

Costper unit.of waste (in dollars)

}Low

gh
Amount of pollution (in tons of waste dlscharge)

Figure 2.12  The corrective effect of “green taxes.” This figure
represents the marginal costs of pollution faced by socrety (red line),
the private marginal cost of pollution faced by the Jpolluter {blue line),
and the marginal cost of abatement (green line). A tax is assessed on
the polluter equal to the dlﬁ'erence between the private marginal cost of
po]lutron and the: ] argmal cost of po]lutlon Asa result, the entire
i is shifted upward. If the tax is designed well,
olluter will be identical to the marginal societal

e itrmes called

ing holders to emit a spec1ﬁed amount ofa glven poll
sulfur dioxide. A permit owner can decide whether to generate the
pollution or sell the permit, ideally choosing the option that earns
the most money. Once the market for permits has been established,
industries that can easily reduce emissions will do so and then sell
their extra permits to industries that cannot.

Tradable permits can also be designed to reduce emissions
over time. The Clean Air Act Amendments of 1990 included a
plan to cut acid rain—causing sulfur dioxide emissions by issuing
tradable permits for coal-burning electncrty utilities. The amount
of allowable pollution decreases with each trade This approach
has been effective. Sulfur dioxide emissions are being reduced
ahead of schedule at about 50% of the original projected cost.

Cost-effectiveness analysis is an increasingly common regu-
latory tool. Rather than setting an optimum level of pollution, cost-
effectiveness analysis asks, “If we establish this regulation, how
much will it cost to achieve some outcome?” Here, the outcome
is lives saved or years of life saved. Thus, a regulatory action that




costs $5,000 per saved life would be preferable to one that costs
$10,000 per saved life. This approach could be used to compare a
wide range of interventions, from banning pesticides to requiring
catalytic converters on cars.

CRITIQUES OF ENVIRONMENTAL ECONOMICS

Two classes of critiques are leveled at economic approaches to
environmental regulation. First, it is difficult to assess the true
costs of environmental damage by pollution and pollution abate-
ment. The impacts of pollution on people and nature are extremely
uncertain. We often do not know how effective pesticides are at
eliminating pests, or whether a pesticide harms humans. If we
do not understand the economic benefits of ecosystem services,
they may be undervalued. Trying to place a value on quality of
life or on damage to natural beauty can be highly controversial
(Figure 2.13). As you will see in the next few chapters, the web
of relationships within the envirenment is intricate, and environ-
mental systems may be more vulnerable to pollution damage than
is initially obvious. When the optimal level of pollution is highly
uncertain, too many or too few permits may be issued, and green
taxes may be set too high or too low.

Second, we do not all agree that economics is an appropri-
ate decision tool. Economics may not take the risks of unan-
ticipated environmental catastrophes into account and may not
consider dynamic changes over time. Utilitarian economics does
not account for fairness, so even if society were better off over-
all, some individuals might lose out. Many people distrust eco-
nomic approaches to environmental regulation, since they are so
strongly associated with industry groups. Economists assign prices
based on what people can or do pay for things. This means that the
knowledge that a pristine stream or songbird exists will not have
much impact in an economic assessment. Additionally, econoinics
dictates that if it is inefficient to save a species, we should not do
50. This idea clashes with many religious and ethical beliefs.

Fizure2.14 Natural capital
and the environment. Goods
and services (products) and
money (to pay for the products)
flow between businesses (produc-
tion) and consumers (consump-
tion). Economies depend on
natural capital to provide sources
for raw materials and sinks for
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lue ¢ the environment denves from mﬂny factors that
consutute a complex, interrelated system. These factors include aesthet-
ics, recreation, agriculture, real estate, and ecosystem services. It can
be difficult or impossible to accurately assess the monetary value of all
posmble options for an area such as this one.

misuse of natural resources and the environment in national income
accounts. National income accounts represent the total income of
a nation for a given year. Two measures used in national income
accounting are gross domestic product (GDP) and net domestic
product (NDP) Both GDP and NDP provide estimates of national
economi¢ performance used to make important policy decisions.

Unfortunatcly, current national income accountmg practlces
are msleadmg and incomplete because they do not incorporate
environmental factors. At least two important conceptual prob-
lems affect the way national income accounts currently ‘handle
the economic use of natural resources and the environment. These
problems involve costs and benefits of pollution control and deple-
tion of natural capital, which refers to Earth’s resources and pro-
cesses that sustain living organisms (Flgure 2.14).

Natural Resource Depletion If a firm produces some prod-
uct (output) but in the process wears out a portion of its plant and

Products and
money flow
between

Consumption

consumption

waste products. L . e
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equipment, the firm’s output is counted as part of GDP, but the
depreciation of cap1ta1 is subtracte ulation of NDP

=0 Ast when an oil company
1, the value of the 011 produced

daspartofthenatlo 1’8 (3
to NDP is made to ~account for the nonrenewable resources used up

trol at the National

dis ‘smg of its waste
i t, Under current natlonal

assessed whlch is belo he 1

pean countries. Most African coun

half. Table 2.2 presents the 2010 EPI Iankmgs of some » selected
countries.

We have examined the roles of government and economics
in addressing environmental concerns, particularly in the United
States, Now let us consider environmental destruction in Central
and Eastern Europe, an environmental problem closely connected
to both governmental and economic policies.

2010 EPI Score 2010 EPI Rank/ng

734 15
86.0 4
747 12
742 14
664 46
725 20
935 1
86.4 3
63.5 61
67.3 43
49.0 121
32.1 163
483 123
376 158

United Kingdom
Canada

Japan

Iceland

‘Costa Ricd
United States

can countries. The lowest-ranked coun-

BLEMS IN CENTRAL

' :govemments in Cen-

es. Note the coaleﬁred power plant €

es that contaminated soils, surface water,
and ground water. Thousan ‘of these sites exist in former commuinist
cointries, the result of rapid industrialization without regard for the -
environment. Photographed in the late 1990s.




chemicals leaked out of dumpsites into the surrounding soil and
water, while fruits and vegetables were grown nearby in chemical-
laced soil. Power plants emitted soot and sulfur dioxide into the
air, producing a persistent chemical haze. Buildings and statues
eroded, and entire forests died because of air pollution and acid
rain. Crop yields fell despite intensive use of chemical pesticides
and fertilizers. One of the most polluted areas in the world was the
“Black Triangle,” which consisted of the bordering regions of the
former East Germany, northern Czech Republic, and southwest
Poland.

Many Central and Eastern Europeans suffered from asthma,
emphysema, chronic bronchitis, and other respiratory diseases as
a result of breathing the filthy, acrid air. By the time most Polish
children were 10 years old, they suffered from chronic respiratory
diseases or heart problems, The levels of cancer, mscamages and
birth defects were extremely high. Life expectancies are still lower
in Eastern Europe than in other industrialized nations; in 2011, the
average Eastern European lived to age 71, which was 10 years less
than the average Western European.

The economic assumption behind communism was one of
high production and economic self-sufficiency, regardless of dam-
ages to the environment and natural resources, and so pollution
in communist-controlled Europe went largely unchecked. Meeting
industrial production quotas always took precedence over envi-
ronmental concerns, even though productlon was not carried out
for proﬁt It was acceptable to pollute because clean air, water, and
soil were granted no economic value. The governments supported
heavy industry—power plants, chemicals, metallurgy, and large
machinery—at the expense of the more environmentally benign
service industries. As a result, Central and Eastern Europe were
overindustrialized with old plants that lacked pollution-abaternent

equipment.

Communism did little to encourage resource conservation,
which can curb pollution. Neither industries nor individuals had
incentives to conserve energy because energy subsidies and lack
of competition allowed power plants to provide energy at prices
far below its actual cost.

More recently, while switching from communism to democra-
cies with market economies, Central and Eastern European govern-
ments have faced the overwhelming responsibility of improving
the environment. Although no political system in transition will
make the environment its first priority, several countries have for-
mulated environmental policies based on the experiences of the
United States and Western Europe over the past several decades.
However, experts predict it will take decades to clean up the pol-
lution legacy of communism, How much will it cost? The figures
are staggering. For example, according to one United Nations
estimate, improving the environment in what was formerly East
Germany will cost up to $300 billion. This represents the loss of
natural capital during the 1960s, 1970s, and 1980s. Eastern Euro-
peans today are paying the costs of their parents’ environmental
neglect.

The environment of countries in the former Soviet bloc is
slowly improving. Some, such as Hungary, Poland, and the Czech
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Republic, have been relatively successful in moving toward mar-
ket economies. They generate enough money to invest in environ-
mental cleanup, Latvia, Lithuania, and Slovakia ranked above the
United States in the 2010 EPI Assessment. In other countries; such
as Romania and Bulgaria, the transition to a market economy has
not been as smooth. Economic recovery has been slow in these
countries, and severe budgetary problems have forced the environ-
ment to take a backseat to political and economic reform. |

REVIEW

1. What do economists mean by “efficient” regulation?

2. When might command and control regulations be more or less
effective than economics-based policies?

3. What does the EPI measure that the GNP does not?
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ENVIRONMENTAL JUSTICE AT THE INTERNATIONAL LEVEL

, s Environmental justice applies to countries as well as to individu-
mcIudmg thOSe not yet born. Viewed ethically,  als (Figure 2.17). Although it is possible to reduce and dispose of
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waste in an environmentally sound ‘manner, industrialized coun-
tries have sometimes chosen to send their waste to other countries.
(As industrialized nations develop more stringent environmental
standards, disposing of hazardous waste at home becomes much
- more expensive than sending ‘it to a ‘developing nation, where
property values and labor costs are lower.) Some waste is exported
for legitimate recycling, but other waste is exported strictly for
disposal. ;
The export of solid and hazardous wastes by the United States,
Canada, Japan, and the Eurqpean Union was highly controversial
in the 1980s. Developing nations in Africa, Central and South
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population) and risks (the adverse effects of climate change on a
large but very poor percentage of the world’s population).

REVIEW

1. Is enviropmental justice a local issue, an international issue, or
both? Explain.

Environmental Ethics, Values, and
Worldviews

We now shift our attention to the worldviews of different individu-

als and societies and how those worldviews affect our ability to
understand and solve sustainability problems. Ethics is the branch
of philosophy that is derived through the logical application of
human values. These values are the principles that an individual
or society considers important or worthwhile. Values are not
static entities but change as societal, cultural, political, and eco-
nomic priorities change. Ethics helps us determine which forms of
conduct are morally acceptable or unacceptable, right or wrong.
Ethics plays a role in whatever types of human activities involve
intelligent judgment and voluntary action. When values conflict,
ethics helps us choose which value is better, or worthier, than other
values.

ENVIRONMENTAL ETHICS

Environmental ethics examines moral vqlues to | environmental
determine how humans should relate to the nat- ~ ethics Afield of

ural environment. Environmental ethicists con- ' 2PPlied ethics that
B considers the moral

America, and the Pacific Rim of Asia, as well as Eastern and Cen-
tral European countries, often imported-hazardous wastes in return
for hard currency. In 1989, the UN Environment Programme

sider such questions as the role we should play
in determining the fate of Earth’s resources,
including other species. Another question is

basis of environmental
responsibility and the
appropriate extent of

developed a treaty, the Basel Convention, to restrict the interna-
tional transport of hazardous waste. Originally, the treaty allowed
countries to export hazardous waste only with the prior informed
consent of the importing country as well as of any countries that
the’ waste passed through in transit. In 1995, the Basel Conven-
tion was amended to ban the export of any hazardous waste from
industrialized to developing countries.

At the 1996 meeting of the Association for the Advancement
of Sustainability in Higher Education, scholar Bill McKibben
described climate change not only as an environmental justice
issue but also as “the greatest social justice issue of all times.” He
argues that more than any other issue in history, climate change
has the most inequitable distribution of benefits (the use of fos-
sil fuels by a small but very wealthy percentage of the world’s

whether we should develop an environmental  this responsibility.
ethic that is acceptable in the short term for us as individuals but
also in the long term for our species and the planet. These are dif-
ficult intellectual issues that involve political, economic, societal,
and individual trade-offs.

Environmental ethics considers not only the rights of people
living today, both individually and collectively, but also the rights
of future generations (Figure 2.18), This aspect of environmen-
tal ethics is critical because the impacts of today’s activities and
technologies are changing the environment. In some cases, these
impacts may be felt for hundreds or even thousands of years.
Addressing issues of environmental ethics puts us in a better posi-
tion to use science, government policies, and economics to achieve
long-term environmental sustainability.
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Figure 2.18 Dolly Sods National Wilderness, The United States
has chosen to protect many areas, sich as the Dolly Sods National
Wilderness in West Virginia, so that they will be available for enjoyment
and use by future generations.

ENVIRONMENTAL WORLDVIEWS

Each of us has a particular worldview—a commonly shared
perspective based on a collection of our basic values that helps
us make sense of the world, understand our place and purpose
in it, and determine right and wrong behaviors. These world-
views lead to behaviors and lifestyles that may or may not be
compatible with environmental sustainability. Some world-
views share certain fundamental beliefs, whereas others are
mutually exclusive. A worldview that is considered ethical in
one society may be considered irrésponsible or even sacrile-
gious in another. The following are two

environmental - ; . ; .
‘ extreme, opposing environmental worldviews:

rorldview Aworld-

4 deep ecology world-
view Anunderstand-

¢ ing of our place i the

% world based on harmony
4 with nature, a spiritual

4 respect for life, and the
belief that humans and

+ all other species have an

The deep ecology worldview is a diverse
set of viewpoints that dates from the 1970s and
is based on the work of the late Arne Naess, a
Norwegian philosopher, and others, The prin-
ciples of deep ecology, as expressed by Amne
Naess in Ecology, Community, and Lifestyle,
include the following:

view that helpsus -

ake sense of how the |
ironmernit works,our . .
placeintheenviron- o 5 spectrum of worldviews relevant to prob-
ment, and fightand ] . cis ) ]
~lems of global sustainability, and each

rrengenvironmental
behaviors.

Western world-

ew ‘An understand-
ig-ofourplace in the
rtd based on human
»erlor]ty over nature,
e unrestncted use of
itural-resources, and
increased economic
rowth to manage an
axpanding industrial
se to benefit society,

the Western worldview and the deep ecology
worldview. These two worldviews, admittedly
broad generalizations, are near opposite ends

approaches environmental responsibility in a
radically different way.

" The Western worldview, also known as
the expansionist worldview, is anthropocentric
(human-centered) and utilitarian. This perspec-

- tive mirrors the beliefs of the eighteenth-century

Jfrontier attitude, a desire to conquer and exploit
nature as quickly as possible. The Western
worldview also advocates the inherent rights
of individuals, accumulation of wealth, and
unlimited consumption of goods and services
to provide material comforts. According to the

o

Western worldview, humans have a primary obligation to humans

and are therefore responsible for managing natural resources to ;

benelit human society. Thus, any concerns about the environment
are derived from human interests.

. equal worth.
1. All life has intrinsic value. The value of

nonhuman life-forms is independent of the usefulness they
may have for narrow human purposes.

2. The richness and diversity of life-forms contribute to the flour-
ishing of human and nonhuman life on Earth.

3. Humans have no right to reduce this richness and diversity
except to satisfy vital needs.

4. Present human interfererice with the nonhuman world is exces-
sive, and the situation is rapidly worsening. '

The flourishing of human life and cultures is compatible with
a substantial decrease in the human population. The flourishing
of nonhuman life requires such a decrease.

6. Significant improvement of life conditions requires changes in
economic, technological, and ideological structures.

7. The ideological change is mainly that of appreciating the qual-
ity of life rather than adhering to a high standard of living.

o

Those who subscribe to the foregoing points have an obligation
to participate in the attempt to implement the necessary changes.




Compared to the Western worldview, the deep ecology world-
view represents a radical shift in how humans relate themselves
to the environment. The deep ecology worldview stresses that all
forms of life have the right to exist and that humans are not dif-
ferent or separate from other organisms. Humans have an obli-
gation to themselves and to the environment. The deep ecology
worldview advocates sharply curbing human population growth. It
does not favor returning to a society free of today’s technological
advances but instead proposes a significant rethinking of our use of
current technologies and alternatives. It asks individuals and soci-
eties to share an inner spirituality connected to the natural world.

Most people today do not fully embrace either the Western
worldview or the deep ecology worldview. The Western world-
view emphasizes the importance of humans as the overriding con-
cern in the grand scheme of things. In contrast, the deep ecology
worldview is biocentric (life-centered) and views humans as one
species among others. The planet’s natural resources could not
support its more than 7 billion humans if each consumed the high
level of goods and services sanctioned by the Western worldview.
On the other hand, if all humans adhered completely to the tenets
of deep ecology, it would entail giving up many of the material
comforts and benefits of modern technology.
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The world as envisioned by the deep ecology worldview could
support only a fraction of the existing human population (recall
the discussion of ecological footprints in Chapter 1). These world-
views, although not practical for widespread adoption, are useful
to keep in mind as you examine various environmental issues in
later chapters. In the meantime, think about your own worldview
and discuss it with others. Listen carefully to their worldviews,
which will probably be different from your own. Thinking leads
to actions, and actions lead to consequences. What are the short-
term and long-term consequences of your particular worldview?
We must develop and incorporate a long-lasting, environmen-
tally sensitive worldview into our culture if the environment is to
be sustainable for us, for other living organisms, and for future
generations.

REVIEW

1. Whatis environmental ethics?

2. What are worldviews? How do Western and deep ecology world-
views differ?

«Briefly outline the environmental history of the United States.

The first two centuries of U.S. history were a time of widespread environ-
mental exploitation. During the 1700s and early 1800s, Americans saw
nature primarily as resources to be used. During the nineteenth century,
naturalists became concerned about conserving natural resources. The
earliest conservation legislation revolved around protecting land—for-
ests, parks, and monuments. By the late twentieth century, environmental
awareness had become pervasive, and a suite of environmental laws were
in place.

» Describe the environmental contributions of the following peo-
ple: George Perkins Marsh, Theodore Roosevelt, Gifford Pinchot,
John Muir, Aldo Leopold, Wallace Stegner, Rachel Carson, and
Paul Ehrlich.

George Perkins Marsh wrote about humans as agents of global envi-
ronmental change. Theodore Roosevelt appointed Gifford Pinchot as
the first head of the U.S. Forest Service. Pinchot supported expanding the
nation’s forest reserves and managing forests scientifically. The Yosemite
and Sequoia National Parks were established, largely in response to the
efforts of naturalist John Muir. In A Sand County Almandc, Aldo Leo-
pold wrote about humanity’s relationship with nature. Wallace Stegner
helped create support for passage of the Wilderness Act of 1964. Rachel
Carson published Silent Spring, alerting the public to the dangers of
uncontrolled pesticide use. Paul Ehrlich wrote The Population Bomb,
which raised the public’s awareness of the dangers of overpopulation.

» Distinguish between utilitarian conservationists and biocentric
preservationists.

A atilitarian conservationist is a person who values natural resources
because of their usefulness for practical purposes but uses them sensibly

and carefully. A biocentric preservationist is a person who believes
in protecting nature because all forms of life deserve respect and
consideration.

« Explain why the National Environmental Policy Act is the corner-
stone of U.S. environmental law.

The National Environmental Policy Act (NEPA), passed in 1970, stated
that the federal government must consider the environmental impact of a
proposed federal action, such as financing a highway or constructing a
dam. NEPA established the Council on Environmental Quality to moni-
tor required environmental impact statements (EISs) and report directly
to the president.

« Explain how environmental impact statements provide powerful
protection of the environment.

By requiring EISs that are open to public scrutiny, NEPA initiated serious
environmental protection in the United States. NEPA allows citizen suits,
in which private citizens take violators, whether they are private industries
or government-owned facilities, to court for noncompliance.

« Explain why economists prefer efficient solutions to environmen-
tal problems.

Economists assume that individuals behave as rational actors who seek
to maximize utility. Groups of individuals behaving according to these
assumptions result in economic efficiency, the greatest possible total soci-
etal benefit. Solutions that are inefficient will spend more on abatement
than the pollution costs or will spend less on abatement than pollution
reductions are worth.
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» Describe command and control regulation, incentive-based regu-
lation, and cost-effectiveness analysis.

Governments often use command and control regulations, which are
pollution-control laws that require specific technologies. Incentivebased
regulations are pollution-control laws that work by establishing emis-
sion targets and providing industries with incentives to reduce emissions.
Cost-effectiveness analysis is an economic tool used to estimate costs
associated with achieving some goal, such as saving a life.

+ Give two reasons why the national income accounts are incom-
plete estimates of national economic performance.

National income accounts are a measure of the total income of a nation’s
goods and services for a given year. An externality is a harmful envi-
ronmental or social cost that is borne by people not directly involved in
buying or selling a product. Currently, national income accounting does
not include estimates of externalities such as depletion of natural capital
and the environmental cost of economic activities.

« Define environmental justice and explain why climate changeisan
environmental justice issue.

Environmental justice is the right of every citizen, regardless of age,
race, gender, social class, or other factor, to adequate protection from

environmental hazards. The primary benefit associated with climate
change is energy from fossil fuels, which are available to the world’s
wealthier people, while the risks of climate change are spread across a
much larger group of much poorer people.

» Define environmental ethics.

Environmental ethics is a field of applied ethics that considers the moral
basis of environmental responsibility and the appropriate extent of this
responsibility. Environmental ethicists consider how humans should
relate to the natural environment.

+ Define environmental worldview and discuss distinguishing
aspects of the Western and deep ecology worldviews.

An environmental worldview is a worldview that helps us make sense of
how the environment works, our place in the environment, and right and
wrong environmental behaviors. The Western worldview is an under-
standing of our place in the world based on human superiority and domi-
nance over nature, the unrestricted use of natural resources, and increased
economic growth to manage an expanding industrial base. The deep
ecology worldview is an understanding of our place in the world based
on harmony with nature, a spiritual respect for life, and the behef that
humans and all other species have an equal worth.

Critical Thinking and Review Questions

1. Briefly describe each of these aspects of U.S. environmental history:
protection of forests, establishment and protection of national parks
and monuments, conservation in the mid-20th century, and the envi-
ronmental movement of the late twentieth century.

2. Describe the environmental contributions of two of the follow-
ing: George Perkins Marsh, Theodore Roosevelt, Gifford Pinchot,
John Muir, Aldo Leopold, Wallace Stegner, Rachel Carson, or Paul
Ehrlich.

3. If you were a member of Congress, what legislation would you
introduce to deal with each of these problems?

a. Toxic materials from a major sanitary landfill are polluting some
rural drinking-water wells.

b. Acid rain from a coal-burning power plant in a nearby state is
harming the trees in your state. Loggers and foresters are upset.

¢. Oceanfront property is at risk from sea-level rise caused by
global warming.

4. Explain why the National Environmental Policy Act is considered
the cornerstone of U.S. environmental law. Research some examples
of when it has been effective and when it has not.

5. Based on what you have learned in this chapter, do you think the
economy is part of the environment, or is the environment part of
the economy? Explain your answer.

6. Following the 2010 oil platform collapse and associated ol spill in
the Gulf of Mexico, Congress began considering new laws regulat-
ing deep-ocean oil drilling. Do you think command and control or
incentive-based regulations would be more effective? Explain.

7. Can economic approaches to environmental management adequately
account for the complex interactive systems that make up the envi-
ronment? Why or why not?

8. The Environmental Performance Index has detractors among
both environmentalists and industry groups. Based on what you
have learned in this chapter, suggest reasons for each group to
object to it.

9. Can economic solutions be used to address environmental Justlce
concerns? Explain your answer. ‘

10. Do you agree or disagree with the idea that climate change is an
environmental justice issue? Explain your position.

11. Describe how environmental destruction in formerly communist
countries relates to natural capital.

12. Determine whether each of these statements reflects the Western
worldview, the deep ecology worldview, or both:

a. Species exist for humans to use.

b. All organisms, humans included, are interconnected and
interdependent.

¢. Humans and nature exist in unity.

d. Humans are a superior species capable of dominating other
organisms.

€. Humans should protect the environment.
f. Nature should be used, not preserved.

g Economic growth will help Earth manage an expanding human
population.




h. Humans have the right to modify the environment to benefit
society.

i All forms of life are intrinsically valuable and have the right to
exist.

13. What is this cartoon trying to say? When do you think this cartoon
was published?

Food for Thought
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Several generations ago, many people in cities raised edible plants
: * and animals at their homes. Now, however, local zoning laws pro-
h1b1t livestock and even vegetable gardens in many urban areas. Research
zoning laws about growing food in your area, or a nearby town if you live

in a rural area. What foods are people allowed to raise at home? What, if
any, are the environmental concerns about raising plants and ammals for
personal consumption in urbari areas?
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What Is Ecology? 41

One ecologist might determine the temperature or light require-
ments of a single oak species in a forest, another might study all
the organisms that live in that forest, and yet another might exam-
ine how nutrients flow between the forest and surrounding areas.
Ecology is the broadest field within the biological sciences,
and it is linked to every other biological discipline. The univer-
sality of ecology links subjects that are not traditionally part of
biology. Geology and earth science ‘are extremely important to
ecology, especially when ecologists examine the physical énviron-

Ernst Haeckel, a 19th-century scientist, developed the concept . R s ]
écology Thestudy - of ecology and named it—eco from the Greek fnent. of planet Earth. Chemistry and physics are 3159 important;
systemsthatinclude - word for “house” and  lo gy from the IO this chapter, for example, knowledge of chemistry is necessary

interactions among . Greek word for “study.” Thus, ecolo gy literally to understand photosynthesis, and principles-of physics illuminate
anisms and between mé aﬁs “the study of 6Vne"s‘h'ous‘e » The envifon- the laws of thermodynamics. Humans are biological organisms,
t;ifg:fisms. and thgltr ment—ons’s hotse—consists of fwo patts, the and our activities have a bearing on ecology. Even economics and
RIGHC EVITONMENS 4 iotic (living) environment, which includes al  Politics have profound ecological implications, as was discussed
organisms, and the abiotic (nonliving, or physical) surroundings, ' Chapter 2.

How does the field of ecology fit into the organization of the
biological world? Ecologists are most interested - species A group of

which include living space, temperatute, sunlight, soil, wind, and
in the levels of biological organization that _similar organisms

precipitation (Figure 3.1).
include or are above the level of the individual = Whose members freely

Ecologists study the vast complex web of relationships among

living organisms and their physical environment.” Areas of stud i e § : -
Rl £y *  organism (Figure 3.2). Individuzls of the same ~ "erbreed withone |

species occur in populations. A population ecol- ~

include, but are not limited to, why organisms are distributed the
. produce fertile offspring;

way they are, why some species are more abundant than others, S , RS PPN ,
' ogist might study a population of polar bears or = members of one species

how the ecological roles of different organisms in their environ- S SL SHPE). 2 POPLIOT DL POl Dedi Of o m
ment vary and how the interactions betWeen organisms and their a population Qf F,laf;shgmﬁs- Population ecology genmuy do not inter-
3 iS discussed in Chapter 5’ and human popula_ j breed with Other.SpEUES

ermroumenthelp to maintain the overall health of our living world. M e e e G . of organisms
The focus of ecology is local or global specific or general- tions 1 Ch,‘;iPths 8and 9, Species are considered '
further in Chapter 16. - population A group of

ized, depending on what questions t.he scientist is trying to answer. L
°c. dep g q trying Populations are organized into communj- = ©'ganisms of the same

ties. Ecologists characterize communities by the species that live in the
same area at the same
number and kinds of species that live there, time.
along with their relationships with one another. .
A community ecologist might study how organ- community A natural
. ‘association that consists
isms interact with one another—including feed- - of allthe populations of
ing relationships (who eats whom)-—in an alpine : different species that live
meadow community or in a coral reef commu- : andinteract within an
nity (Figure 33) s ~area 'atfth‘e same time.
Ecosystem is a more inclusive Ierm than '
community. Anecosys‘zgm includes all the biotic 'ecasystem A com-
interactions of a. commumty as well as the inte munity and jts physical
actions between organisms and their abiotic = €nvironment.
environment. Like other systems, an ecosystem consists of multi-
ple interacting and inseparable parts and processes that form a uni-
fied whole. An ‘ecosysﬂtcmr—fWhether terrestrial or aquatic=—is a
system in which all the biological, physical, and chemical compo-
nents of an area form a complex, interacting network of energy
flow and materials cycling. An ecosystem ecologist might exam-
ine how energy, nutrients, organic (carbon-containing) materials,.
and water affect the organisms living in a desert ecosystem, a for-
est, or a coastal bay ecosystem.
The ultimate goal of ecosystem ecologists is to understand
=Lk , how ecosystems function. This is not a simple task, but it is
Figure 3.1 Some abiotic and biotic components of a Chesapeake ~ important because ecosystem processes collectively regulate the
_Bay salt marsh. Shown is a mudfiat at low tide. Abiotic (nonliving) global cycles of water, carbon, nitrogen, phosphorus, and sul-
components are labeled in yellow and biotic (living) components, in fur essential to the survival of humans and all other organisms.
green. As humans increasingly alter ecosystems for their own uses, the
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Figure 3.2 Levels of ecological organization. Ecologists study
he levels of biological organization from individual organisms to the
siosphere.

1atural functioning of ecosystems is changed, and we must deter-
nine whether these changes will affect the sustainability of our
ife-support system.

Landscape ecology is a subdiscipline of ecology that stud-
es ecological processes operating over large areas. Landscape
‘cologists examine the connections among ecosystems found in a

Gerald Nowak/WaterFrame/Ags Fotostock

greatest nuinber of species and are the most complex aquatic conimiunity.

Figure 3.3 Coral reef community. Coral reef communities have the

This close-up of a coral reef in the Caribbean Sea off the coast of Mexico
shows a green moray eel, French grunts, and several species
of coral. Today imany coral reefs worldwide are threatened
by global climate change. How can they be protected from
warming temperatures?

“landscape A Fegion that
¢ includes several interact-
* ing ecasystems.

paiticular region. Consider a simple landscape
consisting of a forest ecosystem located adjacent
to a pond ecosystem. One connection betweén
these two ecosystems might be great blue herons, which eat fishes,
frogs, insects, crustaceans, and snakes along the shallow water of
the pond but often build nests and raise their young in the secluded
treetops of the nearby forest. Landscapes, then, are based on larger
land areas that include several ecosystems.

The organisms of the biosphere—Earth’s
commumtles “ecosystems, -and landscapes—

. biosphere The parts
5 of Eadh’s atmosphere,

‘ smltﬁat contain all llvmg
- organisms.

Ecolog15ts who study the biosphere
_interrelationships among Earth’s atmosphere,
land, water and organisms.

The biosphere is filled with life. Where do these organisms
get the energy to live? And how do they harness this energy? Let’s
examine the importance of energy ‘to organisms, which survive
only as long as the environment continuously supplies them with
energy. We will revisit the importance of energy as it relates to
human endeavors in many chapters throughout this text.

Review

1. Whatis ecotogy?

2. What s the difference between a community and an ecosystem?
Between an ecosystem and a landscape?




(a) Earth’s four realms, represented as intersecﬁ.ng circles, are a system
of interrelated parts.

©Jon Arnold Images Ltd./Alamy

(b) In this scene, photographed on Palawan Island, Philippines, the
amnosphere contams a cumitlus cloud, wh1 mdlc B¢ warm, moist air.

boat as well as the coral reefs visible as

Figure 3.4 Earth’s four realms.

‘Energy is the capacity or ability to do work. In organisms, any bio-
logical work—such as growing, moving, reproducing, and main-
taining and repairing damaged tissues—requires energy. Energy
exists in several forms: chemical, radiant, thermal, mechanical,
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nuclear, and electrical. Chemical energy is energy stored in the
bonds of molecules; for example, food contains chemical energy,
and organisms use the energy released when chemical bonds are
broken ‘and new bonds form. Radiant energy is energy, such as
radio waves, visible light, and X-rays, that is transmitted as electro-
magnetic waves (Figure 3.5). Solar energy is radiant energy from
the Sun' it includes ultraviolet radiation, visible light, and infrared
radiation. Thermal energy is heat that flows from an object with
a hlgher temperature (the heat source) to an object with a lower
temperature (the heat sink). Mechanical energy is énergy involved
in the movement of matter. Some of the matter contained in atomic
nuclei can be converted into nuclear energy. Electrical energy is
energy that flows as charged particles. You will encounter these
forms of energy throughout the text.

Biologists generally express energy in units of work
(kilojoules, kJ) or units of heat (kilocalories, kcal). One kilocalorie
is the energy required to raise the temperature of 1 kg of water by
1°C, equal to 4.184 kI. The kcal is the unit that nutritionists use to
express the energy content of the foods we eat.

Energy can exist as stored energy, called potential energy, or
as kineti¢ energy, the energy of motion. Think of potential energy
as an arrow on a drawn bow, which equals the work the archer
did when drawing the bow to its position (Figure 3.6). When the
string is released, the bow’s potential energy is converted to the
arrow’s kinetic energy of motion. Similarly, the cordgrass that a
meadow vole eats has chemical potentlal energy in the bonds of
its molecules. As mo cculau: bonds in the . ~cordgrass are br ken by
cellular resplrauon thisen ergy is converted to kinetic energy and
heat as the meadow Vole swims in the salt marsh. Thus, ‘energy
changes from one form 0 another.

The study of energy and its transformations is called
thermodynamlcs When con51der1ng thermodynaumcs scientists
use the word system to refer o a group of atoms molecules or

an open system exchangas enexgy w1th its sur,roundmgs, Thls text
discusses many kinds of open systems. For example, a city is an
open system with an input of energy (as well as food, water, and
consumer goods). Outputs from a city system include energy (as
well as manufactured goods, sewage, and solid waste). On a global
scale, Earth is an open system dependent on a continual supply of
energy from the sun.

Regardless of whether a system is open or closed, two laws
about energy apply to all things in the universe: the first and sec-
ond laws of thermodynamics.

! The meaning of system in thermodynamics is different from the meaning of
system in environmental science (a set of components that interact and function
as a whole).

? In thermodynamics, an isolated system does not exchange energy or matter with
the surroundings.
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THE FIRST LAW OF THERMODYNAMICS

‘st law of thermo-
dynamics Energy
nnot be created or
troyed, although it
n change from one

form to another.

According to the first law of thermodynamics,
an organism may absorb energy from its sur-
roundings, or it may give up some energy into
its surroundings, but the total energy content of
the organism and its surroundings is always the
same. As far as we know, the energy present in
the universe at its formation, approximately 15-20 billion years
ago, equals the amount of energy present in the universe today.
This is all the energy that will ever be present in the universe. Sim-
ilarly, the energy of any system and its surroundings is constant. A
system may absorb energy from its surroundings, or it may give up

0.7 pm
red

100 0.1 1 10 1 10 100

- spectrum. The shortest wavelengths are gamma rajs, and the longest are TV and radio waves. Visible light

(a) Closed system. Energy
is not exchanged between
a closed system and its
surroundings. A thermos
boitle is an approximation
of a closed system. Closed
systems are tare in nature.

(b) Open system. Energy is
exchanged between an open system
and its surroundings, Earth is an
oopen system because it receives
energy from the sun, and this
energy eventually escapes Earth as
it dissipates into space.

Figure 3.7 Closed and open systems, with regard to energy.

some energy into its surroundings, but the total energy content of
that system and its surroundings is always the same.

The first law of thermodynamics specifies that an organism
cannot create the energy it requires to live. Instead, it must cap-
ture energy from the environment to use for biological work, a
process involving the transformation of energy from one form to
another. In photosynthesis, plants absorb the radiant energy of the




sun and convert it into the chemical energy contained in the bonds
of carbohydrate (sugar) molecules. Similarly, some of that chemi-
cal energy may later be transformed by an animal that eats the
plant into the mechanical energy of muscle contraction, enabling
the animal to walk, run, jump, slither, ﬂy, or swim.,

THE SECOND LAW OF THERMODYNAMICS

As each energy transformation occurs, some energy is changed to
heat that is released into the cooler surroundings. No other organ-
ism can ever reuse this energy for biological work; it is “lost” from
the biological point of view. It is not really gone from a thermody-
namic point of view because it still exists in the surrounding physi-
cal environment. Similarly, the use of food to enable us to walk or
run does not destroy the chemical energy once present in the food
molecules. After we have performed the task of walking or run-
ning, the energy still exists in the surroundings as heat.

According to the second law of thermo-
dynamics, the amount of usable energy available
to do work in the universe decreases over time.
The second law of thermodynamics is consis-
tent with the first law; that is, the total amount of
energy in the universe is not decreasing with time.
However, the total amount of energy in the uni-
verse available to do work decréeases over time.

Less-usable energy is more diffuse, or disorganized. Entropy
is a measure of this disorder or randomness; organized, usable
energy has low entropy, whereas disorganized
energy such as heat has high entropy. Entropy is
continuously increasing in the universe in all natu-
ral processes, and entropy is not reversible. Another
‘Wway-to explain the second law of thermiodynam-
ics, then, is that entropy, or disorder, in a system
increases over time.

An implication of the second law of thermody-

namics is that no process requiring an energy con-
version is ever 100% efficient because much of the
energy is dispersed as heat, resulting in an increase
in entropy. (Efficiency in this context refers to the
amount of useful work produced per total energy
input.) An automobile engine, which converts the
chemical energy of gasoline to mechanical energy,
is between 20% and 30% efficient. That is, only
20% to 30% of the original energy stored in the
-chemical bonds of the gasoline molecules is actu-
ally transformed into mechanical energy, or work.
In our cells, energy use for metabolism is about
40% efficient, with the remaining energy given to
the surroundings as heat.

Organisms are highly organized and at first
glance appear to refute the second law of thermo-
,dynarmcs As organisms grow and develop, they maintain a high
level of order and do not become more disorganized. However,
organisms maintain their degree of order over time only with the

- constant input of energy. That is why plants must photosynthesize
~and why animals must eat food. When relating the second law of
:;thermodynanucs to living organisms, the organisms’ surroundings

nd law of thermo-
imics When energy
converted from one -
m to another, some
fitis degraded into _
;, aless usable form
itdisperses into the
environment. -

Photosynthesis
manufactures
needed materials
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must also be considered. Throughout its life, as a plant takes in
solar energy and photosynthesizes, it continually breaks down the
products of photosyrithesis to supply its own energy needs. This
breakdown releases heat into the environment. Similarly, as an
animal eats and processes food to meet its energy needs, it releases
heat into the surroundings. When an organism and its surroundings
are taken into account, both laws of thermodynamics are satisfied.

PHOTOSYNTHESIS AND CELLULAR RESPIRATION

Energy is stored in living things as carbon compounds. Photo-
synthesis is the biological process in which light energy from
the sun is captured and transformed into the chemical energy of
carbohydrate (sugar) molecules (Figure 3.8). Photosynthetic pig-
ments such as chlorophyll, which gives plants their green color,
absorb radiant energy. This energy is used to manufacture the car-
bohydrate glucose (C¢H,,0;) from carbon dioxide (CO,) and water
(H,0), a process that also releases oxygen (O,).

Photosynthesis:

6(302 + 12H10 + radlant energy = C.;HHQi
- + 6H20 460,

Sugar and
other molecules
store chemical
energy

Oxygen

f: Oxygen

Cellular respiration
releases chemical
energy

Chemical energy
required for
cell work

- Carbon dioxide
and water

Figure 3.8 Photosynthesis and cellular respiration make up a
system. These processes occur continuously in the cells of living organ-
isms. Note that energy flow is not eyclic; energy enters living organisms
as radiant energy and leaves organisms for the surroundings as heat
energy. Given that increasing levels of CO; in the atmosphere
are linked to climate warming, which process—photosynthesis
or cellular respiration—could help reduce warming if it was
increased significantly? Explain your answer.
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The chemical equation for photosynthesis is read as follows:
6 molecules of carbon dioxide plus 12 molecules of water plus
light energy are used to produce 1 molecule of glucose plus 6
molecules of water plus 6 molecules of oxygen. (See Appendix I,
Review of Basic Chemistry.)

Plants, some bacteria, and algae perform photosynthesis,
a process essential for almost all life. Photosynthesis provides
these organisms with a ready supply of energy in carbohydrate
molecules, which they use as the need arises. The energy can
also be transferred from one organism to another—for example,
from plants to the organisms that eat plants. Oxygen, which many
organisms require when they break down glucose or similar foods
to obtain energy, is a byproduct of photosynthesis.

The chemical energy that plants store in carbohydrates and
other molecules is released within the cells of plants; animals, or
other organisms through cellular respiration. In aerobic cellu-
lar respiration, molecules such as glucose are broken down in the
presence of oxygen and water into carbon dioxide and water, with
the release of energy (see Figure 3.8).

Aerobic cellular respiration:

Cellular respiration makes the chemical energy stored in glu-
cose and othier food molecules available to the cell for biological
work, such as moving around, courting, and growing new cells
and tissues. All organisms, including green plants, respire to
obtain energy. Some organisms do not use oxygen for this process.
Anaerobic bacteria that live in waterlogged soil, stagnant ponds,
animal intestines, or deep-sea hydrothermal vents respire in the
absence of oxygen.

" CASE IN POINT

/%% LIFE WITHOUT THE SUN

The sun is the energy source for almost all ecosystems. A notable
exception was discovered in the late 1970s in a series of deep-sea
hydrothermal vents in the Eastern Pacific where seawater had
penetrated and been heated by the radioactive rocks below. During
its time within Earth, the water had been charged with inorganic
compounds, including hydrogen sulfide (H,S).

Although no light is available for photosynthesis there, hydro-
thermal vents support a rich ecosystem that contrasts with the sur-
rounding “desert” of the deep-ocean floor. Giant, blood-red tube
worms almost 3 m (10 ft) in length cluster in great numbers around
the vents (Figure 3.9). Other animals around the hydrothermal
vents include shrimp, crabs, clams, barnacles, and mussels.

Scientists initially wondered what the ultimate source of
energy is for the species in this dark environment. Most deep-
sea ecosystems depend on the organic material that drifts down
from surface waters; that is, they depend on energy derived from

ISTOF / National Geagraphic Creative

Flgure 3.9 Hydrothermal vent ecosystem. Bactena hvmg in the
tissues of these tube worms extract energy from hydrogen sulfide to
manufacture organic compounds. These worms lack digestive systems
and depend on the organic compounds the bacteria provide, along with
materials filtered from the surrounding water. Also visible in the photo-
graph are some crabs (white).

photosynthesis. But hydrothermal vent ecosystems, now known
to exist in hundreds of places, are too densely clustered and too
productive to depend on chance encounters with organic material
from surface waters.

The base of the food web in these aquatic oases consists of
certain bacteria that survive and multiply in water so hot (exceed-
ing 200°C, or 392°F) that it would not remain in liquid form were
it not under such extreme pressure. These bacteria function as.pro-
ducers, but they do mot photosynthesize. Instead, they obtain
energy and make carbohydrate molecules from inorganic raw
materials by carrying out chemosynthesis. Chemosynthetic bacte-
ria possess enzymes (organic catalysts) that cause the inorganic
molecule hydrogen sulfide to react with oxygen, producing water
and sulfiir or sulfate. Such chemical reactions provide the energy
to support these bacteria and other organisms in deep-ocean hydro-
thermal vents. Many of the vent animals consume the bacteria
directly by filter feeding. Others, such as the giant tube worms,
obtain energy from chemosynthetic bacteria that live symbiotically
inside their bodies. |

Review

1. Distinguish among energy, work; and heat.

2. Is water stored behind a dam an example of potential or kinetic
energy? What would cause the water to convert to the other form
of energy?

3. Is a rabbit an example of a closed system or an open system? Why?

4. When coal is burned in a power plant, only 3% of the energy in
the coal is converted into light in a lightbulb. What happens to the
other 97% of the energy? Explain your answer using the laws of
thermodynamics.

5, Distinguish between photosynthesis and cellular respiration. Which
organisms perform each process?




The Flow of Energy through Ecos
>

With the exception of a few ecosystéms such as hydrothermat
vents, energy enters ecosystems as radiant energy (sunlight), some
of which plants trap during photosynthesis. The energy, now in
chemical form, is stored in the bonds of organic molecules such as
glucose. To obtain energy, animals eat plants, or they eat animals
that ate plants. All organisms—plants, animals, and microorgan-
isms--respire to obtain some of the energy in organic molecules.
When cellular respiration breaks these molecules apart, the energy
becomes available for work such as repairing tissues, producing
body heat, or reproducing. As the work is accomplished, the
energy escapes the organism and dissipates into the €nvironment
as heat (recall the second law of thermodynamics). Ultimately, this
:  heat radiates into space. Once an organism has
ergy flow Thepas- = .~ = " ST

s of energy ina one- used energy, that energy becomes unusable for
lirection throughan = all other organisms. The movement of energy

ecosystem.  just described is called energy flow.

o Energy enters ecosyste
from the sun. ~

First trophic level:

Producers Primary consumers

: 9 Energy exits as
heat loss.

Heat

9‘ Energy flows linearly—in a one-way
direction—through scosystem

Second trophic level:
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PRODUCERS; CONSUMERS; AND DECOMPOSERS

The organisms of an ecosystem are divided into three categories
on the basis of how they obtain nourishment: producers, consum-
ers, and decomposers (Figure 3.10). Virtually all ecosystems con-
tain representatives of all three groups, which interact extensively,
both directly and indirectly, with one another.

Producers, also called autotrophs (Greek auto, “self,” and
tropho, “nourishiment”), manufacture organic molecules from sim-
ple inorganic substances, generally CO, and water, usually using
the enefgy of sunlight. In other words, most producers perform
the process of photosynthesis. Producers incorporate the chemi-
cals they manufacture into their own bodies, becoming potential
food resources for other organisms. Whereas plants are the most
significant producers on land, algae and certain types of bacteria
are important producers in aquatic environments. In the salt marsh
ecosystem discussed in the chapter introduction, cordgrass, algae,
and photosynthetic bacteria are important producers.

Animals are consumers that use the bodies of other organ-
isms as a source of food energy and bodybuilding materials. Con-
sumers are also called heterotrophs (Greek heter, “different,” and
tropho, “nourishment”). Consumers that eat producers are pri-
mary consumers or herbivores (plant eaters). Rabbits and deer
are examples of primary consumers, as is the marsh periwinkle, a
type of snail that feeds on algae in the salt marsh ecosystem.

Secondary consumers eat primary consumers, whereas ter-
tiary consumers eat secondary consumers—a mouse eats plants,
a snake eats the mouse, a hawk eats the snake. Both secondary
and tertiary consumers are flesh-eating carnivores that eat other

Third trophic level:
Secondary consumers

F hic level:
Tertiary consumers

Decomposers

Heat

. Flgure 3.10 Energy flow among producers, consumers, and decomposers. In photosynthesis, producers use the energy from sunlight to make
organic molecules. Consumers obtain energy when they eat producers or other consumers. Decomposers, such as bacteria and fungi, obtain energy

from wastes and dead organic material from producers and consumers. During every energy transaction, some energy is lost to biological systems as it

, disperses into the environment as heat.
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animals. Lions, lizards, and spiders are examples of carnivores,
as are the northern diamondback terrapin and the northern water
snake in the salt marsh ecosystem. Other consumers, called omni-
vores, eat a variety of organisms, both plant and animal. Bears,
pigs, and humans are examples of omnivores; the meadow vole,
which eats both insects and cordgrass in the salt marsh ecosystem,
is also an omnivore.

Some consumers, called detritus feeders or detritivores, con-

decomposers, which respire organic molecules from the carcasses
and body wastes of all members of the food chain.

Simple food chains rarely occur in nature because few organ-
isms eat just one kind of ‘organism. More typically, the flow of
energy and materials through an ecosystem takes place in accor-
dance with a range of food choices for each organism involved. In
an ecosystem of average complexity, numerous alternative path-
ways are possible. A hawk eating a rabbit is a different energy

sume detritus, organic matter that includes animal carcasses, leaf
litter, and feces. Detritus feeders, such as snails, crabs, clams, and

pathway than a hawk eating a snake. A feod - food web Arepresenta-

web is a more realistic model of the flow of  tion of theinterlocking
- food chains that connect

worms, are especially abundant in aquatic environments, where
they burrow in the bottorn muck and consume the organic mat-
ter that collects there. Marsh crabs are detritus feeders in the salt
marsh ecosystem. Earthworms, termites, beetles, snails, and mil-
lipedes are terrestrial (land-dwelling) detritus feeders. An earth-
worm actually eats its way through the soil, digesting much of the
organic matter contained there. Detritus feeders work with micro-
bial decomposers to destroy dead organisms and waste products.

Decomposers, also called saprotrophs (Greek sapro, “rot-
ten,” and tropho, “nourishment”), are heterotrophs that break
down dead organic material and use the decomposition products
to supply themselves with energy. They typically release simple
inorganic molecules (e.g., CO,) and mineral salts that producers
can reuse. Bacteria and fungi are important decomposers. For
example, during the decomposition of dead wood, sugar-metab-
olizing fungi first invade the wood and consume simple carbohy-
drates, such as glucose and maltose. When these carbohydrates
are exhausted, other fungi, often aided by termites with symbiotic
bacteria in their guts, complete the digestion of the wood by break-
ing down cellulose, the main carbohydrate of wood.

Ecosystems such as the Chesapeake Bay salt marsh con-
tain a variety of producers, consumers, and decomposers, all of
which play indispensable roles in ecosystems. Producers provide
both food and oxygen for the rest of the community. Consumers
maintain a balance between producers and decomposers. Detritus
feeders and decomposers are necessary for the long-term survival
of any ecosystem because, without .them, dead organisms and
waste products would accumulate indefinitely. Without microbial
decomposers, important elements such as potassium, nitrogen, and
phosphorus would remain permanently trapped in dead organisms,
unavailable for new generations of organisms.

THE PATH OF ENERGY FLOW: WHO EATS WHOM IN
ECOSYSTEMS

In an ecosystem, energy flow ‘occurs in food chains, in which
energy from food passes from one organism to the next in a
sequence (see Figure 3.10). Each level, or “link,” in a food chain
trophiclevel An . is a trophic level (recall that the Greek tropho

energy and materials through an ecosystem
(Figure 3.11). A food web helps us visualize
feeding relationships that indicate how a com-
munity is organized.

‘The most important thing to remember about energy flow in
ecosystems is that it is linear, or one way. Energy moves along a
food chain or food web from one organism to the next as long as it
has not been used for biological work. Once an organism has used
energy, that energy is lost as heat and is unavailable for any other
organism in the ecosystem.

all organismsinan
ecosystem.

CASE IN POINT

HOW HUMANS HAVE AFFECTED THE
ANTARCTIC FOOD WEB

Although the icy waters around Antarctica may seem an inhospi-
table environiment, a complex food web is found there. The base of
the food web consists of microscopic, photosynthetic algae present
in vast numbers in the well-lit, nutrient-rich water. A huge popula-
tion of herbivores—tiny, shrimplike krill-—eat these marine algae
(Figure 3.12a). Krill, in turn, support a variety of larger animals.
A major consumier of krill is the baleen whale, which filters krill
out of the frigid water. Baleen whales include blue whales, right
whales, and humpback whales (Figure 3.12b). Squid and fishes
also consume krill in great quantities. These animals, in turn, are
eaten by other carnivores: toothed whales such as the sperm whale,
elephant seals and leopard seals, king penguins and emperor pen-
guins, and birds such as the albatross and the petrel.

Humans have had an impact on the Antarctic food web, as
they have had on most other ecosystems. Before the advent of
whaling, baleen whales consumed huge quantities of krill. Until a
global ban on hunting large whales was enacted in 1986, whaling
steadily reduced the number of large baleen whales in Antarctic
waters. As a result of fewer whales eating krill, more krill became
available for other krill-eating animals, yet krill populations are
thought to have been limited in part by the lack of nutrients once
provided in the wastes of baleen whales.

rganism’s position in - means “nourishment™). An organism is assigned
‘food chain, whichis 5y 5hic Jevel based on the number of energy
termined by its feed- f £ h £ o th
ing relationships. ~ transfer steps from the source of energy to that
level. Producers (organisms that photosynthe-
size) form the first trophic level, primary consumers (herbivores)
the second trophic level, secondary consumers (carnivores) the
third trophic level, and so on. At every step in a food chain are

Now that commercial whaling is regulated, it is hoped that
the number of large baleen whales will slowly increase, and that
appears to be the case for some species. However, the populations
of most baleen whales in the Southern Hemisphere are still a frac-
tion of their pre-whaling levels. It is not known whether baleen
whales will return to their former position of dominance in terms
of krill consumption in the food web. Biologists will continue to

!




not shown.

monitor changes in the Antarctic food web as the whale popula-
tions recover.

Thinning of the ozone layer in the stratospheric region of the
atmosphere over Antarctica has the potential to cause long-term
effects on the entire Antarctic food web. QOzone thinning allows
more of the sun’s ultraviolet radiation to penetrate to Earth’s sur-
face. Ultraviolet radiation contains more energy than visible light
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nto smgle categonés sueh as splders” and “fung1 7 other spec1es are not mcluded and many links in the web are

and can break the chemical bonds of some biologically important
molecules, such as deoxyribonucleic acid (DNA). Scientists are
conceimed that ozone thinning over Antarctica may damage the
algae that form the base of the food web in the Southern Ocean.
Increased uliraviolet radiation is penetrating the surface waters
around Antarctica, and algal productivity has declined, prob-
ably as a result of increased exposuie to ultraviolet radiation.
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(The problem of stratosph '_-o;zc')ne id p’letioﬁ 1s dis‘cussed in
detail in Chapter 19.)

Another human-mduced hange that may be espon51b1e for

pack ice has formed in many areas dunng w,mter months and the
summer ice-free period has increased. Large numbers of marine
algae are found in and aroiind the pack ice, providing a critical
supply of food for the krill, which reproduce in the area. Years
with below-average pack ice cover mean fewer algae, which mean
fewer krill reproducing. Also, researchers are finding direct dam-
age to krill from ocean acidification associated with the warming
temperatures. Scientists have demonstrated that low krill abun-
dance coincides with unsuccessful breeding seasons for penguins
and fur seals, which struggle to find food during warmer win-
ters. Scientists are concerned that climate change will continue
to decrease the amount of pack ice and increase ocean acidifica-
tion, which will reverberate through the food web. (Global climate
change, including the effect on Adélie penguins in Antarctica, is
discussed in Chapter 20.)

To complicate matters, some commercial fishermen have
started to harvest krill to make fishmeal for aquaculture industries
(discussed in Chapter 18). Scientists worry that the human harvest
of krili may endanger the many marine animals that .depend on
krill for food. ) ' | |

ECOLOGICAL PYRAMIDS

An important feature of energy flow is that most of the ‘energy
going from one trophic level to the next in a food chain or food
web dissipates into the enyironment as a result of the second law
of thermodynarmics. Ecological pyramids often graphically rep-

resent the relative energy values of each trophic level. There are
three main types of pyramids=

pyramid of numbers, a pyramid
of blomass and apyrarmd of e rgy

In ost pyram1ds of numbers ‘
cham are the mostr abundmlt,

| fewer orgamsms occupy each
ntarctic food web, for example

Figure 3.13 Pyramid of numbers. This pyramid is for a hypotheti-
cal area of temperate grassland; in this example, 10,000 grass plants
support 10 mice, which support one bird of prey. Based on the number
of organisms found at each trophic level, a pyramid of numbers is not
as useful as other ecological pyramids. It provides no information about
biomass differences or energy relationships between one trophic level
and the next. (Note that decomposers are not shown.)




A pyramid of biomass illustrates the total biomass at each
successive trophic level in an ecosystem. Biomass is a quantita-
tive estimate of the total mass, or amount, of living material; it
indicates the amount of fixed energy at a particular time. Biomass
units of measure vary: Biomass is represented as total volume,
as dry weight, or as live weight. Typically, pyramids of biomass
illustrate a progressive reduction of biomass in succeeding trophic
levels (Figure 3.14). For example, if one assumes about a 90%
reduction of biomass for each succeeding trophic level, 10,000 kg
of grass should support 1000 kg of grasshoppers, which in turn
support 100 kg of toads. The 90% reduction in biomass is used for
illustrative purposes only; actual field numbers for biomass reduc-
tion in nature vary widely. By this logic, however, the biomass
of toad eaters such as snakes could be, at most, only about 10 kg.
From this brief exercise, it is apparent that although carnivores

"do not eat vegetation, a great deal of vegetation is required to
support them.

A pyramid of energy illustrates the energy content, often
expressed as kilocalories per square meter per year, of the bio-
mass of each trophic level in an ecosystem (Figure 3.15). These
pyramids always have large energy bases and get progressively
smaller through succeeding trophic levels. Energy pyramids show
that most energy dissipates into the environment when going from
one trophic level to the next. Less energy reaches each successive
trophic level from the level beneath it because organisms at the
lower level use some energy to perform work, and some energy
is lost. (Remember, because of the second law of thermodynam-
ics, no biological process is ever 100% efficient.) Energy pyramids
explain why there are so few trophic levels: Food webs are short
because of the dramatic reduction in energy content at each tro-
phic level. (See “YouCan Make a Difference: Vegetarian Diets”
in Chapter 18 for a discussion of how the eating habits of humans
relate to food chains and trophic levels.)

Figure3.14 Pyramid of biomass. This pyramid is for a hypothet-
ical area of temperate grassland. Based on the biomass at each trophic
level, pyramids of biomass generally have a pyramid shape with a large

- base and progressively smaller areas for each succeeding trophic level.
(Note that decomposers are not shown.)
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Figure 3.15 Pyramid of energy. This pyramid indicates how much
energy is present in the biomass at each trophic level in a salt marsh in
Georgia and how much is transferred to the next trophic level. Note the
substantial loss of usable energy from one trophic level to the next; this
loss occurs because of the energy used metabolically and given off as
heat. (Note that decomposers are not shown. The 36,380 kcal/m¥year
for the producers is gross primary productivity, or GPP, discussed
shortly.) (After I. M. Teal. Energy flow in the salt marsh ecosystém of
Georgia. Ecology, Vol. 43 [1962]).

ECOSYSTEM PRODUCTIVITY

The gross primary productivity {(GPP) of an eco- . gross primary produc-
system is the rate at which energy is captured tivity (GPP) Thetotal
during photosynthesis. ~amount of photosyn-

(Gross and net pri-
mary productivities are referred to as primary
because plants occupy the first trophic level in
food webs.)

% thetic energy that:plants
. capture and assimilate in
agiven period.

sqentlsts who contmue tofi ne—ﬁlnetherf approaéh, can nowfocus on
nore enttrendsmfor&st emGVal aeVenby gmall scaie 1ogg|ng opera»




82 3 Ecosystemsand Ensrgy

Of course, plants respire to provide energy for their own use,
and this acts as a drain on photosynthesis. Energy in plant tissues
after cellular respiration has occurred is niet primary productivity
{Nep). That is, NPP is the amount of biomass
found in excess of that broken down by a plant’s
cellular respiration. NPP represents the rate at

Ecosystem .
Algal beds and reefs

et primary productivity Tropical rain forest

[P} Productivity after

TToc Swamp and marsh
respiration losses are

subtracted. which this organic matter is actually incorpo- Estuaries -
rated into plant tissues for growth. " Temperate evergreen forest L2
Net Primary  Gross Primary Plant Cellular Temperate deciduous forest
Productivity  Productivity Respiration Savanna
(plant growth = (total photosynthesis — (per unit area
per unit area per unit area per unit time) Boreal (northern) forest &
per unit time)  per unit time) Woodland and shrubland =

Both GPP and NPP are expressed as energy per unit area
per unit time (kilocalories of energy fixed by photosynthesis per
square meter per year) or as dry weight (grams of carbon incorpo-
rated into tissue per square meter per year).

Only the energy represented by NPP is available as food for
an ecosystem’s consumers. Consumers use most of this energy for
cellular respiration to contract muscles (obtaining food and avoid-
ing predators) and to maintain and repair cells and tissues. Any
energy that remains is used for growth and for the production of
young, collectively called secondary productivity. Any environ- Extreme desert (rock, sand, ice) - : i
mental factor that limits an ecosystem’s primary productivity—an - e Lol
extended drought, for example—1limits secondary productivity by 500 1000 1500 2000 2500
its consumers, ’ Estimated net primary productivity (g/mPlyr)

i Ecosystems differ s.tmkmg‘ly m their p l:OdllCthlthS Figure 3.16 Estimated annual net primary productivities (NPP)
(Figure 3.16). On land, tropical rainforests have the highest NPP, ¢or selected ecosystems. NPP is expressed as grams of dry matter per

probably because of their abundant rainfall, warm temperatures, and  square meter per year (g/m?/yr). (After RH. Whittaker, Communities and

Agricultural land ZEEE 2

Temperate grassland ==

Lake and stream ___0

Arctic and alpine tundra &
Ocean &~

Desert and semidesert scrub &

intense sunlight. Tundra, with its harsh, cold winters, and deserts,
with their lack ‘of precipitation, are the least productive terrestrial
ecosystems. Wetlands—swamps, marshes, and estuaries that con-
nect terrestrial and aquatic environments—are extremely produc-
tive. The most productive aquatic ecosystems are algal beds and
coral reefs. Even though the ocean is home to abundant producers,
its vast size (large volume) contributes to its low NPP values. A lack
of available nutrient minerals in some open ocean regions makes
them extremely unproductive, equivalent to aquatic deserts. (Earth’s
major aquatic and terrestrial ecosystems are discussed in Chapter 6.)

HUMAN IMPACT ON NET PRIMARY PRODUCTIVITY

Humans consume far more of Earth’s resources than any other of
the millions of animal species. Peter Vitousek and colleagues at
Stanford University calculated in 1986 how much of the global
NPP is appropriated for the human economy and therefore not
transferred to other organisms. When both direct and indirect
human impacts are accounted for, Vitousek estimated that humans
use 32% of the annual NPP of land-based ecosystems. This is a
huge amount considering that we humans represent about 0.5% of
the total biomass of all consumers on Earth.

In 2001, Stuart Rojstaczer and colleagues at Duke Univer-
sity reexamined Vitousek’s groundbreaking research. Rojstaczer
used contemporary data sets, many of which are satellité-based
and more accurate than the data Vitousek analyzed. Rojstaczer’s
mean value for his conservative estimate of annual land-based
NPP appropriation by humans was 32%, like Vitousek’s, although
Rojstaczer arrived at that number using different calculations.

Ecosystems, 2nd edition. New York: Macmillan [1975]) :

In 2007, K. Heinz Erb at Klagenfurt University in Vienna
and his colleagues plugged agricultural and forestry statistics
that account for 97% of Earth’s ice-free land into a computer
model. Erb’s model indicates that humans appropriate about 25%
of Earth’s land-based NPP for food, forage (for livestock), and
wood,

These studies provide us with estimates, not actual values.
However, the take-home message is simple: Human use of global
productivity is competing with other species’ energy needs, Our
use of so much of the world’s productivity may contribute to the
loss of many species, some potentially useful to humans, through
extinction. Human consumption of global NPP could become 2
serious threat to the planet’s ability to support both its nonhuman
and human occupants. If we want our planet to operate sustain-
ably, we must share terrestrial photosynthesis products—that is,
NPP-—with other organisms.

Review

1. Whatis a food web?

2. How does energy flow through a food web consisting of producers,
consumers, and decomposers?

3. Whatis a pyramid of energy?
4. What is gross primary productivity? Net primary productivity?
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« Summarize how energy flows through a food web, incorporating
producers, consumers, and decomposers in your explanation.

Energy flow through an ecosystem is linear, from the sun to producer
to consumer to decomposer. Much of this energy is converted to less
usable heat as the energy moves from one organism to another, as stipu-
lated in the second law of thermodynamics. Producers are the photo-
synthetic organisms (plants, algae, and some bacteria) that are potential
food resources for other organisms. Consumers, which feed on other
organisms, are almost exclusively animals. Decomposers feed on the
components of dead organisms and organic wastes, degrading them into
simple inorganic materials that producers can then use to manufacture
more organic material.

« Describe typical pyramids of numbers, biomass, and energy.

A pyramid of numbers shows the number of organisms at each succes-
sive trophic level. Biomass is a quantitative estimate of the total mass,

Critical Thinking and Review Questions

or amount, of living material; it indicates the amount of fixed energy at
a particular time. A pyramid of biomass illustrates the total biomass at
each successive trophic level. A pyramid of energy illustrates the energy
content of the biomass of each trophic level.

« Distinguish between gross primary productivity and net primary
productivity, and discuss human impact on the latter.

Gross primary productivity (GPP) is the total amount of photosynthetic
energy that plants capture and assimilate in a given period. Net primary
productivity (NPP) is productivity after respiration losses are subtracted.
Scientists have estimated that as much as 32% of the global NPP is appro-
priated for the human economy. Human use of global productivity is com-
peting with other species’ energy needs.

1. Draw a food web containing organisms found in a Chesapeake Bay
salt marsh.

2. Describe the science of ecology. What are two questions an ecolo-
gist might explore in the Chesapeake Bay salt marsh?

3. Which scientist—a population ecologist or a landscape ecologist—

~ would be most likely to study broad-scale environmental issues and
land management problems? Explain your answer.

4. What is energy? How are the following forms of energy significant
to organisms in ecosystems: (a) radiant energy, (b) mechanical
energy, (c) chemical energy?

5. Give two examples of potential energy, and in each case tell how it
is converted to kinetic energy.

6. Is this an example of an open system or a closed system? Explain

your answer.
Energy ) Energy
input output

Surrounding ‘environment

7. How is the first Jaw of thermodynamics related to the movement of
an automobile?

8. Give an example of a natural process in which order becomes
increasingly disordered. '

9. How are photosynthesis and cellular respiration related? Write the
overall equations for both processes.

10. Why is the concept of a food web generally preferred over that of a
food chain?

11. Could you construct a balanced ecosystem that contained only
producers and consumers? Only consumers and decomposers? Only
producers and decomposers? Explain the reasons for your answers.

12. Consider & simple ecosystem consisting of a shrub, a worm, a bird,
and soil microbes, and identify the producer, primary consumer,
secondary consumer, and decomposers. Which of these organisms
photosynthesizes? Which carry out cellular respiration? Which give
off heat into the surroundings? k

13. Suggest a food chain with an inverted pyramid of pumbers-—that is,
greater numbers of organisms at higher rather than at lower trophic
levels.

14. Is it possible to have an inverted pyramid of energy? Why or
why not?

15, Relate the pyramid of energy to the second law of thermodynamics.
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16. What is NPP? Do humans affect the global NPP? If so, how? If
not, why?

17. Alcohol fuels produced from corn aré often considered a
climate-friendly answer to our energy needs. Explain why
a large-scale increase in the production of corn to provide '
fuel could have a negative or even catastrophic impact on &4
ecosystems.

18. How do you interpret this cartoon? What sort of options is the diner
considering? Relate your answer to the Food for Thought exercise
which is given below.

Fdward Koren/ The New Yarker Collection iwww.carnonbank.coti

T trying to eat Itver on the fiod chain,”

 Food for Thought

. You and a friend order lunch at a restaurant: One of you gets the of the salad. Explam this difference in terms of ecologlcal pyramids as you
house salad and the other the specialty burger. Production of the identify the likely steps inyolved in producing your fespective meals. Do
burger required far more land and farming resources than did production you consider these steps when making your dining choices?
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Evolution: How Populations Change

Where did the many species of plants, animals, fungi, and microor-
ganisms in Yellowstone come from? They, like all species living
today, are thought to have descended from earlier species by the

wolution Cumulative
genetic changes that
occurovertimeina
aulation of organisms;
olution explains many

patterns of distribu-
tion and abundance
isplayed in the natural
world.

process of evelution. The concept of evolution
dates back to the time of Aristotle (384-322

: B.C.E), but Charles Darwin, a nineteenth-century

naturalist, proposed natural selection, the mech-
anism of evolution that the scientific community
still accepts today. As you will see, the environ-
ment plays a crucial role in Darwin’s theory of
natural selection as a meéchanism of evolution.

Darwin proposed that, from one generation to the next, inher-

ited traits favorable to survival in a given environment would be
preserved, whereas unfavorable ones would be eliminated. The
result would be adaptation, evolutionary modification of a popu-
lation that improves each individuals’ chances of survival and
reproductive success in the environment occupied by the

popuiation.

' NATURAL SELECTION

Da‘rwin proposed the theory of evolution by natural selection in
his monumental book The Origin of Species by Means of Natu-

naturalselection The .
process in which .
better-adapted indi- .

viduals—those with a |
combination of génetic -
traits better suited to -

environmental condi-

ons-=are more likely to

ral Selection, published in 1859. Since then,
scientists have accumulated an enormous body
of observations and experiments that support
Darwin’s theory. Although biologists still do
not agre¢ completely on some aspects of how
evolutionary changes occur, the concept of evo-

. lution by natural selection is well documented.
stirvive and reproduce,
nereasing their propor- -

tion in the population. -

As aresult of natural selection, the popula-
tion changes over time; the frequency of favor-
able traits increéases in successive generations,

and unfavorable traits dectease or disappear. Evolution by natiiral
selection results from four natural conditions: high reproductive
capacity, heritable variation, limits on population growth, and dif-
f@feutial reproductive success. '

1. High reproductive capacity. Each species produces more
offspring than will survive to maturity.

2. Heritable variation. The individuals in a population exhibit
variation. Some traits improve the chances of an individual’s
survival (a camouflage coat, for example) and reproductive suc-
cess. The variation necessary for évolution by natural selection
must be inherited so that it can be passed to offspring.

3. Limits on population growth, or a struggle for existence.
Only so much food, water, light, growing space, and so on are
available to a population, and organisms compete with one

another for the limited resources available to them. Other limits
on population growth include predators and diseases.

4. Differential reproductive success. Reproduction is the key to
natural selection: The best-adapted individuals reproduce most
successfully, whereas less fit individuals die prematurely or
produce fewer or less viable offspring. I some cases, enough
changes may accumulate over time in geographically separated
populations (often with slightly different environments) to pro-
duce new speciés.

Charles Darwin formulated his ideas on natural selection
when he was a ship’s naturalist on a five-year voyage around the
world. During an extended stay in the Galdpagos Islands off the
coast of Ecuador, he studied the plants and animals of each island,
including 14 species of finches. Each finch species was specialized
for a particular lifestyle different from those of the other species
and different from those of finches on the South American main-
land. The finch species, although similar in color and overall size,
exhibit remarkable variation in the shape and size of their beaks,
which are used to feed on a variety of foods (Figure 5.1). Darwin
realized that the 14 species of Galépagos finches descended from

a single common ancestor—one or a small population of finches

that originally colonized the Galdpagos from the South American
mainland. Over many generations, the surviving finch popula-
tions underwent natural selection, making them better adapted to
their environments, including feeding on specific food sources.
The evolution of these finches continues to be actively studied by
researchers.

MODERN SYNTHESIS

One premise on which Darwin based his theory of evolution by
natural selection is that individuals tranismit traits to the next-gen-
eration. However, Darwin could not explain how this occurs or why

individuals vary within a population. Beginning in the 1930s and

1940s, biologists combined the principles of genetics with Dar-
win’s theory of natural selection. The result was a unified explana-
tion of evolution known as the modern synthesis. In this context,
synthesis refers to combining parts of several previous theories to
form a unified whole. Today the modern synthesis includes our
expanding kinowledge in genetics, classification, fossils, develop-
mental biology, and ecology.

The modern synthesis explains Darwin’s observation of varia-
tion among offspring in terms of mutation, or changes in the nucle-
otide base sequence of a gene, or deoxyribonucleic acid (DNA)
ral selection acts during evolution. Some new traits may be ben-
eficial, whereas othérs may be harmful or have no effect at all. As
a result of natural selection, beneficial strategies, or traits, persist
in a population because such characteristics make the individuals
that possess them well suited to thrive and reproduce. In contrast,
characteristics that make the individuals that possess them poorly
suited to their environment tend to disappear in a population.

The modern synthesis has dominated the thinking and research
of many biologists. It has resulted in many new discoveries that
validate evolution by natural selection. A vast body of evidence
supports evolution, most of which is beyond the scope of this text.




‘Cactus Finch
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Figure 5.1 Darwin’s finches. Note the various beak sizes and shapes, which are related to diet. Since 1973 the long-term research of Peter and
Rosemary Grant and others has verified and extended Darwin’s observations on the evolution of Galipagos finches by natural selection.

This evidence includes observations from biogeography (the study
of the geographic locations of organisms), molecular biology, the
fossil record, and underlying structural similarities (Figure 5.2).
In addition, evolutionary hypotheses are tested experimentally.

EVOLUTION OF BIOLOGICAL DIVERSITY:
THE ORGANIZATION OF LIFE

Biologists arrange organisms into logical groups to try to make
sense of the remarkable diversity of life that has evolved on Earth.

For hundreds of years, biologists regarded organisms as falling
into two broad categories—plants and animals. With the devel-
opment of microscopes, however, it became increasingly obvious
that many organisms did not fit well into either the plant kingdom
or the animal kingdom. For example, bacteria have a prokary-
otic cell structure: They lack organelles enclosed by membranes,
including a nucleus. This feature, which separates bacteria from
all other organisms, is far more fundamental than the differences
between plants and animals, which have similar cell structures.
Hence, bacteria were neither plants nor animals.
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©Natural Visions/alamy

(a) A pterosaur fossil, Note the long fourth finger bone on the fossil of
this flying reptile. Pterosaur wings nsxsted of leathery skin supported -
by the elongated finger bone. The other ﬁngex bones had claws.

Cat Bat

Horse

Human

(b) Similarities among organisms demonstrate how they are related.
The basic underlying similarities among these four limbs indicate that,
while proportions of bones have changed in relation to each organism’s
way of life, the forelimbs have the same basic structure. This struc-
tural similarity strongly suggests that these animals shared 4 common
ancestor.

Figure5.2 Some evidence for evolution.

The prokaryotes fall into two groups that are sufficiently dis-
tinct from each other to be classified into two kingdoms, Archaea
and Bacteria (Figure 5.3). The archaea frequently live in oxygen-
deficient environments and are often adapted to harsh conditions;
these include hot springs (like Old Faithful, at Yellowstone), salt
ponds, and hydrothermal vents (see Case in Point: Life Without
the Sun, in Chapter 3). The thousands of remaining kinds of pro-
karyotes are collectively called bacteria. The eukaryotes, organ-
isms with eukaryotic cells, are classified in the four kingdoms of
living things, plants, animals, protists, and fungi, all considered to
be Eukarya. Eukaryotic cells have a high degree of internal orga-
nization, containing nuclei, chloroplasts (in photosynthetic cells),
and mitochondria.

Some biologists have theorized that chloroplasts and mito-
chondria were once prokaryotes that began a mutualistic rela-
tionship with early eukaryotes. Many, if not most, eukaryotes
continue to have relationships with prokaryotes (see discussion
of mutualisms later in the chapter). Healthy human digestive
systems -are home to many types of beneficial bacteria. One of
our staple food groups, the bean family, forms mutualistic rela-
tionships with bacteria that help the plants extract nitrogen from
the soil.
Eukarya -are dlvld" d into four kingdoms. Unicellular or
relatively simple multicellular eukaryotes, such as algae, pro-
tozoa, slime molds, and water molds, are classified as members
kingdom Protista. In addition, three specialized groups of
multicellular organisms—fungi, plants, and animals—evolved
independently from protists. The kingdoms Fungi, Plantae, and
Animalia differ from one another in—among other features—
their sources of nutrition, Fungi (molds and yeasts) secrete diges-
tive enzymes into their food and then absorb the predigested
nutrients. Plants use radiant energy to manufacture food mole-
rcules by photosynthesis. Ammals pest their food, then digest it

Although smentlsts generally have a very clear idea of when
two species are closely related to each other, and of the relation-
ships w family, relationships at higher levels, such as king-
dom, are. stﬂl being researched. For example, green algae are
protists similar to plants but are not closely related to other pro-
tists, such as slime molds and brown algae. As our understanding
of gene evolution improves, we get closer to understanding the
detailed history of life on Earth.

‘We have seen that evolution involves changes over time to
populations, so it is logical to now study organisms at the pop-
ulation level. Moreover, studying populations of other species
provides insights into the biological principles that affect human
population changes. (The human population is considered in detail
in Chapters 8 and 9.)

REVIEW

1. How do biologists define evolution?

2. What are Darwin’s four premises of evolution by natural
selection?

3. What are the major kingdoms of life? Give an example organism
from three kingdoms.
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- Protists Fungi Animals

Figure 5.3 A partial phylogeny of life forms. To interpret this diagram, start at the bottom with the common ancestor of all life forms, and note
the branch points on the way up the main (right-hand) line. The true bacteria were the first to evolve separately from other organisms, followed by the
archaebactéria. Eukaryotes (plants, animals, fingi) appeared later in evolutionary history.

Population ecology is the branch of biology that deals with
the numbers of a particular species found in an area and how and
why those nurnbers change (or remain fixed) over time. Population
ecologists try to determine the population processes common to all
populations. They study how a population responds to its environ-
ment, such as how individuals in a population compete for food
or other resources, and how predation, disease, and other environ-
mental pressures affect the population. A population, whether of
bacteria or maples or giraffes, cannot increase indefinitely because
of such environmental pressures.

Additional aspects of populations 1mportant to environmental
science are their reproductive success or failure (that is, extinc-
tion) and how populations affect the normal functioning of com-
munities and ecosystems. Scientists in applied disciplines, such as
forestry, agronomy (crop science), and wildlife management, must
Individuals of a given species that live in the same area at the same ~ understand population ecology to effectively manage populations
time are part of a larger organization—a population. Populations  of economic importance, such as forest trees, field crops, game
lation Agroupof  €xhibit characteristics distinct from those of the  animals, and fishes. An understanding of the population dynam-
iduals of thesame ~ individuals within them. Some of the features  ics of endangered species plays a key role in efforts to prevent
es thatlive in the characteristic of populations but not of individu- their slide to extinction. Knowing the population dynamics of pest
;fne gf{;‘;h'c areaat s are population density, birth and death rates,  species helps in efforts to prevent their increase to levels that can
e growth rates, and age structure. damage crops.
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POPULATION DENSITY

By itself, the size of a population tells us relatively little. Popula-
tion size is meaningful only when the boundaries of the popula-
tion are defined. Consider the difference between 1000 mice in 100
hectares (250 acres) and 1000 mice in 1 kitchen. Often, a popula—
tion is too large to study in its entirety. Such a population is exam-
ined by sampling a part of it and then expressing the population in
terms of density. Examples include the number of dandelions per
square meter of lawn, the number of water fleas per liter of pond
water, and the number of cabbage aphlds per square centimeter of
cabbage leaf. Populatlon density, then, is the number of individu-
als of a species per unit of area or volume at a given time.

HOWDO POPULATIONS CHANGE IN S!ZE?

Populahons, whether they are sunflowers, eagles, or humans,
change over time. On a global scale, this change is due to two fac-
tors: the rate at which individuals produce offspring (the birth rate)
and the rate at which orga.rusms die (the death rate) (F]gure 5.4a).
In humans, the birth rate (b) is usually expressed as the number
of births per 1000 peoplé per year, and the death rate (d) as the
number of deaths per 1000 people per year.

The growth rate (r) of a population is

gfewth rate(r) The -
of change of a popu-

- equal to the birth rate () minus the death rate
(d). Growth rate is also called natural increase
in human populations.

percent peryear.

As an example consider a hypothetical human population of
10,000 in which there are 200 births per year (that is, by conven-
tion, 20 births per 1000 people) and 100 deaths per year (thatis, 10
deaths per 1000 people).

If individuals in the population are born faster than they die, r
is a positive value,and populaﬁon size increases. If individuals die
faster than they are born, r is a negative value, and population size
decreases. If r is equal to zero, births and deaths match, and popu-
lation size is stationary despite continued reproduction and death.

In addition to birth and death rates, dispersal, or movement
from one region or country to another, is considered when changes
in populations on a local scale are examined. There are two types
of dispersal: immigration (i), in which individuals enter a popula-
tion and increase its size, and emigration (e), in which individu-
als leave a population and decrease its size. The growth rate of a
local population must take into account birth rate (b), death rate
(d), immigration (i), and emigration () (Figure 5.4b). The growth
rate equals (the birth rate minus the death rate) plus (immigration
minus emigration): '

Increases population Decreases population

Births

(a) On a global scale, the change in a population is due to the number of
births and deaths.

Increases population _ Decreases population

Local U3
population

Immigration Emigration

(b) In local populations, such as the populatxon of the United States, the

- -number of births, deaths, mnmgrants and emigrants affécts population
size.

Figure 5.4 Factors that affect population size.

For example the growth rate of a population of 10,000 that has
1()0 bu'ths (by convenhon 10 per ‘OOO), 50 deaths (5 per 1000)

g1ven year is calculated as’ follows

Is this population increasing or decreasing in size?

MAXIMUM POPULATION GROWTH

The maximum rate that a population could increase under ideal

conditions is its intrinsic rate of increase (also  intrinsic rate of
called biotic potential). Different species have increase The expo-
different intrinsic rates of increase. Several fac- nential growth of a

population that occurs
when resources are not
limited.

tors influence a particular species” intrinsic rate
of increase. These include the age at which
reproduction begins, the fraction of the life span
during which an individual can reproduce, the number of repro-
ductive periods per lifetime, and the number of offspring produced
during each period of reproduction. These factors, called life




history characteristics, determine whether a particular species has
a large or a small intrinsic rate of increase.

Generally, larger organisms, such as blue whales and ele-
phants, have the smallest intrinsic rates of ircrease, whereas
microorganisms have the greatest intrinsic rates of increase. Under
ideal conditions (that is, an environment with unlimited resources),
certain bacteria reproduce by dividing in half every 30 minutes. At
this rate of growth, a single bacterium would increase to a popula-
tion of more than 1 million in just 10 hours (Figure 5.5a), and the
population from a single individual would

exponential popula-

tion growth The
zelerating population
wth that occurs when

imal conditions allow
a constant reproduc- -

ive rate over a period

exceed 1 billion in 15 hours! If you plot the pop-
ulation number versus time, the gfaph has aJ
shape characteristic of exponential population
growth (Figure 5.5b). When a population grows

- exponentially, the larger the population gets, the

oftime. ~ faster it grows.

(a) When bacteria divide at a constant rate, their numbers increase expo-
nentially. This sample data set assumes a zero death rate, but exponen-
tial growth can still occur, albeit more slowly, even if some percentage
of bacteria died.

1,100
1,000
900 =
800
700
600 =

Number of bacteria
(in thousands)

Principles of Population Ecology 89

An everyday example of exponential growth is a savings
account in which a fixed percentage of interest—say, 2%—is
accumulating (i.e., compounding). Assuming you do not deposit
or withdraw any money, the amount that your money grows starts
increasing slowly and proceeds faster and faster over time, as the
balance increases. Exponential population growth works the same
way. A small population that is growing exponentially increases at
a slow rate initially, but growth proceeds faster and faster as the
population increases. Ecologists use the equation at the end of
the chapter to predict population levels and growth rates for par-
ticular populations.

Regardless of the species, whenever the population is grow-
ing at its intrinsic rate of increase, population size plotted versus
time gives a curve of the same shape. The only variable is time. A
dolphin population will take longer than a bacterial population to
reach a certain size (because dolphins do not reproduce as rapidly
as bacteria), but both populations will always increase exponen-
tially as long as their growth rates remain constant.

ENVIRONMENTAL RESISTANCE AND CARRYING CAPACITY

Certain populations may exhibit exponential population growth
for a short period. Exponential population growth has been experi-
mentally demonstrated in bacterial and protist cultures and in cer-
tain insects. However, organisms cannot reproduce indefinitely at
their intrinsic rates of increase because the environment sets lim-
its, collectively called environmental resistance. Environniental
resistance includes such unfavorable environmental conditions as
the limited availability of food, water, shelter, and other essential
resources (resulting in increased competition), as well as limits
imposed by disease and predation.

Using the earlier example, we find that bacteria would never
reproduce unchecked for an indefinite period because they would
run out of food and living space, and poisonous body wastes would
accumulate in their vicinity. With crowding, bacteria would
become more susceptible to parasites (high population densities
facilitate the spread of infectious organisms such as viruses among
individuals) and predators (high population densities increase the
likelihood of a predator catching an individual). As the environ-
ment deteriorates, their birth rate (b) would decline and their death
rate (d) would increase. The environmental conditions might
worsen to a point where d would exceed b, and the population
would decrease. The number of individuals in a population, then,
is controlled by the ability of the environment to support it. As the
number of individuals in a population increases, so does environ-
mental resistance, which acts to limit population growth. Environ-
mental resistance is an excellent example of a negative feedback
mechanism, in which a change in some condition triggers a
response that counteracts, or reverses, the changed condition.

Negative feedback acting on a rapidly . .
carrying capacity

3 4 5 6 7 8 9 10
Time (hours)

- 1b) When these data are graphed, the curve of exponential population
- growth has a characteristic I shape.

- Figu’re 5.5 Exponential population growth.

growing population can eventually reduce the
rate of population growth to nearly zero. This
leveling out occurs at or near the carrying capac-
ity (K], the limit of the environment’s ability to
support a population. In nature, the carrying
capacity is dynamic and changes in response
to environmental changes, such as seasons.

(K} The maximum num-
ber of individuals of a
given species that a par-
ticular environment can
support for an indefinite
period, assuming there
are no changes in the
environment.
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An extended drought, for example, could decrease the amount
of vegetation growing in an area, and this change, in turn, would
lower the carrying capacity for deer and other herbivores.

G. F. Gause, a Russian ecologist who conducted experiments
during the 1930s, grew a population of a single species, Parame-
cium caudatum, in a test tube. He supplied a limited amount of
food (bacteria) daily and replenished the media occasionally to
eliminate the buildup of metabolic wastes. Under these conditions,
the population of P. caudatum increased exponentially at first, but
then their growth rate declined to zero, and the population size
leveled off. This characteristic population growth pattern theoreti-
cally fits most wild organisms, such as ocean fish (Figure 5.6a),
though students of population ecology can observe many varia-
tions from this general pattern. All populations grow best when
the number of individuals is high enough for ample reproductive
opportunity, but small enough that shortages of resources do not
impede growth.

When a population affected by environmental resistance is
graphed over a long period (Figure 5.6b), the curve has the char-
acteristic S shape of logistic population growth. The curve shows
an approximate exponential increase initially (note the curve’s J
shape at the start, when environmental resistance is low), a peak
growth rate that occurs when the population is at half the carrying
capacity, followed by a leveling out as the carrying capacity of
the environment is approached. In logistic population growth, the
rate of population growth is proportional to the amount of exist-
ing resources, and competition leads to limited population growth.
Although logistic population growth is an oversimplification of
how most populations change over time, it fits some populations
studied in the laboratory, as well as a few studied in nature.

Successful management of either pest species or desirable
species requires an understanding of logistic population growth.
For example, if we know the carrying capacity of an edible fish, we
‘ ¢an-¢alculate the maximum sustainable harvest

sustainable ¢ iy species, the number of fish that can be

Naoel Hendrickson / Getty images

(a) A group of crevalle jack fish.

‘High

Number of crevalle jack

Low &

Time —=»
(b) Each habitat, large or small, has a carrying capacity for organisms in
it. Populations typically grow slowly when their numbers are small, but
growth accelerates (to the maximum growth rate) until erivironmental
resistance (limits to food, br'ecding sites, habitat; etc.) force growth to

slow again, leveling off 4s the population approaches the carrying capac-

iarvest The number X .
ity (K). Many ocean fish have been overharvested, so their populations

individuals that can caught each year without reducing the overall

be harvested from a . population (see Equations at chapter end). This are now at the bottom of this curve and have a low population growth
sopulation eachyear  maximur sustainable fishing level will be pos-  rate. Sustainable fishing limits can be set at their highest when the
sithout reducingthe  gible when the fish population is athalf the total ~ population is at least at half of K.

total population. carrying capacity and achieves its maximum

population growth rate. In contrast, in pest control, keeping a pest
population well below its maximum growth rate will help mini-
mize the need for ongoing control measures. Additionally, if we
work to minimize the carrying capacity for the pest, the necessity
for control will be lower. For example, a kitchen that is kept clean
of food scraps and dripping water will have a lower carrying
capacity for mice and cockroaches. If a city manages feral cat
populations by minimizing breeding (through trap-and-neuter pro-
grams), the growth rate of the feral cat population will be slower,
allowing populations to be kept low more easily. The logistic
population growth equation has a wide range of uses in managing
both beneficial and pest organisms.

A population rarely stabilizes at K (carrying capacity) as
shown in Figure 5.6, but may temporarily rise higher than K. It will
then drop back to, or below, the carrying capacity. Sometimes a
population that overshoots K will experience a population crash,
an abrupt decline from high to low population density. Such an

Figure 5.6 Logistic Population Growth.

abrupt change is commonly observed in bacterial cultures, zoo-
plankton, and other populations whose resources are exhausted.
Also, K is not necessarily constant, as changes in food supply, cli-
mate, or water availability can cause a habitat to have richer or
poorer resources. A population crash can follow a drop in carrying
capacity.

The availability of winter forage largely determines the car-
rying capacity for reindeer, which live in cold northern habitats.
In 1910, a small herd of 26 reindeer was introduced on to one of
the Pribilof Islands of Alaska (Figure 5.7). The herd’s popula-
tion increased exponentially for about 25 years until there were
approximately 2000 reindeer, many more than the island could
support, particularly in winter. The reindeer overgrazed the veg-
etation until the plant life was almost wiped out. Then, in slightly
over a decade, as reindeer died from starvation, the number of
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frogs. If a change in population density alters how an environmen-
tal factor affects the population, then the environmental factor is
called a density-dependent factor. As popula- = density-dependent
tion density increases, density-dependent fac- factor Anenvironmen-
tors tend to slow population growth by causing tal factor whase effects

i s . .~ ~onapopulation change
an increase in the death rate and/or a decrease in a5 poplilation density

(a) A baby reindeer (Rangifer tarandus) on one of the Pribilof Islands in
the Bering Sea, off the coast of Alaska

2006

150

100

Number of reindeer

1910 1920 1930 41940 1950
Year

(1;3) Reindeer experienced rapid pdpuIation growth followed by a sharp
decline when an excess of reindeer damaged the environment. (After
V.C. Scheffer. “The Rise and Fall of a Reindeer Herd.” Science Month,
Vol. 73, 1951) ‘

‘Figu're 5.7 Apopulation crash.

reindeer plunged to 8, about one-third the size of the original intro-
duced population and less than 1% of the population at its peak.
‘Recovery of arctic and subarctic vegetation after overgrazing by
reindeer takes 15 to 20 years, and during that time, the carrying
capacity for reindeer is greatly reduced.

FACTORS THAT AFFECT POPULATION SIZE

Natural mechanisms that influence population size fall into two
categories, density-dependent factors and density-independent
factors. These two sets of factors vary in importance from one spe-
_cies to another, and in most cases they probably interact simultane-
ously to determine the size of a population.

Density-Dependent Factors Certain environmental factors
such as predation have a greater influence on a population when
its density is greater. For example, if a pond has a dense popula-
tion of frogs, predators such as waterbirds tend to congregate and
eat more of the frogs than if the pond were sparsely populated by

birth rate. Thus, as the population grows closer
to K, density-dependent factors have an increas-
ingly negative impact on the growth rate, and population growth
approaches zero, Conversely, if population density declines to
below K, den’sity-dependcnt factors cause population growth
to increase. Density-dependent factors therefore tend to keep a
population at a relatively constant size near the carrying capac-
ity of the environment. (Of course, the environment continually
changes, and these changes continually affect the size of the car-
rying capacity.)

Predation, disease, and competition are examples of density-
dependent factors. As the density of a population increases, preda-
tors are more likely to find an individual of a given prey species.
When population density is high, the members of a population
encounter one another more frequently, and the chance of their
transmitting infectious disease organisms increases. As population
density increases, so does competition for resources such as liv-
ing space, food, cover, water, minerals, and sunlight. The opposite
effects occur when the density of a population decreases. Predators
are less likely to encounter individual prey; parasites are less likely
to be transmitted from one host to another; and competition among
members of the population for resources such as living space and
food declines.

Most studies of density dependence are conducted in labo-
ratory settings where all density-dependent (and density-indepen-
dent) factors except one are controlled experimentally. Populations
in natural settings are exposed to a complex set of variables that
continually change, and it is difficult to evaluate the relative effects
of a single density-dependent (or density-independent) factor.

- changes.

Density Dependence and Boom-or-Bust Population Cycles
Lemmings are small rodents that live in the colder parts of the
Northern Hemisphere. Lemming populations undergo dramatic
increases in their population, followed by crashes over fairly regu-
lar time intervals—every three to four years (Figure 5.8). This
cyclic fluctuation in abundance is often described as a boom-or-
bust cycle. Other species such as snowshoe hares and red grouse
also undergo cyclic population fluctuations.

The actual causes of such population oscillations are poorly
understood, but many hypotheses involve density-dependent fac-
tors. The population density of lemming predators, such as wea-
sels, arctic foxes, and jaegers (arctic birds that eat lemmings),
may increase in response to the increasing density of prey. As
more predators consume the abundant prey, the prey population
declines. Another possibility is that a huge prey population over-
whelms the food supply. Recent studies on lemming population
cycles suggest that lemming populations crash because they eat
all the vegetation in the area, not because predators eat them. It
appears that prey populations may or may not be controlled by
predators, whereas predator populations are most likely held in
check by the availability of prey.
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(a) The brown {emming (Lemmus trimucronatus) lives in the arctic
tundra.

High

Nurnber of lemmings

Low -
4 8 12

Time (years) V

(b) This hypothetical diagram shows the cyclic nature of lemming popu-
1ation oscillations, which are well studied but not well understood. When
the population is increasing and high (labeled 1), density-dependent
factors are increasingly severe; the population growth rate is dropping,
and the population will soon decline. When the population is low and
declining (labeled 2), density-dependent factors are relaxed; soon, the
population bottoms out and then begins to increase.

Figure 5.8 Lemming population oscillations.

Density-Independent Factors Density-independent factors
are typically abiotic. Random weather events such as a killing
frost, severe blizzard, hurricane, or fire may

REPRODUCTIVE STRATEGIES

Each species has a lifestyle uniquely adapted to its reproductive
patterns. Many years pass before 2 young magnolia tree flowers
and produces seeds, whereas within a single season wheat grows
from seed, flowers, and dies. A mating pair of black-browed alba-
trosses produces a single chick every year, whereas 2 mating pair
of gray-headed albatrosses produces a single chick biennially
(every other year). Biologists try to understand the adaptive conse-
quences of these various life history strategies.

Since evolution involves passing genes on to the next gen-
eration, we might think that maximizing reproduction would be
the best life strategy. An organism that sexually matures early,
has abundant offspring, and whose offspring, in turn, survive and
reproduce early and often, might seem to be the most successful
organism. All of its energy is invested into reproduction, so it
would seem to pass on the most genetic material. An organism
with this strategy, however, could not expend any energy toward
ensuring its own survival. Animals use energy fo hunt for food,
and plants use energy o grow taller than surrounding plants (to
obtain adequate sunijght) and to extend roots (to obtain nutrients).
Organisms need energy to survive longer, both to continue to
reproduce and to ensure survival of existing offspring. Nature,
then, requires organisms to make tradeoffs in the expenditure of
energy. Successful individuals must do what is required to survive
as individuals and as populations (by reproducing). We refer to
organisms whose life strategy emphasizes reproductive Success as
r selected; we refer to organisms whose life strategy emphasizes
long-term sutvival as K selected.

Populations described by r selection have traits that contrib-
ute to a high population growth rate. Recall that r designates the
growth rate. Such organisms have a high r and are called r strate-
gists or r-selected species. Small body size, early maturity, short
life span, large broods, and little or no parental care are typical, of
many r strategists, which are usually opportunists found in vari-
able, temporary, Or unpredictable environments where the prob-
ability of long-term survival is low. Some of the best examples
of r strategists are mice, insects such as mosquitoes, and common
weeds such as the dandelion.

In populations desctibed by K selection, traits maximize the
chance of surviving in an environment where the number of indi-
viduals is near the carrying capacity (K ) of the environment. These
organisms, called K strategists or K-selected species, do not pro-
duce large numbers of offspring. They characteristically have long
life spans with slow development, late reproduction, large body
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cause extreme and irregular reductions in a pop-
ulation regardless of its size and thus are largely
density independent.

Consider a density-independent factor that
influences mosquito populations in arctic envi-
ronments. These insects produce several genera-
tions per summer and achieve high population densities by the end

factor Anenvironmen- -
tal factor that affects
the size of a population
but is not influenced by
changes in population
density.

size, and low reproductive rate. Redwood trees are classified as
K strategists. Tawny owls, elephants, and other animals that are
K strategists typically invest in the parental care of their young.
Other K strategists include long-lived plants, such as the century
plant or the California redwood tree. K strategists are found in
relatively constant or stable environments, where they have a high

of the season. A shortage of food is not a limiting factor for mosqui- competitive ability.
toes, nor is there any shortage of ponds in which to breed. Instead,
winter puts a stop to the skyrocketing mosquito population. Not SURVIVORSHIP

a single adult mosquito survives winter, and the entire population
grows the following summer from the few eggs and hibernating

larvae that survive. The timing and severity of winter weather is a

density-independent factor that affects arctic mosquito populations.

Ecologists construct life tables for plants and animals that show
the likelihood of survival for individuals at different times during
their lives. Insurance companies originally developed life tables to




determine how much policies should cost: Life tables show the
relationship between a client’s age and the likelihood the client
will survive to pay enough insurance premiums to cover the cost of
the policy.
Survivorship is the propOrtlon of individuals surviving at each
age in a given population. Figure 5.9 is a graph of the three main
vivorship The prob- - Survivorship curves recognized by ecologists. In
ity a given individual * type I survivorship, as exemplified by humans
2 population willsur- - and elephants, the young (that is, prereproduc-
‘etoaparticularage. - tjve jndividuals) and those at reproductive age
have a high probability of living. The probability of survival
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type of survivorship curve early in life and another type as adults.
Humans’ survivorship curves depend on the public health, war,
and socioeconomic conditions in a given region or country.

METAPOPULATIONS

Instead of being distributed as one large population across the
landscape, many species occur as local populations in distinct hab-
itat patches. Each local population has its own characteristic birth,
death, emigration, and immigration rates. A group of local popula-
tions among which individuals occasionally disperse (emigrate

decreases more rapidly with increasing age, and deaths are con-  and immigrate) is called a metapopulation. For . metapopulation A set
centrated later in life. example, note the three local populations that  of local populations

In type III survivorship, the probability of death is greatest  form the hemlock metapopulation on a moun- * 2Mong which individuals
early in life, and those individuals that avoid early death subse-  tain landscape in the Great Smoky Mountains . o distributed in distinct

i et ) J " habitat patches across a
quently have a high probability of survival. In animals, type III
survivorship is characteristic of many fish species and oysters.
Young oysters have three free-swimming larval stages before
adulthood, when they settle down and secrete a shell. These lar-
vae are extremely vulnerable to predation, and few survive to
adulthood.

In type II survivorship, intermediate between types I and III,
the probability of survival does not change with age. The prob-
ability of death is likely across all age groups, resulting in a lin-
ear decline in survivorship. This constancy probably results from
essentially random events that cause death with little age bias. This
relationship between age and survivorship is relatively rare; some
lizards have a type II survivorship.

The three survivorship curves are generahzat.lons and few
populations exactly fit one of the three. Some species have one

1000
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Figure 5.9  Survivorship. These generalized survivorship curves
Tepresent the ideal survivorships of species in which death rates are
- toncentrated after reproduction (type I), spread evenly across age groups
{type II), and greatest among the young (type III). Although humans,
. lizards, and fish are shown as examples of each, organisms do have a
mange of variability; some human populations have relatively high infant
- nortality, and their survivorship curves may be a hybrid of survivorship
> Curve types.

(Figure 5.10). landscape.
The distribution of local populations across

the landscape occurs because of local differences in elevation, tem-
perature, amount of precipitation, soil moisture, and availability of
soil minerals. Those habitats that increase the likelihood of stir-
vival and reproductive success for the individuals living there are
called source habitats. Source populations generally have greater
population densities than populations at less suitable sites, and
surplus individuals in the source habitat may disperse to another
habitat,

Lower-quality habitats, called sink habitats, are areas where
the local b'irth rate s less than the local death rate. Without immi
tion occurs. If a local populatlon becomes extinct, individuals
from a source habitat may recolonize the vacant habitat at a later
time. Source and sink habitats, then, are linked to one another by
immigration and emigration.

Metapopulations are becoming more common as humans alter
the landscape by fragmenting existing habitats to accommodate

Elevation (m)

1981
1676
1372
1067
762
457 :
Oak-hickory B Spruce-fir
B Chesinut oak-chestnut heath Il Frasier fir
B Chestnut oak-chestnut [[] Beech gap
Il Cove forest [] Spruce
B8 Red oak-chestnut oak M Heath; no trees
BB Hemiock B Grass; no trees

B Pine forest and heath

Figure 5.10 Metapopulations, Distribution of vegetation on a
west-facing slope in Great Smoky Mountains National Park reveals the
mosaic nature of landscapes. How might climate change affect these
metapopulations? (Adapted from R.H. Whittaker. Vegetation of the
Great Smoky Mountains. Ecological Monographs, Vol. 26, 1956)
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ories; agricultural fields, and logging. As a
, of rmetapppulations, particularly as it relates to
 endangered and threatened species, is an important area of study
in conservation bioclogy.

Review
1. Whatis the effect of each of the following on population size: birth
rate, death rate, immigration, and emigration?

2. How do intrinsic rate of increase and carrying capacity produce the
J-shaped and S-shaped population growth curves?

3. What are two examples of density-dependent factors that
affect population growth? What are two examples of density-
independent factors?

4. What are the three main survivorship curves?
5. How does a metapopulation differ from a local population?

Biological Communities

The vast assemblage of organisms that live in populations and
metapopulations are organized into communities. The term com-
munity has a far broader sense in ecology than in everyday speech.
For the biologist, a community is an association of different popu-
lations of organisms that live and interact in the same place at the
same time.

The organisms in a community are interdependent in a variety
of ways. Species compete with one another for food, water, liv-
ing space, and other resources. (Used in this context, a resource
is anything from the environment that meets a particular species’
needs.) Some organisms kill and eat other organisms. Some spe-
cies form intimate associations with one another, whereas other
species seem only distantly connected. As discussed in Chapter
3, each organism plays one of three main roles in community life:
producer, consumer, or decomposer. The unraveling of the many
positive and negative, direct and indirect interactions of organisms
living as a community is one of the goals of community ecologists.

Communities vary greatly in size, lack precise boundaries,
and are rarely completely isolated. They interact with and influ-
ence one another in countless ways, even when the interaction is
not readily apparent. Furthermore, communities are nested within
one another like Russian nesting dolls—that is, communities exist
within communities. A forest is a community, but so is a rotting
log in that forest. Insects, plants, and fungi invade a fallen tree as
it undergoes a series of decay steps (Figure 5.11).

Organisms exist in an abiotic (nonliving) environment that is
as essential to their existence as is their biotic (living) environ-
ment. Minerals, air, water, and sunlight are just as much a part of
a honeybee’s environment as the flowers it pollinates and from
which it takes nectar. A biological community and its abiotic envi-
ronment form an ecosystem (Chapter 4 considered an ecosystem’s
abiotic environment). Ecosystems can also include biological
communities managed by humans, such as farms,

THE ECOLOGICAL NICHE

Let us consider the way of life of a given species in its commu-
nity. An ecological description of a species typically includes
(1) whether it is a producer, consumer, or decomposer; (2) the kinds
of symbiotic associations it forms; (3) whether it is a predator and/
or prey; and (4) what species it competes with. Other details are
needed, however, to provide a complete picture.

Every organism is thought to have its own role, or ecological
niche, within the structure and function of an ecosystem. An eco-
logical niche takes into account all aspects of the
organism’s existence—all the physical, chemi-
cal, and biological factors an organism needs to
survive, remain healthy, and reproduce. Among
other things, the niche includes the local envi-
ronment in which an organism lives—its habitat. An organism’s
niche also encompasses how the abiotic components of its envi-
ronment, such as light, temperature, and moisture, interact with
and influence it. \

The ecological niche of an organism may be much broader
potentially than it is in actuality. Put differently, an organism
is potentially capable of using much more of its environment’s
resources or of living in a wider assortment of habitats than
it actually does. The potential, idealized ecological niche of an
organism is its fundamental niche, but various factors: such
as competition with other species usually exclude it from part
of its fundamental niche. The lifestyle an organism actually
pursues and the resources it actually uses make up its realized
niche. ‘
An example may clarify the distinction between fundamental
and realized niches. The green anole, a lizard native to Florida and
other southeastern states, perches on trees, shrubs, walls, or fences
during the day and waits for insect and spider prey (Figure 5.12a).
In the past, these little lizards were widespread in Florida. A num-
ber of years ago, arelated species, the brown anole, was introduced
from Cuba into southern Florida and quickly became common
(Figure 5.12b). Suddenly green anoles became rare, apparently
driven out of their habitat by competition from the slightly larger
brown lizards. Careful investigation disclosed that green anoles
were still around. They were, however, now confined largely to the
vegetation in wetlands and to the foliated crowns of trees, where
they were less obvious.

The habitat portion of the green anole’s fundamental niche
includes the trunks and crowns of trees, exterior house walls, and
many other locations. Where they became established, brown
anoles drove green anoles out from all but wetlands and tree crowns,
so the green anole’s realized niche became smaller as a result
of competition (Figure 5.12¢, d). Natural communities consist

- ecological niche The
totality of an organism’s
adaptations, its use of
* resources, and the life-

: style to which itis fitted.
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Figure 5.11 A rotting log community. Detritivores and decomposers consume a rotting log, which teems with a variety of bacteria, fungi,
animals, and plants.
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(a) The greern anole (Anolis carolinensis) is native to Florida. (b) The brown anole (Anolis sagrei) was introduced into Florida.

(c) The fundamental niches of the two lizards initially overlapped. (d) The brown anole outcompeted the green anole, restricting its niche.
Species 1 is the green anole, and spécies 2 is the brown anole. Note the greatly reduced area of overlap.

Figure 5.12 Effect of competition on an organism’s realized niche.

of numerous species, many of which compete to some extent, and  usually limiting to that fish population’s abil-

the interactions among species produce the realized niche of each. ity to increase. Optimal locations for spawning, limiting resource Any

environmental resource

A full description of an organism’s niche would involve  however, may be limited. A necessary resourCe . ihat pecause it s scarce
a long list of necessary and possible resources. In any habitat,  that is not abundant enough to allow easy sur- - or at unfavorable levels,
only some of these resources tend to be in short supply. A fish  vival or plentiful population growth is consid- ° restricts the ecological
living in a lake needs water, but water in the lake is plentiful, not  ered a limiting resource.

niche of an organism.
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A Minimum Optimum Maximum be subtle, indirect, and Qfﬁcul} to assess. Th.e.y may
- > = »> lower or negate the negative effects of competition for
E resources.

o N 1
2 R N
e Competitive Exclusion and Resource Partitioning
k] No Few Abundant Few No When two species are similar, as are the green and
_’g individuals individuals individuals individuals  individuals brown anoles, their fundamental niches may overlap.
§ However, many ecologists think that no two species
indefinitely occupy the same niche in the same commu-
R = nity because competitive exclusion eventually occurs.
Amount of fimiting factor Toomuch - Incompetitive exclusion, one species excludes another
Figure 5.13 Limiting resource. An organism is limited by any envi-
Bu 400

ronmental resource that exceeds its tolerance or is less than its required
minimum.

Most limiting resources that scientists have investigated are 200
simple variables such as the mineral content of soil, extremes of
temperature, and amount of precipitation. Such investigations have
disclosed that any resource that exceeds an organism’s tolerance
or is present in quantities smaller than the minimum required lim- s i
its the occurrence of that organism in an ecosystem (Figure 5.13). 0 3 6 9 12 15 18
No organism exists independently of other organisms. We e = Days

now consider the three main types of interactions that occur among
species in an ecosystem: competition, symbiosis, and predation.

Number of individuals

(a) A population of P. aurelia grown in a separate culture (in 2 single-
species environment), :

400
COMPETITION .
[}
Competition occurs when two or more individuals attempt to use 3
an essential common resource such as food, water, shelter, living %
mipetition Theinter- space, or sunlight. Resources are often in lim- 5 200
tion amiong organisms ited S‘épply 1[1 the ‘enviigmns:nt, and their use ‘_“Q-’
that vieforthesame ~ by one individual decreases the amount avail- E
ssources (such asfood | able to others. If a tree in a dense forest grows z
orlivingspace)inan . iajler than surrounding trees, it absorbs more
ecosystem- .t the incoming sunlight, and less sunlight is 12
available for nearby trees. Competition occurs among individuals ‘ Days

within a population (intraspecific competition) or between spe-
cies (interspecific competition; Figure 5.14).

Ecologists traditionally assumed that competition was the 400
most important determinant of both the number of species found

(b) A population of P. caudatum grown in a separate culture.

in a community and the size of each population. Today, ecologists '§
recognize that competition is only one of many factors that affect S
community structure. Furthermore, competition is not always a g 200
straightforward, direct interaction. A variety of flowering plants °
live in a young pine forest and presumably compete with coni- é
fers for such resources as soil moisture and soil nutrient minerals. 2

The flowers produce nectar consumed by some insect species that
also prey on needle-eating insects, thereby reducing the number
of insects feeding on pines. If the flowering plants were removed
from the community, would the pines grow faster because they
were no longer competing for necessary resources? Or would  (c) Populations of both species grown in a mixed culture, in competition
the increased presence of needle-eating insects caused by fewer with each other. P. aurelia outcompetes P. caudatum and drives itto
omnivorous insects inhibit pine growth? ’ extinction. (Data for graphs adapted from G.F. Gause, The Struggle for
Few studies have tested the long-term effects on forest species Existence. Baltimore: Williams & Wilkins, 1934)
of the removal of one competing species. Long-term effects may ~ Figure 5.14 Interspecific competition.

Days




from a portion of a niche as a result of competition between spe-
cies (interspecific competition). Although it is possible for species
to compete for some necessary resource without having intense,
pervasive competitive interactions, two species with absolutely
identical ecological niches cannot coexist. Coexistence can occur
if the overlap in the two species’ niches is reduced. In the lizard
example, direct competition between the two species was reduced
as the brown anole excluded the green anole from most of its for-
mer habitat until the only places open to it were wetland vegetation
and tree crowns.

Competition has adverse effects on all species that use a
limited resource and may result in competitive exclusion of one
or more species. Natural selection should favor those individu-
als of each species that avoid or at least reduce competition. In
resource partitioning, coexisting species’ realized niches differ
from each other in one or more ways. Evidence of resource par-
titioning in animals is well documented and includes studies in
tropical forests of Central and South America that demonstrate
little overlap in the diets of fruit-eating birds, primates, and bats
that coexist in the same habitat. Although fruits are the primary
food for several hundred of these species, the wide variety of
fruits available has allowed fruit eaters to specialize, thereby
reducing competition.

. Resource partitioning may include timing of feeding, location
of feeding, nest sites, and other aspects of an organism’s ecological
niche. Robert MacArthur’s study of five North American warbler
species is a classic example of resource partitioning (Figure 5.15).

SYMBIOSIS

In symbiosis, individuals of one species usually live in or on the
individuals of another species. At least one of the species—and
ibiosis Anyintimate.. sometimes both—uses its partner’s resources.
ationship or associa- . The partners of a symbiotic relationship, called
nbetween members - gymhionts, may benefit from, be unaffected by,
waor o5 b hamed by the rlationsip. Bxamples o
c‘ommenSa[ism,én 0815 occur across a]l of the domains and
parasitism, - kingdoms of life.
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Symbiosis is the result of coevolution, the interdependent
evolution of two interacting species, Flowering plants and their
animal pollinators have a symbiotic relationship that is an excel-
lent example of coevolution. Plants are rooted in the ground and
lack the mobility that animals have when mating. Many flowering
plants rely on animals to help them reproduce. Bees, beetles, birds,
bats, and other animals transport the male reproductive units,
called pollen grains, from one plant to another, in effect giving
plants miobility. How has this come about? '

During the millions of years these associations developed,
flowering plants evolved in several ways to attract animal polli-
nators.”One of the rewards for the pollinator is food-—nectar (a
sugary solution) and pollen. Plants often produce food precisely
adapted for one type of pollinator. The nectar of bee-pollinated
flowers usually contains 30% to 35% sugar, the concentration bees
need to make honey. Bees will not visit flowers with lower sugar
concentrations in their nectar. Bees also use pollen to make bee-
their larvae.

Plants possess a variety of ways to get the pollinator’s
attention, most involving colors and scents. Showy -petals
visually attract the pollinator, much as a neon sign or golden
arches attract a hungry person to a restaurant. Insects have a
well-developed sense of smell, and many insect-pollinated flow-
ers have strong scents that are also pleasant to humans. A few
specialized kinds of flowers have unpleasant odors. The carrion
plant produces flowers that mimic the smell of rotting flesh. Car-
rion flies are attracted to these flowers while they are looking
for a place to deposit their egps, and in the process pollen is
transferred. '

During the time plants were evolving specialized features to
body parts and behaviors to aid pollination and to obtain nectar
and pollen as a reward. Coevolution is responsible for the hairy
bodies of bumblebees, which catch and hold the sticky pollen for
transport from one flower to another. The long, curved beaks of
certain birds, which fit into tubular, nectar-bearing flowers, are the
result of coevolution (Figure 5.16).

(a) Yellow-rumped warbler (b) Bay-breasted warbler  (c) Cape May warbler  (d) Black-throated green warbler  (e) Blackburnian warbler

| Figure 5.15 Resource partitioning. In Robert MacArthur’s study of five North American warbler species, the warblers’ niches initially appeared
. 1dentical. However, MacArthur determined that individuals of each gpecies spend most of their feeding time in different parts (marked in brown) of
~the conifer trees they frequent. They also travel differently in the tree canopy, consume different combinations of insects, and nest at slightly different
_ times. (Adapted from R.H. MacArthur, “Population Ecology of Some Warblers of Northeastern Coniferous Forests.” Ecology, Vol. 39, 1958)
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bodies much faster when the algae are present. The corals, in turn,
supply their zooxanthellae with waste products such as ammonia,
which the algae use to make nitrogen compounds for both partners.

Mycorrhizae (pronounced my-kor-rye’ zee) are mutualistic
associations between fungi and the roots of about 80% of all plants.
The fungus, which grows around and into the root as well as into
the surrounding soil, absorbs essential minerals, especially phos-
phorus, from the soil and provides them to the plant (Figure 5.17).
In return, the plant provides the fungus with food produced by pho-
tosynthesis. Plants grow more vigorously in mycorrhizal relation-
ships and better tolerate environmental stressors such as drought
and high soil temperatures. Indeed, some plants cannot maintain
themselves under natural conditions if the fungi with which they
normally form mycorrhizae are not present.

Mycorrhizae are difficult to raise in experimental settings, and
most crops lack mycorrhizal associations, putting them at a dis-
advantage compared with some weeds. Much research remains
to be done on how to foster mycorrhizal associations with crop
plants; this research could help reduce the need for supplemental
fertilizer.

Commensalisim Commensalism is an association between two
different species in which one benefits and the other is unaffected.

One example of commensalism is the relation- Commensalism A type
ship between social insects and scavengers that - of symbiesis in which
live with the social insects. For example, certain ' one organism benefits
kinds of silverfish move along in permanent 2nd theotheroneis nei-
association with the marching columns of army = the" harmed nor helped.
ants and share the plentiful food caught in their raids. The army ]
ants derive no apparent benefit or harm from the silverfish.

Gallo Images - Peter Chiadwick / Getty Images

The thousands, or even millions, of symbiotic associations
that result from coevolution fall into three categories: mutualism,
commensalism, and parasitism.

Mutualism In mutualism, different species living in close asso-
ciation provlde benefits to each other. The interdependent associa-
tion between nitrogen-fixing bacteria of the genus Rhizobium and
utualism Asymbiotic - legimes (plants such as peas, beans, and clover)
relationshipinwhich ~ is an example of mutualism. Nitrogen-fixing
both partners benefit. * hacteria live in nodules in the roots of legumes
and supply the plants with all the nitrogen they need. The legumes
supply sugar to their bacterial symbionts.

Another example of mutualism is the association between
reef-building coral animals and microscopic algae. These sym-
biotic algae, called zooxanthellae (pronounced zoh-zan-thelee), ‘
live inside cells of the coral, where they photosynthesize and pro- Figure 5.17 Mutualism. Mycorrhizae (Scleroderma geaster)
vide the animal with carbon and nitrogen compounds as well a5 gensely surround the root of aeucalyptus tree, Bucalyptus is a highly
oxygen. Zooxanthellae have a stimulatory effect on the growth of  drought-tolerant tree, perhaps because its mycorthizae help buffer it
corals, causing calcium carbonate skeletons to form around their against environmental stress; mycorrhizae obtain food from the tree.

g
3
o
2
RE
\‘h"
<
®
&
a
>
> K
2
@
2
& &




Anothier example of commensalism is the relationship between
a tropical tree and many epiphytes, smaller plants, such as mosses,
orchids, bromeliads, and ferns, that live attached to the bark of the
tree’s branches (Figure 5.18). The epiphyte anchors itself to the
tree but does not obtain nutrients or water directly from the tree.
Its location on the tree lets it obtain adequate light, water (as rain-
fall dripping down the branches), and required nuifient minerals
(washed out of the tree’s leaves by rainfall). Thus, the epiphyte
benefits from the association, wheteas the tree is apparently unaf-
fected. (Epiphytes harm their host if they block sunlight from the
host’s leaves. When this occurs, the relationship is not considered
commensalism.)

Parasitism In parasitism, one organism, the parasite, obtains
nourishment from another organism, its hosz. Although a parasite
may weaken its host, it rarely kills it. Some parasites, such as ticks,
live outside the host’s body (Figure 5.19). Other
parasites, such as tapeworins, live within the
host. Parasitism is a successful lifestyle: More
than 100 parasites live in or on the human
species alone.

Many parasites do not cause disease. A parasite that causes
disease and sometimes the death of a host is known as a patho-
gen. Crown gall disease, caused by a bacterium, occurs in many
kinds of plants and results in millions of dollars’ worth of damage
each year to ornamental and agricultural plants. Crown gall bacte-
ria, which live on detritus (organic debris) in the soil, enter plants
through small wounds such as those caused by insects. They cause
galls, or tumorlike growths, often at a plant’s crown (between the
stem and the roots, at or near the soil surface). Although plants sel-
dom die from crown gall disease, they are weakened, grow more
slowly, and often succumb to other pathogens.

sitism A symbiotic
ynship inwhichone
:anism benefits and
e other is adversely
affected.

PREDATION

Predators kill and feed on other organisms. Predation includes both
animals eating other animals (carnivore-herbivore interactions)
and animals eating plants (herbivore-producer

predation The @ © . 5 .
isumption ofone - interactions). Predation has resulted in the coevo-
pecies (the prey)  lution of predator strategies—more efficient ways
by anothgr (th)e to catch prey—and prey strategies—better ways to
predator, 1 Ay

escape the predator. An efficient predator exerts a
strong selective force on its prey, and over time, the prey species
may evolve some sort of countermeasure that reduces the probabil-
ity of being captured. The countermeasure that the prey acquires,
in turn, may act as a strong seléctive force on the predator.

Adaptations related to predator-prey interactions include
predator strategies (pursuit and ambush) and prey strategies (plant

_defenses and animal defenses). Keep in mind as you read these
ﬁ@scriptions that such strategies are not “chosen” by the respec-

tive predators or prey. New traits arise randomly in a population
4s a result of mutation, and the traits may persist under natural

_selection.

Pursuit and Ambush A gecko sights a spider and pounces on
- 1t. Orcas (killer whales), which hunt in packs, often herd salmon or
~Tuna into a cove so that they are easier to catch (Figure 5.20). Any

Fletcher & Baylis/Science Source

Laszlo Podor Photagraphy / Getty images

@lazareva / iStockphoto
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Figure 5.18 Commensalism. Epiphytes are small plants that grow
attached to trunks or branches of trees. This orchid (Phalaenopsis suma-
trana) gfows on a tree in a montane rain forest in Malaysia.

Figure5.19 Parasitism. Tick in a rabbit’s ear.

Figure 5.20 Predation. Orcas hunting in a pack in Alaska. This
cooperative behavior increases hunting success.
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trait that increases hunting efficiency, such as the speed of a gecko
or the intelligence of orcas, favors predators that pursue their prey.
Because these carnivores must process information quickly during
the pursuit of prey, their brains are generally larger, relative to
body size, than those of the prey they pursue,

Ambush is another effective way to catch prey. The goldenrod
spider is the same color as the white or yellow flowers in which
it hides. This camouflage prevents unwary insects that visit the
flower for nectar from noticing the spider until it is too late. Preda-
tors that attract prey are particularly effective at ambushing. For
example, a diverse group of deep-sea fishes cailed anglerfish pos-
sess rodlike luminescent lures close to their mouths to attract prey.

Plant Defenses against Herbivores Plants cannot escape pred-
ators by fleeing, but they possess adaptations that protect them from
being eaten. The presence of spines, thorns, fough leathery leaves,
or even thick wax on leaves discourages foraging herbivores from
grazing. Other plants produce an array of protective chemicals that
are unpalatable or even toxic to herbivores. The active ingredients
in such plants as marijuana, opium poppy, tobacco, and peyote cac-
tus may discourage the foraging of herbivores. For example, the
mcotme found in bacco is so effective at killing insects that itis a
nmon 1ngre in many commercial insecticides. Milkweeds
produce deadly alkaloids and cardiac glycosides, chemicals poi-
sonous to all amn;als'except for a small group of insects.

Defensive Adagsﬁah ns of Ammals Many animals, such as
woodchucks, flee from predators by running to their underground
burrows. Others have mechanical defenses, such as the quills
of a porcupine and the shell of a pond turtle. Some animals live

A“Murawski/National‘Géog hic

thure 5.21 Warning coloration. A milkweed tussock moth
caterpilldr, toxi¢ from cardiac glycosides in the milkweed it eats, avoids
predation by advertising its toxicity with classic warning coloration:
orange, black, and white.

closely that the little sea horse was not discovered until 1970,
when a zoologist found it in the coral he had placed in an aquar-
ium (Figure 5.22). Evolution has preserved and accentuated such
camouflage. :

KEYSTONE SPECIES

Certain species are more crucial to the maintenance of their corn-
munity than others. Such species, called keystone species, are vital
in determining the nature and structure of the

i keystone species A
« species, often a predator,
that exerts a profound
¢ jnfluence on a com-
5, munity in excess of that
* expected by its relative

in groups—a herd of antelope colony of honeybees school ‘of
anchovies, or flock of pigeons. This social behavior decreases the
likelihood of a predator caichmg one of th nnaware the group
has many eyes, ears, and noses watchmg, hstemng, and smelhng
for predators.

entire ecosystem—that is, its species composi-
tion and its ecosystem functioning. The fact that
other species depend on or are greatly affected
by the keystone species is revealed when the

Chemical defenses are common among animal prey. The
South American poison arrow frog has poison glands in its skin.
Its bright warning coloration prompts avoidance by experienced
predators. Snakes or other animals that have tried to eat a poison-
ous frog do not repeat their mistake! Some insects have evolved an
ability to tolerate milkweed toxins. As a result, they can eat milk-
weeds without being poisoned, and they accumulate the toxins in
their tissues, making themselves toxic to predators (Figure 5.21).
These insects avoid competition from other herbivorous insects
because few other insects can tolerate milkweed toxins. Predators
learn to avoid these insects, which are often brightly colored in
combinations of red, orange, yellow, white, and black. Not coin-
cidentally, humans use yellow, red, and black in warning signs; we
intnitively understand these colors to mean: “Danger.” Note that
the defense a plant employs against herbivores is actually trans-
formed into a defense herbivores use against predators.

Some animals blend into their surroundings to hide from
predators. The animal’s behavior often enhances such cryptic
coloration. The pygmy sea horse resembles gorgonian coral so

keystone species is removed, Keystone species
are usually not the most abundant species in the
ecosystem.

‘Identifying and protecting keystone species are crucial goals
of conservation biologists because if a keystone species disappears
from an ecosystem, many other organisms in that ecosystem may
become more common, rare, or even disappear. One example of a
keystone species is a top predator such as the gray wolf, which was
discussed in the chapter introduction, Where wolves were hunted
to extinction, the popnlati'on's of deer, elk, and other herbivores
increased explosively. As these herbivores overgrazed the veg-
etation, many plaiit species that could not tolerate such grazing
pressure disappeared. Many smaller animals such as insects were
lost from the ecosystem because the plants that they depended on
for food were now less abundant. Thus, the disappearance of the
wolf resulted in an ecosystem with considerably less biological
diversity. k

To date, few long-term studies have identified keystone spe-
cies and determined the nature and magnitude of their effects
on the ecosystems they inhabit. Additional studies are urgently

-abundance.




Species Richness in a Commuhity 101

Species richness varies greatly from one community to another.
Tropical rain forests and coral reefs are examples of communi-
ties with extremely high species richness. In - species richness The
contrast, geographically isolated islands and ° number ofspeciesina
mountaintops exhibit low species richness. . community.
‘What determines the number of species in a community? Several
factors appear to be significant: the abundance of potential eco-
logical niches, closeness to the margins of adjacent communities,
geographic isolation, dominance of one species over others, habi-
tat stress, and geologic history.

Species richness is related to the abundance of potential eco-
logical niches. An already-complex community offers a greater
variety of potential ecological niches than does a simple commu-
nity. For example, in a study of chaparral habitats (shrubby and
woody areas) in California, those with structurally complex veg-
etation provided birds with more kinds of food and hiding places
than communities with low structural complexity (Figure 5.23).

"Species richness is usually greater at the margins of adjacent
communities than in their centers. This richness exists because
an ecotone—a transitional zZone where two or more communities
meet—contains all or most of the ecological niches of the adjacent
communities as well as some niches unique to the ecotone.

Species richness is inversely related to the geographic isola-
tion of a community. Isolated island commiunities are much less
diverse than communities in similar eénvironiments found on con-
tinents. This lack of diversity is partly the result of the difficulty
many species have in reaching and successfully colonizing the
island. Sometimes species become locally extinct as a result of
random events; and in isolated environments such as islands or
mountaintops, extinct species are not readily replaced. Isolated
areas are often small and possess fewer potential ecological niches.

Gerald Nowak/Stockphotopr

Figum 522 Cryptic coloration. Pygmy sea horses (Hlppocampus
bargibanti), about the size of small fingernails, 4re virtually mvmlble in
anid around gorgonian coral (Muricella).

needed to provide comncrete information about the importance of

_ 3
REVIEW H
1. What is an ecological niche? g
2: What is the principle of competitive exclusion? Of resource a2

' partitioning? h
3. What is symbiosis? What are the three kinds of symbiosis? ‘é

. 4. Describe how evolution has affected predator-prey relationships. 2

5. What s a keystone species? Why do we consider the wolf a key-
stone species?

o 04 08 12 16 20

Structural complexity of vegetation
ichnessinaCo i ‘
Figure 5.23 Effect of community complexity on species rich-

ness. As the structural complexity of chaparral vegetation in California
increases, the species richness of birds in that habitat increases. (After
M.L. Cody and J.M. Diamond, eds., Ecology and Evolution of Communi-
ties. Harvard University, Cambridge, 1975)




102 5 Ecosystemsand Living Grganisms

Species richness is reduced when any one species occupies
a position of dominance within a community because it may
appropriate a dispropottionate share of available resources, thus
crowding out other species. Ecologist James H. Brown and col-
leagues of the University of New Mexico have studied species
competition and diversity in long-term experiments conducted
since 1977 in the Chihuahuan Desert of southeastern Arizona.
In one experiment, the scientists enclosed their study areas
with fencing and then cut holes in the fencing to allow smaller
rodents to come and go but to exclude the larger kangaroo
rats. The removal of three dominant species, all kangaroo rats,
from several plots resulted in an increased diversity of other
rodent species. This increase was attributed to less competition
for food and to an altered habitat because the abundance of
grass species increased dramatically after the removal of the
kangaroo rats.

Generally, species richness is inversely related to the environ-
mental stress of a habitat. Only those species capable of tolerating
extreme environmental conditions can live in an environmen-
tally stressed community. The species richness of a highly pol-
luted stream is low compared to that of a nearby pristine stream.
Similarly, the species richness of high-latitude (farther from
the equator) communities exposed to harsh climates is less than
that of lower-latitude (closer to the equator) communities with
milder climates. Although the equatorial countries of Colombia,
Ecuador, and Peru occupy only 2% of Earth’s land, they contain
45,000 native plant species. The continental United States and
Canada, with a significantly larger land area, possess a total of
19,000 native plant species. Ecuador alone contains more than
1300 native bird species, twice as many as the United States and
Canada combined.

Geologic history greatly affects species richness. Tropical rain
forests are probably old, stable communities that have undergone
few climate changes in Earth’s entire history. During this time,
myriad species evolved in tropical rain forests, having experi-
enced few or no abrupt climate changes that might have led to
their extinction. In “contrast, glaciers have repeatedly modified
temperate and arctic regions during Earth’s history, as the climate
alternately cooled and warmed. For example, an area recently
vacated by glaciers will have low species richness because few
species will have had a chance to enter it and become established.
Scientists expect that future climate change will negatively alter
species richness.

SPECIES RICHNESS, ECOSYSTEY SERVICES, AND
COMMURITY STABIUITY

Ecologists and conservationists have lorig debated whether the
extinction of species threatens the normal functioning and sta-

ecosystem - bility of ecosystems. This question is of great

-

Table5.1 Ecosystem Services

Ecosystem Services Provided by Ecosystem

Purify air and water
Produce and maintain soil
Absorb carbon dioxide (carbon storage)
Provide wildlife habitat
Provide humans with wood and recreation
Moderate water flow and mitigate floods
Dilute and remove pollutants
Provide wildlife habitat
Provide humans with drinking and
irrigation water
Provide transportation corridors
Generate electricity
Offer recreation
Purify air and water
Produce and maintain soil
Absorb carbon dioxide (carbon storage)
Provide wildlife habitat
Provide humans with livestock and
recreation
Provide a buffer against storms
Dilute and remove pollutants
» Provide wildlife habitat, including food and
shelter for young'marine species
'»_Provide humans with food, harbors,
transportation routes, and recreation
Sustainable agricultural e Produce and maintain soil
ecosystems o “Absorb carbon dioxide (carbon storage)
o Provide wildlife habitat for birds, insect
pollinators, and soil organisms
¢ Provide humans with food and fiber crops

Forests

Freshwater systems
(rivers and streams,
lakes, and ground-
water)

Grasslands

Coasts

Adapted from p. 527 of Climate Change Impacts in the United States, a report of
the National Assessment Synthesis Team, U.S. Global Change Research Program,
Cambridge University Press [2001].

Traditionally, most ecologists assumed that community
stability—the absence of change—is a consequence of commu-
nity complexity. Stability is the result of resistance and resilience.
Resistance is the ability of 2 community to withstand environmen-
tal disturbances, natural or human events that disrupt a commu-
nity. Resilience is the ability of a community to recover quickly to
its former state following an environmental disturbance. A com-
munity with considerable species richness may function better-—
that is, have more resistance and resilience—than a community
with less species richness. One reason why organic farmers typi-
cally grow a wide variety of crop species is that species richness
reduces the risk of crop predation and the impact of any environ-
mental disturbance, such as an early frost or hailstorm.

According to this view, the greater the species richness, the
less critically important any single species should be. With many

services Important envi-
ronmental benefits that
ecosystems provide to
people; include clean air
to breathe, clean water
to drink, and fertile soil
in which to grow crops.

practical concern because ecosystems supply
human societies with many environmental ben-
efits (Table 5.1). Conservationists maintain that
ecosystems with greater species richness better
supply such ecosystem services than ecosystems
with lower species richness.

possible interactions within the community, any single disturbance
is less likely to disrupt enough components of the system to make a
significant difference in its functioning. Evidence for this hypoth-
esis includes the fact that destructive outbreaks of pests are more
common in cultivated fields, which are low-diversity communi-
ties, than in natural communities with greater species richness.



Ongoing studies by David Tilman of the University of
Minnesota and John Downing of the University of Iowa have
strengthened the link ‘betweeii species richness and community
stability. In their initial study, they established and monitored 207
plots of Minnesota grasslands for seven years. During the study,
Minnesota’s worst drought in 50 years occurred (1987-1988).
The biologists found that those plots with the greatest number of
plant species lost less ground cover and recovered faster than did
species-poor plots. Further research supported these conclusions
and showed a similar effect of species richness on community sta-
bility during nondrought years. Similar work at grassland sites in
Europe also supports the link between species richness and eco-
system functioning. Sustainable agricultural ecosystems, however,
-are human-made and therefore inherently different from other eco-
systems. Sustainable agriculture is discussed further in Chapter 18.

CASE IN POINT

GARDENS AS Ez;osvsrsms"

A suburban or urban ga.rden 15 4 comm that supports both

spaces between vegetable plants to prevent excessive mtraspec1ﬁc
competition. Flowers of many herbs and weeds offer food, in the
form of pollen and nectar, for adult parasitic wasps, who then pro-
vide pest control as an ecosystem servrce by laying eggs in cat-
erplllars such as tomato hornworm (Manduca qumquemaculata)

While some birds, such as crows, are garden pests, bluebirds,

mockingbirds, and other songbirds also help control insect pests
through predation. Soil in a garden eontalns abiotic minerals,
as well as bacteria, earthworms, nematodes, fungi, viruses, and
insects—each of which may be elther a pest or beneficial Species
Vrf,rom the gardener’s perspective. The population density of each
species depends on density-dependent factors (available nutrients
- and water) and density-independent factors (killing frosts). The
, gardener who monitors: pest populauons and keeps them well
below their maximum growth rates, using natural predators and
parasites, will lose less produce.

~ The gardener relies on mutualisms: between rhizobium bacte-
_ria and bean plants to help add nitrogen to the soil, and between
g'honeybees and flowering plants to ensure good harvests of toma-
_toes and peppers and eggplant. The gardener may impose a type
f resource partitioning by planting a wide variety of plants in the
arden, from root crops and low-growing greens to bushy toma-
oes and tall stalks of corn (Figure 5.24). This species richness
150 helps reduce the effects of environmental stress, such as
drought, since different garden plants will demand water at differ-
nt times in the growing season. N

Andy Ryan / Getty images
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Fgure 5.24 AGarden Ecosystem. A gardener with her harvest of
catrots. Note the varied plant heights and the dense growth-of a variety
of vegetables.

REVIEW

1. Whatare two determinants of species richness? Give an example
of each..

2. What are ecosystem services? Describe some ecosyster sérvices a
forest provides.

A community develops gradually, through a sequence of species.
The process of community development over time, which involves
species in one stage being replaced by different species, is called
ecological succession or, simply, succession. Certain organisms
that initially colonize an area are replaced over time by others,
which themselves are replaced much later by still others.
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The actual mechanisms that underlie succession are not clear.
In some cases, an earlier species modifies the environment in
some way, thereby making it more suitable for a later species to
colonize. Often, succession begins with r-selected species, which
reproduce quickly. These are later replaced, through competition,
with K-selected species, which grow more slowly and grow larger.

Ecologists initially thought that succession inevitably led to a
stable and persistent community, such as a forest, called a climax
community. But more recently, the traditional view has fallen out
of favor. The apparent stability of a “climax” forest is probably the
result of how long trees live relative to the human life span. Mature
“climax” communities are not in a state of permanent stability but,
rather, in a state of continunal disturbance. Over time, a mature for-
est community changes in species composition and in the relative = e SRR TR,
abundance of each species, despite its overall uniform appearance.  (a) After the glacier’s retreat, lichens initially colonize bare gravel,

Ecological succession is usnally described in terms of the  followed by mosses and small shrubs. ‘
changes in the species composition of the plants growing in an
area, although each stage of succession may have its own charac-
teristic kinds of animals and other organisms. The time involved
in ecological succession is on the scale of tens, hundreds, or
thousands of years, not the millions of years involved in the
evolutionary time scale.

telds / Science Source

Martin

PRIMARY SUCC‘ESSION
Primary succession is ecologwal succession that begins in an envi-
ronmentthathas not beeninhabited before. No soil exists when pri-
rimary succession The = mary successlonbegms Barerocksurfaces,such
change In species com- ~ asrecentlyformedvolcamclavaandrockscraped
position overtimeina . Clean by glacwrs and sand dunes are examples
previously unmhablted * ofsiteswhere primary successionmaytakeplace
environment. * (Figure 5.25). (b) At a Iater time, dwarf trees and shrubs colonize the area e Q

Charles D. Winters / Science Source

Primary Succession on Bare Rock  Although the details vary
from one site to another, on bare rock, lichens are often the most
important element in the pioneer community—the initial com-
munity that develops during primary succession. Lichens secrete
acids that help break the rock apart, beginning the process of soil
formation. Over time, mosses and drought-resistant ferns may
replace the lichen community, followed in turn by tough grasses
and herbs. Once enough soil accumulates, grasses and herbs may
be replaced by low shrubs, which in turn would be replaced by for-
est trees in several distinct stages. Primary succession on bare rock
from a pioneer community to a forest community often occurs in
this sequence: lichens - mosses — grasses — shrubs — trees.

Martin Shields/Science Source

Primary Succession on Sand Dunes Some lake and ocean
shores have extensive sand dunes deposited by wind and water. At
first, these dunes are blown about by the wind. The sand dune envi- (
ronment is severe, with high temperatures during the day and low
temperatures at night. The sand is also deficient in certain nutrient

C

)

Figure 5.25 Primary succession on glacial moraine. During the
past 200 years, glaciers have retreated in Glacier Bay, Alaska. Although

Still later, spruces dominate the cominunity.

minerals needed by plants. As a result, few plants can tolerate the  thege photos were not taken in the same location, they show

environmental conditions of a sand dune. some of the stages of primary succession on glacial moraine
Henry Cowles developed the concept of succession in the  (rocks, gravel, and sand deposited by a glacier). How might

1880s when he studied succession on sand dunes around the shores  climate change be influencing glacial moraine ecosystems?




of Lake Michigan, which has been gradually shrinking since the
last ice age. The shrinking lake exposed new sand dunes that dis-
played a series of stages in the colonization of the land.

Grasses are common pioneer plants on sand dunes around the
Great Lakes. As the grasses extend over the surface of a dune, their
roots hold it in place, helping to stabilize it. At this point, mat-
forming shrubs may invade, further stabilizing the dune. Later,
shrubs are replaced by poplars (cottonwoods), which years later
are replaced by pines and finally by oaks. Soil fertility remains
low, and as a result, other forest trees rarely replace oaks. A sum-
mary of how primary succession on sand dunes around the Great
Lakes might proceed is in this sequence: grasses — shrubs — pop-
lars (cottonwoods) — pine trees — oak trees,

SECONDARY SUCCESSION

Secondary succession is ecological succession that begins in an
environment following destruction of all or part of anearlier com-
munity. Clear-cut forests, open areas caused by
a forest fire, and abandoned farmland are com-
mon examples of sites where secondary suc-
cession occurs. Farmers routinely create spaces
for secondary succession when they plow land
to prepare for crop planting.

During the summer of 1988, wildfires
burned approximately one-third of Yellowstone National Park.
This natural disaster provided a chance for biologists to study sec-
ondary succession in areas that were once forests. After the fires,
ash covered the forest floor, and most of the trees, though standing,
were charred and dead. Secondary succession in Yellowstoné has
occurred rapidly. Less than one year later, trout lily and other herbs
had sprouted and covered much of the ground. Ten years after the
fires, a young forest of knee-high to shoulder-high lodgepole pines
dominated the area, and Douglas fir seedlings were also present.
Biologists continue to monitor the changes in Yellowstone as sec-
ondary succession proceeds.

condary succession
he change in species
compasition that -
kes place aftersome -
irbance destroys the
sting vegetation; soil -
is already present. -

Old Field Succession Biologists have extensively studied sec-
ondary succession on abandoned farmland. It takes more than
100 years for secondary succession to occur at a single site, but a
single researcher can study old field succession in its entirety by
observing different sites in the same area that have been undergo-
ing succession for different amounts of time. The biologist may
€xamine county tax records to determine when each field was
abandoned.

A predictable succession of communities colonizes aban-
~doned farmland in North Carolina (Figure 5.26). The first year
after cultivation ceases, an annual plant, crabgrass, dominates.
During the second year, horseweed, a larger plant that outgrows
crabgrass, is the dominant species. Horseweed does not dominate
for more than one year because decaying horseweed roots inhibit
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the growth of young horseweed seedlings. In addition, horseweed
does not compete well with other plants that become established in
the third year. During the third year after the last cultivation, other
weeds—broomsedge, ragweed, and aster—become established.
Typically, broomsedge outcompetes aster because broomsedge is
drought-tolerant, whereas aster is not.

In years 5 to 15, the dominant plants in an abandorned field
are pines such as shortleaf pine and loblolly pine. Through the
buildup of soil litter, such as pine needles and branches, pines
produce conditions that cause the earlier dominant plants to
decling in importance, Over the next century or so, pines give up
their dominance to hardwoods such as oaks. The replacement of
pines by oaks depends primarily on the environmental changes
produced by the pines. The pine litter causes soil changes, such
as an increase in water-holding capacity, which young oak
seedlings need to become established. In addition, hardwood
seedlings are more tolerant of shade than are young pine seed-
lings. Secondary succession on abandoned farmland in the south-
eastern United States proceeds in this sequence: crabgrass —
horseweed — broomsedge and other weeds — pine trees —
hardwood trees.

REVIEW

1. What is ecological succession?
2. How do primary and secondary succession differ?

-
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(shortieat pi
: ~ and loblolly -
broomsedge, “pine) 7.
ragweed, and T

Figure 5.26 Secondary successiononan; ',bjandoned field in North Carolina,

M ITH SELECTED KEY TERMS

« Define evolution.

Evolution is cumulative genetic changes that occur over time in a pop-
ulation of organisms; evolution explains many patterns observed in the
natural world.

« Explain the four premises of evolution by natural selection as
proposed by Charles Darwin.

Natural selection is the process in which better-adapted individuals—
those with a combination of genetic traits better suited to environmental
conditions—are more likely to survive and reproduce, increasing their
proportion in the population. Natural selection, as envisioned by Charles
Darwin, has four premises:

1. Each species produces more offspring than will survive to maturity.
2. The individuals in a population exhibit heritable variation in their traits.

3. Organisms compete with one another for the resources needed to
survive.

4. Those individuals with the most favorable combination of traits are
most likely to survive and reproduce, passing their genetic characters
on to the next generation.

« Identify the major groups of living organisms.

Organisms are ‘classified into six major groups: Archaea, Bacteria, Pro-
tista (algae, protozoa, slime molds, and watér molds), Fungi (molds and
yeasts), Plantae, and Animalia.

« Define population, and explain the four factors that produce
changes in population size.

A populatipn is a group of individuals of the same species that live
in the same geographic area at the same time. Growth rate (r) is the
rate of change of a population’s size, expressed in percent per year.
On a global scale (when dispersal is not a factor), growth rate {r) is
due to birth rate (b) and death rate d: r=b-d. Emigration (e),
the number of individuals leaving an area, and immigration (i), the




number of individuals entering an area, affect a local population’s size
and growth rate. For a local population (where dispersal is a factor),
r=b-d+({-e).

» Useintrinsicrate of increase, exponential population growth, and
carrying capacity to explain the differences between J-shaped
and S-shaped growth curves.

Intrinsic rate of increase is the exponential growth of a population that
occurs under ideal conditions. Exponential population growth is the
accelerating population growth that occurs when optimal conditions allow
a constant reproductive rate over a period of time. The carrying capacity
(K) is the maximum number of individuals of a given species that a par-
ticular environment can support for an indefinite period, assuming there
are no changes in the environment. Although populations with a constant
reproductive rate exhibit exponential population growth for limited peri-
ods (the J curve), eventually the growth rate decreases to around zero or
becomes negative. The S curve shows an initial lag phase (when the popu-
lation is small), followed by an exponential phase, followed by a leveling
phase as the carrying capacity of the environment is reached.

» Distinguish between density-dependent and density-indepen-
dent factors that affect population size, and give examples of
each.

A density-dependent factor is an environmental factor whose effects on
a population change as population density changes. Predation, disease,
and competition are examples. A density-independent factor is an envi-
ronmental factor that affects the size of a population but is not influenced
by changes in population density. Hurricanes and fires are examples.

« Define survivorship, and describe type I, type 1, and type Il survi-
vorship curves.

Survivorship is the probability that a given individual in a population
will survive to a particular age. There are three general types of survivor-
ship curves. In type I survivorship, death is greatest in old age. In type III
survivorship, death is greatest among the young. In type I survivorship,
death is spread evenly across all age groups.

+ Define metapopulation, and distinguish between source and sink
habitats.

Many species exist as a metapopulation, a set of local populations among
which individuals are distributed in distinct habitat patches across a land-
scape; Source habitats are preferred sites where local reproductive success
is greater than local mortality. Sink habitats are lower-quality habitats where
individuals may suffer death or, if they survive, poor reproductive success.

* Describe the factors that contribute to an organism’s ecological
niche,

An organism’s ecological niche is the totality of its adaptations, its use of
resources, and the lifestyle to which it is fitted. The ecological niche is the
organism’s place and role in a complex biotic and abiotic system.

* Define competition, and relate the concepts of competitive exclu-
sion and resource partitioning,

Competition is the interaction among organisms that vie for the same
resources (such as food or living space) in an ecosystem. Many ecologists
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think two species cannot occupy the same niche in the same community
for an indefinite period. In competitive exclusion, one species excludes
another as a result of competition for limited resources. Some species
reduce competition by resource partitioning, in which they use resources
differently.

« Define symbiosis, and distinguish among mutualism, commensal-
ism, and parasitism.

Symbiosis is any intimate relationship or association between members
of two or more species. Mutualism is a symbiotic relationship in which
both partners benefit. Commensalism is a type of symbiosis in which one
organism benefits and the other one is neither harmed nor helped. Para-
sitism is a symbiotic relationship in which one organism benefits and the
other is adversely affected.

» Define predation, and describe the effects of natural selection on
predator-prey relationships.

Predation is the consumption of one species (the prey) by another (the
predator). During coevolution between predator and prey, the predator
evolves more efficient ways to catch prey, and the prey evolves better
ways to escape the predator.

» Define keystone species, and discuss the wolf as a keystone
species.

A keystone species is a species, often a predator, that exerts a profound
influence on a community in excess of that expected by its relative abun-
dance. One example of a keystone species is the gray wolf, Where wolves
were hunted to extinction, the populations of deer, elk, and other her-
bivores increased. As these herbivores overgrazed the vegetation, many
plant species disappeared. Many smaller animals such as insects and trout
decreased because the plants they depended on for food were now less
abundant. Thus, the disappearance of the wolf resulted in an ecosystem
with considerably less biological diversity.

+ Describe factors associated with high species richness.

Species richness, the number of species in a community, is often great
when there are many potential ecological niches, when the area is at the
margins of adjacent communities, when the community is not isolated or
severely stressed, when one species does not dominate others, and when
communities have a long geologic history.

+ Give several examples of ecosystem services.

Ecosystem services, important environmental benefits that ecosystems
provide to people, include clean air to breathe, clean water to drink, and
fertile soil in which to grow crops.

» Define ecological succession, and distinguish between primary
and secondary succession.

Ecological succession is the orderly replacement of one community by
another. Primary succession is the change in species composition over
time in a previously uninhabited environment. Secondary succession is
the changg in species composition that takes place after some disturbance
destroys the existing vegetation; soil is already present.
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w31 Thinki ‘ 1o .

1. Charles Darwin once said, “It is not the strongest of the species
that survive, nor the most intelligent, but the ones most responsive
to change.” How does this statement relate to the definition of
evolution?

2. During mating season, male giraffes slam their necks together in
fighting bouts to determine which male is stronger and can mate
with females. Explain how long necks may have evolved under this
scenario, using Darwin’s theory of evolution by natural selection.

3. How do the Eukarya and Prokarya differ?

4. How are the following factors related in determining population
growth: birth rate, death rate, immigration, and emigration?

5. Draw a graph to represent the long-term growth of a population of
bacteria cultured in a test tube containing a nutrient medium that is
replenished. Now draw a graph to represent the growth of bacteria
in a test tube when the nutrient medium is not replenished. Explain
the difference. ) -

6. Which of the following are density-dependent factors: a hurricane,
disease, or competition? Why? '

7. How do survivorship curves relate to r selection and X selection in
" animals?

8. What is the difference between a source habitat and a sink habitat in
terms of birth rates and death rates? i

9. What is an organisim’s écological niche, and why is a realized niche
usually narrower, or more restricted, than a fundamental niche?

10. What portion of humans’ fundamental niche are we occupying
today? Do you think our realized niche has changed over the past
200 years? Why or why not?

11. What is the most likely limiting resource for plants and animals in
deserts? How are limiting resources related to competition? Explain
yOour answers.

12. What type of symbiotic relationship-—~mutualisin, commensalism,
or predation—do you think exists between the pygmy sea horse and
the gorgonian coral pictured in Figure 5,227 Explain your answer.

13. How is predation related to the concept of energy flow through
ecosystems (covered in Chapter 3)?

14. Some biologists think that protecting keystone species would help
preserve biological diversity in an ecosystem. Explain.

15. Why does species richness vary from one community to another?
16. What kinds of ecosystem services does a forest provide?

17. Describe an example of secondary succession. Begin your descrip-
tion with the specific disturbance that preceded it.

18, Draw a diagram of three coriceritric circles and label the circles to
show the relationships among species, ecosystems, and communi-
ties. If you were adding symbiosis, predation, and competition to
the simple system you have depicted, in which circle(s) would you
place them?

19. Study the graph and determine the overall trend in biological diver-
sity of vertebrate species from 1970 to 2000. Sociobiologist E. O.
Wilson says that the five forces responsible fot this trend are habitat
loss, invasive species, pollution, human population growth, and
overconsumption. How do each of these forces relate to energy use
and/or climate change?
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Food for Thought
Weed Ecology
Weeds, typically pioneer, r-selected species, grow quickly and repro-
duce abundantly.
In agriculture, weeds can interfere with food production. Under-

standing ecosystems can help farmers manage weeds more effectively.
By fostering healthy soils, farmers encourage bacteria, fungi, and insect

populations that might consume weed seeds as food. If water is a limit-
ing resource, the farmer might irrigate crops only in the crop row, not
allowing weeds between rows to access the water. When we under-
stand weeds as pioneer species, how can we use this knowledge to help
us manage weeds in gardens?




Exponential and Logistic Population Growth:
Equations

Under exponential population growth, the number of individuals
(N) in the population at any single time, t, can be reflected by equa-
tion 1:

(DN =N, *e"

In this equation N, represents the population at time t, N, rep-
resents the starting population, e is the base of the natural loga-
rithm (~2.718), r is the natural growth rate of the population, and t
is the time since the start of growth.

At any given moment, a student can calculate how much the
population will increase in the next time interval. The increase in
population can be calculated with equation 2:

@) dN/dt=r*N

In this equation, dN/dt represents the number of individu-
als added to the population at any time. In the table of bacterial
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growth above, r = 1, which means that the population doubles in
every time interval.

Although the equation for the logistic growth curve is more
complex than the equation for exponential growth, a student can
still easily calculate, using equation 3, the predicted growth in
population, for any population level, N:

(3)dN/dt=r1* N * (1 - N/K)

One way to think about this equation is to note that, as
in equation 2, the-change in population is proportional to the
population leve] at that moment, N, and to the rate of population
growth, 1, but is reduced when the population, N, is close to the
carrying capacity, K. If N is large, (1-N/K) will be close to zero:
if N exceeds K, 1-N/K will become negative, meaning that the
population will decrease. But, if N is small, 1-N/K is close 1o 1,
and the population will grow similarly to the exponential growth
pattern, at least until the population, N, gets closer to the carrying
capacity (K).




