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Until relatively recently, the world’s sec-
ond largest freshwater lake, Lake Victoria in East Africa,
was home to about 400 species of small, colorful fishes
known as cichlids (pronounced sik′lids). (Recall from
Chapter 4 that a species is a group of similar organisms
whose members freely interbreed with one another in the
wild and do not interbreed with other species of organ-
isms.) The cichlid species in Lake Victoria had remarkably
different eating habits. Some grazed on algae; some con-
sumed dead organic material at the bottom of the lake;
and others ate insects, shrimp, or other cichlid species.
These fishes, which thrived throughout the lake ecosys-
tem, provided much-needed protein to the diets of 30
million humans living in the lake’s vicinity.

Today, the aquatic community is very different in Lake
Victoria. More than half of the cichlids and other native fish
species are now extinct. As a result of the disappearance of
most of the algae-eating cichlids, the algal population has
increased explosively. When these algae die, their decom-
position uses up the dissolved oxygen in the water. The
bottom zone of the lake, once filled with cichlids, is empty
because it contains too little dissolved oxygen. Any fishes
venturing into the oxygen-free zone suffocate. Local fisher-
men, who once caught and ate hundreds of different types
of fishes, now catch only a few types.

The most important reason for the destruction of
Lake Victoria’s delicate ecological balance was the delib-

Invasion of water hyacinth in Lake

Victoria. The water hyacinth (Eich-
hornia crassipes) has choked much of
Lake Victoria’s shoreline with thick
vegetation. Many small ports are
closed, and boats cannot move.
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Learning Objectives

After you have studied this chapter you should be able to:

1. Explain the four premises of evolution by natural selec-

tion as proposed by Charles Darwin.

2. Describe ecological succession and distinguish

between primary and secondary succession.

3. Discuss an example of a keystone species.

4. Explain symbiosis and distinguish among mutualism,

commensalism, and parasitism.

5. Define predation and describe the effects of natural

selection on predator–prey relationships.

6. Define competition and distinguish between intraspe-

cific and interspecific competition.

7. Describe the factors that contribute to an organism’s

ecological niche and distinguish between fundamental

niche and realized niche.

8. Give several examples of limiting factors and discuss

how they might affect an organism’s ecological niche.

9. Relate the concepts of competitive exclusion and

resource partitioning.

10. Summarize the main determinants of species richness

in a community and describe factors associated with high

species richness.

11. Give several examples of ecosystem services.

Ecosystems and 
Living Organisms
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erate introduction of the Nile perch, a large and voracious
predator, into the lake in 1960. Proponents of the intro-
duction thought that the successful establishment of the
Nile perch would stimulate the local economy and help
the fishermen. For about 20 years, as its population
slowly increased, the Nile perch did not appear to have an
appreciable effect on the lake. But in 1980, fishermen
noticed that they were harvesting increasing quantities of
Nile perch and decreasing amounts of native fishes. By
1985, most of the annual catch was Nile perch, which was
experiencing a population explosion fueled by an abun-
dant food supply—the cichlids.

Pollution is also a factor in the cichlids’ disappear-
ance. Introduction of the Nile perch has changed the sur-
rounding forest as fishermen cut down the trees to create
firewood to dry the very large Nile perch they caught. As
nearby forests were cut, soil erosion made the water of
Lake Victoria turbid (cloudy). Agricultural practices in the
area contributed fertilizer as well as sediment pollution
from soil erosion, and both of these pollutants increased
the turbidity of the water. Water transparency in deep lake
water decreased from an average of 6.8 m (22.3 ft) in the
1920s to 2.2 m (7.2 ft) in the 1990s. Water transparency in
shallow areas along the shoreline decreased from 3 m
(9.8 ft) to 1.5 m (4.9 ft) during the 1990s.

The Lake Victoria story is far from finished. In 1990
the water hyacinth, a South American plant, invaded Lake
Victoria. This floating plant has spread along the shore-
line so rapidly that fishing is impossible in many sections
of the lake. Small ports and harbors have had to close
(see opening figure). In ways not yet understood, the
invasion of the water hyacinth appears to have increased
the incidence of snail- and mosquito-borne diseases,
threatening the health of millions of people living in the
region. The World Bank has established the Lake Victoria
Environmental Management Program to control the
spread of the water hyacinth, but progress has been slow.

Regardless of whether an ecosystem is as large as
Lake Victoria or as small as a roadside drainage ditch, its
organisms are continually interacting with one another
and adapting to changes in the environment. This chapter
is concerned with making sense of community structure
and diversity by finding common patterns and processes
in a wide variety of communities.

EVOLUTION: HOW POPULATIONS 

CHANGE OVER TIME

Where did the original 400 species of cichlids in Lake
Victoria come from? They, like all of Earth’s remarkable
number of species living today, descended from earlier
species by a process known as evolution. Evolution is a

genetic change in a population of organisms that occurs
over time. The concept of evolution dates back to the
time of Aristotle (384–322 B.C.), but Charles Darwin
(1809–1882), a 19th-century naturalist, proposed the
mechanism of evolution that is still accepted by the scien-
tific community today. As you will see, the environment
plays a crucial role in Darwin’s theory of evolution.

It occurred to Darwin that over time, inherited traits
favorable to survival in a given environment would tend
to be preserved, whereas unfavorable ones would be
eliminated. The result would be adaptation, evolution-
ary modification that improves the chances of survival
and reproductive success of the population in a given
environment. Eventually the accumulation of modifica-
tions might result in a new species.

Darwin proposed the theory of evolution by natural
selection in his monumental book, The Origin of Species by
Means of Natural Selection, which was published in 1859
(Figure 5.1). Since that time, scientists have accumulated
an enormous body of observations and experiments that
support Darwin’s theory. Although biologists still do not
agree completely on some aspects by which evolutionary
changes occur, the concept that evolution by natural
selection has taken place is now well documented.

Natural Selection

Darwin’s mechanism of evolution is by natural selec-
tion, in which better-adapted individuals—those with a
combination of genetic traits better suited to environ-
mental conditions—are more likely to survive and repro-
duce, increasing their proportion in the population. Over
time, the population changes as favorable traits increase
in frequency in successive generations, and as unfavor-
able traits decrease or disappear. Natural selection con-
sists of four observations about the natural world:
overproduction, variation, limits on population growth,
and differential reproductive success.

1. Overproduction. Each species produces more off-
spring than will survive to maturity. Natural popula-
tions have the reproductive potential to increase their
numbers continuously over time. For example, if
each breeding pair of elephants produces 6 offspring
during a 90-year life span, in 750 years a single pair
of elephants will have given rise to a population of 19
million! Yet elephants have not overrun the planet.

2. Variation. The individuals in a population exhibit
variation. Each individual has a unique combination of
traits, such as size, color, and ability to tolerate harsh
environments. Some traits improve the chances of an
individual’s survival and reproductive success, whereas
others do not. It is important to remember that the
variation necessary for evolution by natural selection
must be inherited so that it can be passed to offspring.

3. Limits on population growth, or a struggle for
existence. There is only so much food, water, light,
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growing space, and so on available to a population,
and organisms compete with one another for the lim-
ited resources available to them. Because there are
more individuals than the environment can support,
not all of the offspring will survive to reproductive
age. Other limits on population growth include pred-
ators and diseases.

4. Differential reproductive success. Those individu-
als that possess the most favorable combination of
characteristics (those that make individuals better
adapted to their environment) are more likely to sur-

vive, reproduce, and pass their traits to the next gen-
eration. Because offspring tend to resemble their par-
ents, the next generation obtains the parents’
heritable traits. Sexual reproduction is the key to nat-
ural selection: The best-adapted individuals are those
that reproduce most successfully, whereas less-fit
individuals die prematurely or produce fewer or infe-
rior offspring. Over time, enough changes may accu-
mulate in geographically separated populations (often
with slightly different environments) to produce new
species.
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Small Tree Finch
(Insects, fruits, soft seeds)

Medium Tree Finch
(Insects, soft seeds)

Large Tree Finch
(Insects)

Small Ground Finch
(Soft seeds)

Medium Ground Finch
(Moderate seeds)

Vegetarian Finch
(Soft seeds, fruits, leaves)

Large Ground Finch
(Hard seeds)

Large Cactus Finch
(Insects, seeds)

Sharp Beaked Ground Finch
(Insects, seeds, nectar)

Warbler Finch
(Insects)

Mangrove Finch
(Mostly insects)

Woodpecker Finch
(Insects)

Cocos Island Finch
(Insects, seeds, nectar)

Cactus Finch
(Moderate seeds)

Figure 5.1 Darwin’s finches.

Charles Darwin was a ship’s
naturalist on a 5-year voyage
around the world. During an
extended stay in the Galápa-
gos Islands off the coast of
Ecuador, he studied the
plants and animals of each
island, including the 14
species of finches. Each finch
species was specialized for a
particular lifestyle different
from those of the others and
different from finches on the
South American mainland.
Darwin came to realize that
the 14 species of Galapagos
finches descended from a
single common ancestor—
one or a small population of
finches that originally colo-
nized the Galápagos from
the South American main-
land.
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A vast body of evidence supports evolution, includ-
ing observations from the fossil record, comparative
anatomy, biogeography (the study of the geographical
locations of organisms), and molecular biology. In addi-
tion, evolutionary hypotheses are tested experimentally.
On the basis of these kinds of evidence, most biologists
accept the principles of evolution by natural selection but
have recently scrutinized some of its details. For example,
what is the role of chance in evolution? How rapidly do
new species evolve? These questions have arisen in part
from a reevaluation of the fossil record and in part from
discoveries in molecular aspects of inheritance. Such crit-
ical analyses are an integral part of the scientific process
because they stimulate additional observation and experi-
mentation, along with reexamination of previous evi-
dence. As discussed in Chapter 2, science is an ongoing
process, and information obtained in the future may
require modifications to certain parts of the theory of
evolution by natural selection.

The Kingdoms of Life

Biologists try to make sense of the remarkable diversity
of life that has evolved on Earth by arranging organisms
into logical groups. For hundreds of years, biologists
regarded organisms as falling into two broad cate-
gories—plants and animals. With the development of
microscopes, however, it became increasingly obvious
that many organisms did not fit very well into either the
plant kingdom or the animal kingdom. For example, bac-
teria have a prokaryotic cell structure: They lack a nuclear
envelope and other internal cell membranes. This fea-
ture, which separates bacteria from all other organisms, is
far more fundamental than the differences between
plants and animals, which have similar cell structures.
Hence, it became clear that bacteria were neither plants
nor animals. Furthermore, certain microorganisms such
as Euglena, which is both motile (has a hairlike flagellum
for movement) and photosynthetic, seem to possess char-
acteristics of both plants and animals.

These and other considerations eventually led to a
six-kingdom system of classification used by many biolo-
gists today: Archaebacteria, Eubacteria, Protista, Fungi,
Plantae, and Animalia (Figure 5.2). Bacteria, with a
prokaryotic cell structure, are now divided into two very
distinct groups on the basis of significant biochemical
differences. The archaebacteria frequently live in oxy-
gen-deficient environments and are often adapted to
harsh conditions; these include hot springs, salt ponds,
and hydrothermal vents (see Chapter 4). The thousands
of remaining kinds of bacteria are collectively known as
the eubacteria.

The remaining four kingdoms are composed of
organisms with a eukaryotic cell structure. Eukaryotic
cells have a high degree of internal organization, contain-
ing nuclei, chloroplasts (in photosynthetic cells), and

mitochondria. Eukaryotes that are unicellular or rela-
tively simple multicellular organisms, such as algae, pro-
tozoa, slime molds, and water molds, are classified as
members of the kingdom Protista.

In addition to the kingdom Protista, there are three
specialized groups of multicellular organisms—fungi,
plants, and animals—that evolved independently from
different groups of Protista. The kingdoms Fungi, Plan-
tae, and Animalia differ from one another in—among
other features—their types of nutrition. Fungi secrete
digestive enzymes into their food and then absorb the
predigested nutrients. Plants use radiant energy to manu-
facture food molecules by photosynthesis. Animals ingest
their food, then digest it inside their bodies.

Although the six-kingdom system is a definite
improvement over the two-kingdom system, it is not per-
fect. Most of its problems concern the kingdom Protista,
which includes some organisms that may be more closely
related to members of other kingdoms than to certain
other protists. For example, green algae are protists that
are clearly similar to plants but do not appear to be
closely related to other protists, such as slime molds and
red algae.

BIOLOGICAL COMMUNITIES

As you may recall from Chapter 4, the term community
has a far broader sense in ecology than in everyday
speech. For the biologist, a community is an association
of different populations of organisms that live and inter-
act together in the same place at the same time.

Communities are extraordinarily complex because
the organisms that comprise a community are interde-
pendent in a variety of ways. Species compete with one
another for food, water, living space, and other resources.
(Used in this context, a resource is anything from the
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Animals

Fungi

Plants

Protists

Figure 5.2 The six-kingdom system of classification.
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environment that meets a particular species’ needs.)
Some organisms kill and eat other organisms. Some
species form intimate associations with one another,
while other species seem only distantly connected. As
discussed in Chapter 4, each organism plays one of three
main roles in community life: producer, consumer, or
decomposer. The unraveling of the many positive and
negative, direct and indirect interactions of organisms
living together as a community is one of the goals of
community ecologists.

Communities vary greatly in size, lack precise
boundaries, and are rarely completely isolated. They
interact with and influence one another in countless
ways, even when the interaction is not readily apparent.
Furthermore, communities are nested within one
another like Chinese boxes—that is, there are communi-
ties within communities. A forest is a community, but so
is a rotting log in that forest. Insects, plants, and fungi
invade a fallen tree as it undergoes a series of decay steps
(Figure 5.3). First, wood-boring insects and termites
forge paths through the bark and wood. Later, other
insects, plant roots, and fungi follow and enlarge these
openings. Mosses and lichens that establish on the log’s
surface trap rainwater and extract nutrient minerals, and
fungi and bacteria speed decay, thus providing nutrients
for other inhabitants. As decay progresses, small mam-
mals burrow into the wood and eat the fungi, insects, and
plants.

Organisms exist in an abiotic (nonliving) environ-
ment that is as essential to their lives as are their interac-
tions with one another. Minerals, air, water, and sunlight

are just as much a part of a honeybee’s environment as
the flowers that it pollinates and from which it takes nec-
tar. A biological community and its abiotic environment
together comprise an ecosystem. (The abiotic environ-
ment of ecosystems is considered in Chapter 6.)
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Sawfly lays eggs
in rotting wood. Long-horned

beetle bores
holes under bark.

Downy woodpecker
creates holes while
searching for insects.

Bark beetles
engrave wood.

Dry rot fungus
decomposes wood.

Roots of seedlings
penetrate log
remains.

Black
carpenter ants
create galleries
in wood.

Termites
infest wet
rotten wood.

Fungi and bacteria
decompose the
wood, returning
minerals to the soil.

Carpenter moth
caterpillar burrows
into sapwood.

Figure 5.3 A rotting log community. Detritivores and decomposers consume a rotting log,
which teems with a variety of fungi, animals, and plants.

From the Little Acorn … Comes Lyme Disease?

In a study illustrating how indirect interactions between species
determine population dynamics, an intricate and fascinating rela-
tionship emerged among white-footed mice, acorn production,
gypsy moth population growth, and the potential occurrence of
Lyme disease. Large-scale experiments conducted in oak forests of
the northeastern United States linked bumper acorn crops to boom-
ing mouse populations. Because the mice eat gypsy moth pupae,
these high-acorn conditions also led to low populations of gypsy
moths. This ecological outcome helps the oaks because gypsy
moths cause serious defoliation, but the prospects for human
health may not be as bright. Abundant acorns apparently also
attract tick-bearing deer; the ticks’ offspring feed on the mice. The
mice often carry the Lyme disease–causing bacterium, which may
be transmitted to the maturing ticks and in turn to humans bitten by
infected ticks. The study’s findings suggest the possibility of pre-
dicting which years pose the greatest potential threat of Lyme dis-
ease to humans—based on when oaks are most productive.
Awareness of these community relationships might also affect for-
est management: What’s good for the trees—a decline in gypsy
moths—may not be so good for human health down the road.

E N V I R O B R I E F
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Succession: How Communities Change 
over Time

A community of organisms does not spring into existence
full-blown but develops gradually, through a sequence of
species. The process of community development over
time, which involves species in one stage being replaced by
different species, is called succession. An area is initially
colonized by certain organisms that are replaced over time
by others, which themselves may be replaced much later
by still others (see “Mini-Glossary: Succession”).

The actual mechanisms that underlie sucession are
not clear. In some cases, it may be that an earlier species
modifies the environment in some way, thereby making it
more suitable for a later species to colonize. It is also pos-
sible that earlier species are able to exist because there is
little competition from other species. Later, as more
invasive species arrive, the original species are outcom-
peted and displaced.

Ecologists initially thought that succession inevitably
led to a stable and persistent community, such as a forest,
known as a climax community. But more recently, the tra-
ditional view has fallen out of favor. The apparent stabil-
ity of a “climax” forest is probably the result of how long
trees live relative to the human life span. It is now recog-
nized that mature “climax” communities are not in a state
of permanent equilibrium but rather in a state of contin-
ual disturbance. Over time, a mature community changes
in species composition and in the relative abundance of
each species, despite the fact that it retains an overall uni-
form appearance.

Succession is usually described in terms of the
changes in the species composition of the plants growing
in an area, although each successional stage also may
have its own characteristic kinds of animals and other
organisms. The time involved in ecological succession is
on the scale of tens, hundreds, or thousands of years, not
the millions of years involved in the evolutionary time
scale.

Primary Succession Primary succession is the change
in species composition over time in an environment that

has not previously been inhabited by organisms. No soil
exists when primary succession begins. Bare rock sur-
faces, such as recently formed volcanic lava and rock
scraped clean by glaciers, are examples of sites where pri-
mary succession may take place (Figure 5.4).

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

Primary Succession on Krakatoa Primary succes-
sion can take hundreds or thousands of years to occur.
The Indonesian island of Krakatoa has provided scien-
tists with a perfect long-term study of primary succession
in a tropical rain forest. In 1883 a volcanic eruption
destroyed all life on the island. Biologists have surveyed
the ecosystem in the more than 100 years since the devas-
tation to document the return of life forms. As of the
1990s, biologists had found that the progress of primary
succession was extremely slow, in part because of Kraka-
toa’s isolation. Both Java and Sumatra are nearby, but
many species are limited in their ability to disperse over
water. A portion of Krakatoa’s forest might have only one
tenth the number of tree species found in undisturbed
tropical rain forests on nearby islands. The lack of plant
diversity has in turn limited the number of colonizing
animal species. In a forested area of Krakatoa where zool-
ogists would expect more than 100 butterfly species,
there are only 2 species.

Primary Succession on Sand Dunes Some lake and
ocean shores have extensive sand dunes that are
deposited by wind and water. At first these dunes are
blown about by the wind. The sand dune environment is
severe, with high temperatures during the day and low
temperatures at night. The sand may also be deficient in
certain nutrient minerals needed by plants. As a result,
few plants can tolerate the environmental conditions of a
sand dune.

Henry Cowles developed the concept of succession
in the 1880s when he studied succession on sand dunes
around the shores of Lake Michigan, which had been
gradually shrinking since the last ice age. The shrinking
lake exposed new sand dunes that displayed a series of
stages in the colonization of the land.

Grasses are common pioneer plants on sand dunes
around the Great Lakes. As the grasses extend over the
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Succession

succession: A process of community development that involves a
changing sequence of species.

pioneer community: The first organisms to colonize (or recolonize)
an area.

primary succession: Ecological succession in an environment that
has not previously been inhabited; no soil is present initially.

secondary succession: Ecological succession in a previously inhab-
ited environment that was exposed to some type of disturbance;
soil is already present.
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surface of a dune, their roots hold it in place, helping to
stabilize it. At this point, mat-forming shrubs may
invade, further stabilizing the dune. Later, shrubs may be
replaced by poplars (cottonwoods), which years later are
replaced by pines and finally by oaks. Because the soil fer-
tility remains low, other forest trees rarely replace oaks. A
summary of how primary succession on sand dunes
around the Great Lakes might proceed is in this
sequence: grasses → shrubs → poplars (cottonwoods) →
pine trees → oak trees.

Secondary Succession Secondary succession is the
change in species composition that takes place after some
disturbance destroys the existing vegetation; soil is
already present. An open area caused by a forest fire and
abandoned farmland are common examples of sites
where secondary succession occurs.

During the summer of 1988, wildfires burned
approximately one third of Yellowstone National Park.
This natural disaster provided a valuable chance for biol-
ogists to study secondary succession in areas that had
been protected forests. After the conflagration, gray ash
covered the forest floor, and most of the trees, although
standing, were charred and dead. Secondary succession
in Yellowstone has occurred rapidly since 1988. Less than
one year later, in the spring of 1989, trout lily and other
herbs sprouted and covered much of the ground. By
1998, a young forest of knee-high to shoulder-high
lodgepole pines dominated the area. Douglas fir
seedlings also began appearing in 1998. Biologists con-
tinue to monitor the changes in Yellowstone as secondary
succession takes place.

Secondary succession on abandoned farmland has
been studied extensively. Although it takes more than 100
years for secondary succession to occur at a single site, it
is possible for a single researcher to study old field suc-
cession in its entirety by observing different sites in the
same area that have been undergoing succession for dif-
ferent amounts of time. The biologist may examine
county tax records to determine when each field was
abandoned.

Abandoned farmland in North Carolina is colonized
by a predictable succession of communities (Figure 5.5).
The first year after cultivation ceases, the field is domi-
nated by crabgrass. During the second year, horseweed, a
larger plant that outgrows crabgrass, is the dominant
species. Horseweed does not dominate more than 1 year,
however, because decaying horseweed roots inhibit the
growth of young horseweed seedlings. In addition,
horseweed does not compete well with other plants that
become established in the third year. During the third
year after the last cultivation, other weeds—broomsedge,
ragweed, and aster—become established. Typically,
broomsedge outcompetes aster, because broomsedge is
drought-tolerant, whereas aster is not.

In years 5 to 15, the dominant plants in an aban-
doned field are pines such as shortleaf pine and loblolly
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Figure 5.4 Primary succession on glacial moraine. During
the past 200 years, glaciers have retreated in Glacier Bay,
Alaska. Although these photos were not taken in the same area,
they show some of the stages of primary succession on glacial
moraine (rocks, gravel, and sand deposited by a glacier).
(a) After the glacier’s retreat, the barren landscape is initially
colonized by lichens, then mosses and small shrubs. (b) At a
later time, dwarf trees and shrubs colonize the area. (c) Still
later, spruces dominate the community.

(a)

(b)

(c)
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pine. Through the buildup on the soil of litter, such as
pine needles and branches, pines produce conditions that
cause the earlier dominant plants to decline in impor-
tance. Over time, pines give up their dominance to hard-
woods such as oaks. The replacement of pines by oaks
depends primarily on the environmental changes pro-
duced by the pines. The pine litter causes soil changes,
such as an increase in water-holding capacity, that are
necessary for young oak seedlings to become established.
In addition, hardwood seedlings are more tolerant of
shade than are young pine seedlings. Secondary succes-
sion on abandoned farmland in the southeastern United
States proceeds in this sequence: crabgrass → horseweed
→ broomsedge and other weeds → pine trees → hard-
wood trees.

Animal Life During Old Field Succession As sec-
ondary succession in North Carolina proceeds, a pro-
gression of animal life follows the changes in vegetation.

Although a few animals—such as the short-tailed
shrew—are found in all stages of abandoned farmland
succession, most animals appear with certain stages and
disappear with others. During the crabgrass and weed
stages of secondary succession, the open fields support
grasshoppers, meadow voles, cottontail rabbits, and birds
such as grasshopper sparrows and meadowlarks. As
young pine seedlings become established, animals of
open fields give way to animals common in mixed herba-
ceous and shrubby habitats. Now white-tailed deer,
white-footed mice, ruffed grouse, robins, and song spar-
rows are common, whereas grasshoppers, meadow mice,
grasshopper sparrows, and meadowlarks disappear. As
the pine seedlings grow into trees, animals of the forest
replace those that are common in mixed herbaceous and
shrubby habitats. Cottontail rabbits give way to red
squirrels, and ruffed grouse, robins, and song sparrows
are replaced by warblers and veeries. Thus, each stage of
succession supports its own characteristic animal life.
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Figure 5.5 Secondary succession on an abandoned field in North Carolina.
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KEYSTONE SPECIES

Certain species are more crucial to the maintenance of
their ecosystem than others. Such species, called key-
stone species, are vital in determining the nature and
structure of the entire ecosystem—that is, its species
composition and its ecosystem functioning. Other
species of a community depend on or are greatly affected
by the keystone species. Keystone species are usually not
the most abundant species in the ecosystem. Although
present in relatively small numbers, keystone species
exert a profound influence on the entire ecosystem
because they often affect the available amount of food,
water, or some other resource.

Identifying and protecting keystone species are cru-
cial goals of conservation biologists because if a keystone
species disappears from an ecosystem, many other organ-
isms in that ecosystem may become more common,
become rare, or even disappear. One example of a key-
stone species is a top predator such as the gray wolf.
Where wolves were hunted to extinction, the populations

of deer and other herbivores increased explosively (recall
the reintroduction of wolves to Yellowstone, discussed in
Chapter 1). As these herbivores overgrazed the vegeta-
tion, many plant species that could not tolerate such
grazing pressure disappeared. Many smaller animals such
as insects also were lost from the ecosystem because the
plants that they depended on for food were now less
abundant. Thus, the disappearance of the wolf resulted in
an ecosystem with considerably less biological diversity.

Because different species of fig trees collectively pro-
duce a continuous crop of fruits, they appear to be key-
stone species in tropical rain forests. Fruit-eating
monkeys, birds, bats, and other vertebrates of the forest
do not normally consume large quantities of figs in their
diets. During the time of year when other fruits are less
plentiful, however, fig trees become very important in
sustaining fruit-eating vertebrates. Should the fig trees
disappear, most of the fruit-eating vertebrates would also
be eliminated. Thus, protecting fig trees in such tropical
rainforest ecosystems is an important conservation goal
because it increases the likelihood that monkeys, birds,
bats, and other vertebrates will survive.

Some scientists think the concept of keystone
species, although of potential usefulness in conservation
biology, should be abandoned because it is too problem-
atic. For one thing, most of the information we have
about keystone species is anecdotal. Few long-term sci-
entific studies have been performed to identify keystone
species and to determine the nature and magnitude of
their effects on the ecosystems they inhabit.

INTERACTIONS AMONG ORGANISMS

No organism exists independently of other organisms.
The producers, consumers, and decomposers of an
ecosystem interact with one another in a variety of com-
plex ways, and each forms associations with other organ-
isms. Three main types of interactions occur among
species in an ecosystem: symbiosis, predation, and com-
petition.

SYMBIOSIS

Symbiosis is any intimate relationship or association
between members of two or more species. Usually, one
species lives in or on another species. The partners of a
symbiotic relationship, called symbionts, may benefit
from, be unaffected by, or be harmed by the relationship.

Coevolution

Symbiosis is the result of coevolution, the interdepend-
ent evolution of two interacting species. Flowering plants
and their animal pollinators have a symbiotic relationship
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Otters in Trouble

Sea otters, a known keystone species off the Alaskan coast, play an
important ecological role: Otters feed on sea urchins, limiting the
urchins from eating kelp, which allows kelp forests to thrive. Now
scientists have uncovered an alarming decline in sea otter popula-
tions in western Alaska’s Aleutian Islands—a stunning 90% crash
since 1990—that in turn poses wide-ranging threats to the coastal
ecosystem there. The population of sea urchins in these areas is
exploding, and kelp forests are being devastated. Strong evidence
identifies killer whales, or orcas, as the culprits. Recently, orcas
were observed for the first time preying on sea otters. Orcas gener-
ally feed on sea lions, seals, and fishes of all sizes. In comparison,
sea otters, which are the smallest marine mammal species on Earth,
are more like a snack rather than a desirable meal. So why are the
orcas now choosing sea otters? Most likely because seal and sea
lion populations have also collapsed across the North Pacific.

In a scenario that is partly documented and partly speculative,
the starting point of this disastrous chain of events is a drop in for-
age fish stocks, possibly caused by overfishing or climate change.
With their food fish in decline, seal and sea lion populations have
suffered, and orcas have been forced to look elsewhere for food.
Such a change in the orcas’ feeding behavior transforms the food
chain of kelp forests, putting orcas rather than otters at the top, and
linking coastal and oceanic ecosystems off the Alaskan coast.

Sea otter populations along the California coast are not faring
well either. Scientists are concerned that the population of sea
otters is declining so rapidly that they could be approaching extinc-
tion. The exact cause of the decline along the California coast is
unknown at this time. Scientists speculate that disease, water pol-
lution, fishnets (in which the otters become entangled and drown),
and natural predators such as sharks may be responsible.
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that is an excellent example of coevolution. Because
plants are rooted in the ground, they lack the mobility
that animals have when mating. Many flowering plants
rely on animals to help them mate. Bees, beetles, hum-
mingbirds, bats, and other animals transport the male
reproductive units, called pollen, from one plant to
another, in effect giving plants mobility. How has this
come about?

During the millions of years over which these associ-
ations developed, flowering plants evolved several ways
to attract animal pollinators. One of the rewards for the
pollinator is food—nectar (a sugary solution) and pollen.
Plants often produce food that is precisely correct for one
type of pollinator. For example, the nectar of flowers that
are pollinated by bees usually contains 30% to 35%
sugar, the concentration that bees need to make honey.
Bees will not visit flowers with lower sugar concentra-
tions in their nectar. Bees also use pollen to make bee-
bread, a nutritious mixture of nectar and pollen that is
eaten by their larvae.

Plants also possess a variety of ways to get the polli-
nator’s attention, most of which involve colors and
scents. Showy petals visually attract the pollinator much
as a neon sign or golden arches attract a hungry person
to a restaurant. Scents are also an effective way to
attract pollinators. Insects have a well-developed sense
of smell, and many insect-pollinated flowers have
strong scents, which may also be very pleasant perfumes
to humans. A few specialized kinds of flowers have
unpleasant odors. The carrion plant produces flowers
that smell like rotting flesh. Carrion flies move from
one flower to another, looking for a place to deposit
their eggs, and in the process pollen is transferred from
one flower to another.

During the time plants were acquiring specialized
features to attract pollinators, the animal pollinators coe-
volved specialized body parts and behaviors that enabled
them to both aid pollination and obtain nectar and pollen
as a reward. Coevolution is responsible for the hairy bod-
ies of bumblebees, which catch and hold the sticky pollen
for transport from one flower to another. Coevolution is
also responsible for the long, curved beaks of certain
honeycreepers, Hawaiian birds that insert their beaks
into tubular flowers to obtain nectar (Figure 5.6).

Animal behavior has also coevolved. The flowers of
certain orchids resemble female wasps in coloring and
shape. The resemblance between one orchid species and
female wasps is so strong that male wasps mount the
flowers and attempt to copulate with them. During this
misdirected activity, a pollen sac usually attaches to the
back of the wasp. When the frustrated wasp departs and
attempts to copulate with another orchid flower, pollen
grains are transferred to the flower.

The thousands, or even millions, of symbiotic associ-
ations that result from coevolution fall into three cate-
gories: mutualism, commensalism, and parasitism (see
“Mini-Glossary: Symbiosis”).

Mutualism: Sharing Benefits

Mutualism is a symbiotic relationship in which both
partners benefit. The association between nitrogen-fix-
ing bacteria of the genus Rhizobium and legumes, which
are plants such as peas, beans, and clover, is an example of
mutualism. Nitrogen-fixing bacteria live in nodules in
the roots of legumes and supply the plants with all of the
nitrogen they need. The legumes supply sugar to their
bacterial symbionts.

Another example of mutualism is the association
between reef-building coral animals and microscopic
algae. These symbiotic algae, which are called zooxan-
thellae (pronounced zoh-zan-thel´ee, live inside cells of
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Figure 5.6 Coevolution. The gracefully curved bill of the
‘I’iwi, one of the Hawaiian honeycreepers, enables it to sip
nectar from flowers of the lobelia. The ‘I’iwi bill fits perfectly
into the long, tubular lobelia flowers.

Symbiosis

symbiosis: Any intimate relationship between two or more species.
Includes mutualism, commensalism, and parasitism.

mutualism: A symbiotic relationship in which both partners benefit.

commensalism: A symbiotic relationship in which one partner bene-
fits and the other partner is unaffected.

parasitism: A symbiotic relationship in which one partner—the par-
asite—obtains nutrients at the expense of the other—the host.
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the coral, where they photosynthesize and provide the
animal with carbon and nitrogen compounds as well as
oxygen. Zooxanthellae have a stimulatory effect on the
growth of corals, causing calcium carbonate skeletons to
form around their bodies much faster when the algae are
present. The corals, in turn, supply their zooxanthellae
with waste products such as ammonia, which the algae
use to make nitrogen compounds for both partners.

Mycorrhizae (my-kor-ryé zee) are mutualistic associ-
ations between fungi and the roots of about 80% of all
plants. The fungus, which grows around and into the
root as well as into the surrounding soil, absorbs essential
minerals, especially phosphorus, from the soil and pro-
vides them to the plant. In return, the plant provides the
fungus with food produced by photosynthesis. Plants
grow more vigorously in mycorrhizal relationships (Fig-
ure 5.7), and they are better able to tolerate environ-
mental stressors such as drought and high soil

temperatures. Indeed, some plants cannot maintain
themselves under natural conditions if the fungi with
which they normally form mycorrhizae are not present.

Commensalism: Taking Without Harming

Commensalism is a type of symbiosis in which one
organism benefits and the other one is neither harmed
nor helped. One example of commensalism is the rela-
tionship between two kinds of insects, silverfish and
army ants. Certain kinds of silverfish move along in per-
manent association with the marching columns of army
ants and share the plentiful food caught in their raids.
The army ants derive no apparent benefit or harm from
the silverfish.

Another example of commensalism is the relation-
ship between a tropical tree and its epiphytes, smaller
plants, such as mosses, orchids, and ferns that live
attached to the bark of the tree’s branches (Figure 5.8).
The epiphyte anchors itself to the tree but does not
obtain nutrients or water directly from the tree. Its loca-
tion on the tree enables it to obtain adequate light, water
(as rainfall dripping down the branches), and required
nutrient minerals (washed out of the tree’s leaves by rain-
fall). Thus, the epiphyte benefits from the association,
whereas the tree is apparently unaffected.

Parasitism: Taking at Another’s Expense

Parasitism is a symbiotic relationship in which one
member, the parasite, benefits and the other, the host, is
adversely affected. The parasite obtains nourishment
from its host, but although a parasite may weaken its
host, it rarely kills it. (A parasite would have a difficult life
if it kept killing off its hosts!) Some parasites, such as
ticks, live outside the host’s body; other parasites, such as
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(a)

(b)

Figure 5.7 Mutualism. Western red cedar (Thuja plicata)
seedlings respond to mycorrhizal fungi. (a) These seedlings
were grown in low phosphorus in the absence of the fungus.
(b) Comparable seedlings were grown in low phosphorus with
the fungus.

Figure 5.8 Commensalism. Epiphytes are small plants that
grow attached to the bark of a tree. Photo was taken in St.
Johns, Virgin Islands.
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tapeworms, live within the host. Parasitism is a very suc-
cessful lifestyle; more than 100 parasites live in or on the
human species alone!

Since the 1980s, wild and domestic honeybees in the
United States have been dying off. Although habitat
fragmentation and pesticide use have contributed to the
problem, tracheal mites (Figure 5.9) and larger varroa
mites are a major reason for the honeybee decline. The
number of commercial colonies has fallen by about 50%
during the past several decades. In the United States
honeybees annually pollinate more than 90 food, fiber,
and seed crops valued at $14.6 billion and produce about
$124 million of honey, so their decline is a major threat
to U.S. agriculture. Beginning in 1999, beekeepers in
several States, in cooperation with the U.S. Department
of Agriculture, have tested Russian honeybees for polli-
nation and honey production. Preliminary results indi-
cate that the Russian bees are very resistant to mites and
can tolerate cold winters better than American bees.

When a parasite causes disease and sometimes the
death of a host, it is called a pathogen. Crown gall dis-
ease, which is caused by a bacterium, occurs in many dif-
ferent kinds of plants and results in millions of dollars’
worth of damage each year to ornamental and agricul-
tural plants. Crown gall bacteria, which also live on detri-
tus (organic debris) in the soil, enter plants through small
wounds such as those caused by insects. They cause galls
(tumorlike growths), often at a plant’s crown—that is,
between the stem and the roots, at or near the soil sur-
face. Although plants seldom die from crown gall disease,
they are weakened, grow more slowly, and often succumb
to other pathogens.

Many parasites do not cause disease. Humans can
become infected with the beef tapeworm by eating
undercooked beef that is infested with immature tape-

worms. Once the tapeworm is inside the human digestive
system, it attaches itself to the wall of the small intestine
and grows rapidly by absorbing nutrients that pass
through the small intestine. A single beef tapeworm that
lives in a human digestive tract does not usually cause any
noticeable symptoms, although some weight loss may be
associated with a multiple infestation.

PREDATION

Predation is the consumption of one species, the prey, by
another, the predator. Predation includes both animals
eating other animals and animals eating plants. Predation
has resulted in an “arms race,” with the coevolution of
predator strategies—more efficient ways to catch prey—
and prey strategies—better ways to escape the predator.
A predator that is more efficient at catching prey exerts a
strong selective force on its prey, and over time the prey
species may evolve some sort of countermeasure that
reduces the probability of being captured. The counter-
measure acquired by the prey in turn may act as a strong
selective force on the predator.

We now consider several adaptations that are related
to predator–prey interactions. These include predator
strategies (pursuit and ambush) and prey strategies (plant
defenses and animal defenses). Keep in mind as you read
these descriptions that such strategies are not “chosen”
by the respective predators or prey. New traits arise ran-
domly in a population as a result of changes in genetic
material, or deoxyribonucleic acid (DNA). Some new
traits may be beneficial, whereas others may be harmful
or have no effect at all. As a result of natural selection,
beneficial strategies, or traits, persist in a population
because such characteristics make the individuals that
possess them well suited to thrive and reproduce. In con-
trast, characteristics that make the individuals that pos-
sess them poorly suited to their environment tend to
disappear in a population.

Pursuit and Ambush

The brown pelican sights its prey—a fish—while in
flight. Less than 2 seconds after diving into the water at a
speed as great as 72 km (45 mi) per hour, it has its catch
(Figure 5.10). Killer whales, which hunt in packs, often
herd salmon or tuna into a cove so that they are easier to
catch. Any trait that increases hunting efficiency, such as
the speed of a brown pelican or the intelligence of killer
whales, favors predators that pursue their prey. Because
these carnivores must be able to process information
quickly during the pursuit of prey, their brains are gener-
ally larger, relative to body size, than those of the prey
they pursue.

Ambush is another effective way to catch prey. The
goldenrod spider is the same color as the white or yellow
flowers in which it hides. This camouflage prevents
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Figure 5.9 Parasitism. Tiny tracheal mites live in the breath-
ing tubes of honeybees and suck their blood, weakening and
eventually killing them. Since the mid-1990s, these mites have
devastated many of North America’s wild and domestic honey-
bee populations.
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unwary insects that visit the flower for nectar from notic-
ing the spider until it is too late. Predators that are able to
attract prey are particularly effective at ambushing. For
example, a diverse group of deep-sea fishes called angler-
fish possess rodlike luminescent lures close to their
mouths to attract prey.

Plant Defenses Against Herbivores

Plants cannot escape predators by fleeing, but they pos-
sess adaptations that protect them from being eaten. The
presence of spines, thorns, tough leathery leaves, or even
thick wax on leaves discourages foraging herbivores from
grazing. Other plants produce an array of protective
chemicals that are unpalatable or even toxic to herbi-
vores. The active ingredients in such plants as marijuana,
opium poppy, tobacco, and peyote cactus may discourage
the foraging of herbivores. The nicotine found in
tobacco is so effective at killing insects, for example, that
it is a common ingredient in many commercial insecti-
cides.

Milkweeds are an excellent example of the evolution-
ary arms race between plants and herbivores. Milkweeds
produce alkaloids and cardiac glycosides, chemicals that
are poisonous to all animals except for a small group of
insects. During the course of evolution, these insects
acquired the ability to either tolerate or metabolize the
milkweed toxins. As a result, they can eat milkweeds
without being poisoned. These insects avoid competition
from other herbivorous insects because few other insects
are able to tolerate milkweed toxins. Predators also learn
to avoid these insects, which accumulate the toxins in
their tissues and are usually brightly colored to announce
that fact.

Defensive Adaptations of Animals

Many animals, such as woodchucks, flee from predators
by running to their underground burrows. Others have
mechanical defenses, such as the barbed quills of a porcu-
pine and the shell of a pond turtle. Some animals live in
groups—a herd of antelope, colony of honeybees, school
of anchovies, or flock of pigeons. Because the group has
so many eyes, ears, and noses watching, listening, and
smelling for predators, this social behavior decreases the
likelihood of a predator catching one of them unaware.

Chemical defenses are also common among animal
prey. The South American poison arrow frog has poison
glands in its skin. Its bright warning coloration prompts
avoidance by experienced predators (Figure 5.11). Snakes
or other animals that have tried to eat a poisonous frog
do not repeat their mistake! Other examples of warning
coloration occur in the striped skunk, which sprays acrid
chemicals from its anal glands, and the bombardier bee-
tle, which sprays harsh chemicals at potential predators.

Some animals hide from predators by blending into
their surroundings. Such camouflage is often enhanced
by the animal’s behavior. There are many examples of
camouflage. Certain caterpillars resemble twigs so closely
that you would never guess they are animals until they
move. Pipefish are almost perfectly camouflaged in green
eelgrass. The pygmy seahorse resembles gorgonian coral
so closely that the little seahorse was not discovered until
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Figure 5.10 Predation. A brown pelican (Pelecanus occidentalis)
alights in the water, having just caught a fish. One effective
predator strategy is speed of pursuit.

Figure 5.11 Warning coloration. The poison arrow frog (Den-
drobates tinctorius) advertises its poisonous nature with its con-
spicuous warning coloration to avoid would-be predators.
Photo was taken in Guyana, a small South American country.
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1970 when a zoologist found it in the gorgonian coral he
had placed in an aquarium (Figure 5.12). Such camou-
flage has been preserved and accentuated by evolution.

COMPETITION

Competition occurs when two or more individuals
attempt to use an essential common resource such as
food, water, shelter, living space, or sunlight. Because
resources are often in limited supply in the environment,
their use by one individual decreases the amount avail-
able to others. If a tree in a dense forest grows taller than
surrounding trees, it is able to absorb more of the incom-
ing sunlight. Less sunlight is therefore available for
nearby trees that are shaded by the taller tree.

Competition can occur among individuals within a
population (intraspecific competition) or between dif-
ferent species (interspecific competition). Intraspecific
competition is discussed in Chapter 8.

Ecologists traditionally assumed that competition is
the most important determinant of both the number of
species found in a community as well as the size of each
population. Today ecologists recognize that competition
is only one of many interacting biotic and abiotic factors
that affect community structure. Furthermore, competi-
tion is not always a straightforward, direct interaction. A
variety of flowering plants live in a young pine forest and
presumably compete with conifers for such resources as
soil moisture and soil nutrient minerals. Their relation-
ship, however, is more complex than simple competition.
The flowers produce nectar that is consumed by some
insect species that also prey on needle-eating insects,
thereby reducing the number of insects feeding on pines.
It is therefore difficult to assess the overall effect of flow-
ering plants on pines. If the flowering plants were
removed from the community, would the pines grow
faster because they were no longer competing for neces-
sary resources? Or would pine growth be inhibited by the
increased presence of needle-eating insects (caused by
fewer omnivorous insects)?

Short-term experiments in which one competing
plant species is removed from a forest community often
have demonstrated an improved growth for the remain-
ing species. However, very few studies have tested the
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Figure 5.12 Camouflage. Pygmy seahorses (Hippocampus
bargibanti), about the size of small fingernails, are virtually
invisible in and around gorgonian coral (Muricella sp.). Pho-
tographed off the coast of Sulawesi, Indonesia.

Credible Science in Biosphere 2

Biosphere 2 is artificial self-contained ecosystem that began operat-
ing in 1991 in the Arizona desert. It is a 1.27-hectare (3-acre) green-
house that contains a miniature world, including a tropical rain
forest, savanna, desert, saltwater lagoon, mangrove estuary, and
agricultural regions. (Biosphere 1 is planet Earth.) After failing to
support eight nonscientist inhabitants in a 2-year test of survival
and self-sufficiency in a sealed environment, the Biosphere 2 facil-
ity’s credibility suffered from a barrage of criticism from the scien-
tific community. Many critics challenged the original idea of
Biosphere 2—that of a holistic, self-contained prototype of a Mart-
ian space colony—as being too theatrical and lacking in application
of the scientific process. Although many scientists recognized the
tremendous potential of Biosphere 2 as a unique site for conducting
environmental studies with potentially global applications, they
were frustrated that such experiments were not allowed.

In 1994 Biosphere 2 started a new direction when owner Edward
Bass, a Texas billionaire, announced the appointment of a new scien-
tific director and the start of a nonprofit joint venture with Columbia
University in New York. The new arrangement opened the door for
undergraduate students from Columbia and other institutions to
study at Biosphere 2 and for outside scientists to propose and carry
out ecosystem experiments within the facility. Scientists must con-
tend with the structure’s limitations, such as difficulties in conducting
control or duplicate experiments, but most scientists are excited by
the challenge. Ongoing projects examine the responses of different
organisms, from ocean-dwelling corals to cottonwood trees, to
increased levels of carbon dioxide. This information may help us
understand what might be in store for planet Earth as carbon dioxide
levels continue to rise in the 21st century (see Chapter 20).
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long-term effects on forest species of the removal of one
competing species. These long-term effects may be sub-
tle, indirect, and difficult to assess. They may lower or
negate the negative effects of competition for resources.

THE ECOLOGICAL NICHE

We have seen that a diverse assortment of organisms
inhabits each community and that these organisms obtain
nourishment in a variety of ways. We have also examined
some of the ways that species interact to form interde-
pendent relationships within the community. Now we
examine the way of life of a given species in its ecosystem.
An ecological description of a species typically includes
(1) whether it is a producer, consumer, or decomposer;
(2) the kinds of symbiotic associations it forms; (3) whether
it is a predator and/or prey; and (4) what species it com-
petes with. Other details are needed, however, to provide a
complete picture.

Every organism is thought to have its own role
within the structure and function of an ecosystem; we call
this role its ecological niche. An ecological niche, which
is difficult to define precisely, takes into account all
aspects of the organism’s existence—that is, all physical,
chemical, and biological factors that the organism needs
to survive, remain healthy, and reproduce. Among other
things, the niche includes the local environment in which
an organism lives—that is, its habitat. An organism’s

niche also encompasses what it eats, what eats it, what
organisms it competes with, and how it interacts with and
is influenced by the abiotic components of its environ-
ment, such as light, temperature, and moisture. The
niche represents the totality of an organism’s adaptations,
its use of resources, and the lifestyle to which it is suited.
Thus, a complete description of an organism’s ecological
niche involves numerous dimensions.

The ecological niche of an organism may be much
broader potentially than it is in actuality. Put differently,
an organism is potentially capable of using much more of
its environment’s resources or of living in a wider assort-
ment of habitats than it actually does. The potential, ide-
alized ecological niche of an organism is its fundamental
niche, but various factors such as competition with other
species usually exclude it from part of its fundamental
niche. Thus, the lifestyle that an organism actually pur-
sues and the resources that it actually uses make up its
realized niche.

An example may help clarify the distinction
between fundamental and realized niches. The green
anole, a lizard native to Florida and other southeastern
states, perches on trees, shrubs, walls, or fences during
the day and waits for insect and spider prey (Figure
5.13a). In past years these little lizards were widespread
in Florida. Several years ago, however, a related species,
the brown anole, was introduced from Cuba into south-
ern Florida and quickly became common (Figure
5.13b). Suddenly the green anoles became rare, appar-
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Figure 5.13 Effect of

competition on an organism’s

realized niche. (a) The green
anole (Anolis carolinensis) is
native to Florida. (b) The
brown anole (Anolis sagrei) was
introduced in Florida. (c) The
fundamental niches of the two
lizards initially overlapped.
Species 1 is the green anole,
and species 2 is the brown
anole. (d) The brown anole
was able to outcompete the
green anole, restricting its
niche.
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ently driven out of their habitat by competition from
the slightly larger brown lizards. Careful investigation
disclosed, however, that green anoles were still around.
They were now confined largely to the vegetation in
wetlands and to the foliated crowns of trees, where they
were less easily seen.

The habitat portion of the green anole’s fundamental
niche includes the trunks and crowns of trees, exterior
house walls, and many other locations. Where they
became established, brown anoles were able to drive
green anoles out from all but wetlands and tree crowns,
so that the green anole’s realized niche became much
smaller as a result of competition (Figure 5.13c, d).
Because natural communities consist of numerous
species, many of which compete to some extent, the com-
plex interactions among species produce the realized
niche of each.

Limiting Factors

What factors actually determine the niche of a species?
An ecological niche is basically determined by the total of
a species’ structural, physiological, and behavioral adap-
tations. Such adaptations determine the tolerance an
organism has for environmental extremes. If any feature
of its environment lies outside the bounds of its toler-
ance, then the organism cannot live there. Just as you
would not expect to find a cactus living in a pond, you
would not expect water lilies in a desert.

The environmental factors that help determine an
organism’s ecological niche can be extremely difficult to
identify. For this reason, the concept of ecological niche
is largely abstract, although some of its dimensions can
be experimentally determined. Any environmental re-
source that, because it is scarce or unfavorable, restricts
the ecological niche of an organism is called a limiting
factor.

Most limiting factors that have been investigated are
simple variables such as the mineral content of soil,
extremes of temperature, and amount of precipitation.
Such investigations have disclosed that any factor that

exceeds an organism’s tolerance, or that is present in
quantities smaller than the minimum required, limits the
occurrence of that organism in an ecosystem (Figure
5.14). By their interaction, such factors help to define an
organism’s ecological niche.

Limiting factors often affect only one part of an
organism’s life cycle. Although adult blue crabs can live in
brackish (slightly salty) water, they cannot become per-
manently established there because their larvae (imma-
ture forms) require water with a higher concentration of
dissolved salt. Similarly, the ring-necked pheasant, a pop-
ular game bird, has been introduced widely in North
America but does not survive in the southern United
States. The adult birds do well, but the eggs cannot
develop properly in the warm southern temperatures.

Competitive Exclusion and Resource
Partitioning

When two species are very similar, as are the green and
brown anoles, their fundamental niches may overlap.
However, many ecologists think that no two species can
indefinitely occupy the same niche in the same commu-
nity because competitive exclusion eventually occurs.
In competitive exclusion, one species is excluded from a
portion of a niche by another as a result of competition
between species—that is, interspecific competition.
Although it is possible for species to compete for some
necessary resource without being total competitors, two
species with absolutely identical ecological niches cannot
coexist. Coexistence can occur, however, if the overlap in
the two species’ niches is reduced. In the lizard example,
direct competition between the two species was reduced
as the brown anole excluded the green anole from most
of its former habitat until the only places that remained
open to it were wetland vegetation and tree crowns.

The initial evidence that competition between
species determines an organism’s realized niche came
from a series of experiments conducted by the Russian
biologist G.F. Gause in 1934. In one study Gause grew
populations of two species of Paramecium (a type of pro-
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Figure 5.14 Limiting factor. Any environ-
mental resource that is present in excess of an
organism’s tolerance or in quantities smaller
than the minimum required limits the occur-
rence of that organism.
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tist), P. aurelia and the larger P. caudatum (Figure 5.15).
When grown in separate test tubes, the population of
each species quickly increased to a high level, which was
maintained for some time thereafter. When grown
together, however, only P. aurelia thrived. P. caudatum
dwindled and eventually died out. Under different envi-
ronmental conditions, P. caudatum prevailed over P. aure-
lia. Gause interpreted this to mean that although one set
of conditions favored one species, a different set favored
the other. Nonetheless, because both species were so
similar, given time, one or the other would eventually tri-
umph at the other’s expense.

Competition, then, has adverse effects on all species
that use a limited resource and may result in competitive
exclusion of one or more species. It therefore follows that
natural selection should favor individuals of each species
that avoid or at least reduce competition by resource
partitioning, in which coexisting species’ niches differ
from each other in one or more ways. Evidence of
resource partitioning in animals is well documented and
includes studies in tropical forests of Central and South
America that demonstrate little overlap in the diets of
fruit-eating birds, primates, and bats that coexist in the
same habitat. Although fruits are the primary food for
several hundred bird, primate, and bat species, the wide
variety of fruits available has allowed fruit eaters to spe-
cialize, thereby reducing competition.

Resource partitioning also may include timing of
feeding, location of feeding, nest sites, and other aspects
of an organism’s ecological niche. Robert MacArthur’s
study of five North American warbler species is a classic
example of resource partitioning (Figure 5.16). Although
it initially appeared that their niches were nearly identi-
cal, MacArthur determined that individuals of each
species spend most of their feeding time in different por-
tions of the spruces and other conifer trees they frequent.
They also move in different directions through the
canopy, consume different combinations of insects, and
nest at slightly different times.

We have seen that an organism’s ecological niche
takes into account all aspects of that organism’s existence.
Now we examine the number of niches available in dif-
ferent communities, which in turn affects the number of
species those communities contain.
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Figure 5.15 Interspecific competition. (a) Paramecium is a
complex unicellular protist. Gause studied competition
between two species of Paramecium. The top graph (b) shows
how a population of P. aurelia grows in separate culture (that is,
in a single-species environment), whereas (c) shows a separate
culture of P. caudatum. The bottom graph (d) shows how these
two species grow in a single culture, in competition with each
other. P. aurelia outcompetes P. caudatum and drives it to
extinction.
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SPECIES RICHNESS

Species richness, the number of species present in a
community, varies greatly from one community to
another. Tropical rain forests and coral reefs are examples
of communities with extremely high species richness. In
contrast, geographically isolated islands and mountain-
tops exhibit low species richness.

What determines the number of species in a commu-
nity? There seems to be no single answer, but several fac-
tors appear to be significant, such as the abundance of
potential ecological niches, closeness to the margins of
adjacent communities, geographical isolation, dominance
of one species over others, habitat stress, and geological
history.

Species richness is related to the abundance of potential
ecological niches. An already complex community offers a
greater variety of potential ecological niches than does a
simple community (Figure 5.17). It may become even
more complex if organisms potentially capable of filling
those niches evolve or migrate into the community.
Thus, it appears that species richness is self-perpetuating.

Species richness is usually greater at the margins of
adjacent communities than in their centers. This is because
an ecotone—a transitional zone where two or more
communities meet—contains all or most of the ecologi-
cal niches of the adjacent communities as well as some
niches that are unique to the ecotone. The change in
species composition produced at ecotones is known as
the edge effect.

Species richness is inversely related to the geographi-
cal isolation of a community. Isolated island communities
tend to be much less diverse than are communities in
similar environments found on continents. This is due
partly to the difficulty encountered by many species in
reaching and successfully colonizing the island (recall the

discussion of primary succession on Krakatoa). Also,
sometimes species become locally extinct as a result of
random events. In isolated environments such as islands
or mountaintops, extinct species cannot be readily
replaced. Isolated areas are also likely to be small and to
possess fewer potential ecological niches.

Species richness is reduced when any one species
enjoys a decided position of dominance within a community so
that it is able to appropriate a disproportionate share of
available resources, thus crowding out, or outcompet-
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(b) Bay-breasted Warbler (c) Cape May Warbler (d) Black-throated Green Warbler (e) Blackburnian Warbler(a) Yellow-rumped Warbler

Figure 5.16 Resource partitioning. Each warbler species spends at least half its foraging time
in the designated area (brown section) of a spruce tree, thereby reducing competition for for-
aging sites.
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Figure 5.17 Effect of community complexity on species rich-

ness. A community in which the vegetation is structurally
complex—a forest, for example—provides birds with more
kinds of food and hiding places than does a structurally simpler
community, such as grassland.
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ing, other species. Ecologist James H. Brown of the
University of New Mexico has studied species competi-
tion and diversity in long-term experiments conducted
since 1977 in the Chihuahuan desert of southeastern
Arizona. In one experiment, the removal of three domi-
nant species, all kangaroo rats, from several plots
resulted in an increased diversity of other rodent
species. (The scientists enclosed their study areas with
fencing and then cut holes in the fencing that would
allow smaller rodents to come and go but exclude kan-
garoo rats.) This increase was attributed both to less
competition for food and also to an altered habitat,
because the abundance of grass species increased dra-
matically after the removal of the kangaroo rats.

Generally, species richness is inversely related to the
environmental stress of a habitat. Only those species capa-
ble of tolerating extreme environmental conditions can
live in an environmentally stressed community. Thus, the
species richness of a highly polluted stream is low com-
pared to that of a nearby pristine stream. Similarly, the
species richness of high-latitude (further from the equa-
tor) communities exposed to harsh climates is less than
that of lower-latitude (closer to the equator) communi-
ties with milder climates. Although the equatorial coun-
tries of Colombia, Ecuador, and Peru occupy only 2% of
the Earth’s land, they contain an astonishing 45,000
native plant species. The continental United States and
Canada, with a significantly larger land area, possess a
total of 19,000 native plant species. Ecuador alone con-
tains more than 1,300 native bird species, twice as many
as the United States and Canada combined.

Species richness is greatly affected by geological his-
tory. Tropical rain forests are thought to be very old, sta-
ble communities that have undergone few climate
changes in the entire history of the Earth. During this
time, myriad species evolved in tropical rain forests, hav-
ing experienced few or no abrupt climate changes that
might have led to their extinction. In contrast, glaciers
have repeatedly altered temperate and arctic regions dur-
ing Earth’s history. An area recently vacated by glaciers
will have a low species richness because few species will as
yet have had a chance to enter it and become established.

Species Richness, Ecosystem Services, 
and Community Stability

Ecologists and conservationists have long debated
whether the extinction of species threatens the normal
functioning and stability of ecosystems. This question is
of great practical concern because ecosystems supply
human societies with many environmental benefits, such
as clean air to breathe, clean water to drink, and fertile
soil in which to grow crops (Table 5.1). Conservationists
maintain that ecosystems with greater species richness
are better able to supply such ecosystem services than
are ecosystems with lower species richness.

Traditionally, most ecologists assumed that commu-
nity stability—the ability of a community to withstand
environmental disturbances—is a consequence of com-
munity complexity. That is, a community with consider-
able species richness is thought to function better and
therefore be more stable than a community with less

S P E C I E S  R I C H N E S S 9 9

Ecosystem Services

Ecosystem Services Provided by Ecosystem

Forests Purify air and water; produce and maintain soil; absorb
carbon dioxide; provide wildlife habitat; provide
humans with wood and recreation

Freshwater systems (rivers Moderate water flow; dilute and remove pollutants; 
and streams, lakes, and provide wildlife habitat; provide humans with drinking 
groundwater) and irrigation water, food, transportation corridors,

electricity, and recreation

Grasslands Purify air and water; produce and maintain soil; absorb
carbon dioxide; provide wildlife habitat; provide
humans with livestock and recreation

Coasts Provide a buffer against storms; dilute and remove
pollutants; provide wildlife habitat; provide humans
with food, harbors and transportation routes, and
recreation

Sustainable agricultural ecosystems* Produce and maintain soil; absorb carbon dioxide;
provide wildlife habitat for birds, insect pollinators, and
soil organisms; provide humans with food and fiber
crops

* Sustainable agriculture ecosystems are human-made and therefore inherently different from the other
ecosystems. Sustainable agriculture is discussed in Chapter 18.

Table 5.1
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species richness. According to this view, the greater the
species richness, the less critically important any sin-
gle species should be. With many possible interactions
within the community, it appears unlikely that any single
disturbance could affect enough components of the sys-
tem to make a significant difference in its functioning.

Evidence for this hypothesis can be found in the fact
that destructive outbreaks of pests are more common in
cultivated fields, which are low-diversity communities,
than in natural communities with greater species rich-
ness. As another example, the almost complete loss of the
American chestnut tree to the chestnut blight fungus had
little ecological impact on the moderately diverse
Appalachian woodlands of which it used to be a part.

Ongoing studies by David Tilman of the University
of Minnesota and John Downing of the University of
Iowa have strengthened the link between species richness
and community stability. In their initial study, reported in
the journal Nature in 1994, they established and moni-
tored 207 plots of Minnesota grasslands for seven years.
During the study period, Minnesota’s worst drought in
50 years occurred (1987–1988). The biologists found that

those plots with the greatest number of plant species lost
less ground cover and recovered faster than did species-
poor plots. Further research published in 1996 in the
journal Ecology supported these conclusions and showed a
similar effect of species richness on community stability
during nondrought years. Similar work by almost three
dozen ecologists at eight grassland sites in Europe, pub-
lished in 1999 in the journal Science, also support the link
between species richness and ecosystem functioning.

Although species richness appears to increase com-
munity stability, populations of individual species within
a diverse community may vary significantly from year to
year. It may seem paradoxical that instability within pop-
ulations of individual species relates to the stability of the
entire community. When one considers all the interac-
tions among the organisms in a community, however, it is
obvious that some species benefit at the expense of oth-
ers. If one species declines during a disturbance such as a
drought, other species that compete with it may flourish
during that period. Thus, it appears that ecosystems with
greater species richness are more likely to contain species
that are resistant to any given disturbance.
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SUMMARY WITH SELECTED KEY TERMS

I. Evolution can be defined as a genetic change in a population
of organisms that occurs over time.

A. Charles Darwin proposed the theory of evolution by natu-
ral selection, which is based on four premises:
1. Each species produces more offspring than will survive

to maturity.
2. The individuals in a population exhibit inheritable varia-

tion in their traits.
3. Organisms compete with one another for the resources

needed to survive.
4. Those individuals with the most favorable combination

of traits are most likely to survive and reproduce, passing
their genetic characters on to the next generation.

B. A vast body of evidence supports evolution, including obser-
vations from the fossil record, comparative anatomy, bio-
geography, and molecular biology. In addition, evolutionary
hypotheses are tested experimentally.

C. Biologists try to make sense of the diversity of life that has
evolved on Earth by classifying organisms into groups. Cur-
rently, many biologists use a six-kingdom system of classifi-
cation.

II. A biological community consists of a group of organisms
that interact and live together in the same place at the same
time. A living community and its abiotic environment consti-
tute an ecosystem.

A. Succession is the orderly replacement of one community
by another.

B. Primary succession begins in an environment that has not
previously been inhabited. No soil exists when primary suc-
cession begins. Two examples are primary succession on
recently formed volcanic lava and on sand dunes along lake
shores.

C. Secondary succession begins in an area where there was a
preexisting community and a well-formed soil. Two exam-
ples are open areas caused by a forest fire and abandoned
farmland.

III. Within an ecosystem, keystone species help determine
the species composition and functioning of the entire ecosys-
tem. Although present in relatively small numbers, keystone
species often affect the available amount of food, water, or some
other resource for much of the community.

IV. Symbiosis is any intimate association between two or more
species. Symbiosis is the result of coevolution.

A. In mutualism, both partners benefit. Three examples of
mutualism are nitrogen-fixing bacteria and legumes, zoox-
anthellae and corals, and mycorrhizae (fungi and roots of
plants).

B. In commensalism, one organism benefits and the other is
unaffected. Two examples of commensalism are silverfish
and army ants, and epiphytes and larger plants.
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C. In parasitism, one organism (the parasite) benefits while
the other (the host) is harmed. One example of parasitism is
honeybees and mites. Some parasites are pathogens that
cause disease. One example of a pathogen is the bacterium
that causes crown gall disease in many plants.

V. Predation is the consumption of one species (the prey) by
another (the predator).

A. During coevolution between predator and prey, the preda-
tor evolves more efficient ways to catch prey, and the prey
evolves better ways to escape the predator.

B. Two effective predator strategies are pursuit and ambush.
C. Adaptations that protect plants from being eaten include

spines; thorns; tough, leathery leaves; and protective chem-
icals.

D. Strategies that help animals avoid being killed and eaten
include flight, association in groups, and camouflage, as
well as a variety of mechanical and chemical defenses. Ani-
mals that possess chemical defenses often exhibit warning
coloration.

VI. Competition occurs when two or more individuals
attempt to use an essential common resource such as food,
water, shelter, living space, or sunlight.

A. Competition can occur among individuals within a popula-
tion (intraspecific competition) or between species (inter-
specific competition).

B. Interactions among species competing for the same
resources may be subtle, indirect, and difficult to assess.

VII. An organism’s ecological niche includes its distinctive
lifestyle and its role in the community. The ecological niche
takes into account all aspects of the organism’s existence—that
is, all of the physical, chemical, and biological factors that the
organism needs to survive, remain healthy, and reproduce.

A. Organisms are potentially able to exploit more resources
and play a broader role in the life of their community than
they actually do.
1. The potential ecological niche of an organism is its fun-

damental niche, whereas the niche an organism actually
occupies is its realized niche.

2. Interspecific competition is an important biological
determinant of a species’ realized niche.

B. Many ecologists think that no two species can occupy the
same niche in the same community for an indefinite period
of time.
1. Limiting factors (environmental resources such as the

mineral content of soil, temperature extremes, and
amount of precipitation) tend to restrict an organism’s
ecological niche.

2. In competitive exclusion, one species excludes another
as a result of competition for limited resources. Gause’s
experiment with two species of Paramecium is a classic
study of competitive exclusion.

3. Some species reduce competition by resource parti-
tioning, in which they evolve differences in resource use.
MacArthur’s study of North American warblers is a clas-
sic example of resource partitioning.

VIII. Community complexity is expressed in terms of species
richness, the number of species within a community.

A. Species richness is often great when there are many poten-
tial ecological niches, when the area studied is at the mar-
gins of adjacent communities, when the community is not
isolated or severely stressed, when one species does not
dominate others, and when communities have a long his-
tory.

B. Ecosystems with greater species richness may be better able
to supply ecosystem services, environmental benefits such
as clean air, clean water, and fertile soil.

T H I N K I N G  A B O U T T H E  E N V I R O N M E N T 1 0 1

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

2. Describe an example of secondary succession. Begin your
description with the specific disturbance that preceded it.

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

4. What type of symbiotic relationship—mutualism, com-
mensalism, or predation—do you think exists between the
pygmy seahorse and the gorgonian coral pictured in Fig-
ure 5.12? Explain your answer.

5. Describe how evolution has affected predator–prey rela-
tionships.

6. What are the two main kinds of competition that ecolo-
gists recognize?

7. Why is a realized niche usually narrower, or more
restricted, than a fundamental niche?

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

9. Explain how the concept of fundamental and realized
niche is applicable to the rodent experiment in the Chi-
huahuan desert of Arizona.

10. What is the most likely limiting factor for plants and ani-
mals in deserts? Explain your answer.

11. Describe two determinants of species richness and give an
example of each.

12. Describe some ecosystem services provided by a forest.

THINKING ABOUT THE ENVIRONMENT
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Visit our Web site at http://www.wiley.com/college/raven

(select Chapter 5 from the Table of Contents) for links to more
information about the Biosphere 2 project. You will find tools
to help you organize your research, analyze the data, think crit-
ically about the issues, and construct a well-considered argu-
ment. Take a Stand activities can be done individually or as part

of a team, as oral presentations, written exercises, or Web-based
(e-mail) assignments.

Additional on-line materials relating to this chapter, including
Student Quizzes, Activity Links, Useful Web Sites, Flash
Cards, and more, can also be found on our Web site.
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TAKE A STAND
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Mount St. Helens from its massive eruption in 1980, chang-
ing scientific thinking about succession in the process.

Moffett, W. “Ants and Plants: Friends and Foes.” National Geo-
graphic, Vol. 195, No. 5 (May 1999). Examines some of the
fascinating interactions among plants, ants, and other organ-
isms.

Souder, W. “Study of Plants Makes a Case for Biodiversity.”
Washington Post (April 16, 2001). Experimental plots that
have a greater richness of plant species outproduce plots in
which species richness is low. The author evaluates the sig-
nificance of this experiment.

*13. Examine and interpret the figure shown below, to answer
the following questions.

a. When (approximately what day) does the population of
P. aurelia exceed that of P. caudatum?

b. When does the population of P. caudatum peak?
c. When does the population of P. aurelia peak?

* The solution to this question appears in Appendix VII.
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