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Figure 58.8  Trophic levels within an ecosystem. Primary producers such as plants obtain their energy directly from the Sun, 
placing them in trophic level 1. Animals that eat plants, such as plant-eating insects, are herbivores and are in trophic level 2. Animals that eat 
the herbivores, such as shrews, are primary carnivores and are in trophic level 3. Animals that eat the primary carnivores, such as owls, are 
secondary carnivores in trophic level 4. Each trophic level, although illustrated here by a particular species, consists of all the species in the 
ecosystem that function in a similar way in terms of what they eat. The organisms in the detritivore trophic level consume dead organic 
matter they obtain from all the other trophic levels.

trophic levels in that they feed on the remains of already-dead 
organisms; detritus  is dead organic matter. A subcategory of 
detritivores is the decomposers, which are mostly microbes 
and other minute organisms that live on and break up dead 
organic matter.

Concepts to describe trophic levels
Trophic levels consist of whole populations of organisms. For 
example, the primary-producer trophic level consists of the 
whole populations of all the autotrophic species in an ecosys-
tem. Ecologists have developed a special set of terms to refer to 
the properties of populations and trophic levels.
 The productivity of a trophic level is the rate at which 
the organisms in the trophic level collectively synthesize new 
organic matter (new tissue substance). Primary productivity is 
the productivity of the primary producers. An important com-
plexity in analyzing the primary producers is that not only do 
they synthesize new organic matter by photosynthesis, but they 
also break down some of the organic matter to release energy 
by means of aerobic cellular respiration (see chapter 7 ). The 
respiration of the primary producers, in this context, is the rate 
at which they break down organic compounds. Gross primary 
productivity (GPP) is simply the raw rate at which the pri-
mary producers synthesize new organic matter; net primary 
productivity (NPP) is the GPP minus the respiration of the 

 In a whole ecosystem, many species play similar roles; there 
is typically not just a single species in each role. For example, the 
animals that eat plants might include not just a single insect spe-
cies, but perhaps 30 species of insects, plus perhaps 10 species of 
mammals. To organize this complexity, ecologists recognize a 
limited number of feeding, or trophic, levels (figure 58.8). 

Definitions of trophic levels
The first trophic level in an ecosystem, called the primary 
producers,  consists of all the autotrophs in the system. 
The other trophic levels consist of the heterotrophs—the 
consumers. All the heterotrophs that feed directly on the pri-
mary producers are placed together in a trophic level called 
the herbivores. In turn, the heterotrophs that feed on the her-
bivores (eating them or being parasitic on them) are collec-
tively termed primary carnivores, and those that feed on the 
primary carnivores are called secondary carnivores.
 Advanced studies of ecosystems need to take into account 
that organisms often do not line up in simple linear sequences 
in terms of what they eat; some animals, for  example, eat both 
primary producers and other animals. A linear sequence of 
trophic levels is a useful organizing principle for many pur-
poses, however.
 An additional consumer level is the detritivore  trophic 
level. Detritivores differ from the organisms in the other 
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Figure 58.9  The fate of ingested chemical-bond energy: 
Why all the energy ingested by a heterotroph is not 
available to the next trophic level. A heterotroph such as this 
herbivorous insect assimilates only a fraction of the chemical-bond 
energy it ingests. In this example, 50% is not assimilated and is 
eliminated in feces; this eliminated  chemical-bond energy cannot 
be used by the primary carnivores. A third (33%) of the ingested 
energy is used to fuel cellular respiration and thus is converted to 
heat, which cannot be used by the primary carnivores. Only 17% of 
the ingested energy is converted into insect biomass through 
growth and can serve as food for the next trophic level, but not even 
that percentage is certain to be used in that way because some of the 
insects die before they are eaten.

primary producers. The NPP represents the organic matter 
available for herbivores to use as food.
 The productivity of a heterotroph trophic level is termed 
secondary productivity.  For instance, the rate that new or-
ganic matter is made by means of individual growth and repro-
duction in all the herbivores in an ecosystem is the secondary 
productivity of the herbivore trophic level. Each heterotroph 
trophic level has its own secondary productivity.

How trophic levels process energy
The fraction of incoming solar radiant energy that the pri-
mary producers capture is small. Averaged over the course of 
a year, something around 1% of the solar energy impinging 
on forests or oceans is captured. Investigators sometimes ob-
serve far lower levels, but also see percentages as high as 5% 
under some conditions. The solar energy not captured as 
chemical-bond energy through photosynthesis is immediately 
converted to heat.
 The primary producers, as noted before, carry out respi-
ration in which they break down some of the organic com-
pounds in their bodies to release chemical-bond energy. They 
use a portion of this chemical-bond energy to make ATP, which 
they in turn use to power various energy-requiring processes. 
Ultimately, the chemical-bond energy they release by respira-
tion turns to heat.
 Remember that organisms cannot use heat to stay alive. 
As a result, whenever energy changes form to become heat, it 
loses much or all of its usefulness for organisms as a fuel source. 
What we have seen so far is that about 99% of the solar energy 
impinging on an ecosystem turns to heat because it fails to be 
used by photosynthesis. Then some of the energy captured by 
photosynthesis also becomes heat because of respiration by the 
primary producers. All the heterotrophs in an ecosystem must 
live on the chemical-bond energy that is left.

An example of energy loss between trophic levels
As chemical-bond energy is passed from one heterotroph trophic 
level to the next, a great deal of the energy is diverted all along 
the way. This principle has dramatic consequences. It means that, 
over any particular period of time, the amount of chemical-bond 
energy available to primary carnivores is far less than that avail-
able to herbivores, and the amount available to secondary carni-
vores is far less than that available to primary carnivores.
 Why does the amount of chemical-bond energy decrease 
as energy is passed from one trophic level to the next? Consider 
the use of energy by the herbivore trophic level as an example 
(figure 58.9).  After an herbivore such as a leaf-eating insect in-
gests some food, it produces feces. The chemical-bond energy 
in the compounds in the feces is not passed along to the pri-
mary carnivore trophic level. The chemical-bond energy of the 
food that is assimilated by the herbivore is used for a number of 
functions. Part of the assimilated energy is liberated by cellular 
respiration to be used for tissue repair, body movements, and 
other such functions. The energy used in these ways turns to 
heat and is not passed along to the carnivore trophic level. 
Some chemical-bond energy is built into the tissues of the her-
bivore and can serve as food for a carnivore. However, some 
herbivore individuals die of disease or accident rather than be-
ing eaten by predators.

 In the end, of course, some of the initial chemical-bond 
energy acquired from the leaf is built into the tissues of herbi-
vore individuals that are eaten by primary carnivores. Much of 
the initial chemical-bond energy, however, is diverted into heat, 
feces, and the bodies of herbivore individuals that carnivores do 
not get to eat. The same scenario is repeated at each step in a 
series of trophic levels (figure 58.10). 
 Ecologists figure as a rule of thumb that the amount of 
chemical-bond energy available to a trophic level over time is 
about 10% of that available to the preceding level over the same 
period of time. In some instances the percentage is higher, even 
as high as 30%.

Heat as the final energy product
Essentially all of the chemical-bond energy captured by photo-
synthesis in an ecosystem eventually becomes heat as the  
chemical-bond energy is used by various trophic levels. To see 
this important point, recognize that when the detritivores in 
the ecosystem metabolize all the dead bodies, feces, and other 
materials made available to them, they produce heat just like 
the other trophic levels do.

Productive ecosystems
Ecosystems vary considerably in their NPP. Wetlands and trop-
ical rain forests are examples of particularly productive ecosys-
tems (figure 58.11) ; in them, the NPP, measured as dry weight 
of new organic matter produced, is often around  2000 g/m2/
year.  By contrast, the corresponding figures for some other 
types of ecosystems are 1200 to 1300 for temperate forests, 900 
for savanna, and 90 for deserts. (These general ecosystem types, 
termed biomes, are described in the following chapter.)
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Figure 58.10  The fl ow of 
energy through an ecosystem. 
Blue arrows represent the fl ow of 
energy that enters the ecosystem as 
light and is then passed along as 
chemical-bond energy to successive 
trophic levels. At each step energy 
is diverted, meaning that the 
chemical-bond energy available to 
each trophic level is less than that 
available to the preceding trophic 
level. Red arrows represent 
diversions of energy into heat. Tan 
arrows represent diversions of 
energy into feces and other organic 
materials useful only to the 
detritivores. Detritivores may be 
eaten by carnivores, so some of the 
chemical-bond energy returns to 
higher trophic levels.

Figure 58.11  Ecosystem 
productivity per year. The 
fi rst column of data shows the 
average net primary productivity 
(NPP) per square meter per year. 
The second column of data 
factors in the area covered by the 
ecosystem type; it is the product 
of the productivity per square 
meter per year times the number 
of square meters occupied by the 
ecosystem type worldwide. Note 
that an ecosystem type that is 
very productive on a square-
meter basis may not contribute 
much to global productivity if it 
is an uncommon type, such as 
wetlands. On the other hand, a 
very widespread ecosystem type, 
such as the open ocean, can 
contribute greatly to global 
productivity even if its 
productivity per square meter 
is low.Source: Data in: Begon, M., J.L. Harper, and C. R. Townsend, Ecology 3/e, Blackwell Science, 1996, page 715. Original source: Whittaker, R. H. Communities and Ecosystems, 2/e, Macmillan, 

London, 1975.

The number of trophic levels is 
limited by energy availability
The rate at which chemical-bond energy is made available to 
organisms in different trophic levels decreases exponentially as 
energy makes its way from primary producers to herbivores and 

then to various levels of carnivores. To envision this critical 
point, assume for simplicity that the primary producers in an 
ecosystem gain 1000 units of chemical-bond energy over a pe-
riod of time. If the energy input to each trophic level is 10% of 
the input to the preceding level, then the input of chemical-
bond energy to the herbivore trophic level is 100 units, to the 
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Figure 58.12  Flow of energy through the trophic levels 
of Cayuga Lake. Autotrophic plankton (algae and cyanobacteria) 
fi x the energy of the Sun, the herbivores (animal plankton) feed on 
them, and both are consumed by smelt. The smelt are eaten by 
trout. The amount of fi sh fl esh produced per unit time for human 
consumption is at least fi ve times greater if people eat smelt rather 
than trout, but people typically prefer to eat trout.

Inquiry question

? Why does it take so many calories of algae to support so few 
calories of humans?

 In a pyramid of biomass,  the widths of the boxes are 
drawn to be proportional to standing crop biomass. Usually, 
trophic levels that have relatively low productivity also have 
relatively little biomass present at a given time. Thus, pyramids 
of biomass are usually upright, meaning each box is narrower 
than the one below it (figure 58.13b). An upright pyramid of 
biomass is not mandated by fundamental and inviolable rules 
like an upright pyramid of productivity is, however. In some 
ecosystems, the pyramid of biomass is inverted, meaning that 
at least one trophic level has greater biomass than the one be-
low it (figure 58.13c).
 How is it possible for the pyramid of biomass to be in-
verted? Consider a common sort of aquatic system in which the 
primary producers are single-celled algae (phytoplankton), and 
the herbivores are rice grain-sized animals (such as copepods) 
that feed directly on the algal cells. In such a system, the turn-
over of the algal cells is often very rapid: The cells multiply 
rapidly, but the animals consume them equally rapidly. In these 
circumstances, the algal cells never develop a large population 
size or large biomass. Nonetheless, because the algal cells 
are very productive, the ecosystem can support a substantial 

primary carnivores, 10 units, and to the secondary carnivores, 
1 unit over the same period of time.

Limits on top carnivores
The exponential decline of chemical-bond energy in a trophic 
chain limits the lengths of trophic chains and the numbers of 
top carnivores an ecosystem can support. According to our 
model calculations, if an ecosystem includes secondary carni-
vores, only about one-thousandth of the energy captured by 
photosynthesis passes all the way through the series of trophic 
levels to reach these animals as usable chemical-bond energy. 
Tertiary carnivores would receive only one ten-thousandth. This 
helps explain why no predators subsist solely on eagles or lions.
 The decline of available chemical-bond energy also helps 
explain why the numbers of individual top-level carnivores in an 
ecosystem tend to be low. The whole trophic level of top carni-
vores receives relatively little energy, and yet such carnivores 
tend to be big: They have relatively large individual body sizes 
and great individual energy needs. Because of these two factors, 
the population numbers of top predators tend to be small.
 The longest trophic chains probably occur in the oceans. 
Some tunas and other top-level ocean predators probably func-
tion as third- and fourth-level carnivores at times. The chal-
lenge of explaining such long trophic chains is obvious, but the 
solutions are not well understood presently.

Humans as consumers: A case study
The flow of energy in Cayuga Lake in upstate New York 
(figure 58.12)  helps illustrate how the energetics of trophic levels 
can affect the human food supply. Researchers calculated from the 
actual properties of this ecosystem that about 150 of each 1000 
 calories of chemical-bond energy captured by primary producers 
in the lake were transferred into the bodies of herbivores. Of these 
calories, about 30 were transferred into the bodies of smelt, small 
fish that were the principal primary carnivores in the system.
 If humans ate the smelt, they gained about 6 of the 1000 
calories that originally entered the system. If trout ate the smelt 
and humans ate the trout, the humans gained only about 
1.2 calories. For human populations in general, more energy is 
available if plants or other primary producers are eaten than if 
animals are eaten—and more energy is available if herbivores 
rather than carnivores are consumed.

Ecological pyramids illustrate 
the relationship of trophic levels
Imagine that the trophic levels of an ecosystem are repre-
sented as boxes stacked on top of each other. Imagine also that 
the width of each box is proportional to the productivity of 
the trophic level it represents. The stack of boxes will always 
have the shape of a pyramid; each box is narrower than the 
one under it because of the inviolable rules of energy flow. A 
diagram of this sort is called a pyramid of energy flow  or pyra-
mid of productivity (figure 58.13a).  It is an example of an eco-
logical pyramid.
 There are several types of ecological pyramids. Pyramid 
diagrams can be used to represent standing crop biomass or 
numbers of individuals, as well as productivity.
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biomass of the animals, a biomass larger than that ever observed 
in the algal population.
 In a pyramid of numbers,  the widths of the boxes are pro-
portional to the numbers of individuals present in the various 
trophic levels (figure 58.13d). Such pyramids are usually, but 
not always, upright.

Learning Outcomes Review 58.2
Trophic levels in an ecosystem include primary producers, herbivores, 
primary carnivores, and secondary carnivores. Detritivores consume dead 
or waste matter from all levels. As energy passes from one level to another, 
some is inevitably lost as heat, which cannot be reclaimed. Photosynthetic 
primary producers capture about 1% of solar energy as chemical-bond 
energy. As this energy is passed through the other trophic levels, some is 
diverted at each step into heat, feces, and dead matter; only about 10% is 
available to the next level.

 ■ Describe the different ways that matter, such as carbon 
atoms, and energy move through ecosystems? 

Learning Outcomes
Explain the meaning of trophic cascade.1. 
Distinguish between top-down and bottom-up effects.2. 

58.3 Trophic-Level Interactions

Figure 58.13  Ecological 
pyramids. In an ecological 
pyramid, successive trophic 
levels in an ecosystem are 
represented as stacked boxes, 
and the widths of the boxes 
represent the magnitude of an 
ecological property in the 
various trophic levels. 
Ecological pyramids can 
represent several different 
properties. a. Pyramid of 
energy fl ow (productivity). 
b. Pyramid of biomass of the 
ordinary type. c. Inverted 
pyramid of biomass. 
d. Pyramid of numbers.

Inquiry question

? How can the existence 
of inverted pyramids of 
biomass be explained?

The existence of food chains creates the possibility that species 
in any one trophic level may have effects on more than one 
trophic level. Primary carnivores, for example, may have effects 
not only on the animals they eat, but also, indirectly, on the 
plants or algae eaten by their prey. Conversely, increases in pri-
mary productivity may provide more food not just to herbi-
vores, but also, indirectly, to carnivores.
 The process by which effects exerted at an upper trophic 
level flow down to influence two or more lower levels is termed 
a trophic cascade.  The effects themselves are called top-down 
effects. When an effect flows up through a trophic chain, such 
as from primary producers to higher trophic levels, it is termed 
a bottom-up effect.

Top-down eff ects occur when changes in the 
top trophic level aff ect primary producers
The existence of top-down effects has been confirmed by 
controlled experiments in some types of ecosystems, particu-
larly freshwater ones. For example, in one study, sections of a 
stream were enclosed with a mesh that prevented fish from 
entering. Brown trout—predators on invertebrates—were 
added to some enclosures but not others. After 10 days, the 
numbers of invertebrates in the enclosures with trout were 
only two-thirds as great as the numbers in the no-fish enclo-
sures (figure 58.14).  In turn, the biomass of algae, which the 
invertebrates ate, was five times greater in the trout enclo-
sures than the no-fish ones.
 The logic of the trophic cascade just described leads to 
the expectation that if secondary carnivores are added to 
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Figure 58.14  Top-down eff ects demonstrated by 
experiment in a simple trophic cascade. In a New Zealand 
stream, enclosures with trout had fewer herbivorous invertebrates 
(see the left-hand panel) and more algae (see the right-hand panel) 
than ones without trout.

Inquiry question

? Why do streams with trout have more algae?

Figure 58.15  Top-down eff ects demonstrated by an experiment in a four-level trophic cascade. Stream enclosures with 
large, carnivorous fi sh (on right) have fewer primary carnivores, such as damselfl y nymphs, more herbivorous insects (exemplifi ed here by the 
number of chironomids, a type of aquatic insect), and lower levels of algae.

Inquiry question

? What might be the effect if snakes that prey on fish were added to the enclosures?

 In an experiment similar to the one just described, enclo-
sures were created in free-flowing streams in northern Califor-
nia. In these streams, the principal primary carnivores were 
damselfly larvae (termed nymphs). Fish that preyed on the 
nymphs and on other primary carnivores were added to some 
enclosures but not others. In the enclosures with fish, the num-
bers of damselfly nymphs were reduced, leading to higher 
numbers of their prey, including herbivorous insects, which led 
in turn to a decreased biomass of algae (figure 58.15). 
 Trophic cascades in large-scale ecosystems are not as easy 
to verify by experiment as ones in stream enclosures, and the 
workings of such cascades are not thoroughly known. None-
theless, certain cascades in large-scale ecosystems are recog-
nized by most ecologists. One of the most dramatic involves sea 
otters, sea urchins, and kelp forests along the West Coast of 
North America (figure 58.16). 
 The otters eat the urchins, and the urchins eat young 
kelps, inhibiting the development of kelp forests. When the ot-
ters are abundant, the kelp forests are well developed because 
there are relatively few urchins in the system. But when the ot-
ters are sparse, the urchins are numerous and impair develop-
ment of the kelp forests. Orcas (killer whales) also enter the 
picture because in recent years they have started to prey inten-
sively on the otters, driving otter populations down.

Human removal of carnivores 
produces top-down eff ects
Human activities are believed to have had top-down effects in a 
number of ecosystems, usually by the removal of top-level 

enclosures, they would also cause cascading effects. The sec-
ondary carnivores would be predicted to keep populations of 
primary carnivores in check, which would lead to a profusion of 
herbivores and a scarcity of primary producers.
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Figure 58.16   A trophic cascade in a large-scale ecosystem. Along the West Coast of North America, the sea otter/sea urchin/kelp 
system exists in two states: In the state shown in panel a, low populations of sea otters permit high populations of urchins, which suppress kelp 
populations; in the state shown in panel b, high populations of otters keep urchins in check, permitting profuse kelp growth. According to a 
recent hypothesis, a switch of orcas to preying on otters rather than other mammals is leading the ecosystem today to be mostly in the state 
represented on the left.

carnivores. The great naturalist Aldo Leopold posited such ef-
fects long before the trophic cascade hypothesis had been sci-
entifically articulated when he wrote in Sand County Almanac:
 “I have lived to see state after state extirpate its wolves. I 
have watched the face of many a new wolfless mountain, and 
seen the south-facing slopes wrinkle with a maze of new deer 
trails. I have seen every edible bush and seedling browsed, first 
to anemic desuetude, and then to death. I have seen every  edible 
tree defoliated to the height of a saddle horn.”
 Many similar examples exist in which the removal of 
predators has led to cascading effects on lower trophic levels. 
Large predators such as jaguars and mountain lions are absent 
on Barro Colorado Island, a hilltop turned into an island by the 
construction of the Panama Canal at the beginning of the last 
century. As a result, smaller predators whose populations are 
normally held in check—including monkeys, peccaries (a rela-
tive of the pig), coatimundis, and armadillos—have become ex-
traordinarily abundant. These animals eat almost anything they 

find. Ground-nesting birds are particularly vulnerable, and 
many species have declined; at least 15 bird species have van-
ished from the island entirely.
 Similarly, in the world’s oceans, large predatory fish such 
as billfish and cod have been reduced by overfishing to an aver-
age of 10% of their previous numbers in virtually all parts of 
the world’s oceans. In some regions, the prey of cod—such as 
certain shrimp and crabs—have become many times more 
abundant than they were before, and further cascading effects 
are evident at still lower trophic levels.

Bottom-up eff ects occur when changes to 
primary producers aff ect higher trophic levels
In predicting bottom-up effects, ecologists must take account 
of the life histories of the organisms present. A model of  
bottom-up effects thought to apply to a number of types of 
ecosystems is diagrammed in figure 58.17. 
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Figure 58.17  A model of bottom-up eff ects. At low levels 
of primary productivity, herbivore populations cannot obtain 
enough food to be maintained; without herbivory, the standing crop 
biomass of the primary producers such as these diatoms increases as 
their productivity increases. Above some threshold, increases in 
primary productivity lead to increases in herbivore populations and 
herbivore biomass; the biomass of the primary producers then does 
not increase as primary productivity increases because the 
increasing productivity is cropped by the herbivores. Above another 
threshold, populations of primary carnivores can be sustained. As 
primary productivity increases above this threshold, the carnivores 
consume the increasing productivity of the herbivores, so the 
biomass of the herbivore populations remains relatively constant 
while the biomass of the carnivore populations increases. The 
biomass of the primary producers is no longer constrained by 
increases in the herbivore populations and thus also increases with 
increasing primary productivity. A key to understanding the model 
is to maintain a distinction between the concepts of productivity 
and standing crop biomass.

Inquiry question

? How is it possible for the biomass of the primary producers to 
stay relatively constant as the primary productivity increases?

Figure 58.18  An experimental study of bottom-up 
eff ects in a river ecosystem. This system, studied on the Eel 
River in northern California, exhibited the patterns modeled by the 
red graphs of fi gure 58.17. Increases in the intensity of illumination 
led to increases in primary productivity and in the biomass of the 
primary producers. The biomass of the carnivore populations also 
increased. However, herbivore biomass did not increase much with 
increasing primary productivity because increases in herbivore 
productivity were consumed by the carnivores.

Inquiry question

? Why is the amount of light an important determinant of 
carnivore biomass?

the populations of which increase in size while keeping the 
populations of primary producers from increasing.
 As primary productivity becomes still higher, herbivore 
populations become large enough that primary carnivores can 
be supported. Further increases in primary productivity then 
does not lead to increases in herbivore populations, but rather 
to increases in carnivore populations.
 Experimental evidence for the bottom-up effects pre-
dicted by the model was provided by a study conducted in en-
closures on a river (figure 58.18) . The enclosures excluded 
large fish (secondary carnivores). A roof was placed above each 
enclosure. Some roofs were clear, whereas others were tinted 
to various degrees, so that the enclosures differed in the amount 
of sunlight entering them.

 According to the model, when primary productivity is 
low, producer populations cannot support significant herbivore 
populations. As primary productivity increases, herbivore pop-
ulations become a feature of the ecosystem. Increases in pri-
mary productivity are then entirely devoured by the herbivores, 
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Result: Although the number of successful invasive species is highly 

variable, more species-rich plots on average are invaded by fewer species.

Interpretation: What might explain why so much variation exists in the 

number of successful invading species in communities with the same 

species richness?

 

S C I E N T I F I C  T H I N K I N G

Question:  Does species richness affect the invasibility of a community?

Hypothesis: The rate of successful invasion will be lower in communities 

with greater richness.

Experiment: Add seeds from the same number of non-native plants to 

experimental plots that differ in the number of plant species.

a.

b.

Figure 58.19   Eff ect of species richness on ecosystem 
stability. a. One of the Cedar Creek experimental plots. 
b. Community stability can be assessed by looking at the effect of 
species richness on community invasibility. Each dot represents data 
from one experimental plot in the Cedar Creek experimental fi elds. 
Plots with more species are harder to invade by nonnative species.

Inquiry question

? How could you devise an experiment on invasibility that 
didn’t rely on species from surrounding areas?

species. Again, more species-rich plots had greater year-to-year 
stability in biomass over a 10-year period.
 In a related experiment, when seeds of other plant species 
were added to different plots, the ability of these species to 
 become established was negatively related to species richness 
(figure 58.19b). More diverse communities, in other words, are 
more resistant to invasion by new species, which is another 
measure of community stability.

 The primary productivity was highest in the enclosures 
with clear roofs and lowest in the ones with darkly tinted roofs. 
As primary productivity increased in parallel with illumination, 
the biomass of the primary producers increased, as did the bio-
mass of the carnivores. However, the biomass of the trophic level 
sandwiched in between, the herbivores, did not increase much, as 
predicted by the model in figure 58.17 (see red graph lines).

Learning Outcomes Review 58.3
Populations of species at diff erent trophic levels aff ect one another, and 
these eff ects can propagate through the levels. Top-down eff ects, termed 
trophic cascades, are observed when changes in carnivore populations 
aff ect lower trophic levels. Bottom-up eff ects are observed when changes in 
primary productivity aff ect the higher trophic levels.

 ■ Could top-down and bottom-up effects occur 
simultaneously?

58.4 Biodiversity and Ecosystem 
Stability

Learning Outcomes
Define ecosystem stability.1. 
Describe the effects of species richness on ecosystem 2. 
function.
Name possible factors that contribute to species richness 3. 
in the tropics.

In the preceding chapter, we discussed species richness—the 
number of species present in a community. Ecologists have 
long debated the consequences of differences in species rich-
ness between  communities. One theory is that species-rich 
communities are more stable—that is, more constant in com-
position and better able to resist disturbance. This hypothesis 
has been elegantly studied by David Tilman and colleagues at 
the University of Minnesota’s Cedar Creek Natural History 
Area.

Species richness may increase stability: 
The Cedar Creek studies
Workers monitored 207 small rectangular plots of land 
(8–16 m2) for 11 years (figure 58.19a) . In each plot, they 
counted the number of prairie plant species and measured the 
total amount of plant biomass (that is, the mass of all plants on 
the plot). Over the course of the study, plant species richness 
was related to community stability—plots with more species 
showed less year-to-year variation in biomass. Moreover, in 
two drought years, the decline in biomass was negatively re-
lated to species richness—that is, plots with more species were 
less affected by drought.
 These findings were subsequently confirmed by an ex-
periment in which plots were seeded with different numbers of 
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Figure 58.20  Factors that aff ect species richness. a. Productivity: In plant communities of mountainous areas of South Africa, 
species richness of plants peaks at intermediate levels of productivity (biomass). b. Spatial heterogeneity: The species richness of desert lizards is 
positively correlated with the structural complexity of the plant cover in desert sites in the American Southwest. c. Climate: The species 
richness of mammals is inversely correlated with monthly mean temperature range along the West Coast of North America. 

Inquiry question

?  (a.)  Why is species richness greatest at intermediate levels of productivity? (b.)  Why do more structurally complex areas have more 
species? (c.)  Why do areas with less variation in temperature have more species?

 Species richness may also affect other ecosystem pro-
cesses. Tilman and colleagues monitored 147 experimental 
plots that varied in number of species to estimate how much 
growth was occurring and how much nitrogen the growing 
plants were taking up from the soil. They found that the more 
species a plot had, the greater the nitrogen uptake and total 
amount of biomass produced. In his study, increased biodiver-
sity clearly appeared to lead to greater productivity.
 Laboratory studies on artificial ecosystems have provided 
similar results. In one elaborate study, ecosystems covering 
1  m2 were constructed in growth chambers that controlled 
temperature, light levels, air currents, and atmospheric gas con-
centrations. A variety of plants, insects, and other animals were 
introduced to construct ecosystems composed of 9, 15, or 31 
species, with the lower diversity treatments containing a subset 
of the species in the higher diversity enclosures. As with Tilman’s 
experiments, the amount of biomass produced was related to 
species richness, as was the amount of carbon dioxide con-
sumed, another measure of the productivity of the ecosystem.
 Tilman’s conclusion that healthy ecosystems depend on 
diversity is not accepted by all ecologists, however. Critics 
question the validity and relevance of these biodiversity stud-
ies, arguing that the more species are added to a plot, the 
greater the probability that one species will be highly produc-
tive. To show that high productivity results from high species 
richness per se, rather than from the presence of particular 
highly productive species, experimental plots have to exhibit 
“overyielding”; in other words, plot productivity  has to be 
greater than that of the single most productive species grown 
in isolation.
 Although this point is still debated, recent work at Cedar 
Creek and elsewhere has provided evidence of overyielding, 
supporting the claim that species richness of communities en-
hances community productivity and stability.

Species richness is infl uenced 
by ecosystem characteristics
A number of factors are known or hypothesized to affect spe-
cies richness in a community. We discussed some in chapter 57, 
such as loss of keystone species and moderate physical distur-
bance. Here we discuss three more: primary productivity, habi-
tat heterogeneity, and climatic factors.

Primary productivity
Ecosystems differ substantially in primary productivity (see 
 figure 58.11). Some evidence indicates that species richness is 
related to primary productivity, but the relationship between 
them is not linear. In a number of cases, for example, ecosys-
tems with intermediate levels of productivity tend to have the 
greatest number of species (figure 58.20a) .
 Why this is so is debated. One possibility is that levels of 
productivity are linked with numbers of consumers. Applying 
this concept to plant species richness, the argument is that at 
low productivity, there are few herbivores, and superior com-
petitors among the plants are able to eliminate most other plant 
species. In contrast, at high productivity so many herbivores are 
present that only the plant species most resistant to grazing 
survive, reducing species diversity. As a result, the greatest num-
bers of plant species coexist at intermediate levels of productiv-
ity and herbivory.

Habitat heterogeneity
Spatially heterogeneous abiotic environments are those that 
consist of many habitat types—such as soil types, for example. 
These heterogeneous environments can be expected to accom-
modate more species of plants than spatially homogeneous en-
vironments. What’s more, the species richness of animals can 
be expected to reflect the species richness of plants present. An 

1224 part VIII Ecology and Behavior

rav32223_ch58_1207-1229.indd   1224rav32223_ch58_1207-1229.indd   1224 11/20/09   2:22:43 PM11/20/09   2:22:43 PM

www.as
warp

hy
sic

s.w
ee

bly
.co

m



Apago PDF Enhancer

Number 
of species 

0–50 
50–100 
100–150 
150–200 
200–250 
250–300 
300–350 
350–400 
400–450 
450–500 
500–550 
550–600 
600–650 
650–700 

Figure 58.21 A latitudinal cline in species 
richness. Among North and Central American birds, a marked 
increase in the number of species occurs moving toward the tropics. 
Fewer than 100 species are found at arctic latitudes, but more than 
600 species live in southern Central America. 

example of this latter effect is seen in figure 58.20b: The num-
ber of lizard species at various sites in the American Southwest 
mirrors the local structural diversity of the plants.

Climatic factors
The role of climatic factors is more difficult to predict. On the 
one hand, more species might be expected to coexist in a sea-
sonal environment than in a constant one because a changing 
climate may favor different species at different times of the 
year. On the other hand, stable environments are able to sup-
port specialized species that would be unable to survive where 
conditions fluctuate. The number of mammal species at loca-
tions along the West Coast of North America is inversely cor-
related with the amount of local temperature variation—the 
wider the variation, the fewer mammalian species—supporting 
the latter line of argument (figure 58.20c).

Tropical regions have the highest diversity, 
although reasons are unclear
Since before Darwin, biologists have recognized that more dif-
ferent kinds of animals and plants inhabit the tropics than the 
temperate regions. For many types of organisms, there is a 
steady increase in species richness from the arctic to the tropics. 
Called a species diversity cline,  this biogeographic gradient in 
numbers of species correlated with latitude has been reported 
for plants and animals, including birds (figure 58.21),  mammals, 
and reptiles.
 For the better part of a century, ecologists have puzzled 
over the species diversity cline from the arctic to the tropics. 
The difficulty has not been in forming a reasonable hypothesis 
of why more species exist in the tropics, but rather in sorting 
through these many reasonable hypotheses. Here, we consider 
five of the most commonly discussed suggestions.

Evolutionary age of tropical regions
Scientists have frequently proposed that the tropics have more 
species than temperate regions because the tropics have existed 
over long, uninterrupted periods of evolutionary time, whereas 
temperate regions have been subject to repeated glaciations. 
The greater age of tropical communities would have allowed 
complex population interactions to coevolve within them, fos-
tering a greater variety of plants and animals.
 Recent work suggests that the long-term stability of trop-
ical communities has been greatly exaggerated, however. An 
examination of pollen within undisturbed soil cores reveals that 
during glaciations, the tropical forests contracted to a few small 
refuges surrounded by grassland. This suggests that the tropics 
have not had a continuous record of species richness over long 
periods of evolutionary time.

Increased productivity
A second often-advanced hypothesis is that the tropics con-
tain more species because this part of the Earth receives more 
solar radiation than do temperate regions. The argument is 
that more solar energy, coupled to a year-round growing sea-
son, greatly increases the overall photosynthetic activity of 
tropical plants.

 If we visualize the tropical forest’s total resources as a 
pie, and its species niches as slices of the pie, we can see that a 
larger pie accommodates more slices. But as noted earlier, 
many field studies have indicated that species richness is high-
est at intermediate levels of productivity. Accordingly, increas-
ing productivity would be expected to lead to lower, not 
higher, species  richness.

Stability/constancy of conditions
Seasonal variation, though it does exist in the tropics, is gener-
ally substantially less than in temperate areas. This reduced sea-
sonality might encourage specialization, with niches subdivided 
to partition resources and so avoid competition. The expected 
result would be a larger number of more specialized species in 
the tropics, which is what we see. Many field tests of this hy-
pothesis have been carried out, and almost all support it, re-
porting larger numbers of narrower niches in tropical 
communities than in temperate areas.

Predation
Many reports indicate that predation may be more intense in 
the tropics. In theory, more intense predation could reduce the 
importance of competition, permitting greater niche overlap 
and thus promoting greater species richness.

Spatial heterogeneity
As noted earlier, spatial heterogeneity promotes species rich-
ness. Tropical forests, by virtue of their complexity, create a va-
riety of microhabitats and so may foster larger numbers of 
species. Perhaps the long vertical column of vegetation through 
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Figure 58.22  The equilibrium model of island biogeography. a. Island species richness reaches an equilibrium (black dot) when 
the colonization rate of new species equals the extinction rate of species on the island. b. The equilibrium shifts depending on the rate of 
colonization, the size of an island, and its distance to sources of colonists. Species richness is positively correlated with island size and inversely 
correlated with distance from the mainland. Smaller islands have higher extinction rates, shifting the equilibrium point to the left. Similarly, 
more distant islands have lower colonization rates, again shifting the equilibrium point leftward. c. The effect of distance from a larger island, 
which can be the source of colonizing species, is readily apparent. More distant islands have fewer Asian Pacifi c bird species than do nearer 
islands of the same size.

The equilibrium model proposes  that 
extinction and colonization reach
a balance point
MacArthur and Wilson reasoned that species are constantly be-
ing dispersed to islands, so islands have a tendency to accumu-
late more and more species. At the same time that new species 
are added, however, other species are lost by extinction. As the 
number of species on an initially empty island increases, the 
rate of colonization must decrease as the pool of potential colo-
nizing species not already present on the island becomes de-
pleted. At the same time, the rate of extinction should 
increase—the more species on an island, the greater the likeli-
hood that any given species will perish.
 As a result, at some point, the number of extinctions and 
colonizations should be equal, and the number of species should 
then remain constant. Every island of a given size, then, has a 
characteristic equilibrium number of species that tends to per-
sist through time (the intersection point in figure 58.22a) —
though the species composition will change as some species 
become extinct and new species colonize.
 MacArthur and Wilson’s equilibrium model proposes 
that island species richness is a dynamic equilibrium between 
colonization and extinction. Both island size and distance from 
the mainland would affect colonization and extinction. We 
would expect smaller islands to have higher rates of extinction 
because their population sizes would, on average, be smaller. 
Also, we would expect fewer colonizers to reach islands that lie 
farther from the mainland. Thus, small islands far from the 
mainland would have the fewest species; large islands near the 
mainland would have the most (figure 58.22b).
 The predictions of this simple model bear out well in 
field data. Asian Pacific bird species (figure 58.22c) exhibit a 
positive correlation of species richness with island size, but a 
negative correlation of species richness with distance from the 
source of colonists.

which light passes in a tropical forest produces a wide range of 
light frequencies and intensities, creating a greater variety of 
light environments and so promoting species diversity.

Learning Outcomes Review 58.4
An ecosystem is stable if it remains relatively constant in composition and is 
able to resist disturbance. Experimental fi eld studies support the conclusion 
that species-rich communities are better able to resist invasion by new 
species, as well as have increased biomass production at the primary level, 
although not all ecologists agree with these conclusions. Species richness 
is greatest in the tropics, and the reasons may include habitat variation, 
increased sunlight, and long-term climate and seasonal stability.

 ■ What might be the effects on primary productivity if air 
pollution decreased the amount of sunlight reaching 
Earth’s surface?

58.5 Island Biogeography

Learning Outcomes
Describe the species–area relationship.1. 
Explain how area and isolation affect rates of 2. 
colonization and extinction.

One of the most reliable patterns in ecology is the observation 
that larger islands contain more species than do smaller is-
lands. In 1967, Robert MacArthur of Princeton University and 
Edward O. Wilson of Harvard University proposed that this 
species–area relationship  was a result of the effect of geo-
graphic area and isolation on the likelihood of species extinc-
tion and colonization.

1226 part VIII Ecology and Behavior

rav32223_ch58_1207-1229.indd   1226rav32223_ch58_1207-1229.indd   1226 11/20/09   2:22:43 PM11/20/09   2:22:43 PM

www.as
warp

hy
sic

s.w
ee

bly
.co

m



Apago PDF Enhancer

The equilibrium model is still being tested
Wilson and Dan Simberloff, then a graduate student, performed 
initial studies in the mid-1960s on small mangrove islands in the 
Florida keys. These islands were censused, cleared of animal life 
by fumigation, and then allowed to recolonize, with censuses 
being performed at regular intervals. These and other such field 
studies have tended to support the equilibrium model.
 Long-term experimental field studies, however, are sug-
gesting that the situation is more complicated than MacArthur 
and Wilson envisioned. Their model predicts a high level of 
species turnover  as some species perish and others arrive. But 
studies of island birds and spiders indicate that very little turn-
over occurs from year to year. Those species that do come and 
go, moreover, comprise a subset of species that never attain 
high populations. A substantial proportion of the species ap-
pear to maintain high populations and rarely go extinct.

 These studies have been going on for a relatively short 
period of time. It is possible that over periods of centuries, the 
equilibrium model is a good description of what determines 
island species richness.

Learning Outcomes Review 58.5
The species–area relationship is an observation that an island of larger area 
contains more species. Species richness on islands appears to be a dynamic 
equilibrium between colonization and extinction. Distance from a mainland 
also aff ects the rates of colonization and extinction, and therefore fewer 
species would be found on small, isolated islands far from a mainland.

 ■ Under what circumstances would a smaller island be 
expected to have more species than a larger island?

58.1 Biogeochemical Cycles
 The atomic constituents of matter cycle within ecosystems.
The atoms of chemical elements move through ecosystems in 
biogeochemical cycles.

Carbon, the basis of organic compounds, cycles through 
most ecosystems.
The carbon cycle usually involves carbon dioxide, which is fi xed 
through photosynthesis and released by respiration. Carbon is also 
present as bicarbonate ions and as methane. Burning of fossil fuels 
has created an imbalance in the carbon cycle (see fi gure 58.1).

The availability of water is fundamental to terrestrial ecosystems.
Water enters the atmosphere via evaporation and transpiration and 
returns to the Earth’s surface as precipitation. It is broken down 
during photosynthesis and also produced during cellular respiration. 
Much of the Earth’s water, including the groundwater in aquifers, is 
polluted, and human activities alter the water supply of ecosystems 
(see fi gure 58.2).

The nitrogen cycle depends on nitrogen fi xation by microbes.
Nitrogen is usually the element in shortest supply even though N2 
makes up 78% of the atmosphere. Nitrogen must be converted into 
usable forms by nitrogen-fi xing microorganisms. Human use of nitrates 
in fertilizers has doubled the available nitrogen (see fi gure 58.4).

Phosphorus cycles through terrestrial and aquatic ecosystems, but not 
the atmosphere.
Phosphorus, another limiting nutrient, is released by weathering 
of rocks; it fl ows into the oceans where it is deposited in deep-sea 
sediments. Humans also use phosphates as fertilizers (see fi gure 58.5).

Limiting nutrients in ecosystems are those in short supply relative 
to need.
The cycle of a limiting nutrient, such as nitrogen, determines the rate 
at which the nutrient is made available for use.

Biogeochemical cycling in a forest ecosystem has been 
studied experimentally.
Ongoing experiments indicate that severe disturbance of an 
ecosystem results in mineral depletion and runoff of water.

58.2 The Flow of Energy in Ecosystems
Energy can neither be created nor destroyed, but changes form.
Energy exists in forms such as light, stored chemical-bond energy, 
motion, and heat. In any conversion, some energy is lost.

Living organisms can use many forms of energy, but not heat.
The Second Law of Thermodynamics states that whenever 
organisms use chemical-bond or light energy, some of it is inevitably 
converted to heat and cannot be retrieved.

Energy fl ows through trophic levels of ecosystems.
Organic compounds are synthesized by autotrophs and are utilized 
by both autotrophs and heterotrophs. As energy passes from 
organism to organism, each level is termed a trophic level, and the 
sequence through progressive trophic levels is called a food chain 
(see fi gure 58.8).
The base trophic level includes the primary producers; herbivores 
that consume primary producers are the next level. They in turn 
are eaten by primarily carnivores, which may be consumed by 
secondary carnivores. Detritivores feed on waste and the remains 
of dead organisms.
Only about 1% of the solar energy that impinges on the Earth is 
captured by photosynthesis. As energy moves through each trophic 
level, very little (approximately 10%) remains from the preceding 
trophic level (see fi gure 58.10).

The number of trophic levels is limited by energy availability.
The exponential decline of energy between trophic levels limits the 
length of food chains and the numbers of top carnivores that can 
be supported.

Chapter Review
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U N D E R S T A N D
 1. Which of the statements about groundwater is not accurate?

a. In the United States, groundwater provides 50% of the 
population with drinking water.

b. Groundwaters are being depleted faster than they can 
be recharged.

c. Groundwaters are becoming increasingly polluted.
d. Removal of pollutants from groundwaters is easily achieved.

 2. Photosynthetic organisms
a. fi x carbon dioxide.
b. release carbon dioxide.
c. fi x oxygen.
d. (a) and (b)
e. (a) and (c)

 3. Some bacteria have the ability to “fi x” nitrogen. This means
a. they convert ammonia into nitrites and nitrates.
b. they convert atmospheric nitrogen gas into biologically 

useful forms of nitrogen.
c. they break down nitrogen-rich compounds and release 

ammonium ions.
d. they convert nitrate into nitrogen gas.

 4. Which of the following statements about the phosphorus cycle 
is correct?
a. Phosphorus is fi xed by plants and algae.
b. Most phosphorus released from rocks is carried to the 

oceans by rivers.
c. Animals cannot get their phosphorus from eating plants 

and algae.
d. Fertilizer use has not affected the global phosphorus budget.

 5. As a general rule, how much energy is lost in the transmission of 
energy from one trophic level to the one immediately above it?
 a. 1% c. 90%
b. 10% d. 50%

 6. Inverted ecological pyramids of real systems usually involve
a. energy fl ow.
b. biomass.
c. energy fl ow and biomass.
d. None of the above

 7. Bottom-up effects on trophic structure result from
a. a limitation of energy fl owing to the next higher trophic level.
b. actions of top predators on lower trophic levels.

Review Questions

Ecological pyramids illustrate the relationship of trophic levels.
Ecological pyramids based on energy fl ow, biomass, or numbers 
of organisms are usually upright. Inverted pyramids of biomass 
or numbers are possible if at least one trophic level has a greater 
biomass or more organisms than the level below it (see fi gure 58.13).

58.3 Trophic-Level Interactions
Top-down eff ects occur when changes in the top trophic level aff ect 
primary producers.
A trophic cascade, or top-down effect, occurs when a change exerted 
at an upper trophic level affects a lower level (see fi gure 58.15).

Human removal of carnivores produces top-down eff ects.
Removal of carnivores causes an increase in the abundance of species 
in lower trophic levels, such as an increase in deer populations when 
wolves or other predators are destroyed.

Bottom-up eff ects occur when changes to primary producers aff ect 
higher trophic levels.
An increase of producers may lead to the appearance or increase of 
herbivores; however, further increase in producers may then lead to 
increase in carnivores, without a comparable increase in herbivores 
(see fi gure 58.17).

58.4 Biodiversity and Ecosystem Stability
Species richness may increase stability: The Cedar Creek studies.
The Cedar Creek studies indicate that higher species richness results 
in less year-to-year variation in biomass and in greater resistance to 
drought and invasion by non-native species.

Species richness is infl uenced by ecosystem characteristics.
Primary production, habitat heterogeneity, and climatic factors all 
affect the number of species in an ecosystem (see fi gure 58.20).

Tropical regions have the highest diversity, although the reasons 
are unclear.
The higher diversity of tropical regions may refl ect long evolutionary 
time, higher productivity from increased sunlight, less seasonal 
variation, greater predation that reduces competition, or spatial 
heterogeneity (see fi gure 58.21).

58.5 Island Biogeography
The species–area relationship refl ects that larger islands contain 
more species than do smaller ones.

The equilibrium model proposes that extinction and colonization 
reach a balance point (see fi gure 58.22).
Smaller islands have fewer species because of higher rates of 
extinction. Islands near a mainland have more species than distant 
islands because of higher rates of colonization. An equilibrium is 
reached when the extinction rate balances the colonization rate.

The equilibrium model is still being tested.
Long-term studies are needed to clarify all the factors involved.
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c. climatic disruptions on top consumers.
d. stability of detritivores in ecosystems.

 8. Species diversity
a. increases with latitude as you move away from the equator 

to the arctic.
b. decreases with latitude as you move away from the equator 

to the arctic.
c. stays the same as you move away from the equator 

to the arctic.
d. increases with latitude as you move north of the equator and 

decreases with latitude as you move south of the equator.
 9. The equilibrium model of island biogeography suggests all 

of the following except

a. larger islands have more species than smaller islands.
b. the species richness of an island is determined by 

colonization and extinction.
c. smaller islands have lower rates of extinction.
d. islands closer to the mainland will have higher 

colonization rates.

A P P L Y
 1. Nitrogen is often a limiting nutrient in many ecosystems because

a. there is much less nitrogen in the atmosphere than carbon.
b. elemental nitrogen is very rapidly used by most organisms.
c. nitrogen availability is being reduced by pollution due to 

fertilizer use.
d. most organisms cannot use nitrogen in its elemental form.

 2. Based on results from studies at Hubbard Brook Experimental 
Forest, what would be the predicted effect of clearing trees 
from a watershed?
a. Increased loss of water and nutrients from a watershed
b. Decreased loss of water and nutrients from a watershed
c. Increased availability of phosphorus
d. Increased availability of nitrate

 3.  According to the trophic cascade hypothesis, the removal 
of carnivores from an ecosystem may result in
a. a decline in the number of herbivores and a decline 

in the amount of vegetation.
b. a decline in the number of herbivores and an increase 

in the amount of vegetation.
c. an increase in the number of herbivores and an increase 

in the amount of vegetation.
d. an increase in the number of herbivores and a decrease 

in the amount of vegetation.

 4. At Cedar Creek Natural History Area, experimental plots 
showed reduced numbers of invaders as species diversity 
of plots increased
a. suggesting that low species diversity increases stability 

of ecosystems.
b. suggesting that ecosystem stability is a function of primary 

productivity only.
c. consistent with the theory that intermediate disturbance 

results in the highest stability.
d. None of the above

S Y N T H E S I Z E
 1. Given that ectotherms do not utilize a large fraction of ingested 

food energy to maintain a high and constant body temperature 
(generate heat), how would you expect the food chains of 
systems dominated by ectothermic herbivores and carnivores to 
compare with systems dominated by endothermic herbivores 
and carnivores?

 2. Given that, in general, energy input is greatest at the bottom 
trophic level (primary producers) and decreases with increasing 
transfers across trophic levels, how is it possible for many lakes 
to show much greater standing biomass in herbivorous 
zooplankton than in the phytoplankton they consume?

 3. Ecologists often worry about the potential effects of the loss of 
species (e.g., due to pollution, habitat degradation, or other 
human-induced factors) on an ecosystem for reasons other than 
just the direct loss of the species. Using fi gure 58.17 explain why.

 4. Explain several detailed ways in which increasing plant structural 
complexity could lead to greater species richness of lizards 
(fi gure 58.20b). Could any of these ideas be tested? How?

O N L I N E  R E S O U R C E

www.ravenbiology.com
Understand, Apply, and Synthesize—enhance your study with 
animations that bring concepts to life and practice tests to assess 
your understanding. Your instructor may also recommend the 
interactive eBook, individualized learning tools, and more.
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Chapter 59
 The Biosphere  

Chapter Outline

59.1  Ecosystem Effects of Sun, Wind, and Water

59.2  Earth’s Biomes

59.3  Freshwater Habitats

59.4  Marine Habitats

59.5  Human Impacts on the Biosphere: Pollution and 
Resource Depletion

59.6  Human Impacts on the Biosphere: 
Climate Change

Introduction

The biosphere includes all living communities on Earth, from the profusion of life in the tropical rain forests to the planktonic 
communities in the world’s oceans. In a very general sense, the distribution of life on Earth reflects variations in the world’s 
abiotic environments, such as the variations in temperature and availability of water from one terrestrial environment to 
 another. The figure on this page is a satellite image of the Americas, based on data collected over 8 years. The colors are 
keyed to the relative abundance of chlorophyll, an indicator of the richness of biological communities. Green and dark green 
areas on land are areas with high primary productivity (such as thriving forests), whereas yellow areas include the deserts of 
the Americas and the tundra of the far north, which have lower productivity.

 59.1 Ecosystem Eff ects of Sun, 
Wind, and Water

Learning Outcomes
Describe changes in wind and current direction with latitude.1. 
Explain the Coriolis effect.2. 
Describe how temperature changes with altitude 3. 
and latitude.

The great global patterns of life on Earth are heavily influ-
enced by (1) the amount of solar radiation that reaches differ-
ent parts of the Earth and seasonal variations in that radiation; 
and (2) the patterns of global atmospheric circulation and the 
resulting patterns of oceanic circulation. Local characteristics, 
such as soil types and the altitude of the land, interact with the 
global patterns in sunlight, winds, and water currents to deter-
mine the conditions under which life exists and thus the distri-
butions of ecosystems.

CHAPTER
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Figure 59.1   Relationships between the Earth and the 
Sun are critical in determining the nature and distribution 
of life on Earth. a. A beam of solar energy striking the Earth in 
the middle latitudes of the northern hemisphere (or the southern) 
spreads over a wider area of the Earth’s surface than an equivalent 
beam striking the Earth at the equator. b. The fact that the Earth 
orbits the Sun each year has a profound effect on climate. In the 
northern and southern hemispheres, temperature changes in an 
annual cycle because the Earth’s axis is not perpendicular to its 
orbital plane and, consequently, each hemisphere tilts toward the 
Sun in some months but away from the Sun in others.

Solar energy and the Earth’s rotation 
aff ect atmospheric circulation
The Earth receives energy from the Sun at a high rate in the 
form of electromagnetic radiation at visible and near-visible 
wavelengths. Each square meter of the upper atmosphere 
 receives about 1400 joules per second (J/sec), which is equiva-
lent to the output of fourteen 100-watt (W) lightbulbs.
 As the solar radiant energy passes through the atmo-
sphere, its intensity and wavelength composition are modified. 
About half of the energy is absorbed within the atmosphere, 
and half reaches the Earth’s surface. The gases in the atmo-
sphere absorb some wavelengths strongly while allowing other 
wavelengths to pass freely through. As a result, the wavelength 
composition of the solar energy that reaches the Earth’s sur-
face is different from that emitted by the Sun. For example, the 
band of ultraviolet wavelengths known as UV-B is strongly ab-
sorbed by ozone (O3) in the atmosphere, and thus this wave-
length is greatly reduced in the solar energy that reaches the 
Earth’s surface.

How solar radiation affects climate
Some parts of the Earth’s surface receive more energy from the 
Sun than others. These differences have a great effect on climate.
 A major reason for differences in solar radiation from place 
to place is the fact that Earth is a sphere, or nearly so  (figure 59.1a).  
The tropics are particularly warm because the Sun’s rays arrive al-
most perpendicular to the surface of the Earth in regions near the 
equator. Closer to the poles, the angle at which the Sun’s rays strike, 
called the angle of incidence, spreads the solar energy out over more 
of the Earth’s surface, providing less energy per unit of surface area. 
As figure 59.2  shows, the highest annual mean temperatures occur 
near the equator (0° latitude).
 The Earth’s annual orbit around the Sun and its daily rota-
tion on its own axis are also important in determining patterns of 

Figure 59.2 Annual mean temperature varies with 
latitude. The red  line represents the annual mean temperature at 
various latitudes, ranging from near the North Pole at the left to 
near Antarctica at the right; the equator is at 0° latitude. At each 
latitude, the upper edge of the blue zone is the highest mean 
monthly temperature observed in all the months of the year, and 
the lower edge is the lowest mean monthly temperature.

solar radiation and their effects on climate (figure 59.1b). The axis 
of rotation of the Earth is not perpendicular to the plane in which 
the earth orbits the Sun. Because the axis is tilted by approximately 
23.5°, a progression of seasons occurs on all parts of the Earth, 
especially at latitudes far from the equator. The northern hemi-
sphere, for example, tilts toward the Sun during some months but 
away during others, giving rise to summer and winter.

Global circulation patterns in the atmosphere
Hot air tends to rise relative to cooler air because the motion of 
molecules in the air increases as temperature increases, making 
it less dense. Accordingly, the intense solar heating of the Earth’s 
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Figure 59.3  Global patterns of atmospheric circulation.  
The diagram shows the patterns of air circulation that prevail on 
average over weeks and months of time (on any one day the patterns 
might be dramatically different from these average patterns). Rising 
air that is cooled creates bands of relatively high precipitation near 
the equator and at latitudes near 60°N and 60°S. Air that has lost 
most of its moisture at high altitudes tends to descend to the surface 
of the Earth at latitudes near 30°N and 30°S, creating bands of 
relatively low precipitation. The red arrows show the winds blowing 
at the surface of the Earth; the blue arrows show the direction the 
winds blow at high altitude. The winds travel in curved paths 
relative to the Earth’s surface because the Earth is rotating on its 
axis under them (the Coriolis effect). A terminological problem to 
recognize is that the formal names given to winds refer to the 
directions from which they come, rather than the directions toward 
which they go; thus, the winds between 30° and 60° are called 
Westerlies because they come out of the west. Unfortunately, 
oceanographers use the opposite approach, naming water currents 
for the directions in which they go.

are affected by the spinning of the Earth on its axis; we discuss 
this effect shortly.
 For complex reasons, the air circulating up from the equa-
tor and away at high altitudes in both hemispheres tends to cir-
culate back down to the surface of the Earth at about 30° of 
latitude, both north and south (see figure 59.3). During the 
course of this movement, the moisture content of the air changes 
radically because of the changes in temperature the air under-
goes. Cooling dramatically decreases air’s ability to hold water 
vapor. Consequently, much of the water vapor in the air rising 
from the equator condenses to form clouds and rain as the air 
moves upward. This rain falls in the latitudes near the equator, 
latitudes that experience the greatest precipitation on Earth.
 By the time the air starts to descend back to the Earth’s 
surface at latitudes near 30°, it is cold and thus has lost most of 
its water vapor. Although the air rewarms as it descends, it does 
not gain much water vapor on the way down. Many of the 
greatest deserts occur at latitudes near 30° because of the steady 
descent of dry air to the surface at those latitudes. The Sahara 
Desert is the most dramatic example.
 The air that descends at latitudes near 30° flows only 
partly toward the equator after reaching the surface of the 
Earth. Some of it flows toward the poles, helping to give rise in 
each hemisphere to winds that blow over the Earth’s surface 
from 30° toward 60° latitude. At latitudes near 60° air tends to 
rise from the surface toward high altitudes.

Inquiry question

? Why is it hotter at latitudes near 0°?

The Coriolis effect
If Earth did not rotate on its axis, global air movements would 
follow the simple patterns already described. Air currents—the 
winds—move across a rotating surface, however. Because the 
solid Earth rotates under the winds, the winds move in curved 
paths across the surface, rather than straight paths. The curva-
ture of the paths of the winds due to Earth’s rotation is termed 
the Coriolis effect,  after the 19th-century French mathemati-
cian, Gaspard-Gustave Coriolis, who described it. 
 If you were standing on the North Pole, the Earth would 
appear to be rotating counterclockwise on its axis, but if you 
were at the South Pole, the Earth would appear to be rotating 
clockwise. This property of a rotating sphere, that its direction 
of rotation is opposite when viewed from its two poles, explains 
why the direction of the Coriolis effect is opposite in the two 
hemispheres. In the northern hemisphere, winds always curve 
to the right of their direction of motion; in the southern hemi-
sphere, they always curve to the left.
 The reason for these wind patterns is that the circumfer-
ence of a sphere, the Earth, changes with latitude. It is zero at 
the poles and 38,000 km at the equator. Thus, land surface 
speed changes from about 0 to 1500 km per hour going from 
the poles to the equator. Air descending at 30° north latitude 
may be going roughly the same speed as the land surface below 
it. As it moves toward the equator, however, it is moving more 
slowly than the surface below it, so it is deflected to its right in 
the northern hemisphere and to its left in the southern 
 hemisphere. In other words, in both the northern and southern 

surface at equatorial latitudes causes air to rise from the surface 
to high in the atmosphere at these latitudes. This rising air is 
typically rich with water vapor; one reason is that the moisture-
holding capacity of air increases when it is heated, and a second 
reason is that the intense solar radiation at the equator provides 
the heat needed for great quantities of water to evaporate. After 
the warm, moist air rises from the surface (figure 59.3) , rising 
air underneath it is pushed away from the equator at high alti-
tudes (above 10 km), to the north in the northern hemisphere 
and to the south in the southern hemisphere. To take the place 
of the rising air, cooler air flows toward the equator along the 
surface from both the north and the south. These air move-
ments give rise to one of the major features of the global atmo-
spheric circulation: air flows toward the equator in both 
hemispheres at the surface, rises at the equator, and flows away 
from the equator at high altitudes. The exact patterns of flow 
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Figure 59.4 Ocean circulation. In the centers of several of the great ocean basins, surface water moves in great closed-curve patterns 
called gyres.  These water movements affect biological productivity in the oceans and sometimes profoundly affect the climate on adjacent 
landmasses, as when the Gulf Stream brings warm water to the region of the British Isles.

turning from Europe and Africa to North America at latitudes 
near the equator.
 Water currents are affected by the Coriolis effect. Thus, 
the Coriolis effect contributes to this clockwise closed-curve mo-
tion. Water flowing across the Atlantic toward Europe at midlati-
tudes tends to curve to the right and enters the flow from east to 
west near the equator. This latter flow also tends to curve to its 
right and enters the flow from west to east at midlatitudes. In the 
south Atlantic Ocean, the same processes occur in a sort of mir-
ror image, and similar clockwise and counterclockwise gyres oc-
cur in the north and south Pacific Ocean as well.

Regional and local diff erences aff ect 
terrestrial ecosystems
The environmental conditions at a particular place are affected 
by regional and local effects of solar radiation, air circulation, 
and water circulation, not just the global patterns of these pro-
cesses. In this section we look at just a few examples of regional 
and local effects, focusing on terrestrial systems. These include 
rain shadows, monsoon winds, elevation, and presence of  micro-
climate factors.

Rain shadows
Deserts on land sometimes occur because mountain ranges in-
tercept moisture-laden winds from the sea. When air flowing 

hemispheres, the winds blow westward as well as toward the 
equator. The result (see figure 59.3) is that winds on both sides 
of the equator—called the Trade Winds—blow out of the east 
and toward the west.
 Conversely, air masses moving north from 30° are mov-
ing more rapidly than underlying land surfaces and thus are 
deflected again to their right, which in this case is eastward. 
Similarly, in the southern hemisphere, air masses between 30° 
and 60° are deflected eastward, to the left. In both hemispheres, 
therefore, winds between 30° and 60° blow out of the west and 
toward the east; these winds are called Westerlies.

Global currents are largely driven by winds
The major ocean currents are driven by the winds at the sur-
face of the Earth, which means that indirectly the currents are 
driven by solar energy. The radiant input of heat from the Sun 
sets the atmosphere in motion as already described, and then 
the winds set the ocean in motion.
 In the north Atlantic Ocean (figure 59.4) , the global 
winds follow this pattern: Surface winds tend to blow out of 
the east and toward the west near the equator, but out of the 
west and toward the east at midlatitudes (between 30° and 
60°). Consequently, surface waters of the north Atlantic Ocean 
tend to move in a giant closed curve—called a  gyre—flowing 
from North America toward Europe at midlatitudes, then re-
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Figure 59.5  The rain shadow eff ect exemplifi ed in 
California. Moisture-laden winds from the Pacifi c Ocean rise and 
are cooled when they encounter the Sierra Nevada Mountains. As 
the moisture-holding capacity of the air decreases at colder, higher 
altitudes, precipitation occurs, making the seaward-facing slopes of 
the mountains moist; tall forests occur on those slopes, including 
forests that contain the famous giant sequoias (Sequoiadendron 

giganteum). As the air descends on the eastern side of the mountain 
range, its moisture-holding capacity increases again, and the air 
picks up moisture from its surroundings. As a result, the eastern 
slopes of the mountains are arid, and rain shadow deserts sometimes 
occur.

Figure 59.6  Elevation aff ects the distribution of biomes 
in much the same manner as latitude does. Biomes that 
normally occur far north of the equator at sea level also occur in the 
tropics at high mountain elevations. Thus, on a tall mountain in the 
tropics, one might see a sequence of biomes like the one illustrated 
above. In North America, a 1000-m increase in elevation results in a 
temperature drop equal to that of an 880-km increase in latitude.

but during winter the landmass cools more than the oceans. 
The consequence is that winds tend to blow off the water into 
the interior of the Asian continent in summer, particularly in 
the region of the Indian Ocean and western tropical Pacific 
Ocean. These winds reverse to flow off the continent out over 
the oceans in winter. These seasonally shifting winds are called 
the monsoons.  They affect rainfall patterns, and their duration 
and strength can spell the difference between food sufficiency 
and starvation for hundreds of millions of people in the region 
each year.

Elevation
Another significant regional pattern is that in mountainous 
regions, temperature and other conditions change with el-
evation. At any given latitude, air temperature falls about 
6°C for every 1000-m increase in elevation. The ecological 
consequences of the change of temperature with elevation 
are similar to those of the change of temperature with lati-
tude (figure 59.6). 

landward from the oceans encounters a mountain range 
 (figure 59.5),  the air rises, and its moisture-holding capacity de-
creases because it becomes cooler at higher altitude, causing 
precipitation to fall on the mountain slopes facing the sea.
 As the air—stripped of much of its moisture—then de-
scends on the other side of the mountain range, it remains dry 
even as it is warmed, and as it is warmed its moisture-holding 
capacity increases, meaning it can readily take up moisture from 
soils and plants.
 One consequence is that the two slopes of a mountain 
range often differ dramatically in how moist they are; in 
California, for example, the eastern slopes of the Sierra 
Nevada Mountains—facing away from the Pacific Ocean—
are far drier than the western slopes. Another consequence 
is that a desert may develop on the dry side, the Mojave 
Desert being an example. The mountains are said to pro-
duce a rain shadow. 

Monsoons
The continent of Asia is so huge that heating and cooling of its 
surface during the passage of the seasons causes massive re-
gional shifts in wind patterns. During summer, the surface of 
the Asian landmass heats up more than the surrounding oceans, 
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Figure 59.7  The distributions of biomes. Each biome is similar in vegetational structure and appearance wherever it occurs.

Microclimates
Conditions also vary in significant ways on very small spatial 
scales. For example, in a forest, a bird sitting in an open patch 
may experience intense solar radiation, a high air temperature, 
and a low humidity, even while a mouse hiding under a log 
10  feet away may experience shade, a cool temperature, and air 
saturated with water vapor. Such highly localized sets of cli-
matic conditions are called microclimates.  
 In some cases, species avoid competing by adapting to use 
different microclimates. Sympatric salamanders, for example, 
may be specialized for the different levels of moisture found in 
different parts of the habitat.

Learning Outcomes Review 59.1
More intense solar heating of some global regions relative to others sets 
up global patterns of atmospheric circulation, which in turn cause global 
patterns of water circulation in the oceans. The Coriolis eff ect is caused by 
the Earth’s spin beneath the moving air masses of the atmosphere. These 
patterns—plus seasonal changes—strongly aff ect the conditions that exist 
for living organisms in diff erent parts of the world. In general, temperature 
declines as altitude or latitude increases.

 ■ How would global air movement patterns be different if 
the Earth turned in the opposite direction?

 59.2 Earth’s Biomes

Learning Outcomes
Define biome.1. 
Explain the primary factors that determine which type of 2. 
biome is found in a particular place.

Biomes are major types of ecosystems on land. Each biome has 
a characteristic appearance and is distributed over wide areas of 
land defined largely by sets of regional climatic conditions. 
Biomes are named according to their vegetational structures, 
but they also include the animals that are present.
 As you might imagine from the broad definition given for 
biomes, there are a number of ways to classify terrestrial eco-
systems into biomes. Here we recognize eight principal biomes: 
(1) tropical rain forest, (2) savanna, (3) desert, (4) temperate 
grassland, (5) temperate deciduous forest, (6) temperate ever-
green forest, (7) taiga, (8) tundra.
 Six additional biomes recognized by some ecologists are: 
polar ice, mountain zone, chaparral, warm moist evergreen for-
est, tropical monsoon forest, and semidesert. Other ecologists 
lump these six with the eight major ones. Figure 59.7  shows the 
distributions of all 14 biomes.
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Figure 59.8  Predictors of biome distribution. Temperature and precipitation are quite useful predictors of biome distribution, 
although other factors sometimes also play critical roles.

Figure 59.9  The correlations of primary productivity 
with precipitation and temperature. The net primary 
productivity of ecosystems at 52 locations around the globe 
correlates signifi cantly with (a) mean annual precipitation and (b) 
mean annual temperature.

Inquiry question

? Why might you expect primary productivity to increase with 
increasing precipitation and temperature?

 Biomes are defined by their characteristic vegetational 
structures and associated climatic conditions, rather than by 
the presence of particular plant species. Two regions assigned 
to the same biome thus may differ in the species that dominate 
the landscape. Tropical rain forests around the world, for ex-
ample, are all composed of tall, lushly vegetated trees, but the 
tree species that dominate a South American tropical rain for-
est are different from those in an Indonesian one. The similar-
ity between such forests results from convergent evolution (see 
chapter 21). 

Temperature and moisture often 
determine biomes
In determining which biomes are found where, two key envi-
ronmental factors are temperature and moisture. As seen in 
figure 59.8 , if you know the mean annual temperature and 
mean annual precipitation in a terrestrial region, you often can 
predict the biome that dominates. Temperature and moisture 
affect ecosystems in a number of ways. One reason they are so 
influential is that primary productivity is strongly correlated 
with them, as described in the preceding chapter (figure 59.9 ).
 Different places that are similar in mean annual tempera-
ture and precipitation sometimes support different biomes, in-
dicating that temperature and moisture are not the only factors 
that can be important. Soil structure and mineral composition 
(see chapter 39)  are among the other factors that can be influ-
ential. The biome that is present may also depend on whether 
the conditions of temperature and precipitation are strongly 
seasonal or relatively constant.

Tropical rain forests are highly productive 
equatorial systems
Tropical rain forests, which typically require 140 to 450 cm of 
rain per year, are the richest ecosystems on land (figure 59.10) . 
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Figure 59.10 
Tropical rainforest .

They are very productive because they enjoy the advantages of 
both high temperature and high precipitation (see figure 59.9). 
They also exhibit very high biodiversity, being home to at least 
half of all the species of terrestrial plants and animals—over 
2 million species! In a single square mile of Brazilian rain forest, 
there can be 1200 species of butterflies—twice the number found 
in all of North America. Tropical rain forests recycle nutrients 
rapidly, so their soils often lack great reservoirs of nutrients.

Savannas are tropical grasslands 
with seasonal rainfall
The savannas are tropical or subtropical grasslands, often dot-
ted with widely spaced trees or shrubs. On a global scale, savan-
nas often occur as transition ecosystems between tropical rain 
forests and deserts; they are characteristic of warm places where 
annual rainfall (50–125 cm) is too little to support rain forest, 
but not so little as to produce desert conditions.
 Rainfall is often highly seasonal in savannas. The Seren-
geti ecosystem in East Africa is probably the world’s most fa-
mous example of the savanna biome. In most of the Serengeti, 
no rain falls for many months of the year, but during other 
months rain is abundant. The huge herds of grazing animals in 
the ecosystem respond to the seasonality of the rain; a number 
of species migrate away from permanently flowing rivers only 
during the months when rain falls.

Deserts are regions with little rainfall
Deserts are dry places where rain is both sparse (annual rainfall 
often less than 25–40 cm) and unpredictable. The unpredict-
ability means that plants and animals cannot depend on experi-

encing rain even once each year. As mentioned earlier, many of 
the largest deserts occur at latitudes near 30°N and 30°S be-
cause of global air circulation patterns (see figure 59.3). Other 
deserts result from rain shadows (see figure 59.5).
 Vegetation is sparse in deserts, and survival of both plants 
and animals depends on water conservation. Many desert or-
ganisms enter inactive stages during rainless periods. To avoid 
extreme temperatures, small desert vertebrates often live in 
deep, cool, and sometimes even somewhat moist burrows. Some 
emerge only at night. Among large desert animals, camels drink 
large quantities of water when it is available and then conserve 
it so well that they can survive for weeks without drinking. 
Oryxes (large, desert-dwelling antelopes) survive opportunisti-
cally on moisture in leaves or roots that they dig up, as well as 
drinking water when possible.

Temperate grasslands have rich soils
Halfway between the equator and the poles are temperate re-
gions where rich temperate grasslands  grow. These grasslands, 
also called prairies, once covered much of the interior of North 
America, and they were widespread in Eurasia and South Amer-
ica as well.
 The roots of perennial grasses characteristically penetrate 
far into the soil, and grassland soils tend to be deep and fertile. 
Temperate grasslands are often highly productive when con-
verted to agricultural use, and vast areas have been transformed 
in this way. In North America prior to this change in land use, 
huge herds of bison and pronghorn antelope in hab ited the 
temperate grasslands, migrating seasonally as resources changed 
over the course of the year. Natural temperate grasslands are 
one of the biomes adapted to periodic fire and therefore need 
fires to prosper.
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 The taiga is one of the largest biomes on Earth. The winters 
where taiga occurs are severely long and cold, and most of the 
limited precipitation falls in the summer. Many large herbivores, 
including elk, moose, and deer, plus carnivores such as wolves, 
bears, lynx, and wolverines, are characteristic of the taiga.

Tundra is a largely frozen treeless 
area with a short growing season
In the far north, at latitudes above the taiga but south of the 
polar ice, few trees grow. The landscape that occurs in this 
band, called tundra,  is open, windswept, and often boggy. This 
enormous biome covers one-fifth of the Earth’s land surface. 
Little rain or snow falls. Permafrost—soil ice that persists 
throughout all seasons—usually exists within a meter of the 
ground surface.
 What trees can be found are small and mostly confined to 
the margins of streams and lakes. Large grazing mammals, in-
cluding musk-oxen and reindeer (caribou), and carnivores such 
as wolves, foxes, and lynx, live in the tundra. Populations of 
lemmings (a small rodent native to the Arctic) rise and fall dra-
matically, with important consequences for the animals that 
prey on them.

Learning Outcomes Review 59.2
Major types of ecosystems called biomes can be distinguished in diff erent 
climatic regions on land. These biomes are much the same wherever they 
are found on the Earth. Annual mean temperature and precipitation are 
eff ective predictors of biome type; however, the range of seasonal variation 
and the soil characteristics of a region also come into play.

 ■ Why do different biomes occur at different latitudes?

Temperate deciduous forests are adapted 
to seasonal change
Mild but seasonal climates (warm summers and cold winters), 
plus plentiful rains, promote the growth of temperate decidu-
ous forests  in the eastern United States, eastern Canada, and 
Eurasia (figure 59.11) . A deciduous tree is one that drops its 
leaves in the winter. Deer, bears, beavers, and raccoons are fa-
miliar animals of these forests.

Temperate evergreen forests are coastal
Temperate evergreen forests occur along coastlines with 
temperate climates, such as in the northwest of the United 
States. The dominant vegetation includes trees, such as spruces, 
pines, and redwoods, that do not drop their leaves (thus, they 
are ever green).

Taiga is the northern forest 
where winters are harsh
Taiga and tundra (described next) differ from other biomes in 
that both stretch in great unbroken circles around the entire 
globe (see figure 58.7). The taiga  consists of a great band of 
northern forest dominated by coniferous trees (spruce, hem-
lock, and fir) that retain their needle-like leaves all year long.

Figure 59.11 Temperate deciduous forest.

 59.3 Freshwater Habitats

Learning Outcomes
Define photic zone.1. 
Explain what causes spring and fall overturns in lakes.2. 
Distinguish between eutrophic and oligotrophic lakes.3. 

Of the major habitats, fresh water covers by far the smallest 
percentage of the Earth’s surface: Only 2%, compared with 
27% for land and 71% for ocean. The formation of fresh water 
starts with the evaporation of water into the atmosphere, which 
removes most dissolved constituents, much like distillation 
does. When water falls back to the Earth’s surface as rain or 
snow, it arrives in an almost pure state, although it may have 
picked up biologically significant dissolved or particulate mat-
ter from the atmosphere.
 Freshwater wetlands—marshes, swamps, and bogs—rep-
resent intermediate habitats between the freshwater and ter-
restrial realms. Wetlands are highly productive (see figure 58.11).  
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Figure 59.12  Light in a lake. The intensity of the sunlight 
available for photosynthesis decreases with depth in a lake. 
Consequently, only some of the upper waters—termed the photic 
zone—receive suffi cient light for the net primary productivity of 
phytoplankton to be positive. The depth of the photic zone depends 
on how cloudy the water is. The shallows at the edge of a lake are 
called the littoral zone. They are well-illuminated to the bottom, so 
rooted plants and bottom algae can thrive there.

They also play key additional roles, such as acting as water stor-
age basins that moderate flooding.
 Primary production in freshwater bodies is carried out by 
single-celled algae (phytoplankton) floating in the water, by al-
gae growing as films on the bottom, and by rooted plants such 
as water lilies. In addition, a considerable amount of organic 
matter—such as dead leaves—enters some bodies of fresh wa-
ter from plant communities growing on the land nearby.

Life in freshwater habitats  depends 
on oxygen availability
The concentration of dissolved oxygen (O2) is a major determi-
nant of the properties of freshwater communities. Oxygen dis-
solves in water just like sugar or salt does. Fish and other aquatic 
organisms obtain the oxygen they need by taking it up from solu-
tion. The solubility of oxygen is therefore critically important.
 In reality, oxygen is not very soluble in water. Conse-
quently, even when fresh water is fully aerated and at equilib-
rium with the atmosphere, the amount of oxygen it contains 
per liter is only 5%, or less, of that in air. This means that, in 
terms of acquiring the oxygen they need, freshwater organisms 
have a far smaller margin of safety than air-breathing ones.
 Oxygen is constantly added to and removed from any 
body of fresh water. Oxygen is added by photosynthesis and by 
aeration from the atmosphere, and it is removed by animals and 
other heterotrophs. If a lot of decaying organic matter is pres-
ent in a body of water, the oxygen demand of the decay mi-
crobes can be high and affect other life forms. Under conditions 
in which the rate of oxygen removal from water exceeds the 
rate of addition, the concentration of dissolved oxygen can fall 
so low that many aquatic animals cannot survive in it.

Lake and pond habitats  change 
with water depth
Bodies of relatively still fresh water are called lakes if large and 
ponds if small. Water absorbs light passing through it, and the 
intensity of sunlight available for photosynthesis decreases 
sharply with increasing depth. In deep lakes, only water rela-
tively near the surface receives enough light for phytoplankton 
to exhibit a positive net primary productivity (figure 59.12) . 
Those waters are described as the photic zone. 

The photic zone
The thickness of the photic zone depends on how much par-
ticulate matter is in the water. Water that is relatively free of 
particulate matter and clear allows light to penetrate to a depth 
of 10 m at sufficient intensity to support phytoplankton. Water 
that is thick with surface algal cells or soil from erosion may not 
allow light to penetrate very far before its intensity becomes 
too diminished for algal growth.
 The supply of dissolved oxygen to the deep waters of a 
lake can be a problem because all oxygen enters any aquatic 
system near its surface. In the still waters of a lake, mixing be-
tween the surface and deeper layers may not occur except oc-
casionally. When photosynthesis produces oxygen, it adds it to 
the photic zone of the lake near the surface. Thermal stratifica-

tion commonly affects how readily oxygen enters the deep wa-
ters from the surface waters.

Thermal stratification
Thermal stratification is characteristic of many lakes and 
large ponds. In summer, as shown at the bottom of figure 59.13 , 
water warmed by the Sun forms a layer known as the epilimnion 
at the surface—because warm water is less dense than cold wa-
ter and tends to float on top. Colder, denser water, called the 
hypolimnion, lies below. Between the warm and cold layers is a 
transitional layer, the thermocline.  Although here we are focus-
ing on fresh water, a similar thermal structuring of the water 
column occurs also in many parts of the ocean.
 In a lake, thermal stratification tends to cut off the oxygen 
supply to the bottom waters; a consequence of the stratification 
is that the upper waters that receive oxygen do not mix with the 
bottom waters. The concentration of oxygen at the bottom may 
then gradually decline over time as the organisms living there 
use oxygen faster than it is replaced. If the rate of oxygen use is 
high, the bottom waters may run out of oxygen and become 
oxygen-free before summer is over. Oxygen-free conditions, if 
they occur, kill most (although not all) animals.
 In autumn, the temperature of the upper waters in a strat-
ified lake drops until it is about the same as the temperature of 
the deep waters. The densities of the two water layers become 
similar, and the tendency for them to stay apart is weakened. 
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Figure 59.14  Oligotrophic and eutrophic lakes. a. Oligotrophic lakes are low in algal nutrients, have high levels of dissolved 
oxygen, and are clear. b. Eutrophic lakes have high levels of algal nutrients and low levels of dissolved oxygen. Light does not penetrate deeply 
in such lakes.

Figure 59.13   The annual cycle of thermal stratifi cation 
in a temperate-zone lake. During the summer (lower diagram), 
water warmed by the Sun (the epilimnion) fl oats on top of colder, 
denser water (the hypolimnion). The lake is also thermally stratifi ed 
in winter (upper diagram) when water that is near freezing or frozen 
fl oats on top of water that is at 4°C (the temperature of greatest 
density for fresh water). Stratifi cation is disrupted in the spring and 
fall overturns, when the lake is at an approximately uniform 
temperature and winds mix it from top to bottom.

Winds can then force the layers to mix, a phenomenon called 
the fall overturn  (see figure 59.13). High oxygen concentra-
tions are then restored in the bottom waters.
 Chapter 2 discussed the unique properties of water. Fresh 
water is densest when its temperature is 4°C, and ice, at 0°, 
floats on top of this dense water. As a lake is cooled toward the 
freezing point with the onset of winter, the whole lake first 
reaches 4°C. Then, some water cools to an even lower tempera-
ture, and when it does, it becomes less dense and rises to the 
top. Further cooling of this surface water causes it to freeze into 
a layer of ice covering the lake. In spring, the ice melts, the 
surface water warms up, and again winds are able to mix the 
whole lake—the spring overturn. 
 Because temperature changes less over the course of 
the year in the tropics, many lakes there do not experience 
turnover. As a result, tropical lakes can have a permanent 
thermocline with depletion of oxygen near the bottom.

Lakes diff er in oxygen and nutrient content
Bodies of fresh water that are low in algal nutrients (such as ni-
trate or phosphate) and low in the amount of algal material per 
unit of volume are termed oligotrophic.  Such waters are often 
crystal clear. Oligotrophic streams and rivers tend to be high in 
dissolved oxygen because the movement of the flowing water 
aerates them; the small amount of organic matter in the water 
means that oxygen is used at a relatively low rate. Similarly, oli-
gotrophic lakes and ponds tend to be high in dissolved oxygen at 
all depths all year because they also have a low rate of oxygen 
use. Because the water is relatively clear, light can penetrate the 
waters readily, allowing photosynthesis to occur through much 
of the water column, from top to bottom (figure 59.14). 
 Eutrophic bodies of water are high in algal nutrients and 
often populated densely with algae. They are more likely to be 
low in dissolved oxygen, especially in summer. In a eutrophic 
body of water, decay microbes often place high demands on the 
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Figure 59.15  Basic concepts and terminology used in 
describing marine ecosystems. The continental shelf is the 
submerged edge of the continent. The waters over it are termed 
neritic and, on a worldwide average basis, are only 130 m deep at 
their deepest. The region where the tides rise and fall along the 
shoreline is called the intertidal region. The bottom is called the 
benthic zone, whereas the water column in the open ocean is called 
the pelagic zone. The photic zone is the part of the pelagic zone in 
which enough light penetrates for the phytoplankton to have a 
positive net primary productivity. The vertical scale of this drawing 
is highly compressed; whereas the outer edge of the continental 
shelf is 130 m deep, the open ocean in fact averages 35 times deeper 
(4000–5000 m deep).

oxygen available because when thick populations of algae die, 
large amounts of organic matter are made available for decom-
position. Moreover, light does not penetrate eutrophic waters 
well because of all the organic matter in the water; photosyn-
thetic oxygen addition is therefore limited to just a relatively 
thin layer of water at the top.
 Human activities have often transformed oligotrophic 
lakes into eutrophic ones. For example, when people overfer-
tilize their lawns or fields , nitrate and phosphate from the fer-
tilizers wash off into local water systems. Lakes that receive 
these nutrients become more eutrophic. A consequence is that 
the bottom waters are more likely to become oxygen-free dur-
ing the summer. Many species of fish that are characteristic of 
oligotrophic lakes, such as trout, are very sensitive to oxygen 
deprivation. When lakes become eutrophic, these species of 
fish disappear and are replaced with species like carp that can 
better tolerate low oxygen concentrations. Lakes can return 
toward an oligotrophic state over time if steps are taken to 
eliminate the addition of excess nitrates, phosphates, and for-
eign organic matter such as sewage.

Learning Outcomes Review 59.3
The photic zone is the layer near the surface into which light penetrates. 
Photosynthesis can occur only in the photic zone. Thermal stratifi cation is a 
major determinant of oxygen levels. In temperate lakes, mixing of diff erent 
layers occurs when the layers reach the same temperature in spring and 
fall, and winds can cause the layers to mix. This overturn prevents oxygen 
depletion near the lake bottom. Eutrophic lakes are high in nutrients for 
algae but are low in dissolved oxygen; oligotrophic lakes are low in nutrients 
but high in dissolved oxygen at all depths.

 ■ Why do tropical lakes often not experience seasonal 
turnover, and what effect is this likely to have on the 
ecosystems of these lakes?

Learning Outcomes
Know the different marine habitats.1. 
Explain why El Niño events occur.2. 

About 71% of the Earth’s surface is covered by ocean. Near the 
coastlines of the continents are the continental shelves,  where 
the water is not especially deep (figure 59.15) ; the shelves, in 
essence, represent the submerged edges of the continents. 
Worldwide, the shelves average about 80 km wide, and the 
depth of the water over them increases from 1 m to about 
130 m as one travels from the coast toward the open ocean.
 Beyond the continental shelves, the depth suddenly be-
comes much greater. The average depth of the open ocean is 
4000 to 5000 m, and some parts—called trenches—are far 
deeper, reaching 11,000 m in the Marianas Trench in the west-
ern Pacific Ocean.

 59.4 Marine Habitats  In most of the ocean, the principal primary producers 
are phytoplankton floating in the well-lit surface waters. A 
revolution is currently underway in scientific understanding 
of the limiting nutrients for ocean phytoplankton (see 
chapter 58). Primary production by the phytoplankton is 
presently understood to be nitrogen-limited in about two-
thirds of the world’s ocean, but iron-limited in about one-
third. The principal known iron-limited areas are the great 
Southern Ocean surrounding Antarctica, parts of the equato-
rial Pacific Ocean, and parts of the subarctic, northeast Pa-
cific Ocean. Where the water is shallow along coastlines, 
primary production is carried out not just by phytoplankton 
but also by rooted plants such as seagrasses and by bottom-
dwelling algae, including seaweeds.
 The world’s ocean is so vast that it includes many dif-
ferent types of ecosystems. Some, such as coral reefs and es-
tuaries, are high in their net primary productivity per unit of 
area (see figure 58.11),  but others are low in productivity per 
unit area. Ocean ecosystems are of four major types: open 
oceans, continental shelf ecosystems, upwelling regions, and 
deep sea.
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Figure 59.16  Major functional regions of the ocean. The regions classed as oligotrophic ocean ( colored dark blue) are “biological 
deserts” with low productivity per unit area. Continental shelf ecosystems (green at the edge of continents) are typically medium to high in 
productivity. Upwelling regions (yellow at the edge of continents) are the highest in productivity per unit area and rank with the most productive 
of all ecosystems on Earth.

Open oceans have low primary productivity
In speaking of the open oceans,  we mean the waters far from 
land (beyond the continental shelves) that are near enough to 
the surface to receive sunlight or to interact on a daily or 
weekly basis with those waters. We will discuss the deep sea 
separately later on.
 The intensity of solar illumination in the open oceans 
drops from being high at the surface to being essentially zero at 
200 m of depth; photosynthesis is limited to this level of the 
ocean. However, nutrients for phytoplankton, such as nitrate, 
tend to be present at low concentrations in the photic zone 
because over eons of time in the past, ecological processes have 
exported nitrate and other nutrients from the upper waters to 
the deep waters, and no vigorous forces exist in the open ocean 
to return the nutrients to the sunlit waters.
 Because of the low concentrations of nutrients in the 
photic zone, large parts of the open oceans are low in primary 
productivity per unit area (see figure 58.11)  and aptly called a 
“biological desert.” These parts—which correspond to the cen-
ters of the great midocean gyres (see figure 59.4)—are often 
collectively termed the oligotrophic ocean  (figure 59.16)  in refer-
ence to their low nutrient levels and low productivity.
 People fish the open oceans today for only a few species, 
such as tunas and some species of squids and whales.  Fishing in 
the open oceans is limited to relatively few species for two rea-
sons. First, because of the low primary productivity per unit of 
area, animals tend to be thinly distributed in the open oceans. 
The only ones that are commercially profitable to catch are 

those that are individually large or tend to gather together in 
tight schools. Second, costs for travelling far from land are high. 
All authorities agree that as we turn to the sea to help feed the 
burgeoning human population, we cannot expect the open 
ocean regions to supply great quantities of food.

Continental shelf ecosystems 
provide abundant resources
Many of the ecosystems on the continental shelves are rela-
tively high in productivity per unit area. An important reason is 
that the waters over the shelves—termed the neritic waters  
(see figure 59.15)—tend to have relatively high concentrations 
of nitrate and other nutrients, averaged over the year.
 Because the waters over the shelves are shallow, they have 
not been subject, over the eons of time, to the loss of nutrients 
into the deep sea, as the open oceans have. Over the shelves, 
nutrient-rich materials that sink hit the shallow bottom, and 
the nutrients they contain are stirred back into the water col-
umn by stormy weather. In addition, nutrients are continually 
replenished by run-off from nearby land.
 Around 99% of the food people harvest from the ocean 
comes from continental shelf ecosystems or nearby upwelling 
regions. The shelf ecosystems are also particularly important to 
humankind in other ways. Mineral resources taken from the 
ocean, such as petroleum, come almost exclusively from the 
shelves. In addition, almost all recreational uses of the ocean, 
from sailing to scuba diving, take place on the shelves. The 
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Figure 59.17  A coral reef ecosystem. Reef-building 
corals, which consist of symbioses between cnidarians and algae, 
construct the three-dimensional structure of the reef and carry out 
considerable primary production. Fish and many other kinds of 
animals fi nd food and shelter, making these ecosystems among the 
most diverse. About 20% of all fi sh species occur specifi cally in 
coral reef ecosystems.

 All the 700 or so species of reef-building corals are 
 animal–algal symbioses; the animals are cnidarians, and dino-
flagellate symbionts live within the cells of their inner cell layer 
(the gastrodermis). These corals depend on photosynthesis by 
the algal symbionts, and thus require clear waters through 
which sunlight can readily penetrate. Reef-building corals are 
threatened worldwide, as described later in this chapter.

Upwelling regions experience mixing 
of nutrients and oxygen
The upwelling regions  of the ocean are localized places where 
deep water is drawn consistently to the surface because of the 
action of local forces such as local winds. The deep water is of-
ten rich in nitrate and other nutrients. Upwelling therefore 
steadily brings nutrients into the well-lit surface layers. Phyto-
plankton respond to the abundance of nutrients and light with 
prolific growth and reproduction. Upwelling regions have the 
highest primary productivity per unit area in the world’s ocean.
 The most famous upwelling region (see figure 59.16) is 
found along the coast of Peru and Ecuador, where upwelling 
occurs year-round. Another important upwelling region is the 
coastline of California, along which upwelling occurs during 
about half the year in the summer, explaining why swimmers 
find cold water at the beaches even in July and August.
 Upwelling regions support prolific but vulnerable fisher-
ies. Sardine fishing in the California upwelling region crashed a 
few decades ago, but previously was enormously important to 
the region, as Nobel Prize–winning author John Steinbeck 
chronicled in a number of his books, most notably Cannery Row.

El Niño Southern Oscillation (ENSO)
The phenomenon named El Niño  first came to the attention of 
science in studies of the Peru–Ecuador upwelling region. In 
that region, every 2 to 7 years on an irregular and relatively 
unpredictable basis, the water along the coastline becomes pro-
foundly warm, and simultaneously the primary productivity 
becomes unusually low.
 Because of the low primary productivity, the ordinarily 
prolific fish populations weaken, and populations of seabirds and 
sea mammals that depend on the fish are stressed or plummet. 
The local people had named a mild annual warming event, which 
occurred around Christmas each year, “El Niño” (literally, “the 
child,” after the Christ Child). Scientists adopted the term El 
Niño Southern Oscillation (ENSO) to refer to those dramatic 
warming events .
 The immediate cause of El Niño took several decades to 
figure out, but research ultimately showed that the cause is a 
weakening of the east-to-west Trade Winds in the region. The 
Trade Winds ordinarily blow warm surface water to the west, 
away from the Peru–Ecuador coast. This thins the warm sur-
face layer of water along the coast, so that deep water—cold but 
highly rich in nutrients—is drawn to the surface, leading to 
high primary production.
 Weakening of the Trade Winds allows the warm surface 
layer to become thicker. Upwelling continues, but under such 
circumstances it merely recirculates the thick warm surface 
layer, which is nutrient-depleted.

shelves feature prominently in these ways because they are 
close to coastlines and relatively shallow.

Estuaries
Estuaries  are one of the types of shelf ecosystems. An estuary is a 
place along a coastline, such as a bay, that is partially surrounded 
by land and in which fresh water from streams or rivers mixes 
with ocean water, creating intermediate (brackish) salinities.
 Estuaries, besides being bodies of water, include intertidal 
marshes or swamps. An intertidal habitat is an area that is ex-
posed to air at low tide but under water at high tide. The marshes 
of the intertidal zone are called salt marshes. Intertidal swamps 
called mangrove swamps (dominated by trees and bushes) occur 
in tropical and subtropical parts of the world.
 Estuaries are a vital and highly productive ecosystem—
they provide shelter and food for many aquatic animals, espe-
cially the larvae and young, that people harvest for food. 
Estuaries are also important to a very large number of other 
animal species, such as migrating birds.

Banks and coral reefs
Other types of shelf ecosystems include banks and coral reefs. 
Banks are local shallow areas on the shelves, often extremely 
important as fishing grounds; Georges Bank, 100 km off the 
shore of Massachusetts, was formerly one of the most produc-
tive and famous; much of this area has been closed to fishing 
since the mid-1990s because of overexploitation.
 Coral reef ecosystems occur in subtropical and tropical 
latitudes. Their defining feature is that in them, stony corals—
corals that secrete a solid, calcified type of skeleton—build 
three-dimensional frameworks that form a unique habitat in 
which many other distinctive organisms live, including reef fish 
and soft corals (figure 59.17). 
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Figure 59.18  An El Niño winter. This diagram shows just 
some of the worldwide alterations of weather that are often 
associated with the El Niño phenomenon.

Figure 59.19  Life in the deep sea. a. The luminous spot 
below the eye of this deep-sea fi sh results from the presence of a 
symbiotic colony of bioluminescent bacteria. Bioluminescence is a 
fairly common feature of mobile animals in the parts of the ocean 
that are so deep as to be dark. It is more common among species 
living part way down to the bottom than in ones living at the 
bottom. b. These large worms live along vents where hot water 
containing hydrogen sulfi de rises through cracks in the seafl oor 
crust. Much of the body of each worm is devoted to a colony of 
symbiotic sulfur-oxidizing bacteria. The worms transport sulfi de 
and oxygen to the bacteria, which oxidize the sulfur and use the 
energy thereby obtained for primary production of new organic 
compounds, which they share with their worm hosts.

 After these fundamentals had been discovered, research-
ers in the 1980s realized that the weakening of the Trade Winds 
is actually part of a change in wind circulation patterns that 
recurs irregularly. One reason the Trade Winds blow east-to-
west in ordinary times is that the surface waters in the western 
equatorial Pacific are warmer than those in the eastern equato-
rial Pacific; air rises from the warm western areas, creating low 
pressure at the surface there, and air blows out of the east into 
the low pressure. During an El Niño, the warmer the eastern 
ocean gets, the more similar it becomes to the western ocean, 
reducing the difference in pressure across the ocean. Thus, 
once the Trade Winds weaken a bit, the pressure difference that 
makes them blow is lessened, weakening the Trade Winds fur-
ther. Warm water ordinarily kept in the west by the Trade 
Winds creeps progressively eastward at equatorial latitudes be-
cause of this self-reinforcing series of events. Ultimately, effects 
of El Niño occur across large parts of the world’s weather sys-
tems, affecting sea temperatures in California, rainfall in the 
southwestern United States, and even systems as far distant 
as Africa.
 One specific result is to shift the weather systems of the 
western Pacific Ocean 6000 km eastward. The tropical rainstorms 
that usually drench Indonesia and the Philippines occur when 
warm seawater abutting these islands causes the air above it to 
rise, cool, and condense its moisture into clouds. When the warm 
water moves east, so do the clouds, leaving the previously rainy 
areas in drought. Conversely, the western edge of Peru and Ecua-
dor, which usually receives little precipitation, gets a soaking.
 El Niño can wreak havoc on ecosystems. During an El 
Niño event, plankton can drop to 1/20 of their normal abun-
dance in the waters of Peru and Ecuador, and because of the 
drop in plankton productivity, commercial fish stocks virtually 
disappear (figure 59.18) . In the Galápagos Islands, for example, 
seabird and sea lion populations crash as animals starve due to 
the lack of fish. By contrast, on land, the heavy rains produce a 

bumper crop of seeds, and land birds flourish. In Chile, similar 
effects on seed abundance propagate up the food chain, leading 
first to increased rodent populations and then to increased 
predator populations, a nice example of a bottom-up trophic 
cascade, as was discussed in chapter 58.

The deep sea is a cold, dark place with some 
fascinating communities
The deep sea  is by far the single largest habitat on Earth, in the 
sense that it is a huge region characterized by relatively uniform 
conditions throughout the globe. The deep sea is seasonless, cold 
(2–5°C), totally dark, and under high pressure (400–500  atmo-
spheres where the bottom is 4000–5000 m deep).
 In most regions of the deep sea, food originates from pho-
tosynthesis in the sunlit waters far above. Such food—in the form 
of carcasses, fecal pellets, and mucus—can take as much as a 
month to drift down from the surface to the bottom, and along 
the way about 99% of it is eaten by animals living in the water 
column. Thus, the bottom communities receive only about 1% 
of the primary production and are food-poor. Nonetheless, a 
great many species of animals—most of them small-bodied and 
thinly distributed—are now known to live in the deep sea. Some 
of the animals are bioluminescent (figure 59.19a)  and thereby 
able to communicate or attract prey by use of light.

Hydrothermal vent communities
The most astounding communities in the deep sea are the 
hydrothermal vent communities.  Unlike most parts of the deep 
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Figure 59.20  Biological magnifi cation of DDT 
concentration. Because all the DDT an animal eats in its food 
tends to accumulate in its fatty tissues, DDT becomes increasingly 
concentrated in animals at higher levels of the food chain. The 
concentrations at the right are in parts per million (ppm). Before 
DDT was banned in the United States, bird species that eat large 
fi sh underwent drastic population declines because metabolic 
products of DDT made their eggshells so thin that the shells broke 
during incubation.

sea, these communities are thick with life (figure 59.19b), in-
cluding large-bodied animals such as worms the size of baseball 
bats. The reason such a profusion of life can be supported is 
that these communities live on vigorous, local primary produc-
tion rather than depending on the photic zone far above.
 The hydrothermal vent communities occur at places where 
tectonic plates are moving apart, and seawater—circulating  
through porous rock—is able to come into contact with very 
hot rock under the seafloor. This water is heated to tempera-
tures in excess of 350°C and, in the process, becomes rich in 
hydrogen sulfide.
 As the water rises up out of the porous rock, free-living 
and symbiotic bacteria oxidize the sulfide, and from this reac-
tion they obtain energy, which, in a manner analogous to pho-
tosynthesis, they use to synthesize their own cellular substance, 
grow, and reproduce. These sulfur-oxidizing bacteria  are 
chemoautotrophs (see chapter 58). Animals in the communities 
either survive on the bacteria or eat other animals that do. The 
hydrothermal vent communities are among the few communi-
ties on Earth that do not depend on the Sun’s energy for pri-
mary production.

Learning Outcomes Review 59.4
The oligotrophic ocean includes the open ocean and the deep sea, where 
little primary productivity occurs. Continental shelf ecosystems tend to 
be moderate to high in productivity; they include estuaries, salt marshes, 
fi shing banks, and coral reefs. The highest levels of productivity are found in 
upwelling regions, such as those along the west coasts of North and South 
America, where prolifi c but vulnerable fi sheries can be found. Periodic 
weakening of the Trade Winds in this region can prevent the upwelling of 
cold water and subsequently cause weather changes in an event termed 
El Niño.

 ■ What sort of population cycles would you expect to see 
in regions that are affected by the ENSO?

59.5 Human Impacts on the 
Biosphere: Pollution and 
Resource Depletion

Learning Outcomes
Name the major human threats to ecosystems.1. 
Differentiate between point-source pollution and 2. 
diffuse pollution.
Explain the effect of deforestation.3. 

We all know that human activities can cause adverse changes in 
ecosystems. In discussing these, it is important to recognize 
that creative people can often come up with rational solutions 
to such problems.
 An outstanding example is provided by the history of 
DDT in the United States. DDT is a highly effective insecti-

cide that was sprayed widely in the decades following World 
War II, often on wetlands to control mosquitoes. During 
the years of heavy DDT use, populations of ospreys, bald ea-
gles, and brown pelicans—all birds that catch large fish—
plummeted.  Ultimately, the use of DDT was connected with 
the demise of these birds.
 Scientists established that DDT and its metabolic prod-
ucts became more and more concentrated in the tissues of ani-
mals as the compounds were passed along food chains 
(figure 59.20) . Animals at the bottom of food chains accumu-
lated relatively low concentrations in their fatty tissues. But the 
primary carnivores that preyed on them accumulated higher 
concentrations from eating great numbers, and the secondary 
carnivores accumulated higher concentrations yet. Top-level 
carnivores, such as the birds that eat large fish, were dramati-
cally affected by the DDT. In these birds, scientists found that 
metabolic products of DDT disrupted the formation of egg-
shells. The birds laid eggs with such thin shells that they often 
cracked before the young could hatch.
 Researchers concluded that the demise of the fish-eating 
birds could be reversed by a rational plan to clean ecosystems of 
DDT, and laws were passed banning its use. Now, three de-
cades later, populations of ospreys, eagles, and pelicans are re-
bounding dramatically. For some people, a major reason to 
study science is the opportunity to be part of success stories of 
this sort.
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Figure 59.21 pH values of rainwater in the United 
States. pH values of less than 7 represent acid conditions; the 
lower the values, the greater the acidity. Precipitation in parts of the 
United States, especially in the Northeast, is commonly more acidic 
than natural rainwater, which has a pH of 5.6 or higher.

Freshwater habitats are threatened 
by pollution and resource depletion 
Fresh water is not just the smallest of the major habitats, but 
also the most threatened. One of the simplest yet most omi-
nous threats to fresh water is that burgeoning human popula-
tions often extract excessive amounts of water from rivers, lakes, 
or streams. The Colorado River, for example, is one of the 
greatest rivers in North America, originating with snow melt in 
the Rocky Mountains and flowing through Utah, Arizona, Ne-
vada, California, and northern Mexico before emptying into 
the ocean. Today, water is pumped out of the river all along its 
way to meet the water needs of cities (even ones as distant as 
Los Angeles) and to irrigate crops. The river now frequently 
runs out of water and dries up in the desert, never reaching the 
sea. Worldwide, many crises in the supply of fresh water loom 
on the horizon.

Pollution: Point source versus diffuse
Pollution of fresh water is a global problem. Point-source 
pollution  comes from an identifiable location—such as easily 
identified factories or other facilities that add pollutants at de-
fined locations, such as an outfall pipe. Examples include 
 sewage-treatment plants, which discharge treated effluents at 
specific spots on rivers, and factories that sometimes discharge 
water contaminated with heavy metals or chemicals. Laws and 
technologies can readily be brought to bear to moderate point-
source pollution because the exact locations and types of pollu-
tion are well defined. In many countries, great progress has 
been made, but in other countries, often in the developing 
world, water pollution is still a major problem.
 Diffuse pollution  is exemplified by eutrophication caused 
by excessive run-off of nitrates and phosphates from lawn and 
agricultural field fertilization. When excessive nitrates and 
phosphates enter rivers and lakes, the character of the bodies of 
water is changed for the worse; the concentration of dissolved 
oxygen declines, and fish species such as carp take the place of 
more desirable species. The problem is exacerbated when rivers 
empty into the ocean. The eutrophication caused by the accu-
mulation of chemicals can lead to enormous areas of water with 
no oxygen, causing massive die-offs of fish and other animals. 
The most famous such area, covering approximately 20,000  
km2 in 2008, occurs where the Mississippi River empties into 
the Gulf of Mexico, but other “dead zones” occur in places 
around the world.
 The nitrates and phosphates that cause these problems 
originate on thousands of farms and lawns spread over whole 
watersheds, and they often enter fresh waters at virtually count-
less locations. The diffuseness of this sort of pollution renders 
it difficult to modify by simple technical fixes. Instead, solutions 
often depend on public education and political action.

Pollution from coal burning: Acid precipitation
A type of pollution that has properties intermediate between 
the point-source and diffuse types is the pollution that can arise 
from burning of coal for power generation. Although each 
smokestack is a point source, there are many stacks, and the 
smoke and gases from these stacks spread over wide areas.

 Acid precipitation  is one aspect of this problem. When 
coal is burned, sulfur in the coal is oxidized. The sulfur oxides, 
unless controlled, are spewed into the atmosphere in the stack 
smoke, and there they combine with water vapor to produce 
sulfuric acid. Falling rain or snow picks up the acid and is 
excessively acidic when it reaches the surface of the Earth 
(figure 59.21) .
 Mercury emitted in stack smoke is a second potential 
problem. Burning of coal can be one of the major sources of 
environmental mercury, a serious public health issue because 
just small amounts of mercury can interfere with brain develop-
ment in human fetuses and infants.
 Acid precipitation and mercury pollution affect fresh-
water ecosystems. At pH levels below 5.0, many fish species and 
other aquatic animals die, unable to reproduce. Thousands of 
lakes and ponds around the world no longer support fish be-
cause of pH shifts induced by acid precipitation. Mercury that 
falls from atmospheric emissions into lakes and ponds accumu-
lates in the tissues of food fish. In the Great Lakes region of the 
United States, people—especially pregnant women—are ad-
vised to eat little or no locally caught fish because of its mer-
cury content.

Forest ecosystems are threatened 
in tropical and temperate regions
Probably the single greatest problem for terrestrial habitats 
worldwide is deforestation by cutting or burning. There are 
many reasons for deforestation. In poverty-stricken countries, 
deforestation is often carried out diffusely by the general popu-
lation; people burn wood to cook or stay warm, and they collect 
it from the local forests.
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Figure 59.22  Destroying the tropical rain forests. 
a. These fi res are destroying a tropical rain forest in Brazil to clear 
it for cattle pasture. b. The consequences of deforestation can be 
seen on these middle-elevation slopes in Madagascar, which once 
supported tropical rain forest, but now support only low-grade 
pastures and permit topsoil to erode into the rivers (note the color 
of the water, stained brown by high levels of soil erosion). This sort 
of picture is seen in a number of places around the world, including 
Ecuador and Haiti as well as Madagascar.

Figure 59.23   
Damage to trees by 
acid precipitation at 
Clingman’s Dome, 
Tennessee. Acid 
precipitation weakens 
trees and makes them 
more susceptible to 
pests and predators.

fish stocks are presently officially rated as being overexploited, 
depleted, or in recovery; another 40% to 50% are rated as be-
ing maximally exploited.
 Major cod fisheries in waters off of Nova Scotia, Massa-
chusetts, and Great Britain have been closed to fishing in the 
past 15 years because of collapse (figure 59.24) . Overfishing can 

 At the other extreme, corporations still cut large tracts of 
virgin forests in an industrialized fashion, often shipping the 
wood halfway around the world to buyers. Tropical hardwoods, 
such as mahogany, from Southeast Asian rain forests are shipped 
to the United States for use in furniture, and softwood logs are 
shipped from Alaska to East Asia for pulping and paper produc-
tion. Forests are sometimes simply burned to open up land for 
farming or ranching (figure 59.22a). 

Loss of habitat
The loss of forest habitat can have dire  consequences. Partic-
ularly diverse sets of species depend on tropical rain forests 
for their habitat, for example. Thus, when rain forests are 
cleared, the loss of biodiversity can be extreme. Many tropical 
forest regions have been severely degraded, and recent esti-
mates suggest that less than half of the world’s tropical rain 
forests remain in pristine condition. All of the world’s tropical 
rain forests will be degraded or gone in about 30 years at pres-
ent rates of destruction.
 Besides loss of habitat, deforestation can have numerous 
secondary consequences, depending on local contexts. In the Sa-
hel region, South of the Sahara Desert in Africa, deforestation 
has been a major contributing factor in increased desertification. 
In the forests of the northeastern United States, as the Hubbard 
Brook experiment shows (see figure 58.7), deforestation can lead 
to both a loss of nutrients from forest soils and a simultaneous 
nutrient enrichment of bodies of water downstream.

Disruption of the water cycle
As discussed in chapter 58, cutting of a tropical rain forest often 
interrupts the local water cycle in ways that permanently alter 
the landscape. After an area of tropical rain forest is cleared, 
rain water often runs off the land to distant places, rather than 
being returned to the atmosphere immediately above by tran-
spiration. This change may render conditions unsuitable for 
the rain forest trees that originally lived there. Then the poorly 
vegetated land—exposed and no longer stabilized by thick root 
systems—may be ravaged by erosion (figure 59.22b).

Acid rain
Deforestation can be a problem in temperate regions, as well as 
in the tropics. In addition, acid rain affects forests as well as 
lakes and streams; large tracts of trees in temperate regions 
have been adversely affected by acid rain. By changing the acid-
ity of the soil, acid rain can lead to widespread tree mortality 
(figure 59.23). 

Marine habitats are being  depleted 
of fi sh and other species
Overfishing of the ocean has risen to crisis proportions in re-
cent decades and probably represents the single greatest cur-
rent problem in the ocean realm. The ocean is so huge that it 
has tended to be more immune than fresh water or terrestrial 
ecosystems to global human alteration. Nonetheless, the total 
world fish catch has been pushed to its maximum for over two 
decades, even as demand for fish has continued to rise. Fishing 
pressure is so excessive that 25% to 30% of the world’s ocean 
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and a flame-retardant chemical often used in carpets. Nonethe-
less, because of the ocean’s vastness, concentrations of pollut-
ants are not at crisis levels in the ocean at large.

Destruction of coastal ecosystems
Second to overfishing, the greatest problem in the ocean 
realm is deterioration of coastal ecosystems. Estuaries along 
coastlines are often subject to severe eutrophication; since 
about 1970, for example, the bottom waters of the Chesa-
peake Bay near Washington, DC, have become oxygen-free 
each summer because of the decay of excessive amounts of 
organic matter.
 Another coastal problem is destruction of salt marshes, 
which (like freshwater wetlands) are often perceived as dispos-
able. Most authorities believe that the loss of salt marshes in the 
20th century was a major contributing factor to the destruction 
of New Orleans by Hurricane Katrina in 2005; had the salt 
marshes and cypress swamps been present at their full extent, 
they would have absorbed a great deal of the flooding water and 
buffered the city from some of the storm’s violence.

Stratospheric ozone depletion 
has led to an ozone “hole”
The colors of the satellite photo in figure 59.25a  represent dif-
ferent concentrations of ozone (O3) located 20 to 25 km above 
the Earth’s surface in the stratosphere. Stratospheric ozone is 
depleted over Antarctica (purple region in the figure) to be-
tween one-half and one-third of its historically normal concen-
tration, a phenomenon called the ozone hole. 
 Although depletion of stratospheric ozone is most dramatic 
over Antarctica, it is a worldwide phenomenon. Over the United 
States, the ozone concentration has been reduced by about 4%, 
according to the U.S. Environmental Protection Agency.

Stratospheric ozone and UV-B
Stratospheric ozone is important because it absorbs ultraviolet 
(UV) radiation—specifically the wavelengths called  UV-B—
from incoming solar radiation. UV-B is damaging to living or-
ganisms in a number of ways; for instance, it increases risks of 
cataracts and skin cancer in people. Depletion of stratospheric 
ozone permits more UV-B to reach the Earth’s surface and 
therefore increases the risks of UV-B damage. Every 1% drop 
in stratospheric ozone is estimated to lead to a 6% increase in 
the incidence of skin cancer, for example. UV exposure also 
may be detrimental to many types of animals, such as amphib-
ians (figure 59.26)  

Ozone depletion and CFCs
The major cause of the depletion of stratospheric ozone is the 
addition of industrially produced chlorine- and bromine-
containing compounds to the atmosphere. Of particular con-
cern are chlorofluorocarbons (CFCs), used until recently as 
refrigerants in air conditioners and refrigerators, and in manu-
facturing. CFCs released into the atmosphere can ultimately 
liberate free chlorine atoms, which in the stratosphere catalyze 
the breakdown of ozone molecules (O3) to form ordinary oxy-
gen (O2). Ozone is continually being made and broken down, 

have disturbing indirect effects. In impoverished parts of Africa, 
poaching on primates and other wild mammals in national 
parks increases when fish catches decline.

Aquaculture: At present only a quick fix
Production of fish by aquaculture has grown steadily in the last 
two decades, and it is often viewed as a straightforward solution 
to the fisheries problem. But the dietary protein needs of many 
aquacultured fish, such as salmon, are met largely with wild-
caught fish. In this case, exploitation has simply shifted to dif-
ferent species.
 In addition, current aquaculture practices often damage 
natural ocean ecosystems. One example is the clearing of man-
grove swamps along coasts to create shrimp and fish ponds, 
which are abandoned when their productivity declines. Re-
search is needed to ameliorate these problems.

Pollution effects
As large as the ocean is, enough pollutants are being added that 
at the start of the 21st century, polluting materials are easily 
detectable on a global basis. An expedition to some of the most 
remote, uninhabited islands in the vast Pacific Ocean recently 
reported, for example, that considerable amounts of plastic 
could be found washed up on the beaches. Similarly, even the 
waters of the Arctic are laced with toxic chemicals; biopsy sam-
ples of tissue from Arctic killer whales (Orcinus orca) revealed 
extremely high levels of many chemicals, including pesticides 

Figure 59.24   The collapse of a fi shery. The red line 
shows the biomass of cod (Gadus morhua) in the Georges Bank 
ecosystem as estimated by the U.S. National Marine Fisheries 
Service based on data collected by scientifi c sampling. The biomass 
declined steeply between the 1970s and 1990s because of fi shing 
pressure. As the years passed, commercial landings of cod (blue line) 
remained fairly constant, in part because ships worked harder and 
harder to catch cod, until catches fell precipitously toward zero and 
the fi shery collapsed in the mid-1990s. Regulatory agencies closed 
the fi shery in the mid-1990s to permit the cod to recover, but even 
in 2009  recovery of cod was weak at best, and production from the 
fi shery was far below historical norms.
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S C I E N T I F I C  T H I N K I N G

Question:  Does exposure to UV radiation affect the survival of amphibian eggs?

Hypothesis: Direct UV exposure is detrimental to eggs.

Experiment: Fertilized eggs from several frog species are placed into enclosures in full sunlight. All enclosures have screens, some of which filter out UV 

radiation, whereas others do not affect UV transmission. Eggs are monitored to see whether they survive to hatching or whether they die.

Result: Egg survival was greatly decreased in two of three species in the enclosures where UV radiation was not filtered out, as compared to survival in the 

filtered enclosures. Therefore, the hypothesis is confirmed: UV exposure is detrimental to amphibian eggs.

Further Questions: What factors might explain why some species are affected by UV exposure and others are not? How could your hypotheses be tested?

Figure 59.25  The ozone hole over Antarctica. NASA satellites currently track the extent of ozone depletion in the stratosphere 
over Antarctica each year. Every year since about 1980, an area of profound ozone depletion, called the ozone hole, has appeared in August 
(early spring in the southern hemisphere) when sunlight triggers chemical reactions in cold air trapped over the South Pole during the 
Antarctic winter. The hole intensifi es during September before tailing off as temperature rises in November–December. a. In September, 
2006, the 11.4 million-square-mile hole (purple in the satellite image shown) covered an area larger than the United States, Canada, and 
Mexico combined, the largest hole ever recorded.  b. Concentrations of ozone-depleting chemical compounds in the atmosphere have probably 
peaked in the last few years and are expected to decline slowly over the decades ahead. 

 The Antarctic stratosphere stays extremely cold (–80°C 
or lower) for many weeks as a consequence, permitting unique 
types of ice clouds to form. Reactions associated with the par-
ticles in these clouds lead to accumulation of diatomic chlorine, 
Cl2. When sunlight returns in the early Antarctic spring, the 
diatomic chlorine is photochemically broken up to form free 
chlorine atoms in great abundance, and the ozone-depleting 
reactions ensue.

and free chlorine atoms tilt the balance toward a faster rate 
of breakdown.
 The extreme depletion of ozone seen in the ozone hole is  
a consequence of the unique weather conditions that exist over 
Antarctica. During the continuous dark of the Antarctic winter, 
a strong stratospheric wind, the polar-night jet, develops and, 
blowing around the full circumference of the Earth, isolates the 
stratosphere over Antarctica from the rest of the atmosphere.

Figure 59.26  The effect of UV radiation on amphibian eggs. 
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Phase-out of CFCs
After research revealed the causes of stratospheric ozone deple-
tion, worldwide agreements were reached to phase out the pro-
duction of CFCs and other compounds that lead to ozone 
depletion. Manufacture of such compounds ceased in the United 
States in 1996, and there is now a great deal of public 
awareness about the importance of using “ozone-safe” alterna-
tive chemicals. The atmosphere will cleanse itself of ozone-
depleting  compounds only slowly because the substances are 
chemically stable. Nonetheless, the problem of ozone depletion 
is diminishing and is expected to be substantially corrected by 
the second half of the 21st century.
 The CFC story is an excellent example of how environ-
mental problems arise and can be solved. Initially, CFCs were 
heralded as an efficient and cost-effective way to provide cool-
ing, a clear improvement over previous technologies. At that 
time, their harmful consequences were unknown. Once the 
problems were identified, international agreements led to an 
effective solution, and creative technological advances led to 
replacements that solved the problem at little cost.

Learning Outcomes Review 59.5
Pollution and resource depletion are the major human eff ects on the 
environment, with freshwater habitats being most threatened. Point-source 
pollution comes from identifi able locations, such as factories, whereas 
diff use pollution comes from numerous sources, such as fertilized lawns. 
Deforestation is a major problem in that it destroys habitat, disrupts 
communities, depletes resources, and changes the local water cycle and 
weather patterns. Overfi shing is the greatest problem in the oceans.

 ■ Were CFCs an example of point-source or diffuse 
pollution? In general, how do efforts to combat 
pollution depend on their source?

59.6 Human Impacts on the 
Biosphere: Climate Change

Learning Outcomes
Explain the link between atmospheric carbon dioxide and 1. 
global warming.
Describe the consequences of global warming on 2. 
ecosystems and human health.

By studying the Earth’s history and making comparisons 
with other planets, scientists have determined that concen-
trations of gases in our atmosphere, particularly CO2, main-
tain the average temperature on Earth about 25°C higher 
than it would be if these gases were absent. This fact empha-
sizes that the composition of our atmosphere is a key consid-
eration for life on Earth. Unfortunately, human activities are 
now changing the composition of the atmosphere in ways 
that most authorities conclude will be damaging or, in the 
long run, disastrous.

Figure 59.27  Geographic variation in global warming. 
The 10 warmest years since record keeping began in 1880 all occur 
within the 12-year period 1997–2008, but some areas of the globe 
heated up more than others. Colors indicate how much warming 
occurred in 2008 relative to the mean temperature during a 
reference period (1951–1980) prior to full onset of the modern 
greenhouse effect.

 Because of changes in atmospheric composition, the av-
erage temperature of the Earth’s surface is increasing, a phe-
nomenon called global warming.  As you might imagine from 
what we said at the beginning of this chapter, changes in tem-
perature alter global wind and water-current patterns in com-
plicated ways. This means that as the average global temperature 
increases, some particular regions of the world warm to a lesser 
extent, whereas other regions heat up to a greater extent 
(figure 59.27).  It also means that rainfall patterns are altered 
because global precipitation patterns depend on global wind 
patterns. Enormous computer models are used to calculate the 
effects predicted in all parts of the world.

Independent computer models 
predict global changes
The Intergovernmental Panel on Climate Change, which 
shared the 2007 Nobel Peace Prize with Al Gore for their work 
on global climate change, recently released its fourth assess-
ment report. Based on a variety of different scenarios, computer 
models predicted that global temperatures would increase 
1.1°C to 6.4°C (2.0–11.5°F) by the end of this century.
 More ominous perhaps than temperature are some of the 
predictions for precipitation. For example, although northern 
Europe is expected to receive more precipitation than today, 
another recent studied predicted that parts of southern Europe 
will receive about 20% less, disrupting natural ecosystems, ag-
riculture, and human water supplies. Some European countries 
may come out ahead economically, but others will come out 
behind, and political relationships among countries will likely 
change as some shift from being food exporters to the more 
tenuous role of requiring food imports.
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Figure 59.28  The greenhouse eff ect. The concentration 
of carbon dioxide in the atmosphere has increased steadily since the 
1950s, as shown by the blue line. The red line shows the change in 
average global temperature over the same period.

Figure 59.29  Disappearing glaciers. Mount Kilimanjaro 
in Tanzania in 1970 (top) and 2000  (bottom). Note the decrease in 
glacier coverage over three decades. 

that a glass greenhouse gets warm inside is that window glass is 
transparent to light but only slightly transparent to long-wave 
infrared radiation. Energy that strikes a greenhouse as light en-
ters the greenhouse freely. Once inside, the energy is absorbed 
as heat and then re-radiated as long-wave infrared radiation. 
The infrared radiation cannot easily get out through the glass, 
and therefore energy accumulates inside.

Other greenhouse gases
Carbon dioxide is not the only greenhouse gas. Others include 
methane and nitrous oxide. The effect of any particular green-
house gas depends on its molecular properties and concentra-
tion. For example, molecule-for-molecule, methane has about 
20 times the heat-trapping effect of carbon dioxide; on the other 
hand, methane is less concentrated and less long-lived in the 
atmosphere than carbon dioxide.
 Methane is produced in globally significant quantities in 
anaerobic soils and in the fermentation reactions of ruminant 
mammals, such as cows. Huge amounts of methane are pres-
ently locked up in Arctic permafrost. Melting of the permafrost 
could cause a sudden and large perturbation in global tempera-
ture by releasing methane rapidly.
 Agricultural use of fertilizers is the largest source of ni-
trous oxide emissions, with energy consumption second and 
industrial use third.

Global temperature change has aff ected 
ecosystems in the past and is doing so now
Evidence for warming can be seen in many ways. For example, 
on a worldwide statistical basis, ice on lakes and rivers forms later 
and melts sooner than it used to; on average, ice-free seasons are 
now 2.5 weeks longer than they were a century ago. Also, the 
extent of ice at the North Pole has decreased substantially, and 
glaciers are retreating around the world (figure 59.29) .

Carbon dioxide is a major greenhouse gas
Carbon dioxide is the gas usually emphasized in discussing the 
cause of global warming (figure 59.28) , although other atmo-
spheric gases are also involved. A monitoring station on the top 
of the 13,700-foot (4200-m) Mauna Loa volcano on the island 
of Hawaii has monitored the concentration of atmospheric 
CO2 since the 1950s. This station is particularly important be-
cause it is in the middle of the Pacific Ocean, far from the great 
continental landmasses where most people live, and it is there-
fore able to monitor the state of the global atmosphere without 
confounding influences of local events.
 In 1958, the atmosphere was 0.031% CO2. By 2004, the 
concentration had risen to 0.038%. All authorities agree that 
the cause of this steady rise in atmospheric CO2 is the burning 
of coal and petroleum products by the increasing (and increas-
ingly energy-demanding) human population.

How carbon dioxide affects temperature
The atmospheric concentration of CO2 affects global tempera-
ture because carbon dioxide strongly absorbs electromagnetic 
radiant energy at some of the wavelengths that are critical for 
the global heat budget. As stressed in chapter 58, the Earth not 
only receives radiant energy from the Sun, but also emits radi-
ant energy into outer space. The Earth’s temperature will be 
constant only if the rates of these two processes are equal.
 The incoming solar energy is at relatively short wavelengths 
of the electromagnetic spectrum: Wavelengths that are visible or 
near-visible. The outgoing energy from the Earth is at different, 
longer wavelengths. Carbon dioxide absorbs energy at certain of 
the important long-wave infrared wavelengths. This means that 
although carbon dioxide does not interfere with the arrival of radi-
ant energy at short wavelengths, it retards the rate at which energy 
travels away from the Earth at long wavelengths into outer space.
 Carbon dioxide is often called a greenhouse gas  because 
its effects are analogous to those of a greenhouse. The reason 
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habitants might then find suitable climatic conditions are likely 
to be developed, rather than being protected parks.
 Similarly, as temperatures increase, many montane spe-
cies have shifted to higher altitudes to find their preferred habi-
tat. However, eventually they can shift no higher because they 
reach the mountain’s peak. As the temperature continues to in-
crease, the species’ habitat disappears entirely. A number of 
Costa Rican frog species are thought to have become extinct 
for this reason. The same fate may befall many Arctic species as 
their habitat melts away.

Global warming aff ects human 
populations as well
Global warming could affect human health and welfare in a 
variety of ways. Some of these changes may be beneficial, but 
even if they are detrimental, some countries—particularly the 
wealthier ones—will be able to adjust. But poorer countries 
may not be able to transform as quickly, and some changes will 
require extremely costly countermeasures that even wealthy 
countries will be hard-pressed to afford.

Rising sea levels
During the second half of the 20th century, sea level rose at 2 to 
3 cm per decade. The U.S. Environmental Protection Agency 
predicts that sea level is likely to rise two or three times faster 
in the 21st century because of two effects of global warming: 
(1) the melting of polar ice and glaciers, adding water to the 
ocean, and (2) the increase of average ocean temperature, caus-
ing an increase in volume because water expands as it warms. 
Such an increase would cause increased erosion and inundation 
of low-lying land and coastal marshes, and other habitats would 
also be imperiled. As many as 200 million people would be af-
fected by increased flooding. Should sea levels continue to rise, 
coastal cities and some entire islands, such as the Maldives in the 
Indian Ocean, would be in danger of becoming submerged.

Other climatic effects
Global warming is predicted to have a variety of effects besides 
increased temperatures. In particular, the frequency or severity 
of extreme meteorological events—such as heat waves, droughts, 
severe storms, and hurricanes—is expected to increase, and El 
Niño events, with their attendant climatic effects, may become 
more common.
 In addition, rainfall patterns are likely to shift, and those 
geographic areas that are already water-stressed, which are cur-
rently home to nearly 2 billion people, will likely face even 
graver water shortage problems in the years to come. Some evi-
dence suggests that these effects are already evident in the in-
crease in powerful storms, hurricanes, and the frequency of El 
Niño events over the past few years.

Effects on agriculture
Global warming may have both positive and negative effects on 
agriculture. On the positive side, warmer temperatures and in-
creased atmospheric carbon dioxide tend to increase growth of 
some crops and thus may increase agricultural yields. Other 
crops, however, may be negatively affected. Furthermore, most 

 Global warming—and cooling—have occurred in the 
past, most recently during the ice ages and intervening warm 
periods. Species often responded by shifting their geographic 
ranges, tracking their environments. For example, a number of 
cold-adapted North American tree species that are now found 
only in the far north, or at high elevations, lived much farther 
south or at substantially lower elevations 10,000–20,000 years 
ago, when conditions were colder. Present-day global warming 
is having similar effects. For example, many butterfly and bird 
species have shifted northward in recent decades (figure 59.30). 
 Many migratory birds arrive earlier at their summer 
breeding grounds than they did decades ago. Many insects and 
amphibians breed earlier in the year, and many plants flower 
earlier. In Australia, recent research shows that wild fruit fly 
populations have undergone changes in gene frequencies in the 
past 20 years, such that populations in cool parts of the country 
now genetically resemble ones in warm parts.
 Reef-building corals seem to have narrow margins of 
safety between the sea temperatures to which they are accus-
tomed and the maximum temperatures they can survive. Global 
warming seems already to be threatening some corals by induc-
ing mass “bleaching,” a disruption of the normal and necessary 
symbiosis between the cnidarians and algal cells.
 There are reasons to think that the effects of global warm-
ing on natural ecosystems today may, overall, be more severe 
than those of warming events in the distant past. One concern 
is that the rate of warming today is rapid, and therefore evolu-
tionary adaptations would need to occur over relatively few 
generations to aid the survival of species. Another concern is 
that natural areas no longer cover the whole landscape but of-
ten take the form of parks that are completely surrounded by 
cities or farms. The parks are at fixed geographic locations and 
in general cannot be moved. If climatic conditions in a park 
become unsuitable for its inhabitants, the park will cease to 
perform its function. Moreover, the areas in which the park in-

Figure 59.30   Butterfl y 
range shift. The distribution 
 of the speckled wood butterfl y, 
Pararge aegeria, in Great Britain 
in 1970–1997 (green)  included 
areas far to the north of the 
distribution in 1915–1939 (black).
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crops will be affected by increased frequencies of droughts. 
Moreover, although crops in north temperate regions may 
flourish with higher temperatures, many tropical crops are al-
ready growing at their maximal temperatures, so increased 
temperatures may lead to reduced crop yields.
 Also on the negative side, changes in rainfall patterns, 
temperature, pest distributions, and various other factors will 
require many adjustments. Such changes may come relatively 
easily for farmers in the developed world, but the associated 
costs may be devastating for those in the developing countries.

Effects on human health
Increasingly frequent storms, flooding, and drought will have 
adverse consequences on human health. Aside from their direct 
effect, such events often disrupt the fragile infrastructure of de-
veloping countries, leading to the loss of safe drinking water 
and other problems. As a result, epidemics of cholera and other 
diseases may be expected to occur more often.
 In addition, as temperatures rise, areas suitable for tropi-
cal organisms will expand northward. Of particular concern are 
those organisms that cause human diseases. Many diseases cur-
rently limited to tropical areas may expand their range and be-
 come problematic in nontropical countries. Diseases transmitted 
by mosquitoes, such as malaria (see chapter 29),  dengue fever, 
and several types of encephalitis, are examples. The distribution 
of mosquitoes is limited by cold; winter freezes kill many mos-
quitoes and their eggs. As a result, malaria only occurs in areas 
where temperatures are usually above 16°C, and yellow fever 
and dengue fever, transmitted by a different mosquito species 
from malaria, occur in areas where temperatures are normally 
above 10°C. Moreover, at higher temperatures, the malaria 
pathogen matures more rapidly.
 Malaria already kills 1 million people every year; some 
projections suggest that the percentage of the human population 
at risk for malaria may increase by 33% by the end of the 21st 
century. Moreover, as predicted, malaria already appears to be on 
the move. By 1980, malaria had been eradicated from all of the 
United States except California, but in recent years it has ap-
peared in a variety of southern, and even a few northern, states.

 Dengue fever (sometimes called “breakbone fever” be-
cause of the pain it causes) is also spreading. Previously a dis-
ease restricted to the tropics and subtropics, where it infects 50 
to 100 million people a year , it now occurs in the United States, 
southern South America, and northern Australia.
 One of the most alarming aspects of these diseases is that 
no vaccines are available. Drug treatment is available (for ma-
laria), but the parasites are rapidly evolving resistance and ren-
dering the drugs ineffective. There is no drug treatment for 
dengue fever.

Solving the problem
The release of the IPCC’s fourth assessment in 2007 may 
come to be seen as a turning point in humanity’s response to 
climate change. Global warming is now recognized, even by 
former skeptics, as an ongoing phenomenon caused in large 
part by human actions. Even formerly recalcitrant govern-
ments now seem poised to take action, and corporations are 
recognizing the opportunities provided by the need to re-
verse human impacts. The resulting “green” technologies and 
practices are becoming increasingly common. With concert-
ed efforts from citizens, corporations, and governments, the 
more serious consequences of global climate change  hope-
fully can be averted, just as ozone depletion was reversed in 
the last century.

Learning Outcomes Review 59.6
Carbon dioxide is a signifi cant greenhouse gas, meaning that it prevents 
heat from escaping the Earth so that temperatures rise. Global warming 
caused by changes in atmospheric composition—most notably CO2 
accumulation—may increase desertifi cation and cause some habitats and 
species to disappear. Global warming may also melt ice caps and glaciers, 
altering coastlines as water levels rise. Violent weather events, disruption 
of water availability, and fl ooding of low-lying areas, as well as increased 
incidence of tropical diseases, may also occur.

 ■ In what ways does global climate change pose different 
questions from those posed by ozone depletion?

59.1 Ecosystem Eff ects of Sun, Wind, and Water
 Solar energy and the Earth’s rotation aff ect atmospheric circulation.
The amount of solar radiation reaching the Earth’s surface has a 
great effect on climate. The seasons result from changes in the 
Earth’s position relative to the Sun (see fi gure 59.1). Hot air with its 
increased water content rises at the equator, then cools and loses its 
moisture, creating the equatorial rain forests (see fi gure 59.3).
As the drier cool air of the upper atmosphere moves away from the 
equator and then descends to Earth, it removes moisture from the 
Earth’s surface and creates deserts on its way back to the equator.

Winds travel in curved paths relative to the Earth’s surface because 
the Earth rotates on its axis (the Coriolis effect; see fi gure 59.3).

Global currents are largely driven by winds (see fi gure 59.4).
Four large circular gyres in ocean currents can be found, driven by 
wind direction. These also are infl uenced by the Coriolis effect.

Regional and local diff erences aff ect terrestrial ecosystems.
A rain shadow occurs when a range of mountains removes moisture 
from air moving over it from the windward side, creating a drier 
environment on the opposite side (see fi gure 59.5).

Chapter Review
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For every 1000-m increase in elevation, temperature drops 
approximately 6°C (see fi gure 59.6).
Microclimates are small-scale differences in conditions.

59.2 Earth’s Biomes
Temperature and moisture often determine biomes.
Average annual temperature and rainfall, as well as the range of 
seasonal variation, determine different biomes. Eight major types 
of biomes are recognized.

Tropical rain forests are highly productive equatorial systems.

Savannas are tropical grasslands  with seasonal rainfall.

Deserts are regions with little rainfall.

Temperate grasslands have rich soils.

Temperate deciduous forests are adapted  to seasonal change.

Temperate evergreen forests are coastal.

Taiga is the northern forest where  winters are harsh.

Tundra is a largely frozen treeless area  with a short growing season.

59.3 Freshwater Habitats
Life in freshwater habitats depends on oxygen availability.
Oxygen is not very soluble in water. Oxygen is constantly added by 
photosynthesis of aquatic plants and removed by heterotrophs.

Lake and pond habitats change with water depth.
The photic zone, near the surface, is the zone of primary 
productivity; its depth varies with water clarity  (see fi gure 59.12).
In the summer, the warmer water (epilimnion) fl oats on top of the 
colder water (hypolimnion). Freshwater lakes turn over twice a year 
as the temperature at the surface and at depth become the same, and 
the layers are set in motion by wind (see fi gure 59.13).

Lakes diff er in oxygen and nutrient content.
Oligotrophic lakes have high oxygen and low nutrients, whereas 
eutrophic lakes are the opposite.

59.4 Marine Habitats
The ocean is divided into several zones: intertidal, neritic, photic, 
benthic, and pelagic zones (see fi gure 59.15).

Open oceans have low primary productivity.
Phytoplankton is the primary producer in open waters, and primary 
production is low due to low nutrient levels.

Continental shelf ecosystems provide abundant resources.
Neritic waters are found over continental shelves and have higher 
nutrient levels (see fi gure 59.15). Estuaries frequently contain rich 

intertidal zones. Other ecosystems include productive banks on 
continental shelves and symbiotic coral reef ecosystems.

Upwelling regions experience mixing of nutrients and oxygen.
In upwelling regions, local winds bring up nutrient-rich deep waters, 
creating the highest rates of primary production. El Niño events 
occur when Trade Winds weaken, restricting upwelling to surface 
waters rather than to the deeper nutrient-rich waters.

The deep sea is a cold, dark place with some fascinating communities.
The deep sea is the single largest habitat. Hydrothermal vent 
communities occur where tectonic plates are moving apart; 
chemoautotrophs living there obtain energy from oxidation of sulfur.

59.5 Human Impacts on the Biosphere: 
Pollution and Resource Depletion

Dangerous chemicals like DDT are biomagnifi ed as energy moves up 
the food chain (see fi gure 59.20).

Freshwater habitats are threatened by pollution and resource depletion.
Point-source and diffuse pollution, acid precipitation, and overuse 
threaten freshwater habitats (see fi gure 59.21).

Forest ecosystems are threatened in tropical and temperate regions.
Deforestation leads to loss of habitat, disruption of the water cycle, 
and loss of nutrients. Acid rain has a major detrimental effect on 
forests as well as on lakes and streams (see fi gure 59.23).

Marine habitats are being depleted of fi sh and other species.
Many fi sheries, such as the Georges Bank ecosystem, have collapsed 
and have not recovered.

Stratospheric ozone depletion has led to an ozone “hole.”
Increased transmission of UV-B radiation is harmful to life. Global 
regulation of CFCs seems to be reversing ozone depletion.

59.6 Human Impacts on the Biosphere: 
Climate Change

Independent computer models predict global changes.

Carbon dioxide is a major greenhouse gas.
Carbon dioxide allows solar radiation to pass through the atmosphere 
but prevents heat from leaving the Earth, creating warmer conditions.

Global temperature change has aff ected ecosystems in the past and is 
doing so now.
If temperatures change rapidly, natural selection cannot occur rapidly 
enough to prevent many species from becoming extinct.

Global warming aff ects human populations as well.
Changing sea levels, increased frequency of extreme climatic events, 
direct and indirect effects on agriculture, and the expansion of tropical 
diseases can all affect human life.
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U N D E R S T A N D
 1. The Coriolis effect

a. drives the rotation of the Earth.
b. is responsible for the relative lack of seasonality at the equator.
c. drives global wind circulation patterns.
d. drives global wind and ocean circulation patterns.

 2. What two factors are most important in biome distribution?
a. Temperature and latitude
b. Rainfall and temperature
c. Latitude and rainfall
d. Temperature and soil type

 3. In a rain shadow, air is cooled as it rises and heated as it 
descends, often producing a wet and dry side because the water-
holding capacity of the air
a. is directly related to air temperature.
b. is inversely related to air temperature.
c. is unaffected by air temperature.
d. produces changes in air temperature.

 4. Thermal stratifi cation in a lake
a. is not modifi ed by fall and spring overturn.
b. leads to higher oxygen in deep versus surface waters.
c. leads to higher oxygen in surface versus deep waters.
d. is reduced when ice forms on the surface of the lake.

 5.  Oligotrophic lakes have
a. low oxygen, and high nutrient availability.
b. high oxygen, and high nutrient availability.
c. high oxygen, and low nutrient availability.
d. low oxygen, and low nutrient availability.

 6. Deep-sea hydrothermal vent communities
a. get their energy from photosynthesis in the photic zone 

near the surface.
b. use bioluminescence to generate food.
c. are built on the energy produced by the activity

of chemoautotrophs that oxidize sulfur.
d. contain only bacteria and other microorganisms.

 7. Biological magnifi cation  occurs when
a. pollutants increase in concentration in tissues at higher 

trophic levels.
b. the effect of a pollutant is magnifi ed by chemical 

interactions within organisms.
c. an organism is placed under a dissecting scope.
d. a pollutant has a greater than expected effect once ingested 

by an organism.
 8. Which of the following is a point source of pollution?

a. Lawns
b. Smokestacks of coal-fi red power plants
c. Factory effl uent pipe draining into a river
d. Acid rain

A P P L Y
 1.  If the Earth were not tilted on its axis of rotation, the annual 

cycle of seasons in the northern and southern hemispheres
 a. would be reversed. c. would be reduced.
b. would stay the same. d. would not exist.

 2. Oligotrophic lakes can be turned into eutrophic lakes as a result 
of human activities such as
a. overfi shing of sensitive species, which disrupts fi sh 

communities.
b. introducing nutrients into the water, which stimulates plant 

and algal growth.
c. disrupting terrestrial vegetation near the shore, which 

causes soil to run into the lake.
d. spraying pesticides into the water to control aquatic 

insect populations.
 3. If a pesticide is harmless at low concentrations (such as, DDT) 

and used properly, how can it become a threat to nontarget 
organisms?
a.  Because after exposure to DDT, some species develop 

allergic reactions even at low levels of exposure
b.   Because DDT molecules can combine so that their 

concentration increases through time
c.  Because the concentration of chemicals such as DDT is 

increasingly concentrated at higher trophic levels
d. Because global warming and exposure to UV-B radiation 

renders molecules such as DDT increasingly potent
 4. If there are many greenhouse gases, why is only carbon dioxide 

considered a cause of global warming?
a. The other gases do not cause global warming.
b. Scientists are concerned about other causes; for example, 

release of methane from melting permafrost could have 
signifi cant effects on global warming.

c.  Other gases occur in such low quantities that they have 
little effect on the climate.

d. Carbon dioxide is the only gas that absorbs long-
wavelength infrared radiation.

S Y N T H E S I Z E
 1. Discuss how fi gure 59.1 explains the pattern observed in 

fi gure 59.2.

 2. Why are most of the Earth’s deserts found at approximately 
30° latitude?

 3. If the world has experienced global warming many times in the 
past, why should we be concerned about it happening again now?

Review Questions

O N L I N E  R E S O U R C E

www.ravenbiology.com
Understand, Apply, and Synthesize—enhance your study with 
animations that bring concepts to life and practice tests to assess 
your understanding. Your instructor may also recommend the 
interactive eBook, individualized learning tools, and more.
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Chapter 60
 Conservation 
Biology 

Introduction

Among the greatest challenges facing the biosphere is the accelerating pace of species extinctions. Not since the end of 
the Cretaceous period 65 MYA have so many species become extinct in so short a time span. This challenge has led to the 
emergence of the discipline of conservation biology. Conservation biology is an applied science that seeks to learn how to 
preserve species, communities, and ecosystems. It studies the causes of declines in species richness and attempts to develop 
methods for preventing such declines. In this chapter, we first examine the biodiversity crisis and its importance. Then, using 
case histories, we identify and study factors that have played key roles in many extinctions. We finish with a review of 
recovery efforts at the species and community levels.

Chapter Outline

60.1 Overview of the Biodiversity Crisis

60.2 The Value of Biodiversity

60.3 Factors Responsible for Extinction

60.4 Approaches for Preserving Endangered 
Species and Ecosystems

CHAPTER
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Apago PDF Enhancer Figure 60.1   North America before 
human inhabitants. Animals found in 
North America prior to the arrival of 
humans included birds and large mammals, 
such as the ancient North American camel, 
saber-toothed cat, giant ground sloth, and 
teratorn vulture. 

60.1 Overview of the 
Biodiversity Crisis

Learning Outcomes
Describe the history of extinction through time.1. 
Explain the importance of hotspots to biodiversity 2. 
conservation.

Extinction is a fact of life. Most species—probably all—become 
extinct eventually. More than 99% of species known to science 
(most from the fossil record) are now extinct. Current rates of 
extinction are alarmingly high, however. Taking into account 
the current rapid and accelerating loss of habitat, especially in 
the tropics, it has been calculated that as much as 20% of the 
world’s biodiversity may be lost by the middle of this century. 
In addition, many of these species may be lost before we are 
even aware of their existence. Scientists estimate that no more 
than 15% of the world’s eukaryotic organisms have been dis-
covered and given scientific names, and this proportion is prob-
ably much lower for tropical species.
 These losses will affect more than poorly known groups. 
As many as 50,000 species of the world’s total of 250,000 spe-
cies of plants, 4000 of the world’s 20,000 species of butterflies, 
and nearly 2000 of the world’s 8600 species of birds could be 
lost during this period. Considering that the human species has 

been in existence for less than 200,000 years of the world’s 
4.5-billion-year history, and that our ancestors developed agri-
culture only about 10,000 years ago, this is an astonishing—and 
dubious—accomplishment.

Prehistoric humans were  responsible 
for local extinctions
A great deal can be learned about current rates of extinction by 
studying the past. In prehistoric times, members of Homo sapiens
wreaked havoc whenever they entered a new area. For example, 
at the end of the last Ice Age, approximately 12,000 years ago, 
the fauna of North America was composed of a diversity of large 
mammals similar to those living in Africa today: mammoths and 
mastodons, horses, camels, giant ground sloths, saber-toothed 
cats, and lions, among others  (figure 60.1) . 
 Shortly after humans arrived, 74% to 86% of the mega-
fauna (that is, animals weighing more than 100 lb) became ex-
tinct. These extinctions are thought to have been caused by 
hunting and, indirectly, by burning and clearing of forests. 
(Some scientists attribute these extinctions to climate change, 
but that hypothesis doesn’t explain why the ends of earlier Ice 
Ages were not associated with mass extinctions, nor does it ex-
plain why extinctions occurred primarily among larger animals, 
with smaller species being relatively unaffected.)
 Around the globe, similar results have followed the ar-
rival of humans. Forty thousand years ago, Australia was occu-
pied by a wide variety of large animals, including marsupials 
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T A B L E  6 0 . 1 Recorded Extinctions Since 1600 
R E C O R D E D  E X T I N C T I O N S

Approximate Number 
of Species

Percent of Taxon 
ExtinctTaxon Mainland Island Ocean Total

Mammals 30 51 4 85 4,000  2.1

Birds 21 92 0 113 8,600  1.3

Reptiles 1 20 0 21 6,300  0.3

Fish 22 1 0 23 24,000  0.1

Invertebrates* 49 48 1 98 1,000,000+  0.01

Flowering plants 245 139 0 384 250,000  0.2

*Number of extinct invertebrates is probably greatly underestimated due to lack of knowledge for many species (other groups are probably underestimated to a lesser extent for the same reason).

the 85 species of mammals that have gone extinct in the last 
400 years, 60% lived on islands. The particular vulnerability of 
island species probably results from a number of factors: Such 
species have often evolved in the absence of predators, and so 
have lost their ability to escape both humans and introduced 
predators such as rats and cats. In addition, humans have intro-
duced competitors and diseases; malaria, for example, has dev-
astated the bird fauna of the Hawaiian Islands. Finally, island 
populations are often relatively small, and thus particularly vul-
nerable to extinction, as we shall see later in this chapter.
 In recent years, the extinction crisis has moved from is-
lands to continents. Most species now threatened with extinc-
tion occur on continents, and these areas will bear the brunt of 
the extinction crisis in this century.
 Some people have argued that we should not be con-
cerned, because extinctions are a natural event and mass ex-
tinctions have occurred in the past. Indeed, mass extinctions 
have taken place several times over the past half-billion years 
(see figure 22.18).  However, the current mass extinction event 
is notable in several respects. First, it is the only such event 
triggered by a single species (us!). Moreover, although species 
diversity usually recovers after a few million years (as discussed 
in chapter 22),  this is a long time to deny our descendants the 
benefits and joys of biodiversity.
 In addition, it is not clear that biodiversity will rebound 
this time. After previous mass extinctions, new species have 
evolved to utilize resources newly available due to extinctions of 
the species that previously used them. Today, however, such re-
sources are unlikely to be available, because humans are destroy-
ing the habitats and taking the resources for their own use.

Endemic species hotspots 
are especially threatened
A species found naturally in only one geographic area and no 
place else is said to be endemic  to that area. The area over which 
an endemic species is found may be very large. For example, the 
black cherry tree (Prunus serotina) is endemic to all of temper-
ate North America. More typically, however, endemic species 
occupy restricted ranges. The Komodo dragon (Varanus 

similar in size and ecology to hippos and leopards, a kangaroo 
9 ft tall, and a 20-ft-long monitor lizard. These all disappeared 
at approximately the same time as humans arrived.
 Smaller islands have also been devastated. Madagascar has 
seen the extinction of at least 15 species of lemurs, including one 
the size of a gorilla; a pygmy hippopotamus; and the flightless 
elephant bird, Aepyornis, the largest bird to ever live (more than 
3 m tall and weighing 450 kg). On New Zealand, 30 species of 
birds went extinct, including all 13 species of moas, another 
group of large, flightless birds. Interestingly, one continent that 
seems to have been spared these megafaunal extinctions is Africa. 
Scientists speculate that this lack of extinction in prehistoric Af-
rica may have resulted because much of human evolution oc-
curred in Africa. Consequently, African species had been 
coevolving with humans for several million years and thus had 
evolved counteradaptations to human predation.

Extinctions have continued in historical time
Historical extinction rates are best known for birds and mam-
mals because these species are conspicuous—that is, relatively 
large and well studied. Estimates of extinction rates for other 
species are much rougher. The data presented in table 60.1 ,  
based on the best available evidence, show recorded extinctions 
from 1600 to the present. These estimates indicate that about 
85 species of mammals and 113 species of birds have become 
extinct since the year 1600. That is about 2.1% of known mam-
mal species and 1.3% of known birds.
 The majority of extinctions have occurred in the last 150 
years: one species every year during the period from 1850 to 1950, 
and four species per year between 1986 and 1990. This increase in 
the rate of extinction is the heart of the biodiversity crisis.
 Unfortunately, the situation is worsening. For example, 
the number of bird species recognized as “critically endan-
gered” increased 8% from 1996 to 2000, and a recent report 
suggested that as many as half of Earth’s plant species may be 
threatened with extinction. Some researchers predict that 
two-thirds of all vertebrate species could perish by the end of 
this century.
 The majority of historic extinctions—though by no 
means all of them—have occurred on islands. For example, of 
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Figure 60.3  Hotspots of high endemism. These areas are rich in endemic species under threat of imminent extinction.

Figure 60.2  Mauna Kea silversword (Argyroxiphium 
sandwicense). Many species of silverswords are endemic to very 
small areas. This photo illustrates two stages in the plant’s life cycle.

which in total contain nearly half of all the terrestrial species 
in the world.
 Why these areas contain so many endemic species is a topic 
of active scientific research. Some of these hotspots occur in ar-
eas of high species diversity; for these hotspots, the explanations 
for high species diversity in general, such as high productivity, 
probably apply (see chapter 58). In addition, some hotspots occur 

komodoensis) lives only on a few small islands in the Indonesian 
archipelago, and the Mauna Kea (Argyroxiphium sandwicense) 
and Haleakala silverswords (A. s. macrocephalum) each lives in a 
single volcano crater on the island of Hawaii (figure 60.2).   Iso-
lated geographic areas, such as oceanic islands, lakes, and moun-
tain peaks, often have high percentages of endemic species, 
many in significant danger of extinction.
 The number of endemic plant species can vary greatly 
from one place to another. In the United States, for example, 
379 plant species are found in Texas and nowhere else, whereas 
New York has only one endemic plant species. California, with 
its varied array of habitats, including deserts, mountains, sea-
coast, old-growth forests, and grasslands, is home to more en-
demic plant species than any other state.

Species hotspots
Worldwide, notable concentrations of endemic species occur 
in particular regions. Conservationists have recently identi-
fied areas, termed hotspots,  that have high endemism and  are 
disappearing at a rapid rate. Such hotspots include Madagas-
car, a variety of tropical rain forests, the eastern Himalayas, 
areas with Mediterranean climates such as California, South 
Africa, and Australia, and several other areas (figure 60.3 and 
table 60.2).   Overall, 25 such hotspots have been identified, 

chapter 60 Conservation Biology 1259www.ravenbiology.com

rav32223_ch60_1256-1280.indd   1259rav32223_ch60_1256-1280.indd   1259 11/20/09   3:08:15 PM11/20/09   3:08:15 PM

www.as
warp

hy
sic

s.w
ee

bly
.co

m

www.ravenbiology.com


Apago PDF EnhancerWestern Ghats & Sri Lanka 

Philippines 

Caribbean 

Sundaland 

Mediterranean Basin 

California Floristic Province 

Guinean Forests of West Africa 

Indo-Burma 

Atlantic Forest Region 

Caucasus 

Polynesia & Micronesia 

Mesoamerica 

Wallacea 

Eastern Arc Mountains & Coastal Forests 

Chocó 

Cape Floristic Province  

Tropical Andes 

Central Chile 

Madagascar & Indian Ocean Islands 

Mountains of South-Central China 

Southwestern Australia 

New Zealand 

New Caledonia 

Brazilian Cerrado 

Succulent Karoo 

 

Chocó 

Tropical Andes 

Madagascar & Indian Ocean Islands 

Guinean Forests of West Africa 

Brazilian Cerrado 

Mesoamerica 

Eastern Arc Mountains & Coastal Forests 

Philippines 

Sundaland 

New Caledonia 

Cape Floristic Province 

Succulent Karoo 

Wallacea 

Atlantic Forest Region 

Southwestern Australia 

Indo-Burma 

Mountains of South-Central China 

Western Ghats & Sri Lanka 

Central Chile 

Mediterranean Basin 

Polynesia & Micronesia 

Caribbean 

California Floristic Province 

New Zealand 

Caucasus 

 

World  
population  
density: 
42 people  
per square 
km. 
 

World    
popula- 
tion  
growth  
rate: 
1.2 % 
per year  
 

Population Density 
(people per square km.) 

0 100 200 300 
Population Growth 

(annual rate) 

1% 

 

2% 

 

3% 

 

4% 

 

a. b. 

T A B L E  6 0 . 2 Numbers of Endemic Species in Some Hotspot Areas

Region Mammals Reptiles Amphibians Plants

Atlantic coastal forest (Brazil) 160 60 253 6,000

South American Chocó 60 63 210 2,250

Philippines 115 159 65 5,832

Tropical Andes 68 218 604 20,000

Southwestern Australia 7 50 24 4,331

Madagascar 84 301 187 9,704

Cape region (South Africa) 9 19 19 5,682

California Floristic Province 30 16 17 2,125

New Caledonia 6 56 0 2,551

South-Central China 75 16 51 3,500

Figure 60.4  
Human 
populations 
in hotspots. 
a.  Human 
population density 
and (b) population 
growth rate in 
biodiversity hotspots.

Inquiry 
question

? Why do 
population 
density and 
growth rates 
differ among 
hotspots?

heritage. Or, to look at it another way, by protecting just 1.4% 
of the world’s land surface, 44% of the world’s vascular plants 
and 35% of its terrestrial vertebrates can be preserved.
 Unfortunately, hotspots contain not only many endem-
ic species, but also growing human populations. In 1995, 
these areas contained 1.1 billion people—20% of the world’s 
population—sometimes at high densities (figure 60.4a) . More 
important, human populations were growing in all but one of 
these hotspots both because birth rates are much higher than 

on isolated islands, such as New Zealand, New Caledonia, and 
the Hawaiian Islands, where evolutionary diversification over 
long periods has resulted in rich biotas composed of plant and 
animal species found nowhere else in the world.

Human population growth in hotspots
Because of the great number of endemic species that hotspots 
contain, conserving their biological diversity must be an impor-
tant component of efforts to safeguard the world’s biological 
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a. b.

Figure 60.5  Plants of pharmaceutical importance.
a. Two drugs extracted from the  rosy periwinkle (Catharanthus 

roseus), vinblastine and vincristine, effectively treat common forms 
of childhood leukemia, increasing chances of survival from 20% to 
over 95%. b. Cancer-fi ghting drugs, such as taxol, have been 
developed from the bark of the Pacifi c yew (Taxus brevifolia).

60.2 The Value of Biodiversity

Learning Outcomes
Distinguish between the direct and indirect economic 1. 
value of biodiversity.
Explain what is meant by the aesthetic value 2. 
of biodiversity.

Why should we worry about loss of biodiversity? The reason is 
that biodiversity is valuable to us in a number of ways:

■ Direct economic value of products we obtain from species 
of plants, animals, and other groups

■ Indirect economic value of benefits produced by species 
without our consuming them

■ Ethical and aesthetic values

death rates and because rates of immigration into these areas 
are often high. Overall, the rate of growth exceeded the glob-
al average in 19 hotspots (figure 60.4b). In some hotspots, the 
rate of growth is nearly twice that of the rest of the world.
 Not surprisingly, many of these areas are experiencing 
high rates of habitat destruction as land is cleared for agricul-
ture, housing, and economic development. More than 70% of 
the original area of each hotspot has already disappeared, and 
in 14 hotspots, 15% or less of the original habitat remains. In 
Madagascar, it is estimated that 90% of the original forest has 
already been lost—this on an island where 85% of the species 
are found nowhere else in the world. In the forests of the Atlan-
tic coast of Brazil, the extent of deforestation is even higher:  
95% of the original forest is gone.
 Population pressure is not the only cause of habitat de-
struction in hotspots. Commercial exploitation to meet the de-
mands of more affluent people in the developed world also plays 
an important role. For example, large-scale logging of tropical 
rain forests occurs in countries around the world to provide 
lumber, most of which ends up in the United States, western 
Europe, and Japan. Similarly, many forests in Central and South 
America are cleared to make way for cattle ranches that produce 
cheap meat for fast-food restaurants. Hotspots in more affluent 
countries are often at risk because they occur in areas where 
land has great value for real estate and commercial purposes, 
such as in Florida and California in the United States.

Learning Outcomes Review 60.1
The most recent losses of biodiversity have resulted from human activities, 
in both prehistoric and historical times. Endemic species are found in only 
a single region on Earth; regions with a high number of endemic species, 
known as hotspots, are particularly threatened by human encroachment 
and their preservation is critical.

 ■ Why does so much resource exploitation occur in areas 
that are biodiversity hotspots? 

The direct economic value of biodiversity 
includes resources for our survival
Many species have direct value as sources of food, medicine, 
clothing, biomass (for energy and other purposes), and shelter. 
Most of the world’s food crops, for example, are derived from a 
small number of plants that were originally domesticated from 
wild plants in tropical and semiarid regions. As a result, many of 
our most important crops, such as corn, wheat, and rice, contain 
relatively little genetic variation (equivalent to a founder effect; 
see chapter 20), whereas their wild relatives have great diversity.
 In the future, genetic variation from wild strains of these 
species may be needed if we are to improve yields or find a way 
to breed resistance to new pests. In fact, recent agricultural 
breeding experiments have illustrated the value of conserving 
wild relatives of common crops. For example, by breeding com-
mercial varieties of tomato with a small, oddly colored wild to-
mato species from the mountains of Peru, scientists were able 
to increase crop yields by 50%, while increasing both nutri-
tional content and color.
 About 70% of the world’s population depends directly on 
wild plants as their source of medicine. In addition, about 40% 
of the prescription and nonprescription drugs used today have 
active ingredients extracted from plants or animals. Aspirin, the 
world’s most widely used drug, was first extracted  from the 
leaves of the tropical willow, Salix alba. The rosy periwinkle 
from Madagascar has yielded potent drugs for combating child-
hood leukemia (figure 60.5) , and drugs effective in treating 
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Figure 60.6  The economic value of maintaining 
habitats. a. Mangroves in Thailand are more valuable than 
shrimp farms. b. Rain forests in Cameroon provide more economic 
benefi ts if they are left standing than if they are destroyed and the 
land used for other purposes.

Inquiry question

? If shrimp farms established on cleared mangrove habitats 
make money, how can clearing mangroves not be an 
economic plus?

several forms of cancer and other diseases have been produced 
from the Pacific yew.  Overall, 62% of cancer drugs were devel-
oped from products derived from plants and animals.
 Only recently have biologists perfected the techniques 
that make possible the transfer of genes from one species to 
another. We are just beginning to use genes obtained from 
other species to our advantage (see chapter 15).  So-called 
“gene prospecting” of the genomes of plants and animals for 
useful genes has only begun. We have been able to examine 
only a minute proportion of the world’s organisms to see 
whether any of their genes have useful properties for humans.
 By conserving biodiversity, we maintain the option of 
finding useful benefits in the future. Unfortunately, many of 
the most promising species occur in habitats, such as tropical 
rain forests, that are being destroyed at an alarming rate.

Indirect economic value is derived 
from ecosystem services
Diverse biological communities are of vital importance to 
healthy ecosystems. They help maintain the chemical quality of 
natural water, buffer ecosystems against storms and drought, 
preserve soils and prevent loss of minerals and nutrients, mod-
erate local and regional climate, absorb pollution, and promote 
the breakdown of organic wastes and the cycling of minerals.
 In chapter 58, we discussed the evidence that the stability 
and productivity of ecosystems is related to species richness. By 
destroying biodiversity, we are creating conditions of instability 
and lessened productivity and promoting desertification,  water-
logging, mineralization, and many other undesirable outcomes 
throughout the world.

The value of intact habitats
Economists have recently been able to compare the societal 
value, in monetary terms, of intact habitats compared with the 
value of destroying those habitats. Surprisingly, in most studies 
conducted so far, intact ecosystems are more valuable than the 
products derived by destroying them. In Thailand, as one ex-
ample, coastal mangrove habitats are commonly cleared so that 
shrimp farms can be established. Although the shrimp produced 
are valuable, their value is vastly outweighed by the benefits in 
timber, charcoal production, offshore fisheries, and storm pro-
tection provided by the mangroves (figure 60.6a). 
 Similarly, intact tropical rain forest in Cameroon, West 
Africa, provides fruit and other forest materials. Clearing the 
forest for agriculture or palm plantations leads to stream- 
polluting erosion as well as increased flooding. Combining all 
the costs and benefits of the three options, maintaining intact 
forests has the highest economic value (figure 60.6b).

Case study: New York City watersheds
Probably the most famous example of the value of intact eco-
systems is provided by the watersheds of New York City. Ninety 
percent of the water for the New York area’s 9 million residents 
comes from the Catskill Mountains and the nearby headwaters 
of the Delaware River (figure 60.7) . Water that runs off from 
over 4000 km2 of rural, mountainous areas is collected into res-
ervoirs and then transported by aqueduct more than 136.8 km 
to New York City at a rate of 4.9 billion liters per day.
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Figure 60.7   New York City’s water source. New York 
gets its water from distant rain catchments. Preserving the 
ecological integrity of these areas is cheaper than building new 
water treatment plants.

 The same argument can be made for preserving par-
ticular species within ecosystems. Given how little we know 
about the biology of most species, particularly in the trop-
ics, it is impossible to predict all the consequences of re-
moving a species.
 Imagine taking a parts list for an airplane and randomly 
changing a digit in one of the part numbers. You might change 
a seat cushion into a roll of toilet paper—or you might just as 
easily change a key bolt holding up a wing into a pencil. By re-
moving biodiversity, we are gambling with the future of the 
ecosystems on which we depend and whose functioning we un-
derstand very little.
 In recent years, the field of ecological economics has de-
veloped to study how the societal benefits provided by species 
and ecosystems can be appropriately valued. The problem is 
twofold. First, until recently, we have not had a good estimate 
of the monetary value of services provided by ecosystems, a 
situation which, as you’ve just seen, is now changing.
 The second problem, however, is that the people who 
gain the benefits of environmental degradation are often not 
the same as the people who pay the costs. For instance, in the 
Thai mangrove example, the shrimp farmers reap the financial 
rewards, while the local people bear the costs. The same is true 
of factories that produce air or water pollution. Environmental 
economists are devising ways to appropriately value and regu-
late the use of the environment in ways that  maximize the ben-
efits relative to the costs to society as a whole.

Ethical and aesthetic values are based  on our 
conscience and our consciousness
Many people believe that preserving biodiversity is an ethical 
issue because every species is of value in its own right, even if 
humans are not able to exploit or benefit from it. These people 
feel that along with the power to exploit and destroy other spe-
cies comes responsibility: As the only organisms capable of 
eliminating large numbers of species and entire ecosystems, 
and as the only organisms capable of reflecting on what we are 
doing, humans should act as guardians or stewards for the di-
versity of life around us.
 Almost no one would deny the aesthetic value of biodi-
versity—a wild mountain range, a beautiful flower, or a noble 
elephant—but how do we place a value on beauty or on the 
renewal many of us feel when we are in natural surroundings? 
Perhaps the best we can do is to consider the deep sense of loss 
we would feel if it no longer existed.

Learning Outcomes Review 60.2
The direct value of biodiversity includes resources for our survival, such as 
natural products and medicines that enhance our lives and  can be used in 
a sustainable way. Indirect value includes economic benefi ts provided by 
healthy ecosystems, such as availability of clean water and recreational 
benefi ts. The aesthetic value of biodiversity refers to our sense of beauty 
and peace when experiencing a natural environment.

 ■ What arguments could you use to convince shrimp 
farmers to stop operations and remediate the area they 
are using?

 In the 1990s, New York City faced a dilemma. New fed-
eral water regulations were requiring ever cleaner water, even 
as development and pollution in the source areas of the water 
were threatening to compromise water quality. The city had 
two choices: either work to protect the functioning ecosystem 
so that it could produce clean water, or construct filtration 
plants to clean it on arrival. Economic analysis made the choice 
clear: Building the plants would cost $6 billion, with annual 
operating costs of $300 million, whereas spending a billion dol-
lars over 10 years could preserve the ecosystem and maintain 
water purity. The decision was easy.

Economic trade-offs
These examples provide some idea of the value of the ser-
vices that ecosystems provide. But maintaining ecosystems is 
not always more valuable than converting them to other 
uses. Certainly, when the United States was being settled 
and land was plentiful, ecosystem conversion was beneficial. 
Even today, habitat destruction sometimes is economically 
desirable. Nonetheless, we still have only a rudimentary 
knowledge of the many ways intact ecosystems provide ser-
vices. Often, it is not until they are lost that the value be-
comes clear, as unexpected negative effects, such as increased 
flooding and pollution, decreased rainfall, or vulnerability to 
hurricanes become apparent.
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T A B L E  6 0 . 3 Causes of Extinctions
P E R C E N T A G E  O F  S P E C I E S  I N F L U E N C E D  B Y  A  G I V E N  F A C T O R *

Group Habitat Loss Overexploitation Species Introduction Other Unknown

E X T I N C T I O N S

Mammals 19 23 20 2 36

Birds 20 11 22 2 45

Reptiles 5 32 42 0 21

Fish 35 4 30 4 48

T H R E A T E N E D  E X T I N C T I O N S

Mammals 68 54 6 20 —

Birds 58 30 28 2 —

Reptiles 53 63 17 9 —

Fish 78 12 28 2 —

*Some species may be infl uenced by more than one factor; thus, some rows may exceed 100%.

Figure 60.8  An extinct species. A breeding assemblage of the 
golden toad (Bufo periglenes) which was last seen in the wild in 1989.

Amphibians are on the decline: A case study
In 1963, herpetologist Jay Savage was hiking through pristine 
cloud forest in Costa Rica. Reaching a windswept ridge, he 
couldn’t believe his eyes. Before him was a huge aggregation of 
breeding toads. What was so amazing was the color of the toads: 
bright, eye-dazzling orange, unlike anything he had ever seen 
before (figure 60.8) .
 The color of the toads was so amazing and unexpected 
that Savage briefly considered the possibility that his colleagues 
had played a practical joke, getting to the clearing before him 
and somehow coloring normal toads orange. Realizing that this 
could not be, he went on to study the toads, eventually describ-
ing a species new to science, the golden toad, Bufo periglenes.
 For the next 24 years, large numbers of toads were 
seen during the breeding season each spring. Their home was 
legally recognized as the Monteverde Cloud Forest Reserve, 
a well- protected, intact, and functioning ecosystem, seemingly 

60.3 Factors Responsible 
for Extinction

Learning Outcomes
List the major causes of habitat destruction.1. 
Explain how these causes can interact to bring 2. 
about extinction.

A variety of causes, independently or in concert, are respon-
sible for extinctions (table 60.3).  Historically, overexploita-
tion was the major cause of extinction; although it is still a 
factor, habitat loss is the major problem for most groups 
today, and introduced species rank second. Many other fac-
tors can contribute to species extinctions as well, including 
disruption of ecosystem interactions, pollution, loss of ge-
netic variation, and catastrophic disturbances, either natural 
or human-caused.
 More than one of these factors may affect a species. In 
fact, a chain reaction is possible in which the action of one fac-
tor predisposes a species to be more severely affected by an-
other factor. For example, habitat destruction may lead to 
decreased birth rates and increased mortality rates. As a result, 
populations become smaller and more fragmented, making 
them more vulnerable to disasters such as floods or forest fires, 
which may eliminate populations. Also, as the habitat becomes 
more fragmented, populations become isolated, so that genetic 
interchange ceases and areas devastated by disasters are not re-
colonized. Finally, as populations become very small, inbreed-
ing increases, and genetic variation is lost through genetic drift, 
further decreasing population fitness. Which factor acts as the 
final coup de grace may be irrelevant; many factors, and the 
interactions between them, may have contributed to a species’ 
eventual extinction.
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Figure 60.9  Amphibian extinction crisis. Boxes indicate the number of threatened species around the world. These numbers are 
rapidly being revised upward as scientists focus their attention on little-known species, many of which turn out to be in grave danger. 

species have experienced decreases in population size, and one 
third of all amphibian species are threatened with extinction in 
countries as different as Ecuador, Venezuela, Australia, and the 
United States (figure 60.9). 
 Moreover, these numbers are probably underestimates; 
little information exists from many areas of the world, such as 
Southeast Asia and central Africa. Indeed researchers think that 
as many as 100 species from the island nation of Sri Lanka have 
recently gone extinct, perhaps not surprisingly because 95% of 
that nation’s rain forests have also disappeared in recent times.

Cause for concern
Amphibian declines are worrisome for several reasons. First, 
many of the species—including the golden toad—have declined 
in pristine, well-protected habitats. If species are becoming ex-
tinct in such areas, it brings into question our ability to preserve 
global biological diversity.
 Second, many amphibian species are particularly sensitive 
to the state of the environment because of their moist skin, 
which allows chemicals from the environment to pass into the 
body, and their use of aquatic habitats for larval stages, which 
requires unpolluted water. In other words, amphibians may be 
analogous to the canaries formerly used in coal mines to detect 

a successful model of conservation. Then, in 1988, few toads 
were seen, and in 1989, only a single male was observed. Since 
then, despite exhaustive efforts, no more golden toads have 
been found.
 Despite living in a well-protected ecosystem, with no ob-
vious threats from pollution, introduced species, overexploita-
tion, or any other factor, the species appears to have gone 
extinct, right under the eyes of watchful scientists and conser-
vationists. How could this happen?

Frogs in trouble
At the first World Herpetological Congress in 1989 in Canter-
bury, England, frog experts from around the world met to dis-
cuss conservation issues relating to frogs and toads. At this 
meeting, it became clear that the golden toad story was not 
unique. Experts reported case after case of similar losses: Frog 
populations that had once been abundant were now decreasing 
or entirely gone.
 Since then, scientists have devoted a great deal of time 
and effort to determining whether frogs and other amphibian 
species truly are in trouble and, if so, why. Unfortunately, the 
situation appears to be even worse than originally suspected. 
Amphibian experts recently reported that 43% of all amphibian 
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Figure 60.10  Extinction and habitat destruction. 
The rain forest covering the eastern coast of Madagascar, an island 
off the coast of East Africa, has been progressively destroyed and 
fragmented as the island’s human population has grown. Ninety 
percent of the eastern coast’s original forest cover is now gone. 
Many species have become extinct, and many others are threatened, 
including 16 of Madagascar’s 31 primate species. 

Figure 60.11  Extinction and island area. The data 
present percent extinction rates for populations as a function of 
habitat area for birds on a series of Finnish habitat islands. Smaller 
islands experience far greater extinction rates.

Inquiry question

? Why does extinction rate increase with decreasing island size?

problems with air quality: If the canaries keeled over, the 
miners knew they had to get out.
 Third, no single cause for amphibian declines is 
apparent. Although a single cause would be of concern, it 
would also suggest that a coordinated global effort could re-
verse the trend, as happened with chlorofluorocarbons and de-
creasing ozone levels (see chapter 59). However, different species 
are afflicted by different problems, including habitat destruc-
tion, the effects of global warming, pollution, decreased strato-
spheric ozone levels, disease epidemics, and introduced species.
 The implication is that the global environment is deterio-
rating in many different ways. Could amphibians be global “ca-
naries,” serving as indicators that the world’s environment is in 
serious trouble?

Habitat loss devastates species richness
As table 60.3 indicates, habitat loss is the most important cause 
of modern-day extinction. Given the tremendous amounts of 
ongoing destruction of all types of habitat, from rain forest to 
ocean floor, this should come as no surprise. Natural habitats 
may be adversely affected by humans in four ways:

  destruction,1. 
 pollution,2. 
 disruption, 3. and
 habitat fragmentation.4. 

   In addition to these causes, global climate change, dis-
cussed in the previous chapter, is an insidious threat that com-
bines many of these factors. As climate changes, habitats will 
change—or disappear entirely, as is the case for polar bears 
(Thalarctos maritimus), which require ice floes on which to hunt 
their seal prey. Some studies estimate that as many as 30% of all 
species may be imperiled by global warming.

Destruction of habitat
A proportion of the habitat available to a particular species may 
simply be destroyed. This destruction is a common occurrence 
in the “clear-cut” harvesting of timber, in the burning of tropi-
cal forest to produce grazing land, and in urban and industrial 
development. Deforestation has been, and continues to be, by 
far the most pervasive form of habitat disruption (figure 60.10).  
Many tropical forests are being cut or burned at a rate of 1% or 
more per year.
 To estimate the effect of reductions in habitat available 
to a species, biologists often use the well-established observa-
tion that larger areas support more species (see figure 58.22). 
Although this relationship varies according to geographic area, 
type of organism, and type of area, in general a 10-fold in-
crease in area leads to approximately a doubling in the number 
of species. This relationship suggests, conversely, that if the 
area of a habitat is reduced by 90%, so that only 10% remains, 
then half of all species will be lost. Evidence for this hypothesis 
comes from a study in Finland of extinction rates of birds on 
habitat islands (that is, islands of a particular type of habitat 
surrounded by unsuitable habitat) where the population ex-
tinction rate was found to be inversely proportional to island 
size (figure 60.11). 
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Figure 60.12  Fragmentation 
of woodland habitat. From the 
time of settlement of Cadiz Township, 
Wisconsin, the forest has been 
progressively reduced from a nearly 
continuous cover to isolated woodlots 
covering less than 1% of the 
original area.

Figure 60.13  A study of 
habitat fragmentation. 
Landowners in Manaus, Brazil, 
agreed to preserve patches of rain 
forest of different sizes to examine 
the effect of patch size on species 
extinction. Bio diversity was 
monitored in the isolated patches 
before and after logging. 
Fragmentation led to signifi cant 
species loss within patches. Army 
ants were one of the species that 
disappeared from smaller patches.

are not available, fragmentation of wildlife habitat in developed 
temperate areas is thought to be very substantial.
 As habitats become fragmented and shrink in size, the 
relative proportion of the habitat that occurs on the boundary, 
or edge, increases. Edge effects  can significantly degrade a 
population’s chances of survival. Changes in microclimate (such 
as temperature, wind, humidity) near the edge may reduce ap-
propriate habitat for many species more than the physical frag-
mentation suggests. In isolated fragments of rain forest, for 
example, trees on the edge are exposed to direct sunlight. As a 
result, these trees experience hotter and drier conditions than 
those normally encountered in the cool, moist forest interior, 
leading to negative effects on their survival and growth. In one 
study, the biomass of trees within 100 m of the forest edge de-
creased by 36% in the first 17 years after fragment isolation.
 Also, increasing habitat edges opens up opportunities for 
some parasite and predator species that are more effective at 
edges. As fragments decrease in size, the proportion of habitat 
that is distant from any edge decreases, and consequently, more 
and more of the habitat is within the range of these species. 
Habitat fragmentation is blamed for local extinctions in a wide 
range of species.
 The impact of habitat fragmentation can be seen clearly 
in a study conducted in Manaus, Brazil, where the rain forest 
was commercially logged. Landowners agreed to preserve 
patches of rain forest of various sizes, and censuses of these 
patches were taken before the logging started, while they were 
still part of a continuous forest. After logging, species began to 
disappear from the now-isolated patches (figure 60.13) . First 
to go were the monkeys, which have large home ranges. Birds 
that prey on the insects flushed out by marching army ants 
followed, disappearing from patches too small to maintain 
enough army ant colonies to support them. As expected, the 

Pollution
Habitat may be degraded by pollution to the extent that some 
species can no longer survive there. Degradation occurs as a 
result of many forms of pollution, from acid rain to pesticides. 
Aquatic environments are particularly vulnerable; for example, 
many northern lakes in both Europe and North America have 
been essentially sterilized by acid rain (see chapter 59).

Disruption
Human activities may disrupt a habitat enough to make it un-
tenable for some species. For example, visitors to caves in Ala-
bama and Tennessee caused significant population declines in 
bats over an 8-year period, some as great as 100%. When visits 
were fewer than one per month, less than 20% of bats were lost, 
but caves having more than four visits per month suffered pop-
ulation declines of 86% to 95%.
 More generally, humans often alter the interactions that 
occur among species, such as the predator–prey or symbiotic 
relationships discussed in chapter 57 . These disruptions can 
have far-ranging effects throughout an ecosystem. For example, 
when pollinating insects are killed off by insecticides, many 
plants do not reproduce, thus affecting all the animals that de-
pend on the plants and their seeds for food.

Habitat fragmentation
Loss of habitat by a species frequently results not only in low-
ered population numbers, but also in fragmentation of the pop-
ulation into unconnected patches (figure 60.12) . A habitat also 
may become fragmented in nonobvious ways, as when roads and 
habitation intrude into forest. The effect is to carve the popula-
tions living in the habitat into a series of smaller populations, 
often with disastrous consequences because of the relationship 
between range size and extinction rate. Although detailed data 
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Figure 60.14  The American redstart (Setophaga 
ruticilla) a migratory songbird. The numbers of this species 
are in serious decline. The graph presents data on the ratio of 13C to 
12C in male redstarts arriving at summer breeding grounds. Early 
arrivals, which have higher reproductive success, have lower 
proportions of 13C to 12C, indicating they wintered in more 
favorable mangrove–wetland forest habitats.

the substandard scrub leave later in the spring on the long flight 
to northern breeding grounds, arrive later at their summer 
homes, and have fewer young (figure 60.14). 
 The proportion of 13C in birds arriving in New Hamp-
shire breeding grounds increases as spring wears on and scrub-
 overwintering stragglers belatedly arrive. Thus, loss of 
mangrove habitat in the neotropics is having a quantifiable 
negative influence. As the best habitat disappears, overwinter-
ing birds fare poorly, and this leads to decreased reproduction 
and population declines.
 Unfortunately, the Caribbean lost about 10% of its man-
groves in the 1980s, and continues to lose about 1% per year. 
This loss of key habitat appears to be a driving force in the 
looming extinction of some songbirds.

Overexploitation wipes out species quickly
Species that are hunted or harvested by humans have histori-
cally been at grave risk of extinction, even when the species is 
initially very abundant. A century ago, the skies of North Amer-
ica were darkened by huge flocks of passenger pigeons, but af-
ter being hunted as free and tasty food, they were driven to 
extinction. The bison that used to migrate in enormous herds 

extinction rate was negatively related to patch size, but even 
the largest patches (100 hectares) lost half of their bird species 
in less than 15 years.
 Because some species, such as monkeys, require large 
patches, large fragments are indispensable if we wish to pre-
serve high levels of biodiversity. The take-home lesson is that 
preservation programs will need to provide suitably large habi-
tat fragments to avoid this effect.

Case study: Songbird declines
Every year since 1966, the U.S. Fish and Wildlife Service has 
organized thousands of amateur ornithologists and birdwatch-
ers in an annual bird count called the Breeding Bird Survey. In 
recent years, a shocking trend has emerged. While year-round 
residents that prosper around humans, such as robins, starlings, 
and blackbirds, have increased their numbers and distribution 
over the last 30 years, forest songbirds have declined severely. 
The decline has been greatest among long-distance migrants 
such as thrushes, orioles, tanagers, vireos, buntings, and war-
blers. These birds nest in northern forests in the summer, but 
spend their winters in South or Central America or the Carib-
bean Islands.
 In many areas of the eastern United States, more than 
three-quarters of the tropical migrant bird species have de-
clined significantly. Rock Creek Park in Washington, D.C., for 
example, has lost 90% of its long-distance migrants in the past 
20 years. Nationwide, American redstarts declined about 50% 
in the single decade of the 1970s. Studies of radar images from 
National Weather Service stations in Texas and Louisiana indi-
cate that only about half as many birds fly over the Gulf of 
Mexico each spring as did in the 1960s. This suggests a total 
loss of about half a billion birds.
 The culprit responsible for this widespread decline ap-
pears to be habitat fragmentation and loss. Fragmentation of 
breeding habitat and nesting failures in the summer nesting 
grounds of the United States and Canada have had a major 
negative effect on the breeding of woodland songbirds. Many 
of the most threatened species are adapted to deep woods and 
need an area of 25 acres or more per pair to breed and raise 
their young. As woodlands are broken up by roads and develop-
ments, it is becoming increasingly difficult for them to find 
enough contiguous woods to nest successfully.
 A second and perhaps even more important factor is the 
availability of critical winter habitat in Central and South 
America. Studies of the American redstart clearly indicate that 
birds with better winter habitat have a superior chance of suc-
cessfully migrating back to their breeding grounds in the spring. 
In a recent study, scientists were able to determine the quality 
of the habitat that particular birds used during the winter by 
examining levels of the stable carbon isotope 13C in their blood. 
Plants growing in the best habitats in Jamaica and Honduras 
(mangroves and wetland forests) have low levels of 13C, and so 
do the redstarts that feed on the insects that live in them. Of 
these wet-forest birds, 65% maintained or gained weight over 
the winter.
 By contrast, plants growing in substandard dry scrub have 
high levels of 13C, and so do the redstarts that feed in those 
habitats. Scrub-dwelling birds lost up to 11% of their body 
mass over the winter. Now here’s the key: Birds that winter in 
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Figure 60.15  World catch of some whale species in the 
20th century. Each species is hunted in turn until its numbers 
fall so low that hunting it becomes commercially unprofi table.

Inquiry question

? Why might whale populations fail to recover once hunting 
is stopped?

 Finally, in 1974, when the numbers of all but the small 
minke whales had been driven down, the IWC banned hunting 
of blue, gray, and humpback whales, and instituted partial bans 
on other species. The rule was violated so often, however, that 
the IWC in 1986 instituted a worldwide moratorium on all 
commercial killing of whales. Although some commercial whal-
ing continues, often under the guise of harvesting for scientific 
studies, annual whale harvests have dropped dramatically in the 
last 20 years.
 Some species appear to be recovering, but others are not. 
Humpback numbers have more than doubled since the early 
1960s, increasing nearly 10% annually, and Pacific gray whales 
have fully recovered to their previous numbers of about 20,000 
animals, after having been hunted to fewer than 1000. Right, 
sperm, fin, and blue whales have not recovered, and no one 
knows whether they ever will.

Introduced species threaten 
native species and habitats
Colonization,  a natural process by which a species expands its 
geographic range, occurs in many ways: A flock of birds gets 
blown off course, a bird eats a fruit and defecates its seed miles 
away, or lowered sea levels connect two previously isolated land-
masses, allowing species to freely move back and forth. Such 
events—particularly those leading to successful establishment 
of a new population—probably occur rarely, but when they do, 
the resulting change to natural communities can be large. The 
reason is that colonization brings together species with no his-

tory of interaction. Consequently, 
ecological interactions may 

across the central plains of North America only narrowly es-
caped the same fate.

Commercial motivation for exploitation
The existence of a commercial market often leads to overex-
ploitation of a species. The international trade in furs, for ex-
ample, has severely reduced the numbers of chinchilla, vicuña, 
otter, and many cat species. The harvesting of commercially 
valuable trees provides another example: Almost all West Indies 
mahogany trees (Swietenia mahogani) have been logged, and the 
extensive cedar forests of Lebanon, once widespread at high 
elevations, now survive in only a few isolated groves.
 A particularly telling example of overexploitation is the 
commercial harvesting of fish in the North Atlantic. During 
the 1980s, fishing fleets continued to harvest large amounts of 
cod off the coast of Newfoundland, even as the population 
numbers declined precipitously. By 1992, the cod population 
had dropped to less than 1% of its original numbers. The 
American and Canadian governments have closed the fishery, 
but no one can predict whether the fish populations will re-
cover. The Atlantic bluefin tuna has experienced a 90% popula-
tion decline in the past 10 years. The swordfish has declined 
even further. In both cases, the drop has led to even more in-
tense fishing of the remaining populations.

Case study: Whales
Whales, the largest living animals that ever evolved, are rare in 
the world’s oceans today, their numbers driven down by com-
mercial whaling. Before the advent of cheap, high-grade oils 
manufactured from petroleum in the early 20th century, oil 
made from whale blubber was an important commercial prod-
uct in the worldwide marketplace. In addition, the fine, lattice-
like structure termed “baleen” used by baleen whales to 
filter-feed plankton from seawater was used in women’s under-
garments. Because a whale is such a large animal, each individ-
ual captured is of significant commercial value.
 In the 18th century, right whales were the first to bear the 
brunt of commercial whaling. They were called “right” whales 
because they were slow, easy to capture, did not sink when killed 
and provided up to 150 barrels of blubber oil and abundant 
baleen, making them the right whale for a commercial whaler 
to hunt.
 As the right whale declined, whalers turned to the gray, 
humpback, and bowhead whales. As their numbers declined, 
whalers turned to the blue, the largest of all whales, and when 
those were decimated, to the fin, then the Sei, and then 
the sperm whales. As each species of whale became the focus of 
commercial whaling, its numbers began a steep decline 
(figure 60.15). 
 Hunting of right whales was made illegal in 1935. By 
then, they had been driven to the brink of extinction, their 
numbers less than 5% of what they had been. Although pro-
tected ever since, their numbers have not recovered in either 
the North Atlantic or the North Pacific. By 1946, several other  
whale species faced imminent extinction, and whaling nations 
formed the International Whaling Commission (IWC) to reg-
ulate commercial whale hunting. Like a fox guarding the hen-
house, the IWC for decades did little to limit whale harvests, 
and whale numbers continued to decline steeply.
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Figure 60.17  The 
akiapolaau (Hemignathus 
munroi) and the Palila 
(Loxioides bailleui), 
endangered Hawaiian 
birds. More than two-thirds 
of Hawaii’s native bird species 
are now extinct or have been 
greatly reduced in population 
size. Bird faunas on islands 
around the world have 
experienced similar declines 
after human arrival.

Figure 60.16 Zebra mussels (Dreissena polymorpha) 
clogging a pipe. These mussels were introduced from Europe, 
and are now a major problem in North American rivers. 

 The effects of introductions on humans have been enor-
mous. In the United States alone, nonnative species cost the 
economy an estimated $140 billion per year. For example, doz-
ens of foreign weeds in Colorado have covered more than a 
million acres. Just three of these species cost wheat farmers tens 
of millions of dollars. At the same time, leafy spurge, a plant 
from Europe, outcompetes native grasses, ruining rangeland 
for cattle at a price tag of $144 million per year.
 The zebra mussel, a mollusk native to the Black Sea re-
gion, is a huge problem throughout much of the eastern and 
central United States, where it can attain densities as high as 
700,000/m2, clogging pipes, including those for water and 
power plants, and causing an estimated $3 to $5 billion dam-
age a year ( figure 60.16). 
 Introduced species can also affect human health. For ex-
ample, West Nile fever was probably introduced from Africa or 
the Middle East to the United States in the late 1990s.
 The effect of species introductions on native ecosystems is 
equally dramatic. Islands have been particularly affected. For ex-
ample, as mentioned in chapter 57, a single lighthouse keeper’s 
cat wiped out an entire species, the Stephens Island wren. Rats 
had a devastating effect throughout the South Pacific where 
bird species nested on the ground and had no defense against 
the voracious predators to which they were evolutionarily naive. 
More recently, the brown tree snake, introduced to the island of 
Guam, essentially eliminated all species of forest birds.
 In Hawaii, the problem has been slightly different: Intro-
duced mosquitoes brought with them malaria, to which the na-
tive species had evolved no resistance. The result is that more 
than 100 species (>70% of the native fauna) either became ex-
tinct or are now restricted to higher and cooler elevations 
where the mosquitoes don’t occur (figure 60.17). 
 The effects of introduced species are not always direct, 
but instead may reverberate throughout an ecosystem. For ex-
ample, the Argentine ant has spread through much of the 
southern United States, greatly reducing populations of most 
native ant species with which it comes in contact. The extinc-
tion of these ant species has had a dramatic negative effect on 
the coast horned lizard (Phrynosoma coronatum), which feeds on 
the larger native species. In their absence, the lizards have shift-
ed to less-preferred prey species. In addition, the native ant 
species consume seeds, and in the process, play an important 

be particularly strong because the species have not evolved ways 
of adjusting to the presence of one another, such as adaptations 
to avoid predation or to minimize competitive effects.
 The paleontological record documents many cases in 
which geologic changes brought previously isolated species to-
gether, such as when the Isthmus of Panama emerged above the 
sea approximately 3 mya, connecting the previously isolated 
fauna and flora of North and South America. In some cases, the 
result has been an increase in species diversity, but in other 
cases, invading species have led to the extinction of natives.

Human influence on colonization
Unfortunately, what was naturally a rare process has become all 
too common in recent years, thanks to the actions of humans. 
Species introductions due to human activities occur in many 
ways, sometimes intentionally, but usually not. Plants and ani-
mals can be transported in the ballast of large ocean vessels; in 
nursery plants; as stowaways in boats, cars, and planes; as beetle 
larvae within wood products—even as seeds or spores in the 
mud stuck to the bottom of a shoe. Overall, some researchers 
estimate that as many as 50,000 species have been introduced 
into the United States.
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Figure 60.18  Nile perch (Lates niloticus). This predatory 
fi sh, which can reach a length of 2 m and a mass of 200 kg, was 
introduced into Lake Victoria as a potential food source. It is 
responsible for the virtual extinction of hundreds of species of 
cichlid fi shes.

have risen in response to this increase in their food supply, but 
unlike the conditions during similar algal blooms of the past, the 
Nile perch was present to take advantage of the situation. With 
a sudden increase in its food supply (cichlids), the numbers of 
Nile perch exploded, and they simply ate all available cichlids.
 Since 1990, the situation has been compounded by the 
introduction into Lake Victoria of a floating water weed from 
South America, the water hyacinth Eichhornia crassipes. Repro-
ducing quickly under eutrophic conditions, thick mats of water 
hyacinth soon covered entire bays and inlets, choking off the 
coastal habitats of non-open-water cichlids.

Disruption of ecosystems can cause 
an extinction cascade
Species often become vulnerable to extinction when their web 
of ecological interactions becomes seriously disrupted. Because 
of the many relationships linking species in an ecosystem (see 
chapter 58), human activities that affect one species can have 
ramifications throughout an ecosystem, ultimately affecting 
many other species.
 A recent case in point involves the sea otters that live in 
the cold waters off Alaska and the Aleutian Islands. Otter popu-
lations have declined sharply in recent years. In a 500-mile 
stretch of coastline, otter numbers have dropped from 53,000 
in the 1970s to an estimated 6000, a plunge of nearly 90%. In-
vestigating this catastrophic decline, marine ecologists uncov-
ered a chain of interactions among the species of the ocean and 
kelp forest ecosystems, a falling-domino series of lethal effects 
that illustrates the concepts of both top-down and bottom-up 
trophic cascades discussed in chapter 58.

Case study: Alaskan near-shore habitat
The first in a series of events leading to the sea otter’s decline 
seems to have been the heavy commercial harvesting of whales, 

role in seed dispersal. Argentine ants, by contrast, do not eat 
seeds. In South Africa, where the Argentine ant has also ap-
peared, at least one plant species has experienced decreased re-
productive success due to the loss of its dispersal agent.
 The most dramatic effects of introduced species, however,  
occur when entire ecosystems are transformed. Some plant 
species can completely overrun a habitat, displacing all native 
species and turning the area into a monoculture (that is, an area 
occupied by a single species). In California, the yellow star this-
tle now covers 4 million hectares of what was once highly pro-
ductive grassland. In Hawaii, a small tree native to the Canary 
Islands, Myrica faya, has spread widely. Because it is able to fix 
nitrogen at high rates, it has caused a 90-fold increase in the 
nitrogen content of the soil, thus allowing other, nitrogen- 
requiring species to invade.

Efforts to combat introduced species
Once an introduced species becomes established, eradicating it 
is often extremely difficult, expensive, and time-consuming. 
Some efforts—such as the removal of goats and rabbits from 
certain small islands—have been successful, but many other ef-
forts have failed. The best hope for stopping the ravages of in-
troduced species is to prevent them from being introduced in 
the first place. Although easier said than done, government 
agencies are now working strenuously to put into place proce-
dures that can intercept species in transit, before they have the 
opportunity to become established.

Case study: Lake Victoria cichlids
Lake Victoria, an immense, shallow, freshwater sea about the 
size of Switzerland in the heart of equatorial East Africa, used 
to be home to an incredibly diverse collection of over 300 spe-
cies of cichlid fishes (see figure 22.15).  These small, perchlike 
fish range from 5 to 13 cm in length, with males having endless 
varieties of color. Today, most of these cichlid species are threat-
ened, endangered, or extinct.
 What happened to bring about the abrupt loss of so 
many endemic cichlid species? In 1954, the Nile perch, a com-
mercial fish with a voracious appetite, was purposely intro-
duced on the Ugandan shore of Lake Victoria. Nile perch, 
which grow to over a meter in length, were to form the basis 
of a new fishing industry (figure 60.18) . For decades, these 
perch did not seem to have a significant effect; over 30 years 
later, in 1978, Nile perch still made up less than 2% of the fish 
harvested from the lake.
 Then something happened to cause the Nile perch popu-
lation to explode and to spread rapidly through the lake, eating 
their way through the cichlids. By 1986, Nile perch constituted 
nearly 80% of the total catch of fish from the lake and the en-
demic cichlid species were virtually gone. Over 70% of cichlid 
species disappeared, including all open-water species.
 So what happened to kick-start the mass extinction of the 
cichlids? The trigger seems to have been eutrophication. Before 
1978, Lake Victoria had high oxygen levels at all depths, down 
to the bottom layers more than 60 m deep. However, by 1989 
high inputs of nutrients from agricultural runoff and sewage 
from towns and villages had led to algal blooms that severely 
depleted oxygen levels in deeper parts of the lake. Cichlids feed 
on algae, and initially their population numbers are thought to 
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2. Nutritious fish
Populations of nutritious fish 
like ocean perch and herring 
declined, likely due to 
competition with pollock.

3. Sea lions and harbor seals
Sea lion and harbor seal 
populations drastically declined 
in Alaska, probably because 
the less-nutritious pollock could 
not sustain them. 7. Kelp forests

Severely thinned by 
the sea urchins, the 
kelp beds no longer 
support a diversity of 
fish species, which 
may lead to a decline 
in populations of 
eagles that feed on 
the fish.

1. Whales
Overharvesting of 
plankton-eating whales may 
have caused an increase in 
plankton-eating pollock 
populations.

4. Killer whales
With the decline in their prey 
populations of sea lions and 
seals, killer whales turned to a 
new source of food: sea otters.

5. Sea otters
Sea otter populations 
declined so dramatically 
that they disappeared in 
some areas.

6. Sea urchins
Usually the preferred food 
of sea otters, sea urchin 
populations now exploded 
and fed on kelp.

Figure 60.19 Disruption of the kelp  forest ecosystem. Overharvesting by commercial whalers altered the balance of fi sh in the 
ocean ecosystem, inducing killer whales to feed on sea otters, a keystone species of the kelp forest ecosystem.

Loss of keystone species  
As discussed in chapter 57, a keystone species is a species that 
exerts a greater influence on the structure and functioning of 
an ecosystem than might be expected solely on the basis of its 
abundance. The sea otters of figure 60.19  are a keystone species 
of the kelp forest ecosystem, and their removal can have disas-
trous consequences.
 No hard-and-fast line allows us to clearly identify key-
stone species. Rather, it is a qualitative concept, a statement that 
indicates a species plays a particularly important role in its com-
munity. Keystone species are usually characterized by the 
strength of their effect on their community.

Case study: Flying foxes
The severe decline of many species of “flying foxes,” a type of 
bat (figure 60.20) , in the Old World tropics is an example of 
how the loss of a keystone species can dramatically affect the 
other species living within an ecosystem, sometimes even lead-
ing to a cascade of further extinctions.
 These bats have very close relationships with important 
plant species on the islands of the Pacific and Indian Oceans. The 
family Pteropodidae contains nearly 200 species, approximately 
one-quarter of them in the genus Pteropus, and is widespread on 
 the islands of the South Pacific, where they are the most  important—
and often the only—pollinators and seed dispersers.

described earlier in this chapter. Without whales to keep their 
numbers in check, ocean zooplankton thrived, leading in turn 
to proliferation of a species of fish called pollock that feeds on 
the abundant zooplankton. Given this ample food supply, the 
pollock proved to compete very successfully with other north-
ern Pacific fish, such as herring and ocean perch, so that levels 
of these other fish fell steeply in the 1970s.
 Then the falling chain of dominoes began to accelerate. 
The decline in the nutritious forage fish led to an ensuing crash 
in Alaskan populations of sea lions and harbor seals, for which 
pollock did not provide sufficient nourishment. This decline 
may also have been hastened by orcas (also called killer whales) 
switching from feeding on the less-available whales to feeding 
on seals and sea lions; the numbers of these pinniped species 
have fallen precipitously since the 1970s.
 When pinniped numbers crashed, some orcas, faced with 
a food shortage, turned to the next best thing: sea otters. In one 
bay where the entrance from the sea was too narrow and shal-
low for orcas to enter, only 12% of the sea otters have disap-
peared, while in a similar bay that orcas could enter easily, 
two-thirds of the otters disappeared in a year’s time.
 Without otters to eat them, the population of sea urchins 
exploded, eating the kelp and thus “deforesting” the kelp for-
ests and denuding the ecosystem (figure 60.19) . As a result, fish 
species that live in the kelp forest, such as sculpins and green-
lings, are declining.
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Figure 60.21  Alive no more. a. A museum specimen of the 
heath hen (Tympanuchus cupido cupido) which went extinct in 1932. 
b. This male was one of the last dusky seaside sparrows  
(Ammodramus maritimus nigrescens).

Figure 60.20  The importance of keystone species. 
Flying foxes, a type of fruit-eating bat, are keystone species on 
many Old World tropical islands. It pollinates many plants and is a 
key disperser of seeds. Its elimination due to hunting and habitat 
loss is having a devastating effect on the ecosystems of many South 
Pacifi c Islands.

Small populations are particularly vulnerable
Because of the factors just discussed, populations of many spe-
cies are fragmented and reduced in size. Such populations are 
particularly prone to extinction.

Demographic factors
Small populations are vulnerable to events that decrease survival  
or reproduction. For example, by nature of their size, small pop-
ulations are ill-equipped to withstand catastrophes, such as a 
flood, forest fire, or disease epidemic. One example is provided 
by the history of the heath hen. Although the species was once 
common throughout the eastern United States, hunting pres-
sure in the 18th and 19th centuries eventually eliminated all but 
one population, on the island of Martha’s Vineyard near Cape 
Cod, Massachusetts. Protected in a nature preserve, the popula-
tion was increasing in number until a fire destroyed most of the 
preserve’s habitat. The small surviving population was then rav-
aged the next year by an unusual congregation of predatory 
birds, followed shortly thereafter by a disease epidemic. The last 
sighting of a heath hen, a male, was in 1932 (figure 60.21a)   .
 When populations become extremely small, bad luck 
can spell the end. For example, the dusky seaside sparrow 
(figure 60.21b), a now-extinct subspecies that was found on the 
east coast of Florida, dwindled to a population of five individu-
als, all of which happened to be males. In a large population, the 
probability that all individuals will be of one sex is infinitesimal. 
But in small populations, just by the luck of the draw, it is pos-
sible that 5 or 10 or even 20 consecutive births will all be indi-
viduals of one sex, and that can be enough to send a species to 
extinction. In addition, when populations are small, individuals 
may have trouble finding each other (the Allee effect discussed 
in chapter 56), thus leading the population into a downward 
spiral toward extinction.

 A study in Samoa found that 80% to 100% of the seeds 
landing on the ground during the dry season were deposited by 
flying foxes, which eat the fruits and defecate the seeds, often 
moving them great distances in the process. Many species are en-
tirely dependent on these bats for pollination. Some have evolved 
features such as night-blooming flowers that prevent any other 
potential pollinators from taking over the role of the fruit bats.
 In Guam, the two local species of flying fox have recently 
been driven extinct or nearly so, with a substantial impact on 
the ecosystem.  Botanists have found that some plant species are 
not fruiting or are doing so only marginally, producing fewer 
fruits than normal. Fruits are not being dispersed away from 
parent plants, so seedlings are forced to compete, usually un-
successfully, with adult trees.
 Flying foxes are being driven to extinction by human 
hunters who kill them for food and for sport, and by orchard 
farmers who consider them pests. Flying foxes are particu-
larly vulnerable because they live in large and obvious 
groups of up to a million individuals. Because they move 
in regular and predictable patterns and can be easily 
tracked to their home roost, hunters can easily kill thou-
sands at a time.
 Programs aimed at preserving particular species of 
flying foxes are only just beginning. One particularly suc-
cessful example is the program to save the Rodrigues fruit 
bat, Pteropus rodricensis, which occurs only on Rodrigues Is-
land in the Indian Ocean near Madagascar. The population 
dropped from about 1000 individuals in 1955 to fewer than 100 
by 1974, largely due to the loss of the fruit bat’s forest habitat to 
farming. Since 1974, the species has been legally protected, and 
the forest area of the island is being increased through a tree-
planting program.  Eleven captive-breeding colonies have been 
established, and the bat population is now increasing rapidly. 
The combination of legal protection, habitat restoration, and 
captive breeding has in this instance produced a very effective 
preservation program.
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Figure 60.23  A mating ritual. The male greater prairie 
chicken (Tympanuchus cupido pinnatus) infl ates bright orange air sacs, 
part of his esophagus, into balloons on each side of his head. As air 
is drawn into the sacs, it creates a three-syllable low frequency 
“boom-boom-boom” that can be heard for kilometers.

Figure 60.22  Loss of genetic variability in small 
populations. The percentage of genes that are polymorphic in 
isolated populations of the tree Halocarpus bidwillii in the mountains 
of New Zealand is a sensitive function of population size.

Inquiry question

? Why do small populations lose genetic variation?

 Once, enormous numbers of birds occurred throughout the 
state, but with the 1837 introduction of the steel plow, the first that 
could slice through the deep, dense root systems of prairie grasses, 
the Illinois prairie began to be replaced by farmland. By the turn 
of the 20th century, the prairie had all but vanished, and by 1931, 
the heath hen had become locally extinct in Illinois. The greater 
prairie chicken fared little better, its numbers falling to 25,000 
statewide in 1933 and then to 2000 by 1962. In surrounding states 
with less intensive agriculture, it continued to prosper.
 In 1962 and 1967, sanctuaries were established in Illinois to 
attempt to preserve the greater prairie chicken. But privately owned 
grasslands kept disappearing, along with their prairie chickens, and 
by the 1980s the birds were extinct in Illinois except for two pre-
serves, and even there, their numbers kept falling. By 1990, the egg 
hatching rate, which at one time had averaged between 91% and 
100%, had dropped to an extremely low 38%. By the mid-1990s, 
the count of males had dropped to as low as six in each sanctuary.
 What was wrong with the sanctuary populations? One 
suggestion was that because of very small population sizes and 
a mating ritual whereby one male may dominate a flock, the 
Illinois prairie chickens had lost so much genetic variability as 
to create serious genetic problems. To test this idea, biologists 
at the University of Illinois compared DNA from frozen tissue 
samples of birds that had died in Illinois between 1974 and 
1993, and found that in recent years Illinois birds had indeed 
become genetically less diverse.
 The researchers then extracted DNA from tissue in the 
roots of feathers from stuffed birds collected in the 1930s from 
the same population. They found that Illinois birds had lost 
fully one-third of the genetic diversity of birds living in the 
same place before the population collapse of the 1970s. By con-
trast, prairie chicken populations in other states still contained 
much of the genetic variation that had disappeared from Illi-
nois populations.
 Now the stage was set to halt the Illinois prairie chicken’s 
race toward extinction in Illinois. Wildlife managers began to 

Lack of genetic variability
Small populations face a second dilemma. Because of their low 
numbers, such populations are prone to the loss of genetic variation 
as a result of genetic drift (figure 60.22).  Indeed, many small popu-
lations contain little or no genetic variability. The result of such 
genetic homogeneity can be catastrophic. Genetic variation is ben-
eficial to a population both because of heterozygote advantage (see 
chapter 20) and because genetically variable individuals tend not to 
have two copies of deleterious recessive alleles. Populations lacking 
variation are often composed of sickly, unfit, or sterile individuals. 
Laboratory groups of rodents and fruit flies that are maintained at 
small population sizes often perish after a few generations as each 
generation becomes less robust and fertile than the preceding one.
 Although it is difficult to demonstrate that a species has 
gone extinct because of lack of genetic variation, studies of both 
zoo and natural populations clearly reveal that more genetically 
variable individuals have greater fitness. Furthermore, in the 
longer term, populations with limited genetic variation have 
diminished ability to adapt to changing environments.

Interaction of demographic and genetic factors
As populations decrease in size, demographic and genetic fac-
tors combine to cause what has been termed an “extinction vor-
tex.” That is, as a population gets smaller, it becomes more 
vulnerable to demographic catastrophes. In turn, genetic varia-
tion starts to be lost, causing reproductive rates to decline and 
population numbers to decline even further, and so on. Eventu-
ally, the population disappears entirely, but attributing its de-
mise to one particular factor would be misleading.

Case study: Prairie chickens
The greater prairie chicken, a close relative of the now-extinct 
heath hen, is a showy, 2-lb bird renowned for its flamboyant 
mating rituals (figure 60.23) . Abundant in many midwestern 
states, the prairie chickens in Illinois have in the past six de-
cades undergone a population collapse.
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Figure 60.24 Habitat restoration. The University of 
Wisconsin–Madison Arboretum has pioneered restoration ecology. 
a. The restoration of the prairie was at an early stage in November 
1935. b. The prairie as it looks today. This picture was taken at 
approximately the same location as the 1935 photograph.

 60.4 Approaches for Preserving 
Endangered Species and 
Ecosystems

Learning Outcomes
Distinguish between restoration of species and 1. 
restoration of ecosystem functioning.
List the strategies for habitat restoration.2. 
Explain the rationale for captive breeding programs.3. 

Once the cause of a species’ endangerment is known, it be-
comes possible to design a recovery plan. If the cause is com-
mercial overharvesting, regulations can be issued to restrict 
harvesting  and protect the threatened species. If the cause is 
habitat loss, plans can be instituted to restore the habitat. Loss 
of genetic variability in isolated subpopulations can be coun-
tered by transplanting individuals from genetically different 
populations. Populations in immediate danger of extinction can 
be captured, introduced into a captive-breeding program, and 
later reintroduced to other suitable habitat.
 All of these solutions are extremely expensive. But as 
Bruce Babbitt, Secretary of the Interior in the Clinton admin-
istration, noted, it is much more economical to prevent “envi-
ronmental trainwrecks” from occurring than to clean them up 
afterward. Preserving ecosystems and monitoring species be-
fore they are threatened is the most effective means of protect-
ing the environment and preventing extinctions.

transplant birds from genetically diverse populations of Min-
nesota, Kansas, and Nebraska to Illinois. Between 1992 and 
1996, a total of 518 out-of-state prairie chickens were brought 
in to interbreed with the Illinois birds, and hatching rates were 
back up to 94% by 1998. It looks as though the prairie chickens 
have been saved from extinction in Illinois.
 The key lesson here is the importance of not allowing things 
to go too far—not to drop down to a single isolated population. 
Without the outlying genetically different populations, the prairie 
chickens in Illinois could not have been saved. When the last pop-
ulation of the dusky seaside sparrow lost its last female, there was 
no other source of females, and the subspecies went extinct.

Learning Outcomes Review 60.3
Habitat factors responsible for extinction include habitat destruction, 
pollution, disruption, and fragmentation. Overexploitation can reduce 
populations to low levels or eliminate them entirely. Introduced species can 
wreak havoc on native communities. Finally, small populations have less 
ability to rebound from catastrophes and are vulnerable to loss of genetic 
variation. Interaction of all these factors can hasten species’ decline 
into extinction.

 ■ Does it make sense to take endangered species out of 
the wild to preserve them if their habitat is allowed to 
disappear? Explain.

Destroyed habitats can sometimes be restored
Conservation biology typically concerns itself with preserving 
populations and species in danger of decline or extinction. 
Conservation, however, requires that there be something left to 
preserve; in many situations, conservation is no longer an op-
tion. Species, and in some cases whole communities, have dis-
appeared or been irretrievably modified. The clear-cutting of 
the temperate forests of Washington State leaves little behind 
to conserve, as does converting a piece of land into a wheat field 
or an asphalt parking lot. Redeeming these situations requires 
restoration rather than conservation.
 Three quite different sorts of habitat restoration programs 
might be undertaken, depending on the cause of the habitat loss.

Pristine restoration
In ecosystems where all species have been effectively removed, 
conservationists might attempt to restore the plants and ani-
mals that are the natural inhabitants of the area, if these species 
can be identified. When abandoned farmland is to be restored 
to prairie, as in figure 60.24 , how would conservationists know 
what to plant?
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Figure 60.25  Success of captive breeding. The 
peregrine falcon (Falco peregrinus) has been reestablished in the 
eastern United States by releasing captive-bred birds over a period 
of 10 years.

captive-breeding program at Cornell University in 1970, 
with the intent of reestablishing the peregrine falcon in the 
eastern United States by releasing offspring of these birds. 
By the end of 1986, over 850 birds had been released in 
13 eastern states, producing an astonishingly strong recov-
ery (figure 60.25). 

Case study: The California condor
The number of California condors (Gymnogyps californianus), a 
large, vulture-like bird with a wingspan of nearly 3 m, has been 
declining gradually for the past 200 years. By 1985, condor 
numbers had dropped so low that the bird was on the verge of 
extinction. Six of the remaining 15 wild birds disappeared in 
that year alone. The entire breeding population of the species 
consisted of the birds remaining in the wild and an additional 
21 birds in captivity.
 In a last-ditch attempt to save the condor from extinction, 
the remaining birds were captured and placed in a captive-
breeding population. The breeding program was set up in zoos, 
with the goal of releasing offspring on a large, 5300-hectare 
ranch in prime condor habitat. Birds were isolated from human 
contact as much as possible, and closely related individuals were 
prevented from breeding.

By early 2009, the captive population of California con-
dors had reached over 160 individuals. After extensive pre-
release training to avoid power poles and people, captive-reared 
condors have been released successfully in California at two 

sites in the mountains north of Los Angeles, as well 
as at the Grand Canyon. Many of the released birds 
are doing well, and the wild population now num-
bers nearly 200 birds. Biologists are particularly 

 Although it is in principle possible to reestablish each 
of the original species in their original proportions, rebuild-
ing a community requires knowing the identities of all the 
original inhabitants and the ecologies of each of the species. 
We rarely have this much information, so no restoration is 
ever truly pristine.
 Increasingly, restoration biologists are working on restor-
ing the functioning of an ecosystem, rather than trying to rec-
reate the same community composition. This approach shifts 
the focus from restoring species to reconstructing the processes 
that operated in the natural habitat.

Removing introduced species
Sometimes the habitat has been destroyed by a single intro-
duced species. In such a case, habitat restoration involves re-
moving the introduced species. Restoration of the once-diverse 
cichlid fishes to Lake Victoria will require more than breed-
ing and restocking the endangered species. The introduced 
water hyacinth and Nile perch populations will have to be 
brought under control or removed, and eutrophication will 
have to be reversed.
 It is important to act quickly if an introduced species is to 
be removed. When aggressive African bees (the so-called “killer  
bees”) were inadvertently released in Brazil, they remained 
confined to the local area for only one season. Now they occupy 
much of the western hemisphere.

Cleanup and rehabilitation
Habitats seriously degraded by chemical pollution cannot 
be restored until the pollution is cleaned up. The success-
ful restoration of the Nashua River in New England is 
one example of how a concerted effort can succeed in re-
storing a heavily polluted habitat to a relatively pris-
tine condition.
 Once so heavily polluted by chemicals from dye 
manufacturing plants that it was different colors in 
different places, the river is now clean and used for 
many recreational activities.

Captive breeding programs 
have saved some species
Recovery programs, particularly those focused 
on one or a few species, must sometimes in-
volve direct intervention in natural populations 
to avoid an immediate threat of extinction.

Case study: The peregrine falcon
American populations of birds of prey, such as the peregrine 
falcon, began an abrupt decline shortly after World War II. Of 
the approximately 350 breeding pairs east of the Mississippi 
River in 1942, all had disappeared by 1960.  The culprit proved 
to be the chemical pesticide DDT (Chapter 59).  
 The use of DDT was banned by federal law in 1972, 
causing levels in the eastern United States to fall quickly. 
However, no peregrine falcons were left in the eastern 
United States to reestablish a natural population. Falcons 
from other parts of the country were used to establish a 
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Figure 60.26  Corridor connecting two reserves. a. The 
Organization of Tropical Studies’ La Selva Biological Station in Costa Rica is 
connected to Braulio Carrillo National Park. b. The corridor allows migration of 
birds, mammals, butterfl ies, and other animals from La Selva at 35 m above sea 
level to mountainous habitats up to 2900 m elevation.

excited by breeding activities that resulted in the first-ever 
offspring produced in the wild by  captive-reared parents in 
both California and Arizona.

Case study: Yellowstone wolves 
The ultimate goal of captive-breeding programs is not simply 
to preserve interesting species, but rather to restore ecosystems 
to a balanced, functional state. Yellowstone Park has been an 
ecosystem out of balance, due in large part to the systematic 
extermination of the gray wolf (Canis lupus) in the park early in 
the 20th century. Without these predators to keep their num-
bers in check, herds of elk and deer expanded rapidly, damaging 
vegetation so that the elk themselves starve in time of scarcity.
 In an attempt to restore the park’s natural balance, two 
complete wolf packs from Canada were released into the park 
in 1995 and 1996. The wolves adapted well, breeding so suc-
cessfully that by 2002 the park contained 16 free-ranging packs 
and more than 200 wolves.
 Although ranchers near the park have been unhappy 
about the return of the wolves, little damage to livestock has 
been noted, and the ecological equilibrium of Yellowstone 
Park seems well on the way to being regained. Elk are congre-
gating in larger herds and are avoiding areas near rivers where 
they are vulnerable. As a result, riverside trees such as willows 
are increasing in number, in turn providing food for beavers, 
whose dams lead to the creation of ponds, a habitat type that 
had become rare in Yellowstone. This newly restored habitat, 
in turn, has led to increases in some species of birds such as 
the redstart that had been in decline for decades or disap-
peared entirely.

  Current conservation approaches 
are multidimensional
 Historically, conservationists strived to solve the problems of 
habitat fragmentation by focusing solely on preserving as much 
land as possible in a pristine state in national parks and reserves. 
Increasingly, however, it has become apparent that the amount 
of land that can be preserved in such a state is limited; more-
over, many areas that are not completely protected nonetheless 
provide suitable habitat for many species.
 As a result, conservation plans are becoming multidimen-
sional, including not only pristine areas, but also surrounding 
areas in which some level of human disturbance is permitted. 
As discussed previously, isolated patches of habitat lose species 
far more rapidly than large preserves do. By including these 
other, less pristine areas, the total amount of area available for 
many species is increased.
 The key to managing such large tracts of land successfully 
over a long time is to operate them in a way compatible with 
local land use. For example, although no economic activity is 
allowed in the core pristine area, the remainder of the land may 
be used for nondestructive harvesting of resources. Even areas 
in which hunting of some species is allowed provide protection 
for many other species.
 Corridors of dispersal are also being provided that link the 
pristine areas, thus effectively increasing population sizes and al-
lowing recolonization if a population disappears in one area due 
to a catastrophe. Corridors can also provide protection to species 
that move over great distances during the course of a year. Cor-
ridors in East Africa have protected the migration routes of ungu-
lates. In Costa Rica, a corridor linking the lowland rain forest at 
the La Selva Biological Station to the montane rain forest in 
Braulio Carrillo National Park permits the altitudinal migration 
of many species of birds, mammals, and butterflies (figure 60.26). 
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60.1 Overview of the Biodiversity Crisis
Prehistoric humans were responsible for local extinctions.
Shortly after humans arrived in North America after the last Ice Age, 
at least 75% of large mammals became extinct. The same pattern has 
been observed in other parts of the world.

Extinctions have continued in historical time.
The majority of historical extinctions have occurred within the last 
150 years and on islands. The current mass extinction is the only 
such event triggered by one species, Homo sapiens, and the only one 
in which resources will not be widely available for evolutionary 
recovery afterward.

Endemic species hotspots are especially threatened.
Endemic species are found in one restricted range and are thus 
vulnerable to extinction. Hotspots are areas with many endemic 
species; many hotspots are the site of large human population growth 
and high rates of extinction.

60.2 The Value of Biodiversity
The direct economic value of biodiversity includes resources for 
our survival.
Many products are obtained from different species and ecosystems, 
including food, materials for clothing and shelter, and medicines.

Indirect economic value is derived from ecosystem services.
Intact ecosystems provide services such as maintaining water 
quality, preserving soils and nutrients, moderating local climates, 
and recycling nutrients. The value of intact ecosystems is often not 
apparent until they are lost.

Ethical and aesthetic values are based on our conscience and 
our consciousness.
Humans can and should make ethical decisions to protect the 
esthetic, ecological, and economic values of ecosystems.

60.3  Factors Responsible for Extinction
Amphibians are on the decline: A case study.
Almost half of all amphibian species have experienced decreases in 
population size. No single cause has been identifi ed, which implies 
that global environmental changes may be responsible.

Habitat loss devastates species richness.
Habitat may be destroyed, polluted, disrupted, or fragmented. As 
habitats become more fragmented, the relative proportion of the 

remaining habitat that occurs on the boundary or edge increases 
rapidly, exposing species to parasites, nonnative invasive species, and 
predators (see fi gure 60.11).

Overexploitation wipes out species quickly.
Hunting and harvesting of wild species pose a risk of extinction. The 
collapse of the cod fi sheries of the North Atlantic and the decline of 
whale species are only two of many examples.

Introduced species threaten native species and habitats.
Natural or accidental introductions of new species results in large 
and often negative changes to a community because of lack of 
checks and balances on introduced species’ growth in the form of 
species interactions.

Disruption of ecosystems can cause an extinction cascade.
Extinction cascades may occur either top-down or bottom-up 
through the trophic levels. Loss of a keystone species may increase 
competition and greatly alter ecosystem structure and function.

Small populations are particularly vulnerable.
Catastrophes, lack of mates, and loss of genetic variability all make 
reduced populations more likely to become extinct (see fi gure 60.22).

60.4 Approaches for Preserving Endangered 
Species and Ecosystems

Destroyed habitats can sometimes be restored.
Restoration by removal of introduced species is very diffi cult and is 
most successful if done very soon after a new species is introduced. 
Severely polluted or damaged habitats sometimes cannot be restored 
to original conditions, but they may be restored to provide different 
environmental services.

Captive breeding programs have saved some  species.
Species may be bred in captivity and returned to the wild when 
the factors that caused their endangerment are no longer a threat. 
Preservation of habitat may be a key in successful reintroduction.

Current conservation approaches are multidimensional.
The best way to preserve biodiversity is to preserve intact ecosystems 
rather than individual species. The key to management of large 
tracts of land is to operate them in a way compatible with local 
human needs.
Corridors of dispersal can link habitat fragments with one another 
and with larger habitats, allowing for increased population size, 
genetic exchange, and recolonization.

Chapter Review

 In addition to this focus on maintaining large enough re-
serves, in recent years conservation biologists also have recog-
nized that the best way to preserve biodiversity is to focus on 
preserving intact ecosystems, rather than particular species. For 
this reason, attention in many cases is turning to identifying 
those ecosystems most in need of preservation and devising the 
means to protect not only the species within the ecosystem, but 
the functioning of the ecosystem itself. This entails making 
sure that reserves are not only large enough, but also that they 
protect elements such as watersheds so that activities outside 
the reserve won’t threaten the ecosystem within it.

Learning Outcomes Review 60.4
Restoration of species may prevent extinction, but only if restoration of 
habitat or an entire ecosystem is also undertaken. Removal of introduced 
species and cleanup of pollutants are primary strategies for habitat 
restoration. In cases where extinction appears imminent, removal of 
individuals from the wild and preservation in captive breeding programs 
may be necessary while habitat is restored.

 ■ Can habitat restoration ever approach a pristine state? 
Why or why not?
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U N D E R S T A N D
 1. Conservation hotspots are best described as

a. areas with large numbers of endemic species, in many of 
which species are disappearing rapidly.

b. areas where people are particularly active supporters 
of biological diversity.

c. islands that are experiencing high rates of extinction.
d. areas where native species are being replaced with 

introduced species.
 2. The economic value of indirect ecosystem services

a. is unlikely to exceed the economic value derived from uses 
after ecosystem conversion.

b. has never been carefully determined.
c. can greatly exceed the value derived after ecosystem 

conversion.
d.  is entirely aesthetic.

 3. The amphibian decline is best described as
a. global disappearance of amphibian populations due 

to the pervasiveness of local habitat destruction.
b. global shrinkage of amphibian populations due to global 

climate change.
c. the unexplained disappearance of golden toads in Costa Rica.
d. None of the above

 4. Habitat fragmentation can negatively affect populations by
a. restricting gene fl ow among areas that were 

previously continuous.
b. increasing the relative amount of edge in suitable 

habitat patches.
c. creating patches that are too small to support 

a breeding population.
d. all of the above.

 5. When populations are drastically reduced in size, genetic 
diversity and heterozygosity
a. are likely to increase, enhancing the probability of extinction.
b. are likely to decrease, enhancing the probability of extinction.
c. are usually not factors that infl uence the probability 

of extinction.
d. automatically respond in a way that protects populations 

from future changes.
 6. A captive-breeding program followed by release to the wild

a. is very likely, all by itself, to save a species threatened 
by extinction.

b. is only likely to succeed when genetic variation of wild 
populations is very low.

c. may be successful when combined with proper regulations 
and habitat restoration.

d. None of the above

A P P L Y
 1. Historically, island species have tended to become extinct 

faster than species living on a mainland. Which of the 
following reasons can be used to explain this phenomenon?
a. Island species have often evolved in the absence 

of predators and have no natural avoidance strategies.
b. Humans have introduced diseases and competitors 

to islands, which negatively affect island populations.

c. Island populations are usually smaller than 
mainland populations.

d. All of the above
 2. Ninety-nine percent of all the species that ever existed have 

gone extinct,
a. serving as evidence that current extinction rates are not 

higher than normal.
b. but most of these losses have occurred in the last 400 years.
c. which argues that the world just had too many species.
d. None of the above

 3. To effectively address the biodiversity crisis, the protection 
of individual species
a. must be used in concert with a principle of ecosystem 

management and restoration.
b. is a suffi cient management approach that merely needs 

to be expanded to more species.
c. has no role to play in addressing the biodiversity crisis.
d. usually confl icts with the principle of ecosystem management.

 4. The introduction of a non-native predator to an 
ecosystem could cause extinction by
a. causing a top-down trophic cascade (see chapter 58).
b. outcompeting a native carnivore (see chapter 57).
c. transmitting parasites to which the native species are not 

adapted.
d. all of the above.

S Y N T H E S I Z E
 1. If 99% of the species that ever existed are now extinct, why is there 

such concern over the extinction rates over the last several centuries?

 2. Ecosystem conversion always has a cost and a benefi t. Usually 
the benefi t fl ows to a segment of society (a business or one 
group of people, for instance), but the costs are borne by all of 
society. That is what makes decisions about how and when to 
convert ecosystems diffi cult. However, is that a problem unique 
to conversion of ecosystems in the way we understand it today 
(for example, the conversion of the mangrove to a shrimp 
farm)? Are there other examples we can look to for guidance in 
how to make these decisions?

 3. There is concern and evidence that amphibian populations are 
declining worldwide as a consequence of factors acting globally. 
Given that we know that species extinction is a natural process, 
how do we determine if there is a global decline that is different 
from normal species extinction?

 4. Given what you learned in chapter 57 about interactions 
between species and in chapter 58 about interactions among 
trophic levels, how can the extinction of one species have far-
ranging effects on an ecosystem? Is it possible to predict which 
species would be particularly likely to affect many other species 
if they were to go extinct?

 5. All populations become small before going extinct. Is small 
population size really a cause of extinction, or just something 
that happens as a result of other factors that cause extinction? 

Review Questions
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Answer Key

CHAPTER 1
L E A R N I N G  O U T C O M E  Q U E S T I O N S
1.1 No. The study of biology encompasses information/tools from chemistry, 
physics, geology, literally all of the “natural sciences.”

1.2 A scientifi c theory has been tested by experimentation. A(n) hypothesis is a 
starting point to explain a body of observations. When predictions generated using 
the hypothesis have been tested it gains the confi dence associated with a theory. 
A theory still cannot be “proved” however as new data can always force us to re-
evaluate a theory.

1.3 No. Natural selection explains the patterns of living organisms we see at 
present, and allows us to work back in time, but it is not intended to explain how 
life arose. This does not mean that we can never explain this, but merely that natu-
ral selection does not do this.

1.4 Viruses do not fi t well into our defi nition of living systems. It is a matter of 
controversy whether viruses should be considered “alive.” They lack the basic cel-
lular machinery, but they do have genetic information. Some theories for the origin 
of cells view viruses as being a step from organic molecules to cell, but looking at 
current organisms, they do not fulfi ll our defi nition of life.

I N Q U I R Y  Q U E S T I O N S
Page 10 Reducing the factor by which the geometric progression increases 
(lowering the value of the exponent) reduces the difference between numbers of 
people and amount of food production. It can be achieved by lowering family size 
or delaying childbearing.

Page 11 A snake would fall somewhere near the bird, as birds and snakes are 
closely related.

U N D E R S T A N D
1. b 2. c 3. a 4. b 5. d 6. b 7. c 8. c

A P P L Y
1. d 2. d 3. c 4. d 5. d 6. d 7. a

S Y N T H E S I Z E
 1. For something to be considered living it would demonstrate organization, 

possibly including a cellular structure. The organism would gain and use 
energy to maintain homeostasis, respond to its environment, and to grow and 
reproduce. These latter properties would be diffi cult to determine if the 
evidence of life from other planets comes from fossils. Similarly, the ability of 
an alien organism to evolve could be diffi cult to establish.

 2. a.  The variables that were held the same between the two experiments 
include the broth, the fl ask, and the sterilization step.

 b. The shape of the fl ask infl uences the experiment because any cells present 
in the air can enter the fl ask with the broken neck, but they are trapped in 
the neck of the other fl ask.

 c. If cells can arise spontaneously, then cell growth will occur in both fl asks. 
If cells can only arise from preexisting cells (cells in the air), then only the 
fl ask with the broken neck will grow cells. Breaking the neck exposes the 
broth to a source of cells.

 d. If the sterilization step did not actually remove all cells, then growth would 
have occurred in both fl asks. This result would seem to support the 
hypothesis that life can arise spontaneously.

CHAPTER 2
L E A R N I N G  O U T C O M E  Q U E S T I O N S
2.1 If the number of proton exceeds neutrons, there is no effect on charge; if the 
number of protons exceeds electrons, then the charge is (+).

2.2 Atoms are reactive when their outer electron shell is not fi lled with  electrons. 
The noble gases have fi lled outer electrons shells, and are thus  unreactive.

2.3 An ionic bond results when there is a transfer of electrons resulting in posi-
tive and negative ions that are attracted to each other. A covalent bond is the result 
of two atoms sharing electrons. Polar covalent bonds involve unequal sharing of 
electrons. This produces regions of partial charge, but not ions.

2.4 C and H have about the same electronegativity, and thus form nonpolar 
covalent bonds. This would not result in a cohesive or adhesive fl uid.

2.5 Since ice fl oats, a lake will freeze from the top down, not the bottom up. This 
means that water remains fl uid on the bottom of the lake allowing living things to 
overwinter.

2.6 Since pH is a log scale, this would be a change of 100 fold in [H+].

I N Q U I R Y  Q U E S T I O N
Page 30 The buffer works over a broad range because it ionizes more completely 
as pH increases; in essence, there is more acid to neutralize the greater amount of 
base you are adding. At pH4 none of the buffer is ionized. Thus below that pH, 
base raises the pH without the ameliorating effects of the  ionization of the buffer.

U N D E R S T A N D
1. b 2. d 3. b 4. a 5. c 6. d 7. b

A P P L Y
1. c 2. b 3. a 4. c 5. d 6. Chemical reactions involve changes in the 
electronic confi guration of atoms. Radioactive decay involves the actual decay of 
the nucleus producing another atom and emitting radiation.

S Y N T H E S I Z E
 1. A cation is an element that tends to lose an electron from its outer energy 

level, leaving behind a net positive charge due to the presence of the protons 
in the atomic nucleus. Electrons are only lost from the outer energy level if 
that loss is energetically favorable, that is, if it makes the atom more stable by 
virtue of obtaining a fi lled outer energy level (the octet rule). You can predict 
which elements are likely to function as cations by calculating which of the 
elements will possess one (or two) electrons in their outer energy level. Recall 
that each orbital surrounding an atomic nucleus can only hold two electrons. 
Energy level K is a single s orbital and can hold two electrons. Energy level L 
consists of another s orbital plus three p orbitals—holding a total of eight 
electrons. Use the atomic number of each element to predict the total 
number of electrons present. Examples of other cations would include: 
hydrogen (H), lithium (Li), magnesium (Mg), and beryllium (Be).

 2. Silicon has an atomic number of 14. This means that there are four unpaired 
electrons in its outer energy level (comparable to carbon). Based on this fact, 
you can conclude that silicon, like carbon, could form four covalent bonds. 
Silicon also falls within the group of elements with atomic masses less than 21, 
a property of the elements known to participate in the formation of biologically 
important molecules. Interestingly, silicon is much more prevalent than carbon 
on Earth. Although silicon dioxide is found in the cell walls of plants and 
single-celled organisms called diatoms, silicon-based life has not been identifi ed 
on this planet. Given the abundance of silicon on Earth you can conclude that 
some other aspect of the chemistry of this atom makes it incompatible with the 
formation of molecules that make up living organisms.

 3. Water is considered to be a critical molecule for the evolution of life on 
Earth. It is reasonable to assume that water on other planets could play a 
similar role. The key properties of water that would support its role in the 
evolution of life are:

 • The ability of water to acts as a solvent. Molecules dissolved in water 
could move and interact in ways that would allow for the formation of 
larger, more complex molecules such as those found in living 
organisms.

 • The high specifi c heat of water. Water can modulate and maintain its 
temperature, thereby protecting the molecules or organisms within it 
from temperature extremes—an important feature on other planets.
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 • The difference in density between ice and liquid water. The fact that 
ice fl oats is a simple, but important feature of water environments 
since it allows living organisms to remain in a liquid environment 
protected under a surface of ice. This possibility is especially 
intriguing given recent evidence of ice-covered oceans on Europa, a 
moon of the planet Jupiter. 

CHAPTER 3
L E A R N I N G  O U T C O M E  Q U E S T I O N S
3.1 Hydrolysis is the reverse reaction of dehydration. Dehydration is a synthetic 
reaction involving the loss of water and hydrolysis is cleavage by addition of water.

3.2 Starch and glycogen are both energy storage molecules. Their highly 
branched nature allows the formation of droplets, and the similarity in the bonds 
holding adjacent glucoses together mean that the enzyme we have to break down 
glycogen allow us to break down starch. The same enzymes do not allow us to 
break down cellulose. The structure of cellulose leads to the formation of tough 
fi bers.

3.3 The sequence of bases would be complementary. Wherever there is an A in 
the DNA there would be a U in the RNA, wherever there is a G in the DNA there 
would be a C in the RNA.

3.4 If an unknown protein has sequence similarity to a known protein, we can in-
fer its function is also similar. If an unknown protein has known functional domains 
or motifs we can also use these to help predict function.

3.5 Phospholipids have a charged group replacing one of the fatty acids in a 
triglyceride. This leads to an amphipathic molecule that has both  hydrophobic and 
hydrophilic regions. This will spontaneously form bilayer membranes in water.

U N D E R S T A N D
1. b 2. a 3. d 4. c 5. b 6. b 7. c 8. b

A P P L Y
1. c 2. d 3. b 4. d 5. b 6. b 7. d

S Y N T H E S I Z E
 1. The four biological macromolecules all have different structure and function. 

In comparing carbohydrates, nucleic acids and proteins, we can think of these 
as being polymers with different monomers. In the case of carbohydrates, the 
polymers are all polymers of the simple sugar glucose. These are energy 
storage molecules (with many C-H bonds) and structural molecules such as 
cellulose that make tough fi bers.

Nucleic acids are formed of nucleotide monomers, each of which consists 
of ribose, phosphate, and a nitrogenous base. These molecules are informa-
tional molecules that encode information in the sequence of bases. The bases 
interact in specifi c ways: A base pairs with T and G base pairs with C. This is 
the basis for their informational storage.

Proteins are formed of amino acid polymers. There are 20 different 
amino acids, and thus an incredible number of different proteins. These can 
have an almost unlimited number of functions. These functions arise from 
the amazing fl exibility in structure of protein chains.

 2. Nucleic Acids—Hydrogen bonds are important for complementary base-pair-
ing between the two strands of nucleic acid that make up a molecule of DNA. 
Complementary base-pairing can also occur within the single nucleic acid 
strand of a RNA molecule.

Proteins—Hydrogen bonds are involved in both the secondary and 
tertiary levels of protein structure. The α helices and β-pleated sheets of 
secondary structure are stabilized by hydrogen bond formation between the 
amino and carboxyl groups of the amino acid backbone. Hydrogen bond 
formation between R-groups helps stabilize the three-dimensional folding of 
the protein at the tertiary level of structure.

Carbohydrates—Hydrogen bonds are less important for carbohydrates; 
however, these bonds are responsible for the formation of the fi bers of 
 cellulose that make up the cell walls of plants.

Lipids—Hydrogen bonds are not involved in the structure of lipid 
molecules. The inability of fatty acids to form hydrogen bonds with water is 
key to their hydrophobic nature.

 3. We have enzymes that can break down glycogen. Glycogen is formed from 
alpha-glucose subunits. Starch is also formed from alpha-glucose units, but 
cellulose is formed from beta-glucose units. The enzymes that break the 
alpha-glycosidic linkages cannot break the beta-glycosidic linkages. Thus we 
can degrade glycogen and starch but not cellulose.

CHAPTER 4
L E A R N I N G  O U T C O M E  Q U E S T I O N S
4.1 The statement about all cells coming from preexisting cells might need to be 
modifi ed. It would really depend on whether these Martian life forms were based 
on a similar molecular/cellular basis as terrestrial life.

4.2 Bacteria and archaea both tend to be single cells that lack a 
 membrane-bounded nucleus, and extensive internal endomembrane systems. They 
both have a cell wall, although the composition is different. They do not undergo 
mitosis, although the proteins involved in DNA replication and cell division are 
not similar.

4.3 Part of what gives different organs their unique identities are the specialized 
cell types found in each. That does not mean that there will not be some cell types 
common to all (epidermal cells for example) but that organs tend to have special-
ized cell types.

4.4 They don’t!

4.5 The nuclear genes that encode organellar proteins moved from the  organelle 
to the nucleus. There is evidence for a lot of “horizontal gene transfer” across 
domains; this is an example of how that can occur.

4.6 It provides structure and support for larger cells, especially in animal cells 
that lack a cell wall.

4.7 Microtubules and microfi laments are both involved in cell motility, and 
in movement of substance around cells. Intermediate fi laments do not have this 
dynamic role, but are more structural.

4.8 Cell junctions help to put together cells into higher level structures that are 
organized and joined in different ways. Different kinds of junctions can be used for 
different functional purposes.

I N Q U I R Y  Q U E S T I O N S
Page 64 Stretch, dent, convolute, fold, add more than one nuclei, anything 
which would increase the amount of diffusion between the cytoplasm and the 
external environment.

Page 75 Both the cristae of mitochondria and the thylakoids of chloroplasts, 
where many of the reactions take place leading to the production of ATP, are 
highly folded. The convolutions allow for a large surface area increasing the ef-
fi ciency of the mechanisms of oxidative phosphorylation.

Page 80 Ciliated cell in the trachea help to remove particulate matter from the 
respiratory tact where it can be expelled or swallowed and processed in the diges-
tive tract.

U N D E R S T A N D
1. d 2. d 3. c 4. a 5. c 6. d 7. b

A P P L Y
1. c 2. b 3. b 4. b 5. c 6. b 7. a

S Y N T H E S I Z E
 1. Your diagram should start at the SER and then move to the RER, Golgi 

apparatus, and fi nally to the plasma membrane. Small transport vesicles are 
the mechanism that would carry a phospholipids molecule between two 
membrane compartments. Transport vesicles are small “membrane bubbles” 
composed of a phospholipid bilayer.

 2. If these organelles were free-living bacteria, they would have the features 
found in bacteria. Mitochondria and chloroplasts do both have DNA but no 
nucleus, and they lack the complex organelles found in eukaryotes. At fi rst 
glance, the cristae may seem to be an internal membrane system, but they are 
actually infoldings of the inner membrane. If endosymbiosis occurred, this 
would be the plasma membrane of the endosymbiont, and the outer 
membrane would be the plasma membrane of the engulfi ng cell. Another test 
would be to compare DNA in these organelles with current bacteria. This has 
actually shown similarities that make us confi dent of the identity of the 
endosymbionts.

 3. The prokaryotic and eukaryotic fl agella are examples of an analogous trait. 
Both fl agella function to propel the cell through its environment by 
converting chemical energy into mechanical force. The key difference is in 
the structure of the fl agella. The bacterial fl agellum is composed of a single 
protein emerging from a basal body anchored within the cell’s plasma 
membrane and using the potential energy of a proton gradient to cause a 
rotary movement. In contrast, the fl agellum of the eukaryote is composed of 
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many different proteins assembled into a complex axoneme structure that 
uses ATP energy to cause an undulating motion.

 4. Eukaryotic cells are distinguished from prokaryotic cells by the presence of a 
system of internal membrane compartments and membrane-bounded 
 organelles such as mitochondria and chloroplasts. As outlined in Figure 4.19, 
the fi rst step in the evolution of the eukaryotic cell was the infolding of the 
plasma membrane to create separate internal membranes such as the nuclear 
envelope and the endoplasmic reticulum. The origins of mitochondria and 
chloroplasts are hypothesized to be the result of a bit of cellular “indigestion” 
where aerobic or photosynthetic prokaryotes were engulfed, but not digested 
by the larger ancestor eukaryote. Given this information, there are two 
possible scenarios for the origin of Giardia. In the fi rst scenario, the ancestor 
of Giardia split off from the eukaryotic lineage after the evolution of the 
nucleus, but before the acquisition of mitochondria. In the second scenario, 
the ancestor of Giardia split off after the acquisition of mitochondria, and 
subsequently lost the mitochondria. At present, neither of these two scenarios 
can be rejected. The fi rst case was long thought to be the best explanation, 
but recently it has been challenged by evidence for the second case.

CHAPTER 5
L E A R N I N G  O U T C O M E  Q U E S T I O N S
5.1 Cells would not be able to control their contents. Nonpolar molecules would 
be able to cross the membrane by diffusion, as would small polar molecules, but 
without proteins to control the passage of specifi c molecules, it would not function 
as a semipermeable membrane.

5.2 No. The nonpolar interior of the bilayer would not be soluble in the solvent. 
The molecules will organize with their nonpolar tails in the solvent, but the nega-
tive charge on the phosphates would repel other phosphates.

5.3 Transmembrane domains anchor protein in the membrane. They associate 
with the hydrophobic interior, thus they must be hydrophobic as well. If they slide 
out of the interior, they are repelled by water.

5.4 The concentration of the IV will be isotonic with your blood cell. If it were 
hypotonic, your blood cells would take on water and burst; if it were hypertonic, 
your blood cells would lose water and shrink.

5.5 Channel proteins are aqueous pores that allow facilitated diffusion. 
They cannot actively transport ions. Carrier proteins bind to their substrates 
and couple transport to some form of energy for active transport.

5.6 In all cases, there is recognition and specifi c binding of a molecule by a pro-
tein. In each case this binding is necessary for biological function.

I N Q U I R Y  Q U E S T I O N S
Page 94  As the name suggests for the fl uid mosaic model, cell membranes have 
some degree of fl uidity. The degree of fl uidity varies with the composition of the 
membrane, but in all membranes, phospholipids are able to move about within 
the membrane. Also, due to the hydrophobic and hydrophilic opposite ends of 
phospholipid molecules, phospholipid bilayers form spontaneously. Therefore, if 
stressing forces happen to damage a membrane, adjacent phospholipids automati-
cally move to fi ll in the opening.

Page 95 Integral membrane proteins are those that are embedded within the 
membrane structure and provide passageways across the membrane. Because 
integral membrane proteins must pass through both polar and nonpolar regions of 
the phospholipid bilayer, the protein portion held within the nonpolar fatty acid 
interior of the membrane must also be nonpolar. The amino acid sequence of an 
intregral protein would have polar amino acids at both ends, with nonpolar amino 
acids comprising the middle portion of the protein.

U N D E R S T A N D
1. d 2. a 3. d 4. d 5. b 6. d 7. a

A P P L Y
1. c 2. b 3. d 4. c 5. d

S Y N T H E S I Z E
 1. Since the membrane proteins become intermixed in the absence of the 

energy molecule, ATP, one can conclude that chemical energy is not required 
for their movement. Since the proteins do not move and intermix when the 
temperature is cold, one can also conclude that the movement is tempera-
ture-sensitive. The passive diffusion of molecules also depends on tempera-

ture and does not require chemical energy; therefore, it is possible to 
conclude that membrane fl uidity occurs as a consequence of passive diffusion.

 2. The inner half of the bilayer of the various endomembranes becomes the 
outer half of the bilayer of the plasma membrane.

 3. Lipids can be inserted into one leafl et to produce asymmetry. When  lipids 
are synthesized in the SER, they can be assembled into asymmetric 
membranes. There are also enzymes that can fl ip lipids from one leafl et to 
the other.

CHAPTER 6
L E A R N I N G  O U T C O M E  Q U E S T I O N S
6.1 At the bottom of the ocean, light is not an option as it does not penetrate that 
deep. However, there is a large source of energy in the form of reduced minerals, 
such as sulfur compounds, that can be oxidized. These are abundant at hydrother-
mal vents found at the junctions of tectonic plates. This  supports whole ecosystems 
dependent on bacteria that oxidize reduced minerals  available at the hydrothermal 
vents.

6.2 In a word: No. Enzymes only alter the rate of a reaction; they do not change 
the thermodynamics of the reaction. The action of an enzyme does not change the 
ΔG for the reaction.

6.3 In the text, it stated that the average person turns over approximately their 
body weight in ATP per day. This gives us enough information to determine 
 approximately the amount of energy released:

 100 kg = 1.0 x 105 g
 (1.0 × 105 g)/(507.18 g/mol)=197.2 mol
 (197.2 mol)(7.3 kcal/mol)=1,439 kcal

6.4 This is a question that cannot be defi nitely answered, but we can give some 
reasonable conjectures. First, DNA’s location is in the nucleus and not the cyto-
plasm, where most enzymes are found. Second, the double stranded structure of 
DNA is works well for information storage, but would not necessarily function well 
as an enzyme. Each base interacts with a base on the opposite strand, which makes 
for a very stable linear molecule, but does not encourage folding into the kind of 
complex 3-D shape found in enzymes.

6.5 Feedback inhibition is common in pathways that synthesize metabolites. 
In these anabolic pathways, when the end product builds up, it feeds back to 
inhibit its own production. Catabolic pathways are involved in the degradation 
of compounds. Feedback inhibition makes less biochemical sense in a pathway 
that degrades compounds as these are usually involved in energy metabolism, or 
recycling or removal of compounds. Thus the end product is destroyed or removed 
and cannot feed back.

I N Q U I R Y  Q U E S T I O N
Page 113 If ATP hydrolysis supplies more energy than is needed to drive the 
endergonic reaction, the overall process is exergonic. The reactions result in a net 
release of energy, so the ΔG for the overall process is therefore negative.

U N D E R S T A N D
1. b 2. a 3. b 4. a 5. d 6. b 7. d

A P P L Y
1. b 2. c 3. d 4. c 5. c 6. c

S Y N T H E S I Z E
 1. a. At 40°C the enzyme is at it optimum. The rate of the reaction is at its 

highest level.

 b. Temperature is a factor that infl uences enzyme function. This en-
zyme does not appear to function at either very cold or very hot 
temperatures. The shape of the enzyme is affected by temperature, and 
the enzyme’s structure is altered enough at extreme temperatures that it 
no longer binds substrate. Alternatively, the enzyme may be denatured—
that is a complete loss of normal three-dimensional shape at extreme 
temperatures. Think about frying an egg: What happens to the proteins 
in the egg?

 c. Everyone’s body is slightly different. If the temperature optimum was very 
narrow, then the cells that make up a body would be vulnerable. Having a 
broad range of temperature optimums keeps the enzyme  functioning.

 2. a.  The reaction rate would be slow because of the low concentration of the 
substrate ATP. The rate of reaction depends on substrate concentration.
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 b. ATP acts like a noncompetitive, allosteric inhibitor when ATP levels are 
very high. If ATP binds to the allosteric site, then the reaction should slow 
down.

 c. When ATP levels are high, the excess ATP molecules bind to the allo steric 
site and inhibit the enzyme. The allosteric inhibitor functions by causing a 
change in the shape of the active site in the enzyme. This reaction is an 
example of feedback regulation because ATP is a fi nal product of the 
overall series of reactions associated with glycolysis. The cell regulates 
glycolysis by regulating this early step catalyzed by phosphofructokinase; 
the allosteric inhibitor is the “product” of glycolysis (and later stages) ATP.

CHAPTER 7
L E A R N I N G  O U T C O M E  Q U E S T I O N S
7.1 Cells require energy for a wide variety of functions. The reactions  involved 
in the oxidation of glucose are complex and linking these to the  different metabolic 
functions that require energy would be ineffi cient. Thus cells make and use ATP as 
a reusable source of energy.

7.2 The location of glycolysis does not argue for or against the endosymbiotic 
origin of mitochondria. If could have been located in the mitochondria previously 
and moved to the cytoplasm, or could have always been located in the cytoplasm in 
eukaryotes.

7.3 For an enzyme like pyruvate decarboxylase the complex reduces the distance 
for the diffusion of substrates for the different stages of the reaction. If there are 
any unwanted side reactions they are prevented. Finally the reactions occur within 
a single unit and thus can be controlled in a coordinated fashion. The main disad-
vantage is that since the enzymes are all part of a complex their evolution is more 
constrained than if they were independent.

7.4 At the end of the Krebs cycle, the electrons removed from glucose are all 
carried by soluble electron carriers. Most of these are in NADH and a few are in 
FADH2. All of these are all fed into the electron transport chain under aerobic 
conditions where they are used to produce a proton gradient.

7.5 A hole in the outer membrane would allow protons in the intermembrane 
space to leak out. This would destroy the proton gradient across the inner mem-
brane, stopping the phosphorylation of ADP by ATP synthase.

7.6 The inner membrane actually allows a small amount of leakage of protons 
back into the matrix, reducing the yield per NADH. The proton gradient can also 
be used to power other functions, such as the transport of pyruvate. The actual 
yield is also affected by the relative concentrations ADP, Pi, and ATP as the equilib-
rium constant for this reaction depends on this.

7.7 Glycolysis, which is the starting point for respiration from sugars is regulated 
at the enzyme phosphofructokinase. This enzyme is just before the 6-C skeleton 
is split into two 3-C molecules. The allosteric effectors for this enzyme include 
ATP and citrate. Thus the “end product” ATP, and an intermediate from the Krebs 
cycle, both feedback to inhibit the fi rst part of this process.

7.8 The fi rst obvious point is that the most likely type of ecosystem would be one 
where oxygen is nonexistent or limiting. This includes marine, aquatic, and soil en-
vironments. Any place where oxygen is in short supply is expected to be dominated 
by anaerobic organisms and respiration produces more energy than fermentation.

7.9 The short answer is no. The reason is two-fold. First the oxidation of fatty 
acids feeds acetyl units into the Krebs cycle. The primary output of the Krebs cycle 
is electrons that are fed into the electron transport chain to eventually produce 
ATP by chemiosmosis. The second reason is that the process of beta-oxidation 
that produces the acetyl units is oxygen dependent as well. This is because beta-
oxidation uses FAD as a cofactor for an oxidation, and the FADH2 is oxidized by 
the electron transport chain.

7.10 The evidence for the origins of metabolism is indirect. The presence of O2 
in the atmosphere is the result of photosynthesis, so the record of when we went 
from a reducing to an oxidizing atmosphere chronicles the rise of oxygenic pho-
tosynthesis. Glycolysis is a universal pathway that is found in virtually all types of 
cells. This indicates that it is an ancient pathway that likely evolved prior to other 
types of energy metabolism. Nitrogen fi xation probably evolved in the reducing 
atmosphere that preceded oxygenic photosynthesis as it is poisoned by oxygen, and 
aided by the reducing atmosphere.

I N Q U I R Y  Q U E S T I O N
Page 142 During the catabolism of fats, each round of 2-oxidation uses one 
molecule of ATP and generates one molecule each of FADH2 and NADH. For a 
16-carbon fatty acid, seven rounds of 2-oxidation would convert the fatty acid into 
eight molecules of acetyl-CoA. The oxidation of each acetyl-CoA in the Krebs 

cycle produces 10 molecules of ATP. The overall ATP yield from a 16-carbon fatty 
acid would be: a net gain of 21 ATP from 7 rounds of 2-oxidation [gain of 4 ATP 
per round minus 1 per round to prime reactions] + 80 ATP from the oxidation of 8 
acetyl-CoA s = 101 molecules of ATP.

U N D E R S T A N D
1. d 2. d 3. c 4. c 5. a 6. d 7. c

A P P L Y

1. b 2. b 3. d 4. b 5. a 6. b 7. b

S Y N T H E S I Z E
 1.

Molecules Glycolysis Cellular Respiration

Glucose Is the starting material 
for the reaction

Does not directly use glucose; however, does 
use pyruvate derived from glucose

Pyruvate The end product of gly-
colysis

The starting material for cellular 
respiration

Oxygen Not required Required for aerobic respiration, but not for 
anaerobic respiration

ATP Produced through 
substrate-level 
 phosphorylation

Produced through oxidative phosphorylation. 
More produced than in glycolysis

CO2 Not produced Produced during pyruvate oxidation and 
Krebs cycle

 2. The electron transport chain of the inner membrane of the mitochondria 
functions to create a hydrogen ion concentration gradient by pumping protons 
into the intermembrane space. In a typical mitochondrion, the protons can only 
diffuse back down their concentration gradient by moving through the ATP 
synthase and generating ATP. If protons can move through another transport 
protein then the potential energy of the hydrogen ion concentration gradient 
would be “lost” as heat.

 3. If brown fat persists in adults, then the uncoupling mechanism to generate heat 
described above could result in weight loss under cold conditions. There is now 
some evidence to indicate that this may be the case.

CHAPTER 8
L E A R N I N G  O U T C O M E  Q U E S T I O N S
8.1 Both chloroplasts and mitochondria have an outer membrane and an inner 
membrane. The inner membrane in both forms an elaborate structure. These inner 
membrane systems have electron transport chains that move protons across the 
membrane to allow for the synthesis of ATP by chemiosmosis. They also both have 
a soluble compartment in which a variety of enzymes carry out reactions.

8.2 All of the carbon in your body comes from carbon fi xation by autotrophs. 
Thus, all of the carbon in your body was once CO2 in the atmosphere, before it was 
fi xed by plants.

8.3 The action spectrum for photosynthesis refers to the most effective wave-
lengths. The absorption spectrum for an individual pigment shows how much light 
is absorbed at different wavelengths.

8.4 Before the discovery of photosystems, we assumed that each chlorophyll 
molecule absorbed photons resulting in excited electrons.

8.5 Without a proton gradient, synthesis of ATP by chemiosmosis would be im-
possible. However, NADPH could still be synthesized because electron transport 
would still occur as long as photons were still being absorbed to begin the process.

8.6 A portion of the Calvin cycle is the reverse of glycolysis (the reduction 
of 3-phosphoglycerate to glyceraldehyde-3-phosphate).

8.7 Both C4 plants and CAM plants fi x carbon by incorporating CO2 into the 
4-carbon malate, then use this to produce high local levels of CO2 for the Calvin 
cycle. The main difference is that in C4 plants, this occurs in different cells, and in 
CAM plants this occurs at different times.

I N Q U I R Y  Q U E S T I O N S
Page 150 Light energy is used in light-dependent reactions to reduce NADP+ 
and to produce ATP. Molecules of chlorophyll absorb photons of light energy, but 
only within narrow energy ranges (specifi c wavelengths of light). When all chloro-
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phyll molecules are in use, no additional increase in light intensity will increase the 
rate at which they can absorb light energy.

Page 154 Saturation levels should be higher when light intensity is greater, up 
to a maximum level. If it were possible to minimize the size of photosystems by 
reducing the number of chlorophyll molecules in each, then the saturation level 
would also increase.

Page 157 You could conclude that the two photosystems do not function 
sequentially.

U N D E R S T A N D
1. c 2. a 3. a 4. b 5. c 6. c 7. a 8. b

A P P L Y
1. d 2. b 3. c 4. c 5. d 6. b 7. a 8. a

S Y N T H E S I Z E
 1. In C3 plants CO2 reacts with ribulose 1,5-bisphosphate (RuBP) to yield 2 

molecules of PGA. This reaction is catalyzed by the enzyme rubisco. Rubisco 
also catalyzes the oxidation of RuBP. Which reaction predominates depends 
on the relative concentrations of reactants. The reactions of the Calvin cycle 
reduce the PGA to G3P, which can be used to make a variety of sugars 
including RuBP. In C4 and CAM plants, an initial fi xation reaction incorpo-
rates CO2 into malate. The malate then can be decarboxylated to pyruvate 
and CO2 to produce locally high levels of CO2. The high levels of CO2 get 
around the oxidation of RuBP by rubisco. In C4 plants malate is produced in 
one cell, then shunted into an adjacent cell that lacks stomata to produce high 
levels of CO2. CAM plants fi x carbon into malate at night when their stomata 
are open, then use this during the day to fuel the Calvin cycle. Both are 
evolutionary innovations that have arisen in hot dry climates that allow plants 
to more effi ciently fi x carbon and prevent desiccation.

 2. Figure 8.19 diagrams this relationship. The oxygen produced by photosyn-
thesis is used as a fi nal electron acceptor for electron transport in respiration. 
The CO2 that results from the oxidation of glucose (or fatty acids) is 
incorporated into organic compounds via the Calvin cycle. Respiration also 
produces water, while photosynthesis consumes water.

 3. Yes. Plants use their chloroplasts to convert light energy into chemical 
energy. During light reactions ATP and NADPH are created, but these 
molecules are consumed during the Calvin cycle and are not available for the 
cell’s general use. The G3P produced by the Calvin cycle stores the chemical 
energy from the light reactions within its chemical bonds.  Ultimately, this 
energy is stored in glucose and retrieved by the cell through the process of 
glycolysis and cellular respiration.

CHAPTER 9
L E A R N I N G  O U T C O M E  Q U E S T I O N S
9.1 Ligands bind to receptors based on complementary shapes. This interac-
tion based on molecular recognition is similar to how enzymes interact with their 
ligands.

9.2 Hydrophobic molecule can cross the membrane and are thus more likely to 
have an internal receptor.

9.3 Intracellular receptors have direct effects on gene expression. This generally 
leads to effects with longer duration.

9.4 Ras protein occupies a central role in signaling pathways involving growth 
factors. A number of different kinds of growth factors act through Ras. So it is not 
surprising that this is mutated in a number of different cancers.

9.5 GPCRs are a very ancient and fl exible receptor/signaling pathway. The genes 
encoding these receptors have been duplicated and then have diversifi ed over 
evolutionary time so now there are many members of this gene family.

U N D E R S T A N D
1. b 2. b 3. c 4. d 5. b 6. d 7. c 8. a

A P P L Y
1. b 2. c 3. b 4. d 5. d 6. c

S Y N T H E S I Z E
 1. All signaling events start with a ligand binding to a receptor. The receptor 

initiates a chain of events that ultimately leads to a change in cellular 

 behavior. In some cases the change is immediate—for example, the opening 
of an ion channel. In other cases the change requires more time before it 
occurs, such as when the MAP kinase pathway becomes activated multiple 
different kinases become activated and deactivated. Some signals only affect a 
cell for a short time (the channel example), but other signals can permanently 
change the cell by changing gene expression, and therefore the number and 
kind of proteins found in the cell.

 2. a. This system involves both autocrine and paracrine signaling because 
Netrin-1 can infl uence the cells within the crypt that are responsible for its 
production and the neighboring cells.

 b. The binding of Netrtin-1 to its receptor produces the signal for cell 
growth. This signal would be strongest in the regions of the tissue with the 
greatest amount of Netrin-1—that is, in the crypts. A concentration 
gradient of Netrin-1 exists such that the levels of this ligand are lowest at 
the tips of the villi. Consequently, the greatest amount of cell death would 
occur at the villi tips.

 c. Tumors occur when cell growth goes on unregulated. In the absence of 
Netrin-1, the Netrin-1 receptor can trigger cell death—controlling the 
number of cells that make up the epithelial tissue. Without this mechanism 
for controlling cell number, tumor formation is more likely.

CHAPTER 10
L E A R N I N G  O U T C O M E  Q U E S T I O N S
10.1 The concerted replication and segregation of chromosomes works well with 
one small chromosome, but would likely not work as well with many chromosomes.

10.2 No.

10.3 The fi rst irreversible step is the commitment to DNA replication.

10.4 Loss of cohesins would mean that the products of DNA replication would 
not be kept together. This would make normal mitosis impossible, and thus lead to 
aneuploid cells and probably be lethal.

10.5 The segregation of chromatids that lose cohesin would be random as they 
could not longer be held at metaphase attached to opposite poles. This would 
likely lead to gain and loss of this chromosome in daughter cells due to improper 
partitioning.

10.6 Tumor suppressor genes are genetically recessive, while proto-oncogenes 
are dominant. Loss of function for a tumor suppressor gene leads to cancer while 
inappropriate expression or gain of function lead to cancer with proto-oncogenes.

U N D E R S T A N D
1. d 2. b 3. b 4. b 5. a 6. c 7. b

A P P L Y
1. d 2. a 3. c 4. b 5. d 6. c 7. d

S Y N T H E S I Z E
 1. If Wee-1 were absent then there would be no way for the cell to phosphory-

late Cdk. If Cdk is not phosphorylated, then it cannot be inhibited. If Cdk is 
not inhibited, then it will remain active. If Cdk remains active, then it will 
continue to signal the cell to move through the G2/M checkpoint, but now in 
an unregulated manner. The cells would undergo multiple rounds of cell 
division without the growth associated with G2. As a consequence, the 
daughter cells will become smaller and smaller with each division—hence the 
name of the protein!

 2. Growth factor = ligand

 1. Ligand binds to receptor (the growth factor will bind to a growth factor 
receptor).

 2. A signal is transduced (carried) into the cytoplasm.
 3. A signal cascade is triggered. Multiple intermediate proteins or second 

messengers will be affected.
 4. A transcription factor will be activated to bind to a specifi c site on 

the DNA.
 5. Transcription occurs and the mRNA enters the cytoplasm.
 6. The mRNA is translated and a protein is formed.
 7. The protein functions within the cytoplasm—possibly triggering S phase.
  If you study Figure 10.22 you will see a similar pathway for the formation of 

S phase proteins following receptor–ligand binding by a growth factor. In this 
diagram various proteins in the signaling pathway become phosphorylated 
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and then dephosphorylated. Ultimately, the Rb protein that regulated the 
transcription factor E2F becomes phosphorylated. This releases the E2F and 
allows it to bind to the gene for S phase proteins and cyclins.

 3. Proto-oncogenes tend to encode proteins that function in signal transduc-
tion pathways that control cell division. When the regulation of these 
proteins is aberrant, or they are stuck in the “on” state by mutation, it can 
lead to cancer. Tumor suppressor genes, on the other hand, tend to be in 
genes that encode proteins that suppress instead of activate cell division. 
Thus loss of function for a tumor suppressor gene leads to cancer.

CHAPTER 11
L E A R N I N G  O U T C O M E  Q U E S T I O N S
11.1 Stem cells divide by mitosis to produce one cell that can undergo  meiosis, 
and another stem cell.

11.2 No. Keeping sister chromatids together at the fi rst division is key to this is 
reductive division. Homologues segregate at the fi rst division, reducing the number 
of chromosomes by half.

11.3 An improper disjunction at anaphase I would result in 4 aneuploid gametes: 
2 with an extra chromosome and 2 that are missing a chromosome. Nondisjunction 
at anaphase II would result in 2 normal gametes and 2 aneuploid gametes: 1 with 
an extra chromosome and 1 missing a chromosome.

11.4 The independent alignment of homologous pairs at metaphase I and the 
process of crossing over. The fi rst shuffl es the genome at the level of entire chromo-
somes, and the second shuffl es the genome at the level of individual chromosomes.

I N Q U I R Y  Q U E S T I O N
Page 217 No, at the conclusion of meiosis I each cell has a single copy of each 
homologue. So, even if the attachment of sister chromatids were lost after a meiosis 
I division, the results would not be the same as mitosis.

U N D E R S T A N D
1. c 2. d 3. a 4. b 5. b 6. a 7. b

A P P L Y
1. c 2. b 3. b 4. d 5. b 6. a

S Y N T H E S I Z E
 1. Compare your fi gure with Figure 11.8.

 a. There would be three homologous pairs of chromosomes for an  organism 
with a diploid number of six.

 b. For each pair of homologues, you should now have a maternal and 
paternal pair.

 c. Many possible arrangements are possible. The key to your image is that it 
must show the homologues aligned pairwise—not single-fi le along the 
metaphase plate. The maternal and paternal homologues do not have to 
align on the same side of the cell. Independent assortment means that the 
pairs can be mixed.

 d. A diagram of metaphase II would not include the homologous pairs. The pairs 
have separated during anaphase of meiosis I. Your picture should diagram the 
haploid number of chromosomes, in this case three, aligned single-fi le along 
the metaphase plate. Remember that meiosis II is similar to mitosis.

 2. The diploid chromosome number of a mule is 63. The mule receives 
32 chromosomes from its horse parent (diploid 64: haploid 32) and  another 
31 chromosomes from its donkey parent (diploid 61: haploid 31). 32 + 31 = 
63. The haploid number for the mule would be one half the diploid number 
63 ÷ 2 = 31.5. Can there be a 0.5 chromosome? Even if the horse and donkey 
chromosomes can pair (no guarantee of that) there will be one chromosome 
without a partner. This will lead to aneuploid gametes that are not viable.

 3. Independent assortment involves the random distribution of maternal versus 
paternal homologues into the daughter cells produced during meiosis I. The 
number of possible gametes is equal to 2n, where n is the haploid number of 
chromosomes. Crossing over involves the physical exchange of genetic 
material between homologous chromosomes, creating new combinations of 
genes on a single chromosome. Crossing over is a relatively rare event that 
affects large blocks of genetic material, so independent assortment likely has 
the greatest infl uence on genetic diversity.

 4. Aneuploid gametes are cells that contain the wrong number of chromosomes. 
Aneuploidy occurs as a result of nondisjunction, or lack of separation of the 
chromosomes during either phase of meiosis.

 a. Nondisjunction occurs at the point when the chromosomes are being 
pulled to opposite poles. This occurs during anaphase.

 b. Use an image like Figure 11.8 and illustrate nondisjunction at anaphase I 
versus anaphase II

  Anaphase I nondisjunction:

Meiosis I Meiosis II

CHAPTER 12
L E A R N I N G  O U T C O M E  Q U E S T I O N S
12.1 Both had an effect, but the approach is probably the most important. In 
theory, his approach would have worked for any plant, or even animal he chose. In 
practice, the ease of both cross and self-fertilization was helpful.

12.2 ⅓ of tall F2 plants are true-breeding.

12.3 The events of meiosis I are much more important in explaining Mendel’s 
laws. During anaphase I homologues separate and are thus segregated, and the 
alignment of different homologous pairs at metaphase I is independent.

12.4 Assuming independent assortment of all three genes, the cross is Aa Bb Cc 
× Aa Bb Cc and the prob(A_ B_ C_)=(¾) (¾) (¾)=27/64.

12.5 1:1:1:1 dom dom:dom rec:rec dom:rec rec.

12.6 6/16.

I N Q U I R Y  Q U E S T I O N S
Page 223 The ability to control whether the plants self-fertilized or cross-
fertilized was of paramount importance in Mendel’s studies. Results due to cross-
fertilization would have had confounding infl uences on the predicted number of 
offspring with a particular phenotype.

Page 227 Each of the affected females in the study had one unaffected parent, 
which means that each is heterozygous for the dominant trait. If each female mar-
ries an unaffected (recessive) male, each could produce unaffected offspring. The 
chance of having unaffected offspring is 50% in each case.

Page 228 Genetic defects that remain hidden or dormant as heterzygotes in the 
recessive state are more likely to be revealed in homozygous state among closely 
related individuals.

Page 235 Almost certainly, differences in major phenotypic traits of twins would 
be due to environmental factors such as diet.

U N D E R S T A N D
1. b 2. c 3. c 4. c 5. b 6. d

A P P L Y
1. b 2. c 3. b 4. a 5. c 6. d

S Y N T H E S I Z E
 1. The approach to solving this type of problem is to identify the possible 

gametes. Separate the possible gamete combinations into the boxes along the 
top and side. Fill in the Punnet square by combining alleles from each parent. 

 a. A monohybrid cross between individuals with the genotype Aa and Aa

A a

A AA Aa

a aA aa

  Phenotypic ratio: 3 dominant to 1 recessive
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