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Upon completing this 
chapter, you will be able to: 
+ Summarize and compare the 

major types of species 
interactions 

+ Describe feeding relationships 
and energy flow, and use them to 
identify trophic levels and 
navigate food webs 

+ Discuss characteristics of a 
keystone species 

+ Characterize disturbance, 
succession, and notions of 
community change 

+ Describe the potential impacts of 
invasive species in communities, 
and offer solutions to biological 
invasions 

+ Explain the goals and methods of 
restoration ecology 

+ Identify and describe the 
terrestrial biomes of the world 

CENTRAL 
case study 

Leaping 
Backwards River: 
Asian Carp Threaten 
the Great Lakes 

We need to close the 

UNITED 
STATES 

Asian carp superhighway, 
and do it now. 

Bi ll Schuette. Attorney General of 
Michigan 

This is not about Asian carp. This 
is about two artificially 

connected watersheds that 
many people argue never 

should have been connected. 
Author and Great Lakes expert 

Peter Ann in, Northland College 

C all it electroshock therapy for fish. The U.S. 
Army Corps of Engineers sends electricity 
into the waters of the Chicago Ship and 

Sanitary Canal to stun fish swimming toward Lake 
Michigan, causing them to drift back in the other 
direction, toward the Mississippi River. These electric 
barriers are an engineering solution to a biological 
challenge-to keep invasive Asian carp from reach-
ing the Great Lakes. 

But let 's rewind the story a bit. It begins far away 
in China, where for centuries people have raised carp 
in aquaculture ponds for food. Starting in the 1960s 

and 1970s, managers of catfish farms and wastewater treatment plants in the southern and 
central United States began importing several species of these carp to help clean up infesta-
tions of algae and parasitic snails. Black carp eat snails and other mollusks. Grass carp 
scrape leafy aquatic plants off the bottom of ponds. Silver carp and bighead carp consume 
plankton (microscopic aquatic plants and animals) that they filter from the water. 

In time, individuals of these four species, collectively nicknamed "Asian carp," escaped 
into streams, rivers, ponds, and lakes. Finding plenty of food, these alien fish 
grew rapidly, becoming too large for predators to capture. Repro-
ducing quickly, their populations grew as they spread to water-
ways across the southern United States, especially in the 
lower Mississippi River Valley. 

As millions of these non-native fish invaded eco-
systems, they competed with native fish for food, 
preyed on native plants and animals, filtered plank-
ton from the water, and stirred up sediment. 
These impacts altered water quality, reduced 
populations of native species, and modified 
aquatic communities. The silver carp can even 
injure people: It leaps high out of the water when 
boats approach-and a hunk of scaly fish 1 m 
(3.3 ft) long weighing 27 kg (60 lb) can do real 
damage in a head-on collision! 

Before long, Asian carp populations expanded 
far up the Mississippi River, the Ohio River, the Mis-
souri River, and the tributaries of those rivers, invading 

Silver carp leap from the waters of the 
Fox River in Illinois as a boat approaches 

.A An invasive Asian carp 
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FIGURE 4 .1 Asian carp have spread from the southern United 
States up the Mississippi River and many of its tributaries. Red 
color indicates stretches of major rivers invaded by carp. The gray-
shaded area indicates the region in which carp have invaded smaller 
rivers, lakes, and ponds. When Chicago (inset) built canals and 
reversed the flow of the Chicago River to flow into the ·Illinois River, this 
connected the watersheds of the Great Lakes and the Mississippi River, 
enabling species to move between them, affecting aquatic communities 
in each watershed. Today, an electric barrier (see inset) is in place to try 
to stop Asian carp from reaching the Great Lakes. 

waterways across the Midwest (FIGURE 4.1). As carp from the 
Mississippi River advanced up the Illinois River, people around 
the Great Lakes became alarmed. If the carp moved into Lakes 
Michigan, Huron, Superior, Ontario, and Erie, they might alter 
the ecology of the lakes and devastate sport and commercial 
fisheries worth $7 billion. Millions of people could be affected in 
Michigan, Wisconsin, Minnesota, Ohio, Indiana, Illinois, Pennsyl-
vania. New York, and Ontario. 

The Great Lakes lie in their own watershed, but water (and 
fish) from the adjacent Mississippi River watershed can occa-
sionally enter at certain locations when major flooding events 
cause waters from both basins to rise, overtop the divide, and 
mix. However, the most likely route for Asian carp to invade the 
Great Lakes is an unintended consequence resulting from an 
ambitious engineering feat the city of Chicago pulled off a cen-
tury ago. Chicago had always drawn its drinking water from 
Lake Michigan, but it also was polluting this drinking water 
source by dumping its sewage into the Chicago River, which 
flowed into the lake. So, in 1900 Chicago managed to reverse 
the flow of the river. It built a canal system that connected the 
Chicago River to the Illinois River, whose waters flowed naturally 
to the Mississippi River (see inset in Figure 4.1 ). As a result, 
water was now pulled out of Lake Michigan and through the 
canals, sending Chicago's waste flowing southwest down the 
Illinois River and into the Mississippi. 

In this way, two of North America's biggest natural water-
sheds- those of the Great Lakes and the Mississippi River-
were artificially joined. This was a tremendous boon for ship 
navigation and commerce, but it also allowed species that had 
evolved in the Great Lakes to enter the Mississippi Basin, and 
vice versa. And when species from one place are introduced to 
another, ecological havoc can result. 

Meanwhile, hundreds of miles away at their eastern end, 
the Great Lakes were connected to the Atlantic Ocean when 
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engineers completed the Saint Lawrence Seaway in 1959. This 
600-km (370-mi) system of locks and canals along the Saint 
Lawrence River allowed ocean-going ships to travel into the 
lakes. However, it also allowed access for non-native species, 
including the sea lamprey (an eel-like creature that attacks the 
lakes' freshwater fish) and zebra mussels and quagga mussels 
(which clog pipes and propellers, outcompete native mussels, 
and transform fisheries) . All told, the Great Lakes today host 
more than 180 non-native species that are blamed for economic 
losses of hundreds of millions of dollars each year. 

Fishermen and scientists concerned that Asian carp might 
soon add to this toll bent the ear of policymakers, who approved 
funding for biologists to monitor lakes, rivers, and canals for 
signs of the alien fish. Policymakers are also funding various 
efforts to prevent and control the spread of the carp, including 
catching the carp; poisoning them; deterring their movements; 
introducing larger fish to eat the carp; and persuading restau-
rants to put carp on the menu. Altogether, more than $400 mil-
lion has been spent on trying to keep Asian carp from reaching 
the Great Lakes. 

Against this backdrop, Michigan and other Great Lakes 
states launched lawsuits against Chicago and the U.S. Army 
Corps of Engineers in an unsuccessful attempt to force them to 
re-engineer Chicago's canal system to block this "superhigh-
way" for invasive species. Yet at the same time, some scientists 
are now questioning whether Asian carp would thrive, or even 
survive, in the Great Lakes if they made it there: The lake water 
is nutrient-poor, and the carp need flowing water for their eggs 
to hatch. 

lime will tell whether Asian carp invade the Great Lakes, 
and if so, what impacts they might have there. We live in a 
dynamic world, and as species are moved from place to place, 
we are discovering how the interactions among species can 
transform the communities around us. 



Species Interactions 
By interacting with many species in a variety of ways, Asian 
carp have set in motion an array of changes in the communi-
ties they have invaded. Interactions among species are the 
threads in the fabric of ecological communities. Ecologists 
organize species interactions into several fundamental cate-
gories (TABLE 4.1). 

Competition can occur when 
resources are limited 
When multiple organisms seek the same limited resource, 
their relationship is said to be one of competition. Competing 
organisms do not usually fight wi th one another directly and 
physically. Instead, competition is often more subtle and indi-
rect, taking place as organisms vie with one another to pro-
cure resources. Such resources include food, water, space, 
shelter, mates, sunlight, and more. Competitive interactions 
can occur between members of the same species ( intra-
specific competition) or between members o f different species 
(interspecific competition). As an example of interspecific 
competition, researchers have found that silver carp and big-
head carp compete with native fish for plankton. In the llli -
nois River, these two species of Asian carp eat so much 
plankton that native fish have had to shift their die ts and have 
become smaller in size due to reduced nutrition. 

When individuals of the same species compete for lim-
ited resources, competition intensifies as more individuals 
occur per unit area (i .e., when populations are denser). This is 
an example of density dependence (p. 67), and it can limit the 
growth of a population. 

When individuals of different species compete for lim-
ited resources, this can affect communities and give rise to 
different types of outcomes. 1f one species is a very effective 
competitor, it may exclude other species fro m resource use 
entirely- an outcome called competitive exclusion. Alterna-
tively, if no single competitor fully excludes others, the spe-
cies may continue to live side by side. This result, called 
species coexistence, may produce a stable point of equilib-
rium, at which the relative population sizes of each remain 
fairly constant thro ugh time. 
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TABLE 4.1 Species Interactions: Effects on 
Their Participants 

TYPE OF 
INTERACTION 

Mutualism 

Predation, parasitism, 
herbivory 

Competition 

EFFECT ON 
SPECIES 1 

+ 

+ 

EFFECT ON 
SPECIES2 

+ 

"+" denotes a positive effect; "-" denotes a negative effect. 

Ecologists debate what might happen if silver carp and 
bighead carp reach the Great Lakes, where invasive zebra and 
quagga mussels are already filtering most of the plankton 
resource out of the water. Wo uld the mussels competitively 
exclude the carp, depriving them of food and preventing them 
from becoming established? Or, would the carp manage to 
claim a share of the plank ton, carving out a place for them-
selves to coexist with the mussels? No one knows. 

Coexisting species that use the same resources tend to 
adjust to their competitors to minimize competition with 
them. Individuals may do th is by changing their behavior to 
use o nly a portion of the total array of resources they are 
capable of using. 1n such cases, ind ividuals do not fulfi ll their 
entire niche. A species' niche (p. 62) reflects its fu nc tional 
role in a community, including its resource use, habitat use, 
food consumption, and other attributes-a niche is a kind of 
multidimensional summary of everything an organism does. 

The full niche of a species is called its fundamental niche 
(FIGURE 4.2a). An individual that plays only part of its fu nc-
tional role in a community because of competition or another 
type of species interaction is said to display a realized niche 
(FIGURE 4.2b), the portion of its fundamental niche that is 
actually " realized," or fulfilled. Asian carp appear to be reduc-
ing the realized niches of many native fish as the carp com-
pete with the native fi sh for food and other resources. 

Species experience similar adjustments over evolution-
ary time in response to competition . Across many genera-
tions, the process of natural se lection (pp. 50- 5 1) may 

Realized 
niche 

Species 3 

----- Use of resource 
(a) Fundamental niche 

.----- Use of resource 
(b) Realized niche 

FIGURE 4.2 Competition 
may force an organism to 
play a more limited ecologi-
cal role. With no competitors 
(a), an organism can fulfill its 
fundamental niche. When 
competitors restrict what an 
organism can do- for instance 
what habitats it can live in or 
what resources it can use 
(b)- the organism is limited to 
a realized niche, which covers 
only part of its fundamental 
niche. 
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White-breasted 
nuthatch climbs 
down trunk 
looking for 

woodpecker 
digs deeply 
into wood to 
find large insects 

Yellow-bellied 
sapsucker drills 
rows of holes 
and consumes 
sap and insects 
stuck in sap 

creeper 
climbs up 
trunk looking 
for tiny 
insects 

FIGURE 4 .3 When species compete, they may partition 
resources. Birds that forage for insects on tree trunks use different 
portions of the trunk and seek different foods in different ways. 

favor individuals that use slightly different resources or 
that use shared resources in different ways. For example, if 
two bird species eat the same type of seeds, natural selec-
tion might eventually drive one species to specialize on 
larger seeds and the o ther to speciali ze on smaller seeds. 
Or, one bird species might evolve to become more active in 
the morning and the other bird species more active in the 
evening, minimizing interference. This process is called 
resource partitioning because the species partition, o r 
divide, the resources they use in common by specializing in 
different ways (FIGURE 4 .3). 

Resource partitioning can lead to character displacement, 
in which competing species come to diverge in their physical 
characteristics because of the evolution of traits best suited to 
the range of resources they use. For birds that specialize on 
eating larger seeds, natural selection may favor the evolution 
of larger bills, whereas for birds specializing on smaller seeds, 
smaller bills may be favored. This is precisely what extensive 
recent research on the Galapagos Islands has revealed about 
the finches fi rst discovered by Charles Darwin (p. 51). 

In competitive interactions, each participant exerts a neg-
ative effect on other participants by securing resources the 
others could have used. This is reflected in the two minus 
signs shown for competition in Table 4.1. In other types of 
interactions, some participants benefit while others are 
harmed; that is, one species exploits the other (note the +/-
interactions in Table 4. 1). Such exploitative interactions 
include predation, parasitism, and herbivory. 
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Predators kill and consume prey 
Every organism needs to procure food, and for most animals, 
this means eating other living organisms. Predation is the 
process by which individuals of one species-the predator-
hunt, capture, ki ll, and consume individuals of another spe-
cies, the prey (FIGURE 4.4) . 

Black carp were introduced to U.S. fish farms because 
these carp prey on mollusks, including snails that were harm-
ing farmed fish. However, once black carp escaped into the 
wild, these predators began preying on a wide variety of 
native snails and mussels. 

In response to the spread of Asian carp, fisheries manag-
ers are now proposing to reestablish populations of the alliga-
tor gar, a fish that would prey on the carp. The al ligator gar is 
native to North America but disappeared from many rivers 
because in the past, fishermen believed it threatened sport 
fish, and managers set out to eradicate it. One of the few fish 
large enough to catch an adult carp, the alligator gar grows up 
to 3 m (9 ft) long, sometimes weighs over 140 kg (300 lb), 
and features a long snout with fearsome-looking teeth. People 
are also preying on Asian carp directly, by fishing for them. 
Each year several million pounds of Asian carp are removed 
from the lllinois River by agency personnel and contract fish-
ermen. Carp are tasty but bony, and efforts to establish them 
as a desirable food fish have not yet succeeded; so far, they 
have been used mostly for fertilizer and pet food. 

Predation can sometimes drive population dynamics, 
shaping communi ty composition by influencing the numbers 
of predators and prey. An increase in the population size of 
prey creates more food for predators, which may survive and 
reproduce more effectively as a result. As the predator popu-
lation rises, intensified predation pressure drives down num-
bers of prey. Diminished numbers of prey support fewer 
predators, and the predator population declines. This eventu-
ally allows the prey population to rise again, starting the cycle 
anew (FIGURE 4 .5). 

FIGURE 4 .4 1n predation, a predator kills and consumes prey. 
This anhinga has speared a fish and will soon swallow it whole. 
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FIGURE 4 .5 Predator-prey systems occasionally show 
paired cycles. A classic case is that of snowshoe hares and 
the lynx that prey on them in Canada. These data come from 
fur-trapping records of the Hudson Bay Company and repre-
sent numbers of each animal trapped. Data from MacLulich, 
D. A., 1937. Fluctuation in the numbers of varying hare (Lepus americanus). 
Univ. Toronto Stud. Bioi. Ser. 43. Toronto, Canada: University of 
Toronto Press. 

Predation also has evolutionary consequences. Individual 
predators that are more adept at capturing prey may live lon-
ger lives, reproduce more, and be better providers for their 
offspring. Natural selection (p. 50) will thereby lead to the 
evolution of adaptations (p. 51) that enhance hunting skills. 
Prey, however, face an even stronger selective pressure-the 
risk of immediate death. As a result, predation pressure has 
driven the evolution of an elaborate array of defenses against 
being eaten ( FIGURE 4.6). 

(a) Cryptic coloration (camouflage) (b) Warning coloration 

Parasites exploit living hosts 
Organisms can exploit other organisms without killing them. 
Parasitism is a relationship in which one organism, the para-
site, depends on another, the host, for nourishment or some 
other benefit while doing the host harm. Unlike predation, 
parasitism usually does not result in an organism's inunediate 
death. 

Many types of parasites Hve inside their hosts. For exam-
ple, tapeworms Hve in their hosts' digestive tracts, robbing 
them of nutrition. The larvae of parasitoid wasps burrow into 
the tissues of caterpillars and consume them from the inside. 
Other parasites are free-Hving. Cuckoos of Eurasia and cow-
birds of the Americas lay their eggs in other birds' nests and 
let the host species raise the parasite's young. Still other para-
sites live on the exterior of their hosts, such as fleas or ticks 
that suck blood through the skin. The sea lamprey is a tube-
shaped vertebrate that grasps the bodies of fi sh with a 
suction-cup mouth and a rasping tongue, sucking their blood 
for days or weeks (FIGURE 4 .7, p. 80). Sea lampreys invaded 
the Great Lakes from the Atlantic Ocean after people dug 
canals to connect the lakes for shipping. The lampreys soon 
devastated economically important fisheries of chubs, lake 
hen-ing, whitefish, and lake trout. 

Parasites that cause disease in thei r hosts are called 
pathogens. Common human pathogens include the protists 
that cause malaria and amoebic dysentery, the bacteria that 
cause pneumonia and tuberculosis, and the viruses that cause 
hepatitis and AIDS. 

Just as predators and prey evolve in response to one 
another, so do parasites and hosts, in a reciprocal process of 
adaptation and counter-adaptation called coevolution. Hosts 
and parasites may become locked in a duel of escalating 
adaptations, known as an evolutionary arms race. Like rival 
nations racing to stay ahead of one another in military 

This caterpillar's false eyespots 
startle predators by mimicking 
a snake's head. 

(c) Mimicry 

FIGURE 4.6 Natural selection to avoid predation has resulted in fabulous adaptations. Some prey species use 
cryptic coloration (a) to blend into their background. Others are brightly colored (b) to warn predators they are toxic, 
distasteful, or dangerous. Others use mimicry (c) to fool predators. 
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FIGURE 4.7 A parasite benefits at the expense of its host. 
Sea lampreys feed by sucking blood from fish in the Great Lakes. 

technology, host and paras ite repeatedly evolve new responses 
to the other's latest advance. ln the long run, though, it may 
not be in a parasite's best interest to do its host too much 
harm. In many cases, a parasite may leave more offspring by 
allowing its host to live longer. 

Herbivores exploit plants 
In herbivory, animals feed on the tissues of plants. Insects 
that feed on plants are the most common type of herbivore; 
nearly every plant in the world is attacked by insects 
(FIGURE 4.8). Herbivory generally does not ki ll a plant out-
right but may affect its growth and reproduction. 

Like animal prey, plants have evolved an impressive 
arsenal of defenses against the animals that feed on them. 

FIGURE 4 .8 In herbivory, animals feed on plants. This tiny 
willow sawfly laNa feeds on willow leaves. 
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Many plants produce chemicals that are toxic or distasteful to 
herbivores. Others arm themselves with thorns, spines, or irri-
tating hairs. In response, herbivores evolve ways to overcome 
these defenses, and the plant and the animal may embark on 
an evolutionary arms race. 

Some plants recruit certain animals as allies to assist in 
their defense. Such plants may encourage ants to take up 
residence by providing swelled stems for the ants to nest in 
or nectar-bearing structures for them to feed from. In return, 
the ants protect the plant by attacking insects that land or 
crawl on it. Other plants respond to herbivory by releasi ng 
volatile chemicals when they are bitten or pierced. The air-
borne chemicals attract predatory insects that may attack the 
herbivore. Such cooperative strategies-essentially trading 
food for protection-are examples of mutualism. 

Mutua lists help one another 
Unlike exploitative interactions, mutualism is a relationship 
in which two or more species benefit from interacting with 
one another. Generally, each partner provides some resource 
or service that the other needs. 

Many mutualistic relationships- like many parasitic 
ones-occur between organisms that live in close physical 
contact. Physically close association is called symbiosis, and 
symbiosis can be either mutualistic or paras itic. (Indeed, 
biologists hypothesize that many mutual istic associations 
evolved from parasitic ones.) Most terrestrial plant species 
depend on mutualisms with fungi; plant roots and some 
fu ngi together form symbiotic associations that scientists 
call mycorrhizae. In these relationships, the plant provides 
energy and protection to the fu ngus, whi le the fungus helps 
the plant absorb nutrients from the soil. In the ocean, coral 
polyps, the tiny animals that build coral reefs (p. 431 ), pro-
vide housing and nutrients for specialized algae known as 
zooxanthellae in exchange for food the algae produce 
through photosynthesis (pp. 33-34). 

You, too, are engaged in a symbiotic mutualism. Your 
digestive tract is filled with microbes that help you digest 
food and carry out other bodily functions. In ntrn, you pro-
vide these microbes with a place to live. Without these mutu-
alistic microbes, none of us would survive for long. 

Not all mutualists live in close proximity. Pollination 
(FIGURE 4.9) involves free-living organisms that may encoun-
ter each other only once. Bees, birds, bats, and other creatures 
transfer pollen (containing male sex cells) from flower to 
flower, fertilizing ovaries (containing female sex cells) that 
grow into frui ts with seeds. Most pollinating animals visit 
flowers for their nectar, a reward the plant uses to entice 
them. The pollinators receive food, and the plants are polli-
nated and reproduce. These mutualistic interactions are highly 
imp011ant to agricul ture and our food supply (pp. 223-227). 
Pollination by bees and other insects contributes to the pro-
duction of three-fou rths of our crops and is vital to high yields 
of melons, squashes, cucumbers, canola, apples, cherries, 
peaches, pears, mangos, plums, almonds, blueberries, black-
berries, raspberries, and even chocolate! 



FIGURE 4 .9 In mutualism, organisms of different species 
benefit one another. Lesser long-nosed bats visit flowers of 
agave plants at night to gather nectar, and in the process, they 
transfer pollen between flowers, helping the plant to reproduce. 

Ecological Communities 
A community is an assemblage of populations of organisms 
living in the same area at the same time (as we saw in 
Figure 3.12, p. 61 ). Members of a community interact, and 
these interactions have indirect effects that ripple outward to 
affect other community members. Species interactions help 
determine the structure, function, and species composition of 
communities. Community ecology (p. 61) is the scientific 
study of species interactions and the dynamics of communi-
ties. Community ecologists study which species coexist, how 
species interact, how communities change through time, and 
why these community dynamics occur. 

Food chains consist of trophic levels 
Some of the most important interactions amo ng community 
members involve who eats whom . As organisms feed on one 
another, matter and energy move through the community 
from one trophic level, or rank in the feeding hierarchy, to 
another (FIGURE 4 .10). As matter and energy are transferred 
from lower trophic levels to hig her ones, they are said to pass 
up a food chain, a linear series of feeding relationships. 

Producers Producers, or autotroph.1· ("self-feeders"), make 
up the first (lowest) trophic level. Terrestrial green plants, 
cyanobacteria, and algae capture solar energy and use 
photosynthesis to produce sugars. The chemosynthetic bacteria 
of hot springs and deep-sea hydrothermal vents use geothermal 
energy in a similar way to produce food (pp. 34-35). 

Consumers Organisms that consume other living organisms 
are known as consumers. Those that consume producers are 
known as primwy and make up the second trophic 
level. Herbivorous grazing animals, such as deer and grasshop-
pers, are primary consumers. The third trophic level consists of 
secondwy consume1:1·, which prey on primary consumers. 
Wolves that prey on deer act as secondary consumers, as do 
rodents and birds that prey on grasshoppers. Predators that feed 
at still higher trophic levels are known as tertia1y consumers. 
Examples include hawks and owls that eat rodents that have 
eaten grasshoppers. Of course, however, nature is not so simple, 
and many consumers eat organisms on multiple trophic levels. 

Detritivores and decomposers Detritivores and decom-
posers consume nonliving organic matter. Detritivores, such 
as millipedes and soil insects, scavenge the waste products or 

An aquatic 
food chain 

Cormorant 

+ 
Fish 

+ 
Zooplankton 

+ 
Phytoplankton 

Tertiary 
consumers 

Secondary 
consumers 

Primary 
consumers 

Producers 

+ 
Rodent 

Grasshopper 

+ 

Plant 

FIGURE 4 .10 A food chain organizes species hierarchically 
by trophic level. The diagram shows aquatic (left) and terrestrial 
(right) examples at each level. Arrows indicate the direction of 
energy flow. Producers synthesize food by photosynthesis, primary 
consumers (herbivores) feed on producers, secondary consumers 
eat primary consumers, and tertiary consumers eat secondary 
consumers. Detritivores and decomposers (not shown) feed on 
nonliving organic matter and "close the loop" by returning nutrients 
to the soil or the water column for use by producers. 
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dead bodies of other community members. Decomposers, 
such as fungi and bacteria, break down leaf litter and other 
nonliving matter into simpler constituents that can be taken 
up and used by plants. These organisms enhance the topmost 
soil layers (pp. 216, 218) and play essential roles as the com-
munity 's recyclers, making nutrients from organic matter 
available for reuse by living members of the community. 

In Great Lakes communities, the main producers are 
phytoplankton, consisting of microscopic algae, protists, 
and cyanobacteria that drift in open water and conduct 
photosynthesis using sunlight that penetrates the water. The 
most abundant primary consumers are zooplankton, the tiny 
aquatic animals that eat phytoplankton. A number of fi sh eat 
phytoplankton and thus are primary consumers, whereas 
fish that eat zooplankton act as secondary consumers. Ter-
tiary consumers include birds and larger fish that feed on 
zooplankton-eating fish. (The left side of Figure 4 .10 shows 
these relationships in very generalized form.) Asian carp 
that eat both phytoplankto n and zooplankto n function on 
multiple trophic levels. When an o rganism d ies and sinks to 
the bottom, detritivores scavenge its tissues and decompos-
ers recycle its nutrients. 

Energy decreases at higher 
trophic levels 
Within each trophic level in a food chain, organisms use 
energy in cellular respiration (p. 34). More energy goes 
toward maintenance than to building new tissues, and most 
is given off as heat. Only a small portion of the energy is 
transferred to the next trophic level through predation, her-
bivory, or parasitism. A general rule of thumb is that each 
trophic level contains about 10% of the energy of the trophic 
level below it (although the actual proportion can vary 
great ly). This pattern can be visualized as a pyramid 
(FIGURE 4 .11). 

WEIGHING 
the issues 

The Footprints of Our Diets 
What proportion of your diet 
consists of meat, milk, eggs, or 
other animal products? Would 
you decrease this proportion to 
reduce your ecological footprint? 
How else could you reduce your 
footprint through your food 
choices? 

This pyramid pattern illus-
trates why eating at lower trophic 
levels-being vegan or vegetar-
ian, for instance--decreases a 
person's ecological footprint. 
Each amount of meat or other 
animal product we eat requires 
the input o f a much greater 
amount of plant material (see 
Figure 10.8, p. 248). Thus, when 
we eat animal products, we use 
up far more energy per calorie 
that we gain than when we eat 
plant products. 

In communities, the pyramid-like pattern also tends to 
hold for numbers of organisms; in general, fewer organisms 
exist at high trophic levels than at low o nes. A grasshopper 
eats many plants in its lifetime, a rodent eats many grasshop-
pers, and a hawk eats many rodents. Thus, for every hawk 
there must be many rodents, sti ll more grasshoppers, and an 
immense number of plants. Terrestrial systems also tend to 
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FIGURE 4 .11 Lower trophic levels ge nerally contain more 
energy than higher trophic levels. The 1 0:1 ratio shown here 
is typical but varies greatly. i·e Go to Interpreting Graphs & Data on 

Mastering Environmental Science 

show a pyramid-like relationship for biomass, the collective 
mass of living matter in a given place and time. In aquatic 
systems, however, low trophic levels may sometimes have 
less biomass than high trophic levels (because short-lived 
phytoplankton may reproduce rapidly enough to produce 
food for a greater biomass of lo nger-lived zooplankton). Still, 
energy transfer in such commun ities is characterized by a 
pyramid pattern. 

Food webs show feeding 
relationships and energy flow 
Thinking in terms of food chains is conceptually useful, but 
ecological systems are far more complex than simple linear 
chains. A fuller representation of the feeding relationships in 
a community is a food web- a visual d iagram that maps the 
many paths along which energy and matter flow as organisms 
consume one another. 

FIGURE 4 .12 portrays a food web from a temperate decid-
uous forest of eastern North America. It is greatly simplified 
and leaves out most species and interactions, yet even within 
this streamlined diagram we can pick out many food chains 
involving different sets of species. For instance, grasses are 
eaten by deer mice that may be consumed by rat snakes-
while in another food chain, insects are consumed by spiders 
that may be eaten by American toads. 

Recently, researchers assessed the diets of various fish 
native to Lake Erie to predict how the food web of the lake 
might change if Asian carp were to invade it. Their ecological 
model projected that competition for food from si lver and 
bighead carp would reduce the biomass of plankton-eating 
fish such as rainbow smelt, gizzard shad, and emerald shiner 
by 13-37% and that the biomass of predatory adult walleye 
would, in turn, decrease once they had fewer smelt, shad, and 
shiners to eat. However, smallmouth bass were predicted to 
increase by 13-L6% because they would benefit from con-
suming the newly abundant young of the invasive carp. 



FIGURE 4 .12 This food web shows feeding relationships among organisms in eastern North America's 
temperate deciduous forest. Arrows indicate the direction of energy flow (from prey to predator, from producer to 
consumer, and from host to parasite). The actual community contains many more species and interactions than can 
be shown. 

Go to Interpreting Graphs & Data on 
Mastering Environmental Science 

Overall, the researchers predicted that after 20 years the carp 
would comprise 30% of the total fish biomass in Lake Erie, 
after causing populations of most native fish species to 
decline. Such predictions from models are only as good as the 
known information that is input to the models, however, and 
scientists are still actively gathering data on the impacts of 
competition from Asian carp on native fish (see THE SCIENCE 
BEHIND THE STORY, pp. 84-85). 

Some organisms play outsized roles 
"Some animals are more equal than others," George Orwell 
wrote in his classic novel Animal Farm. Orwell was making 
wry sociopoUtical commentary, but his remark hints at an 
ecological truth. In communities, some species exert greater 
influence than do others. A species that has strong or wide-
reaching impact far out of proportion to its abundance is often 
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How Do Asian Carp Affect 
t he story Aquatic Communities? 7 As the four species of Asian carp 

Dr. Quinton Phelps 
samples for 
freshwater fish 

spread through waterways across the 
Mississippi River Valley, people 

feared for sport fisheries and for 
native species and communities. 
Fishermen noticed changes in 
their catches, and fisheries man-
agers predicted that impacts 
from the invasive carp could 
cost billions of dollars. 

However, ecological com-
munities are complex, and disen-

tangling cause and effect in food 
webs can be difficult. As a result, 

reliable quantitative evidence of the 
impacts of Asian carp on plankton, 
plants, and fish has been surprisingly 
sparse and remarkably slow in coming. 

One study, published in 2017 in 
the journal PLOS ONE, showed clear 
results but also illustrated just how far 

researchers have to go before gaining a full understanding of 
the impacts of Asian carp on aquatic communities. In this 
study, Quinton Phelps of West Virginia University and five col-
leagues from Missouri, Iowa, and South Dakota set out to 
determine if silver carp exert population-level effects over large 
areas on two native plankton-eating fish : gizzard shad and 
bigmouth buffalo. Previous research in the Illinois River and 
elsewhere had shown that silver carp compete with certain 
native fish by eating (and depleting) plankton, but this had not 
been documented across wide and meaningful scales of 
space and time. 

In the first part of the study conducted by the Phelps team, 
the researchers assessed data from long-term monitoring of 
fish in stretches of the Mississippi River Basin from Minnesota 
to Missouri between 1993 and 2012. Biologists had gathered 
this data using electrofishing, according to a standardized pro-
tocol used by government agencies as part of a federally man-
dated program. (In electrofishing, an electric current is passed 
into the water to temporarily shock fish, which float to the sur-
face.) Each fish was identified, measured, and weighed, and 
counts of each species were made. The team compared data 
from three northern locations that Asian carp had not reached 
with data from three southern locations that Asian carp invaded 
halfway through the study period. In all these sites, the 
researchers compared data from before 2003 (roughly when 
the carp became established in the sites they invaded) with 
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data collected after 2003. Altogether, the project obtained data 
on more than 9000 fish {FIGURE 1). 
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FIGURE 1 Catches of native gizzard shad and bigmouth 
buffalo decreased as silver carp increased. Bars on the left 
side of each graph show number of fish counted per unit effort in 
stretches of the Mississippi River where silver carp invaded 
around 2003. Bars on the right side of each graph show number 
of fish counted per unit effort in stretches of river where silver 
carp did not invade. The red bar of each pairing pertains to the 
10 years preceding 2003 (before carp arrival) and the orange bar 
of each pairing pertains to the 1 0 years following 2003 (after 
carp arrival). Data from Phelps, 0. E. , eta!., 2017. Incorporating basic and 
applied approaches to evaluate the effects of invasive Asian carp on native 
fishes: A necessary first step for integrated pest management. PLOS ONE 
12(9): 90184081. 



Results were clear-cut: The team found a significant long-
term decrease in catch per unit effort (and thus fish abundance) 
for both gizzard shad and bigmouth buffalo after the appear-
ance of silver carp in the areas they invaded. The researchers 
also determined that the physical condition of gizzard shad and 
bigmouth buffalo declined through time in areas invaded by sil-
ver carp. Together, these results indicated that competition for 
plankton resources was having a harmful effect on the two 
native species. 

In the second portion of the study, researchers sampled 
four floodplain lakes in Illinois and Missouri by electrofishing 
after major floods in 2011 sent Mississippi River water into the 
lakes for the first time since 1937. The scientists sampled the 
lakes in June and again in November, looking for changes in 
the fish community across this 5-month period. Silver carp had 
failed to enter one of the four lakes, and in this lake the 
researchers found no change in the native fish community. In 
contrast, a lake that had been invaded by many silver carp 
showed drastic change: Most of the native fish disappeared. In 
the remaining two lakes, silver carp were at low to moderate 
densities, and the team found that native fish densities 
changed in low to moderate ways. Altogether, the data indi-
cated that more silver carp mean more impact to the native 
fish community. 

The third portion of the research involved controlled labora-
tory tests in a lab in Missouri. Fish of the three species were 
captured from the wild and kept in aquaria. For the 14-day 
experimental trials, fish were placed in tanks in different combi-
nations with limited amounts of plankton, after which growth 
and survival rates were measured. Silver carp were placed in 
tanks with gizzard shad and separately with bigmouth buffalo to 
test for interspecific competition, and all three species were 
placed in tanks with their own species to obtain comparative 
data on intraspecific competition. 

The data showed clear patterns {FIGURE 2). Survival was 
high in each of the species pairings, but when silver carp and 
gizzard shad were placed together, only 1 0% of the gizzard 
shad survived. Likewise, in all the same-species pairings, the 
fish grew in biomass, but when silver carp and bigmouth buffalo 
were placed together, the bigmouth buffalo decreased in bio-
mass. Together, these experimental results showed that silver 
carp are able to outcompete these two species of native fish 
when plankton resources are limited. 

A strength of this study lay in its three independent approaches. 
The researchers examined the question of competition between 
silver carp and two native fish species by analyzing long-term 
population monitoring data from the field, by taking advantage of 
a "natural experiment" (p. 11; a major flood) in the field, and by 
conducting a laboratory experiment under rigorously controlled 
conditions. The lab experiment demonstrated cause and effect, 
and the long-term population analysis showed relevance over a 
large geographic area. 
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FIGURE 2 Controlled lab experiments revealed impacts of 
competition by silver carp on two native species. In tests of 
survival (a), many fewer gizzard shad survived when silver carp 
were placed in the same tank with them. In tests of growth (b), 
measured by change in biomass, bigmouth buffalo lost biomass 
when silver carp were placed in the same tank with them. Note: 
Meaningful growth data for gizzard shad could not be obtained 
because too few survived when in the presence of silver carp. 
Data from Phelps, Q. E., eta/., 2017. Incorporating basic and applied 
approaches to evaluate the effects of Invasive Asian carp on native fishes: A 
necessary first step for Integrated pest management. PLOS ONE 12(9): 
e0184081. 
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A great deal more research is needed to answer the many 
outstanding questions about the impacts of Asian carp in North 
America's river basins-and the potential impacts of Asian carp 
in the Great Lakes. The Phelps team's study provides a helpful 
model for future work. 
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called a keystone species. A keystone is the wedge-shaped 
piece at the top of a stone arch that holds the structure 
together. Remove the keystone, and the arch will collapse 
(FIGURE 4 .13a). In an ecological community, removal of a 
keystone species will likewise have major consequences. 

Often, consumers at the tops of food chains are consid-
ered keystone species. Some predators control populations of 
herbivores, which otherwise could multiply and greatly mod-
ify the plant community (FIGURE 4.13b). Thus, predators at 
high trophic levels can indirectly promote populations of 
organisms at low trophic levels by keeping species at interme-
diate trophic levels in check, a phenomenon ecologists refer 
to as a trophic cascade. For example, the U.S. government 
long paid bounties to promote the hunting of wolves and 
mountain lions, which were largely exterminated by the mid-
20th century. In the absence of these predators, deer popula-
tions have grown unnaturally dense and have overgrazed 
forest-floor vegetation and eliminated tree seedlings. leading 
to major changes in forest structure. 

The removal of top predators throughout much of the 
United States was an uncontro!Jed large-scale experiment with 
unintended consequences, but ecologists have verified the key-
stone species concept in controlled scientific experiments. 
Classic research by biologist Robert Paine estabUshed that the 
predatory sea star Pisaster ochraceus shapes the community 

Keystone 

(a) A keystone 

(b) A keystone species 
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composition of intertidal organisms (p. 429) on North Ameri-
ca's Pacific coast. When Pisaster is present in this community, 
species diversity is high, with various types of barnacles, mus-
sels, and algae. When Pisaster is removed, the mussels it preys 
on become numerous and displace other species, suppressing 
species diversity. A recent outbreak of sea star wasting disease 
that killed most sea stars along the Pacific coast is replicating 
Paine's experiment on a massive scale, leading to major 
changes in coastal communities from Alaska to California. 

Animals at high trophic levels-such as wolves, sea stars, 
sharks, and sea otters (see Figure 4.13)-are often viewed as 
keystone species that can trigger trophk cascades. However, 
other types of organisms also exert strong conununi ty-wide 
effects. "Ecosystem engineers" physically modify environ-
ments. For example, beavers build dams across streams, creat-
ing ponds and swamps by flooding land. Prairie dogs dig 
bun·ows that aerate the soil and serve as homes for other ani-
mals. Ants disperse seeds, redistribute nutrients, and selectively 
protect or destroy insects and plants near their colonies. And 
Asian carp alter the communities they invade in many ways. 

Less conspicuous o rganisms at low trophic levels can 
exert still greater impact. Remove the fungi that decompose 
dead matter, or the insects that control plant growth, or the 
phytoplankton that support the marine food chain, and a com-
munity may change rapidly indeed! However, because there 

Overgrazed 
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FIGURE 4 .13 Sea otters are a 
keystone species. A keystone (a) 
sits atop an arch, holding the 
structure together. A keystone 
species (b) is a species that exerts 
great influence on a community's 
composition and structure. Sea otters 
consume sea urchins that eat kelp in 
coastal waters of the Pacific. Otters 
keep urchin numbers down, allowing 
lush underwater forests of kelp to 
grow, providing habitat for many 
species. When otters are absent, 
urchins increase and devour the kelp, 
destroying habitat and depressing 
species diversity. 



are usually more species at lower trophic levels, it is less likely 
that any single one of them alone has wide influence. Often if 
one such species is removed, its functions may be performed 
by other species that remain at the lower trophic level. 

Communities respond to disturbance . . 
1n vanous ways 
The removal of an influential species is just one way an eco-
logical community can be disturbed. In scientific terms, a 
disturbance is an event that has drastic impacts on environ-
mental conditions, resulting in changes to the composition, 
structure, or function of a community. A disturbance can be 
localized, such as when a tree falls in a forest, creating a gap in 
the canopy that lets in sunlight. Or, it can be as large and severe 
as a hurricane, tornado, or volcanic eruption. Some distur-
bances are sudden, such as landslides or floods, whereas others 
are gradual, such as climate change. Some disturbances recur 
regularly and are considered normal aspects of a system (such 
as periodic fire, seasonal storms, or cyclical insect outbreaks). 

Organisms may adapt to regular and predictable types of 
disturbance. For instance, many plants that grow in fire-prone 
regions have evolved ways of surviving fire and have seeds 
that depend on fire to germinate in the nutrient-rich soil that 
fire leaves behind . Today, human impacts are major sources 
of disturbance for ecological communities worldwide-from 
habitat alteration to pollution to the introduction of non-native 
species such as Asian carp. 

Communities are dynamic systems and may respond to 
disturbance in several ways. A conununity that rt:sists change 
and remains stable despite disturbance is said to show resistance 
to the disturbance. A community that changes in response to 
disturbance but later returns to its original state is said to show 

PRIMARY SUCCESSION 

SECONDARY SUCCESSION 

resilience. Alternatively, a community may be modified by ills-
turbance permanently and never return to its orig inal state. 

Succession follows severe 
disturbance 
If a disturbance is severe enough to eliminate all or most of the 
species in a community, the affected site may then undergo a 
predictable series of changes that ecologists have traditionally 
called succession. In the conventional view of this process, 
there are two types of succession (FIGURE 4.14). Primary 
succession follows a disturbance so severe that no vegetation 
or soil life remains ti·om the community that had occupied the 
site. In primary succession, a community is built essentially 
from scratch. In contrast, secondary succession begins when a 
disturbance dramatically alters an existing community but 
does not destroy al l life and organic matter. In secondary suc-
cession, vestiges of the previous conununity remain, and these 
building blocks help shape the succession process. 

At te1Testrial sites, primary succession takes place after a 
bare expanse of rock, sand, or sediment becomes newly 
exposed to the atmosphere. This can occur when glaciers 
retreat, lakes dry up, or volcanic lava or ash covers a land-
scape. Species that arrive fi rst and colonize the new substrate 
are referred to as pioneer species. Pioneer species are well 
adapted for colonization; for instance, they generally have 
spores or seeds that can travel long distances. 

The pioneers best suited to colonizing bare rock are the 
mutualistic aggregates of fungi and algae known as lichens. In 
lichens, the algal component provides food and energy via 
photosynthesis while the fungal component grips the rock and 
captures moisture. As lichens grow, they secrete acids that 
break down the rock surface, beginning the process that forms 

FIGURE 4 .14 1n succession, an area's plant community passes through a series of typical stages. Primary 
succession begins as organisms colonize a lifeless new surface (two panels at top left). Secondary succession occurs 
after some disturbance removes most vegetation from an area (panel at bottom left). 
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soil. Small plants and insects arrive, providing more nutrients 
and habitat. As time passes, larger plants and animals estab-
lish, vegetation increases, and species diversity rises. 

Secondary succession begins when a fire, a storm, log-
ging, or farming removes much of the biotic community. 
Consider a farmed field in eastern North America that has 
been abandoned. The site first becomes colonized by pioneer 
species of grasses, herbs, and forbs that disperse well or were 
already in the vici nity. Soon, shrubs and fast-growing trees 
such as aspens or poplars begin to grow. As time passes, pine 
trees rise above the pioneer trees and shrubs, forming a pine 
forest. This forest gains an understory of hardwood trees, 
because pine seedlings do not grow well under a canopy but 
some hardwood seedlings do. Eventually, the hardwoods out-
grow the pines, creating a hardwood forest. 

Succession occurs in many ecological systems. For 
instance, a pond may undergo succession as algae, microbes, 
plants, and zooplankton grow, reproduce, and die, gradually 
filljng the water body with organic matter. The pond acquires 
further organic matter and sediments from streams and run-
off, and eventually it may fill in, becoming a bog (p. 398) or a 
terrestrial system. 

In the traditional view of succession as described, the 
process leads to a climax community that remains in place 
until some disturbance restarts succession. Early ecologists 

FAQ 
If we disturb a community, 
will It return to Its original 
state If we just leave the 
area alone? 
Probably not. if the disturbance 
has been substantial. For 
example, if soil has become 
compacted or if water sources 
have dried up, then the plant 
species that grew at the site may 
no longer be able to grow. 
Different plant species may lake 
their place-and among them, a 
different suite of animal species 
may find habitat. Sometimes a 
whole new community may arise. 
For instance, as deforestation in 
the Amazon (p. 315) has reduced 
rainfall there, unprecedented fires 
have burned tropical rainforests, 
converting some of them to 
scrub-grassland. In the past, 
people did not realize how 
permanent such changes could 
be, because we tended to view 
natural systems as static and 
predictable. Today, ecologists 
recognize that systems are highly 
dynamic and can sometimes 
undergo rapid, extreme, 
long-lasting change. 

believed that each region had 
its own characteristic climax 
community, determined by 
climate. 

Communities may 
undergo shifts 
Present-day ecologists recog-
nize that community change is 
far more variable and less pre-
dictable than early models of 
succession suggested. Condi-
tions at one stage may promote 
progression to another stage, or 
organisms may, through compe-
tition, inhibit a community's 
progression to another stage. 
The trajectory of change can 
vary greatly according to chance 
factors, such as which particu lar 
species happen to gain an early 
foothold. And climax communi-
ties are not determined solely 
by climate but vary with soil 
conditions and other factors 
from one time or place to 
another. Ecologists came to 
modify their views about how 
communities respond to distur-
bance after observing changes 
during long-term field studies at 
locations such as Mount Saint 
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Helens following its eruption (see THE SCIENCE BEHIND 
THE STORY, pp. 90-91 ). 

Once a community is disturbed and changes are set in 
motion, there is no guarantee that it will return to its original 
state. Instead, sometimes communities may undergo a 
regime shift, or phase shift, in which the character of the com-
munity fundamentally changes. This can occur if some cru-
cial climatic threshold is passed, a keystone species is lost, or 
a non-native species invades. For instance, many coral reef 
communities have undergone a regime shift and have become 
dominated by algae after people overharvested fish or turtles 
that eat algae. Losing sea otters from a nearshore marine 
community can lead to the loss of kelp forests (p. 86). In 
some grasslands, livestock grazing and fire suppression have 
led shrubs and trees to invade, forming slu·ublands. And 
across large areas of western North America today, entire for-
ests are undergoing convers ions due to catastrophic fires 
driven by climate change and past forest management. 
Regime shifts make clear that we cannot always reverse dam-
age caused by human disturbance. Instead, some of the 
changes we set in motion may become permanent. 

Currently, human disturbance, climate change, and the 
introduction of non-native species are creating wholly new 
communities that have not previously occurred on Earth. 
These novel communities, or no-analog communities, are 
composed of new combinations of plants and animals; they 
are communities with no known analog, or precedent, in 
nature. As we enter more deeply into an age of fast-changing 
climate, habitat alteration, species extinctions, and species 
invasions, scientists predict that we will see more and more 
novel communities. 

Introduced species may alter 
communities 
Traditional concepts of communities involve species native to 
an area. But what if a species arrives from far away? In our 
age of global mobility and trade, countless organisms are 
moved from place to place. As a result, most non-native arriv-
als in communities today are introduced species, that is, alien 
species brought to a new area by people. 

In many cases, people have introduced species on pur-
pose. People intentionally imported Asian carp to North 
America, believing these fish could offer valuable services to 
aquaculture and wastewater treatment facilities. In contrast, 
many other inh·oductions of non-native species have occurred 
by accident. Zebra mussels provide an example. To maintain 
stability, ships take water into their hulls as they begin their 
voyage and then discharge it at their destination. Along with 
this ballast water come any plants and animals taken up in 
the water. In this way, the zebra mussel was brought to Amer-
ica by accident in the 1980s from seas in central Asia. Within 
a few years, this tiny mussel spread by the tri llions through 
the Great Lakes and into waterways across half the nation. By 
depleting plankton from the water, depressing fish popula-
tions, blocking pipes at power plants, and damaging boat 
engines, docks, buoys, and fishing gear, the zebra mussel 
invasion-and that of the closely related quagga mussel that 



followed it- have cost Great Lakes economies hundreds of 
m illions of dollars. 

Most introduced species fail to establish populations, but 
some succeed. Over time, successful non-native species may 
accumulate-and today, many regions support novel commu-
ni ties rich in non-native species. More than 180 non-native 
species inhabit the Great Lakes. Across much of San Fran-
cisco Bay, the majority of species are non-native, while 30% 
of California 's plant species are non-native. 

Of those species that successfully persist in their new 
homes, some may do exceptionally well , spreading widely, 
pushing aside native species, and coming to dominate com-
munities. Eco logists call such species invasive species 
because they "invade" native communities (FIGURE 4 .15). The 
U.S. government defines invasive spe-
cies as non-native species "whose 
introduction causes or is likely to 
cause economic or environmental 
harm or harm to human health." 

FIGURE 4 .15 The Burmese python is an invasive species in 
south Florida. Individuals of this large Asian snake that escaped 
from the pet trade established a population in the Florida Everglades 
that is growing fast. The snakes prey on native birds and mammals. 

American forests, but between 1900 and 1930 the chestnut 
blight, an invasive Asian fungus, killed nearly every mature 
American chestnut, transformi ng entire forests. Asian trees 
had evolved defenses against the fungus over millennia of 
coevolution, but the American chestnut had not. A different 
fungus caused Dutch elm disease, destroying most of the 
American elms that once gracefully lined the streets of many 
U.S. cities. Grasses introduced in the American West for 
ranching have ovetTun entire regions, pushing out native veg-
etation and encouraging fires that damage native plants like 
sagebrush and cacti, further promoting dominance of the 
grasses. Freshwater systems like the Great Lakes have been 
upended by predatory fishes released from aquaria, bait buck-
ets, stocking, or aquacul ture; aquatic plants t.hat become eco-
system engineers; crayfish that disrupt the benthic portions of 
food webs; and disease pathogens. On the world 's islands, 
hundreds of island-dwelling species have been driven extinct 
by goats, pigs, rats, and other mammals introduced by people 
(Chapter 3). 

Because of such impacts, most ecologists view invasive 
species in a negative light, and this often carries over to their 
perceptions of non-native species in general. Yet many of us 
enjoy the beauty of introduced ornamental plants in gardens. 

Introduced species can become 
invasive when limiting factors (p. 67) 
that regulate their population growth 
are absent. Plants and animals brought 
to a new area may leave behind the 
predators, parasites, herbivores, and 
competitors that had exploited them in 
their native land. If few organisms in 
the new environment eat, parasitize, or 
compete with the introduced species, 
then it may thrive and spread. As the 
species proliferates, it may exert 
d iverse infl uences on other community 
members (FIGU RE 4 .16). By altering 
comm unities, invasive species are one 
of the central ecological forces in 

Grass carp modify the 
plant community. 

today's world. 
Examples abound of invasive spe-

cies that have had major ecological 
impacts (see p. 292 for photos of 
some). The native Amelican chestnut 
formerly dominated eastern North 

FIGURE 4.16 Asian carp modify the aquatic communities they invade. Silver carp and 
bighead carp outcompete native fish for zooplankton, which, in turn, can affect phytoplank-
ton in various ways. Grass carp and black carp alter water quality by stirring up sediment as 
they consume native plants and mollusks. Based on data from Sass, G., eta!., 2014. Invasive bighead 
and silver carp effects on zooplankton communities in the Illinois River. Illinois, USA. J. Great Lakes Research 
40:911-921, and various other studies. 
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THE SC IENCE 
behind 
the story 

How Do Communities Recover after 
Catastrophic Disturbance? 

Dr. Virginia Dale 
at Mount Saint 
Helens 

The eruption of Mount Saint Helens 
offered ecologists a rare opportunity to 

study how communities recover 
from catastrophic disturbance. On 

May 18, 1980, this volcano in the 
state of Washington erupted in 
sudden and spectacular vio-
lence, with 500 times the force 
of the atomic blast at Hiroshima. 

The massive explosion 
obliterated an entire landscape 

of forest as a scalding mix of gas, 
steam, ash, and rock was hurled 

outward. A pyroclastic flow (p. 42) 
sped downslope, along with the larg-

est landslide in recorded history. Rock 
and ash rained down and mudslides and 
lahars (p. 44) raced down river valleys, 
devastating everything in their paths. 
Altogether, 4.1 km3 (1.0 mi3) of material 
was ejected from the mountain, affecting 

1650 km2 (637 mi2), an area twice the size of New York City. 
In the aftermath of the blast, ecologists moved in to take 

advantage of the natural experiment of a lifetime. For them, the 
eruption provided an extraordinary chance to study how pri-
mary succession unfolds on a fresh volcanic surface. Which 
organisms would arrive first? What kind of communities would 
emerge? How long would the process take? These researchers 
set up study plots to examine how populations, communities, 
and ecosystems would respond. 

Today, the barren gray moonscape that resulted from the 
blast 40 years ago is a vibrant green in many places 
(FIGURE 1), carpeted with shrubs, young trees, and colorful 

flowers. And what ecologists have learned has modified our 
view of primary succession and informed the entire study of 
disturbance ecology. 

Given the ferocity and scale of the eruption, most scientists 
initially presumed that life had been wiped out completely over a 
large area. Based on traditional views of succession, they 
expected that pioneer species would colonize the area, spreading 
slowly from the outside margins inward, and that over many years 
a community would be built in a systematic and predictable way. 

Instead, researchers discovered that some plants and ani-
mals had survived the blast. Some were protected by deep 
snowbanks. Others were sheltered on steep slopes facing away 
from the blast. Still others were dormant underground when the 
eruption occurred. These survivors, it turned out, would play key 
roles in rebuilding the community. 

Many of the ecologists drawn to Mount Saint Helens studied 
plants. Virginia Dale of Oak Ridge National Laboratory in Ten-
nessee and her colleagues examined the debris avalanche, a 
landslide of rock and ash as deep as a 15-story building. This 
region appeared barren, yet small numbers of plants of 20 spe-
cies had survived, growing from bits of root or stem carried 
down in the avalanche. However, most plant regrowth occurred 
from seeds blown in from afar. Dale's team used sticky traps to 
sample these seeds as they chronicled the area's recovery. 
After 30 years, the number of plant species had grown to 155, 
covering 50% of the ground surface. 

One important pioneer species was red alder. This tree 
grows quickly, deals well with browsing by animals, and pro-
duces many seeds at a young age. As a result, it has become 
the dominant tree species on the debris avalanche. Because it 
fixes nitrogen (pp. 125-126), the red alder enhances soil fertility 
and thereby helps other plants grow. Researchers predict that 
red alder will remain dominant for years or decades and that 

FIGURE 1 Mount Saint Helens before its eruption, after the 1980 eruption, and nearly four decades later. 
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conifers such as Douglas fir will eventually outgrow the alders 
and establish a conifer-dominated forest. 

Patterns of plant growth have varied in different areas. Roger 
del Moral of the University of Washington and his colleagues 
compared ecological responses on a variety of surfaces, includ-
ing barren pumice, mixed ash and rock, mudflows, and the 
"blowdown zone" where trees were toppled like matchsticks. 
Numbers of species and percentage of plant cover increased in 
different ways on each surface, affected by a diversity of factors. 

Parts of the blast zone were replanted by people. After the 
eruption, concerns about erosion led federal officials to disperse 
seeds of eight plant species (seven of them non-native) by heli-
copter over large areas in hopes of quickly stabilizing the surface 
with vegetation. Dale and her colleagues took the opportunity to 
compare plant growth in areas that were manually seeded ver-
sus growth in areas that recovered naturally without manual 
seeding. They found that manual seeding established plant 
cover on the ground more quickly, and that this effect was long-
lasting: Even after 30 years, manually seeded areas had more 
plant cover than unseeded areas (FIGURE 2a). The same was 
true, to a lesser extent, with the number of plant species 
(FIGURE 2b). However, the manually seeded areas contained a 
higher proportion of plants of non-native species than did the 
unseeded areas, even after 30 years. Researchers predict that 
the two types of areas will gradually become more similar as 
conifer forest replaces the pioneer species-and Dale's team is 
now finding evidence that this is beginning to occur. 

Among plants, windblown seeds accounted for most 
regrowth, but plants that happened to survive in sheltered 
"refugia" within the impact zone helped to repopulate areas 
nearby. Indeed, chance played a large role in determining which 
organisms survived and how vegetation recovered, researchers 
have found. Had the eruption occurred in late summer instead 
of spring, there would have been no snow, and many of the 
plants that survived would have died. Had the eruption occurred 
at night instead of in the morning, nocturnal animals would have 
been hit harder. 

Animals played major roles in the recovery. In fact, research-
ers such as Patrick Sugg and John Edwards of the University of 
Washington showed that insects and spiders arrived in the 
impact zone in great numbers even before plants did! Insects 
fiy, while spiders disperse by "ballooning" on silken threads, so 
in summer the atmosphere is filled with an "aerial plankton" of 
windblown arthropods. Trapping and monitoring at Mount Saint 
Helens in the months following the eruption showed that insects 
and spiders landed in the impact zone by the billions. Research-
ers estimated that more than 1500 species arrived in the first 
few years, surviving by scavenging or by preying on other 
arthropods. Most individuals soon died, but the nutrients from 
their bodies enriched the soil , helping the community to develop. 

Once plants took hold, animals began exerting infiuence 
through herbivory. Caterpillars fed on plants, occasionally 
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FIGURE 2 Plants recovered differently at manually seeded 
and unseeded sites at Mount Saint Helens. In the 30 years 
after the eruption, (a) percentage of ground covered by plants 
and (b) species richness of plants both increased, with cover and 
species richness being greater in manually reseeded areas than in 
unseeded areas recovering naturally. Data from Dale, v. H. and E. M. 
Denton, 2018. Plant succession on the Mount St. Helens debris avalanche 
deposit and the role of non-native species. In C. M. Crisafulli and V. Dale {Eds.), 
Ecological responses at Mount St. Helens: Revisited 35 years after the 1980 
eruption. New York: Springer-Verlag. 
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extinguishing small populations. Researchers led by Charles 
Crisafulli of the U.S. Forest Service studied mammals and found 
that their species diversity increased in a linear fashion. Fully 34 
of the 45 mammal species present in the larger region colonized 
the blast area within 35 years- from tiny mice up to elk and 
mountain goats. 

All told, research at Mount Saint Helens has shown that 
succession is not a simple and predictable process. Instead, 
communities recover from disturbance in ways that are dynamic, 
complex, and highly dependent on chance factors. The results 
also show life's resilience. Even when the vast majority of organ-
isms perish in a natural disaster, a few may survive, and their 
descendants may eventually build a new community. 

Ecological change at Mount Saint Helens will continue for 
many decades more. All along the way, ecologists will seek to 
study and learn from this tremendous natural experiment. 
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WEIGHING 
the issues 

Are All Non-Native Species 
Harmful? 
If we introduce a non-native 
species to a community and it 
greatly modifies the community, 
do you think that, in itself, is a bad 
thing? What if it causes a native 
species to disappear from the 
community? What if the non-
native species arrived on its own, 
rather than through human 
intervention? What if it provides 
economic services, as the 
European honeybee does? What 
ethical standard(s) (p. 136) would 
you apply to assess whether we 
should reject, tolerate, or 
welcome a non-native species? 

Some introduced species pro-
vide economic benefits, such as 
the European honeybee, which 
pollinates many of our crops 
(pp. 223-224). And some 
organisms are introduced inten-
tionally to control pests through 
biocontrol (p. 253). While hun-
dreds of millions of dollars are 
being spent to keep Asian carp 
out of the Great Lakes, people 
have largely welcomed the 
introduction there of Coho and 
Chinook salmon, two other 
non-native fish, because they 
are seen as desirable food fish 
and do not have as much 
impact on other species. 

In recent years, some sci-
entists have begun pushing 
back against the conventional 
wisdom. They point out that 
the locations and habitats in 

which non-native species generally establish themselves tend 
to be those that are already severely disturbed by human 
impact. In such degraded areas, non-native species can actu-
ally be beneficial; they may provide resources to native 
organisms and, arguably, may help severely degraded ecosys-
tems recover from human impact. Defenders of non-native 
species also stress that non-natives generally increase, rather 
than decrease, the species diversity of a community. Some 
defenders even maintain that in a world shaped by human 
impact, the species that have proven themselves successful 
invaders may give biodiversity its best chance of persisting in 
the face of our disruption. 

Whatever view one takes, the changes that introduced 
species- and particularly invasive species-bring to native 
populations and communities can be significant. These 
impacts are growing year by year with our increasing mobil-
ity and the globalization of society. 

We can respond to invasive species 
with control, eradication, or 
prevention 
Ever since U.S. policymakers began to recognize the impacts 
of invasive species in the 1990s, federal funding has become 
available for their control and eradication. Eradication (total 
elimination of a population) is extremely difficult (FIGURE 4.17). 
For th is reason, managers usually aim merely to control pop-
ulations- that is, to limit their growth, spread, and impact. 
Managers have tried to control Asian carp in heavily infested 
waterways like the fllinois River by netting juvenile fish, hir-
ing contract fi shermen to catch adults, bubbling carbon diox-
ide into the water, broadcasting noise into the water, and 
testing the effects of hot water and ozone. Some are also aim-
ing to reintroduce the alligator gar as a predator. Meanwhile, 
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FIGURE 4.17 Fully eradicating an invasive species is difficult. 
Garlic mustard has displaced native ground cover in many forests 
of eastern North America. Dedicated volunteers engaged in 
ecological restoration projects are doing their best to remove it, but 
it is an uphill batt le. 

researchers are trying to develop a chemical microparticle 
that will poison carp while not affecting other fi sh. 

However, most of these attempts at control or eradication 
are localized or short-term fixes. With one invasive species 
after another, managers are finding that control and eradica-
tion are difficult and expensive. Instead, trying to prevent 
invasions in the first place represents a better investment. This 
explains why, with Asian carp, managers are working hard to 
prevent them from entering the Great Lakes. The Army Corps' 
electric barriers in the Chicago Ship and Sanitary Canal are 
one main prevention technique. Engineers have also built var-
ious dikes and berms to block floodwaters when heavy rains 
cause water to overflow from riverbanks and canals. 

To meet the challenge of species transport across oceans 
in ballast water, the U.S. government and the international 
community each require ships to dump their freshwater ballast 
at sea (where freshwater organisms are killed by salt water) 
and exchange it with salt water before entering ports in areas 
such as the Great Lakes. They also are working with industry 
researchers to test and approve methods of treating ballast 
water with chemicals, filters, ultraviolet light, heat, and elec-
tricity to kill organisms onboard without exchanging water. 

Communities can be restored 
Invasive species add to the disturbances that people have 
forced on natural systems through habitat alteration, pollu-
tion, and overhunting. Ecological systems support our civili-
zation and all of life, so when systems become so transformed 
that they cease to function properly, our very health and well-
being are threatened. 

This realization gave rise to the science of restoration 
ecology. Restoration ecologists research the historical condi-
tions of ecological communities as they existed before our 
civilization altered them. These ecologists then try to devise 
ways to restore altered areas to an earlier condition. In some 
cases, the intent is to restore the functionality of the 



system- to reestablish a wetland's ability to filter pollutants 
and recharge groundwater, for example, or a forest's abi lity to 
cleanse the air, build soil , and provide habitat for wildlife. In 
other cases, the aim is to return a community to its natural 
"presettlement" condition. Either way, the science of restora-
tion ecology informs the practice of ecological restoration, 
the on-the-ground efforts to carry out these visions and 
restore communities (see SUCCESS STORY). 

In general , ecological restoration involves trying to undo 
impacts of human disturbance and to reestablish species, pop-
ulations, communities, and natural ecological processes. Spe-
cifically, restoration often involves removing invasive species 
and planting native vegetation that had originally grown on a 
site. Sometimes it means reintroducing natural processes such 
as fire or flooding. It may also mean modifying the landscape 
to reduce erosion or influence patterns of water flow. 

The world's largest restoration project is the ongoing 
effort to restore the Everglades, a vast ecosystem of marshes 
and seasonally flooded grasslands stretching across southern 
Florida. This wetland system has been drying out for decades 
because the water that feeds it has been manipulated for flood 
control and overdrawn for irrigation and development. Eco-
nomically important fisheries have suffered greatly as a result, 
and the region's famed populations of wading birds have 
dropped by 90-95%. The 30-year, $7 .8-bilJion restoration 
project intends to restore natural water flow by removing hun-
dreds of miles of canals and levees. Because the Everglades 
provides drinking water for millions of Florida citizens, as well 
as considerable tourism revenue, restoring its ecosystem ser-
vices (pp. 4, 120-121) should prove economically beneficial. 

Efforts in Florida have met with some success so far: 
Canals have been filled in and stretches of the Kissimmee 
River now flow freely (FIGURE 4.18), bringing water to Lake 
Okeechobee and then to the Everglades. But many challenges 
remain. The ambitious project has struggled against budget 
shortfalls and political interference, and invasive species such 
as the Burmese python (see Figure 4.15) are preying on the 
native fauna. (We will explore ecological restoration projects 
further in Chapter 11; p. 302.) 

FIGURE 4 .18 The largest restoration project today is in 
Florida. Here, water from a canal has been returned to the 
Kissimmee River, which now winds freely toward the Everglades. 

Restoration projects can sometimes run into complica-
tions. One example is Eagle Marsh, a 756-acre wetland near 
Fort Wayne, Indiana, that happens to play a key role in the 
Asian carp story. Starting in 2005, volunteers with the Little 
River Wetland Project began converting farmland back into 
the marsh that originally existed at the site. They deepened 
shallow areas, removed pumps and drain tiles, seeded the land 
with native wildflowers, planted 45,000 native trees, and 
removed invasive plants in what became the largest inland 
urban wetland restoration in the nation. Just as they were cel-
ebrating their success, however, scientists realized that the 
site represented a likely entry point for Asian carp to reach the 
Great Lakes. The marsh sits at the divide between the Wabash 
River (which flows to the Mississippi) and the Maumee River 
(which flows to Lake Erie), and in major flooding events, 
waters from these drainages can comingle, allowing fish from 
one watershed to slip into the other. Once this was recog-
nized, $4 million was spent to build a 2750-m-long (9000-ft-
long) berm to keep the watersheds divided. The berm was 
fini shed just in time to thwart three major floods, but this also 

Restoring Native Prairie Near Chicago 
Nearly all the tallgrass prairie in North Amer-
ica was converted to agriculture in the 

1800s and early 1 900s. Immense regions of land in states like 
Iowa , Kansas, and lllinois that today grow corn, wheat, and 
soybeans were once carpeted in a lush and diverse mix of 
grasses and wildftowers and inhabited by countless birds, 
bees, and butterflies. Currently, people are trying to recreate 
areas of these rich native landscapes through ecological resto-
ration. Scientists and volunteers are restoring patches of prairie 
by planting native vegetation, weeding out invaders and com-
petitors, and introducing prescribed fire (p. 323) to mimic the 
fires that historically maintained prairie communities. The region 

outside Chicago, Illinois, boasts a 
number of prairie restoration proj-
ects, the largest of which is inside 
the gigantic ring at the Fermilab 
National Accelerator Laboratory. This 
project, begun in 1971 by ecologis ts 
Robert Betz and Raymond 
Schulenberg, today involves 
hundreds of community volunteers 

Restored prairie at Fermilab, 
outside Chicago, Illinois. 

and has restored more than 400 ha (1 000 acres) of prairie. 
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WEIGHING 
the issues 

Restoring "Natural" 
Communities 
Practitioners of ecological 
restoration aim to restore 
communities to their natural state. 
But what does "natural" mean? 
Does it mean the state of a 
community before modern 
impacts from industrialization? 
Before Europeans came to the 
New World? Before any people 
laid eyes on the community? 
Native Americans modified many 
forests starting thousands of 
years ago by burning underbrush 
to improve hunting. Should 
restorationists try to recreate 
forests that existed before Native 
Americans arrived? What values 
do you think underlie the desire 
for restoration? 

changed the hydrology of the 
newly restored preserve. 

As our population grows 
and development spreads, eco-
logical restoration is becoming 
an increasing ly vital conserva-
tion strategy. However, restora-
tion is difficult, time-consuming, 
and expensive. It is therefore 
best, whenever possible, to pro-
tect natural systems from degra-
dation in the first place. 

Climate change 
poses new 
challenges for 
restoration 
Restoration ecologists have 
long grappled with questions 
about what baseline conditions 
they want to aim for, given that 
most ecological communities 
change naturally over time and 
have been influenced by succes-

sive waves of people. But today restorationists face still more 
challenging questions, as a result of global climate change 
(Chapter 18). As the world warms, as species shift toward the 
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poles and upward in elevation, and as droughts, floods, fires, 
heat waves, cold snaps, and storms become more severe, it 
becomes harder to reestablish past communities that can per-
sist in today's modified climatic conditions. Even if we could 
perfectly re-create a forest community that existed in southern 
Ohio in 1800, for example, it may not hold together in our new 
and changing climatic environment. Some species might not 
surv ive, while others might begin interacting in new ways. 
Thus, the traditional approach of trying to restore a well-
defined suite of plant and animal species to an area may no 
longer work. Increasingly, restorationists are instead aiming to 
restore the functions of communities and ecosystems, regard-
less of what species may be involved-and to create systems 
that are resilient and can adapt to c limate change in the long 
term. Some restorationists now are even including non-native 
species in restoration projects, when these are judged to 
improve the function and resilience of the community. 

Earth's Biomes 
Across the world, each location is home to different assemblages 
of species, leading to endless variety in community composi-
tion. However, communities in far-flung places o ften share 
strong similarities in their structure and function. This al lows us 
to classify communities into broad types. A biome is a major 
regional complex of similar communi ties-a large-scale eco-
logical unit recognized primcu·ily by its donlinant plant types 
and vegetation structw·e. The world contains a number of ten·es-
trial biomes, each covering lcu·ge geographic areas (FIGURE 4 .19). 
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FIGURE 4 .19 Biomes are distributed around the world, correlated roughly with latitude. 
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Climate helps determine biomes 
WhiGh biome covers each portion of the planet depends on a 
variety of physical factors, including temperature, precipita-
tion, soil conditions, wind patterns, and ocean currents. Tem-
perature and precipitation tend to exert the greatest influence 
(FIGURE 4.20). Note also in Figure 4.19 that patches of any 
given biome tend to occur at similar latitudes. For instance, 
temperate deciduous forest occurs in Europe, China, and 
eastern North America. This is due to Earth's north-south 
gradients in temperature and to atmospheric circulation pat-
terns (p. 455). 
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Scientists use climate diagrams, or climatographs, to 
depict information on temperature and As :Ve 
tour the world's terrestrial biomes, you will see climate dJa-
grams from specific localities. The data in each graph are 
typical of the climate for the biome the locality lies within. 

In mountainous regions, complex mixes of biomes occur 
because climate varies with elevation. At higher altitudes, 
temperature, atmospheric pressure, and oxygen all decline, 
while ultraviolet radiation increases. A hiker scaling one of 
the great peaks of the Andes in Ecuador, near the equator, 
might climb from tropical rainfores t through cloud forest up 
to alpine tundra and glaciers. Mountain ranges can also alter 
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FIGURE 4 .20 Temperature and precipitation are the main factors determining where each biome occurs. 
As precipitation increases, vegetation becomes taller and more luxuriant. As temperature increases, types of plant 
communities change. For instance, deserts occur in dry regions; tropical rainforests occur in warm, wet regions; and 
tundra occurs in the coldest regions. Note: The break in they-axis indicates a jump in values; the temperate zone 
has a wider range of temperatures than the other zones. 
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(a) Temperate deciduous forest 
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FIGURE 4.21 Temperate deciduous forests (a) experience 
fairly stable precipitation but temperatures that vary with the 
seasons. Scientists use climate diagrams (b) to illustrate average 
monthly precipitation and temperature. In these diagrams. the blue 
bars indicate precipitation and the red data lines indicate tempera-
ture, from month to month. Summer months are in the center of 
the x-axis for both Northern Hemisphere and Southern Hemisphere 
locations. Climate diagram here and in the following ftgures adapted from 
Breckle, S.-W. 2002. Walter's vegetation of the Earth: The ecological systems of 
tile gao-biosphere, 4th ed. Berlin, Heidelberg: Springer-Verlag. 

climate through the rainshadow effect. When moisture-laden 
air ascends a steep slope, it releases precipitation as it cools. 
By the time the air flows over the top and down the other side 
of a mountain, it can be very dry, creating an arid region in 
the rainshadow. 

We can divide Earth's land area into 
10 biomes 
Temperate deciduous forest The temperate deciduous 
forest (FIGURE 4.21) that dominates the landscape around 
much of the Great Lakes and Mississippi River Valley is char-
acterized by broad-leafed trees that are deciduous, meaning 
that they lose their leaves each fall and remain dormant dur-
ing winter, when hard freezes would endanger leaves. These 
midlarirude forests occur in much of Europe and eastern 
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FIGURE 4.22 Temperate grasslands experience seasonal 
temperature variation and too little precipitation for trees 
to grow. Climatograph adapted from Breckle, S. -W. 2002. l•zS Go to Interpreting Graphs & Data on 
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China as well as in eastern North America-all areas where 
precipitation is spread relatively evenly throughout the year. 

Soils of the temperate deciduous forest are fertile, but 
this biome consists of far fewer tree species than do tropical 
rainforests. Oaks, beeches, and maples are a few of the most 
common types of trees in these forests. Some typical animals 
of the temperate deciduous forest of eastern North America 
are shown in Figure 4.12 (p. 83). 

Temperate grassland Traveling westward from the 
Great Lakes and the Mississippi River, temperature differ-
ences between winter and summer become more extreme. 
rainfall diminishes, and we find temperate grasslands 
(FIGURE 4.22). This is because the limited precipitation in 
the Great Plains region supports grasses more easily than 
trees. Also known as steppe or prairie, temperate grasslands 
were once widespread in much of North and South America 
and central Asia. 

Vertebrate animals of North America's native grasslands 
include American bison, prairie dogs, pronghorn antelope, 
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FIGURE 4.23 Temperate rainforests receive a great deal of 
precipitation and have moist, mossy interiors. Ctimatograph 
adapted from Breckle, S.·W 2002. 
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and ground-nesting birds such as meadowlarks and prame 
chickens. People have converted most of the world 's grass-
lands for farming and ranching, however, so most of these 
animals exist today at a small fraction of their historic popu-
lation sizes. 

Temperate rainforest Farther west in North America, the 
topography becomes varied. and biome types intermix. The 
coastal Pacific Northwest region, with its heavy rainfall , fea-
tures temperate rainforest (FIGURE 4.23). Coniferous trees 
(cone-producing evergreen trees) such as cedars, spruces, 
hemlocks, and Douglas fir grow very tall in this biome, and 
the forest interior is shaded and damp. Moisture-loving ani-
mals such as the bright yellow banana slug are common in 
temperate rainforests. 

The soils of temperate rainforests are ferti le, but they are 
susceptible to landslides and erosion if forests are cleared. We 
have long extracted lumber and other commercially valuable 
products from temperate rainforests. Timber harvesting has 
eliminated most old-growth trees in these forests, driving spe-
cies such as the spotted owl and marbled muJTelet, birds that 
nest in old-growth trees, toward extinction. 

(a) Tropical rainforest 

G 

3 
40 

ClJ a. 
E 30 

2:- 20 .r::: c 10 0 
E 
c 0 "' ClJ 

- 10 

-20 
A S 0 N D 

Month 
(b) Bogor, Java, Indonesia 

450 

400 E' 
350 .s c 

0 
300 

·a. 
250 ·c; 

200 a. 
2:-

150 £ c 
0 

100 E 
c 
"' ClJ 50 

0 
F M A M J 

FIGURE 4.24 Tropical rainforests, famed for their biodiver-
sity, grow under constant, warm temperatures and a great 
deal of rain. Ctimatograph adapted from Breckfe, S.-W 2002. 

Tropical rainforest In tropical regions, we see the same 
pattern found in temperate regions: Areas of high rainfall 
grow rainforests, areas of intermediate rainfall support dry or 
deciduous forests, and areas of low rainfall are domi nated by 
grasses. However, tropical biomes differ from their temperate 
counterparts in other ways because they are closer to the 
equator and therefore warmer on average year-round. For one 
thing, they hold far greater biodiversity. 

Tropical rainforest (FIGURE 4.24)- found in Central Amer-
ica, South America, Southeast Asia, west Africa, and other 
tropical regions- is characterized by year-round rain and uni-
formly warm temperatures. Tropical rainforests have dark 
and damp interiors, lush vegetation, and highly diverse com-
munities with more species of insects, birds, amphibians, and 
other animals than any other biome. These forests are not 
dominated by certain species of trees but instead consist of 
very high numbers of tree species intermixed, each at a low 
density. Trees may be draped with vines, enveloped by 
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FIGURE 4.25 Tropical dry forests experience significant 
seasonal variation in precipitation but relat ively stable, warm 
temperatures. Climatograph adapted from Breckle, S.-W. 2002. 

strangler figs, and loaded with epiphytes (orchids and other 
plants that grow in trees). Indeed, rainforest trees sometimes 
collapse under the weight of all the li fe they support! 

Despite this profu sion of life, tropical rainforests have 
poor, acid ic soils that are low in organic matter. Nearly all 
nutrients present in this biome occur in the plants, not in the 
soil. An unfortunate consequence is that once people clear 
tropical rainforests, the nutrient-poor soil can support agri-
culture for only a short time (p. 219). As a result, farmed 
areas are abandoned quickly, and farmers move on and clear 
more forest. 

Tropical dry forest Tropical areas that are warm year-
round but where rainfall is lower overall and highly seasonal 
give rise to tropical dry forest, or tropical deciduous forest 
(FIGURE 4.25), a biome widespread in lndia, Africa, South 
America, and northern Australia. Wet and dry seasons each 
span about half a year in tropical dry forest. Organisms that 
inhabit tropical dry forest have adapted to seasonal fluctua-
tions in precipitation and temperature. For instance, many 
plants are deciduous and leaf out and grow profusely with the 
rains, then drop their leaves during dry times of year. 
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FIGURE 4.26 Savannas are grasslands with clusters of trees. 
They experience slight seasonal variation in temperature but 
significant variation in rainfall. Climatograph adapted from Breckle, 
s.-w. 2002. 

Rains during the wet season can be heavy and, coupled 
with erosion-prone soils, can lead to severe soil loss where 
people have cleared forest. Across the globe, we have con-
verted a great deal of tropical dry forest to agriculture. Clear-
ing for farming or ranching is straightforward in regions of 
tropical dry fores t because vegetation is lower and canopies 
less dense than in tropical rainforest. 

Savanna Drier tropical regions g ive rise to savanna 
(FIGURE 4.26), tropical grassland interspersed with clusters of 
acacias or other trees. The savanna biome is found across 
stretches of Africa, South America, Australia, India, and 
other dry tropical regions. Precipitation generally arrives dur-
ing distinct rainy seasons, whereas in the dry season grazing 
animals concentrate near widely spaced water holes. Com-
mon herbivores on the African savanna include zebras, 
gazelles, and giraffes. Predato rs of these grazers include 
lions. hyenas, and other highly mobile carnivores. Scientific 
research indicates that the African savanna was the ancestral 
home of the human species. The open spaces of this biome 
likely favored the evolution of our upright stance, running 
ability, and keen vision. 
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(b) Cairo, Egypt 

FIGURE 4.27 Deserts are dry year-round but are not always 
hot. Climatograph adapted from Breckle, S.-W. 2002. 

Desert Where rainfall is very sparse, desert (FIGURE 4.27) 
forms. The driest biome on Earth, most deserts receive well 
under 25 em ( to in.) of precipitation per year, much of it during 
isolated stonns months or years apart. Some deserts, such as 
Africa 's Sahara and Namib deserts, are mostly bare sand dunes; 
others, such as the Sonoran Desert of Arizona and northwest 
Mexico, receive more rain and are more heavily vegetated. 

Deserts are not always hot; the high desert of the western 
United States is positively cold in winter. Because deserts 
have low humidity and little vegetation to insulate them from 
temperature extremes, sunlight readily heats them in the day-
time, but heat is quickly lost at night. As a result, tempera-
tures vary greatly from day to n.ight and from season to 
season. Desert soils can be saline and are sometimes known 
as lithosols, or stone soils, for their high mineral and low 
organic-matter content. 

Desert animals and plants show many adaptations to deal 
with a harsh climate. Most reptiles and mammals, such as 
rattlesnakes and kangaroo mice, are active in the cool o f 
night. Many Austra lian desert birds are nomadic, wandering 
long distances to find areas of recent rainfall and plant 
growth. Desert plants tend to have thick, leathery leaves to 
reduce water loss, or green trunks so that the plant can con-
duct photosynthesis without leaves, minimizing the surface 
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(b) Vaygach, Russia 

FIGURE 4 .28 Tundra is a cold, dry biome found near the 
poles. Alpine tundra occurs atop high mountains at lower latitudes. 
Climatograph adapted from Breckle, S. -W. 2002. 

area prone to water loss. The spines of cacti and other desert 
plants guard them from being eaten by herbivores desperate 
for the precious water these plants hold. Such traits have 
evolved by convergent evo lution in deserts across the world 
(see Figure 3.4b, p. 53). 

Tundra Nearly as dry as desert, tundra (FIGURE 4.28) occurs 
at very h.igh latitudes in northern Russia, Canada, and Scandi-
navia. Extremely co ld winters with little daylight and sum-
mers with lengthy days characterize this landscape of lichens 
and low, scrubby vegetation without trees. The great seasonal 
variation in temperature and day length results from th.is 
biome's high-latitude location, angled toward the sun in sum-
mer and away from the sun in winter. 

Because of the cold climate, underground soil remains per-
manently fi·ozen and is called permafrost. During winter, sur-
face soil freezes as well. When the weather warms, the soil 
melts and produces pools of surface water, forming ideal habi-
tat for mosquitoes and other insects. The swanns of insects ben-
efit bird species that migrate long distances to breed during the 
brief but productive summer. Caribou also migrate to the tundra 
to breed, then leave for the winter. Only a few an.imals, such as 
polar bears and musk oxen, can survive year-round in tundra. 
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FIGURE 4 .29 Boreal forest experiences long, cold winters; 
cool s ummers; and moderate precipitation. Climatographadapted 
from Brockle. S.-W. 2002. 

Most tundra remains intact and re latively unaltered by 
human occupation and development. However, global climate 
change is heating high-latitude regions more intensely than 
other areas (p. 496), melting sea ice, and a ltering seasonal 
cycles to which animals have adapted. Climate warming is 
also melting permafrost, causing the greenhouse gas methane 
to seep out of the ground and drive further warming. 

Tundra a lso occurs as alpine tundra at the tops of tall 
mountains in both temperate and tropical regions. Here, high 
elevation creates c limatic conditions similar to those of high 
lati tude. 

Boreal forest The northern coniferous forest, or boreal 
forest, often called taiga (FIGURE 4.29), extends across much 
of Canada, Alaska, Russia, and Scandinavia. A few species of 
evergreen trees, such as black spruce, dominate large 
stretches of forest, inte rspersed w ith bogs and lakes. Boreal 
forests occur in cooler, drier regions than do temperate for-
ests, and they experience long, cold winters and short, cool 
summers. 

Soils of the boreal forest are typically nutrient-poor and 
somewhat acidic. As a result of strong seasonal variation in 
day length, temperature, and precipitation, many organisms 

100 CHAPTER 4 Species Interactions and Community Ecology 

(a) Chaparral 
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FIGURE 4.30 Chaparral is a seasonally variable biome 
dominated by shrubs, influenced by marine weather, and 
dependent on fire. Climatograph adapted from Brockle, S.-W. 2002. 
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compress a year's worth of feeding and breed ing into a few 
warm, wet months. Year-round residents of boreal forest 
inc lude mammals such as moose, wolves, bears, lynx, and 
rodents. Some animals hibernate during the harsh winters, 
and many insect-eating birds migrate here from the tropics to 
breed during the brief, intensely productive, summers. The 
boreal forests are vast, but are being lost and modified today 
as a result of logging, fossil fuel extraction, and fu·es and pest 
outbreaks driven by climate change (p. 323-324). 

Chaparral In contrast to the boreal forest's broad, continu-
ous distribution, chaparral (FIGURE 4 .30) is limited to small 
patches widely dispersed around the globe. Chapanal con-
sists mostly of evergreen shrubs and is densely thicketed. 
This biome is highly seasonal, with mild, wet winters and 
warm, dry sununers-a cli mate influenced by oceanic waters 
and often te rmed "Med iterranean." Besides ring ing the Medi-
te rranean Sea, chaparral occurs a long the coasts o f California, 
Chile , and southern Australia. Chaparral communities natu-
rally experience frequent fire, and their plants are adapted to 
res ist fire or even to depend on it for germination of their 
seeds. As a resu lt, people living in regions of chapana1 need 
to pay special attentio n to managing risks from wildfire. 



Aquatic systems resemble biomes 
Our discussion of biomes focuses exclusively on terrestrial 
systems because the biome concept, as traditionally devel-
oped and applied, has done so. However, areas equivalent to 
biomes also exist in the oceans, along coasts, and in freshwa-
ter systems. (We will examine freshwater, marine, and coastal 
systems in the greater detail they deserve in Chapters 15 and 
16.) Aquatic systems are shaped not by air temperature and 
precipitation but by water temperature, salinity, dissolved 
nutrients, wave action, currents, depth, light levels, and type 

CENTRAL CASE STUDY 
connect & continue 

TODAY, scientists, policymakers, and managers are trying 
to limit the spread of Asian carp by controlling their numbers 
in the Mississippi and Ohio River basins and preventing their 
establishment in the Great Lakes. The Army Corps is com-
pleting a fourth electric barrier in the Chicago Ship and San-
itary Canal, even while admitting that these barriers are an 
"experimental, temporary fix." Also proposed by the Army 
Corps is a $275-mil lion upgrade of the Brandon Road Lock 
and Dam on the canal, near Joliet, Il linois, where a new 
electric barrier would be built, supplemented with water jets, 
noise cannons, a flushing system, and more. Illinois state 
officials and those from Chicago are reluctant to pursue the 
idea, fearing it will impede shipping traffic and commerce, 
hurting the economy and forcing goods onto already con-
gested rail and highway networks. Officials from states like 
Michigan, who fear the arrival of Asian carp into the Great 
Lakes, are pushing hard for the upgrade and offering to help 
pay for it. Many of them are urging still more: They would 
like to see billions of dollars spent to close or reconfigure 
the canal system to shut off access to non-native species 
for good. 

At the same time, researchers are using eDNA (environ-
mental DNA) monitoring-a technique whereby water can be 
sampled for traces of genetic material from a given organ-
ism-to determine where Asian carp might lurk unseen. And 
researchers, engineers, and entrepreneurs are continuing to 
develop innovative new means of deterring Asian carp. 

Meanwhile, along the waterways where these invasive 
fish are established, people bear the costs and adapt as best 
as they can. Fortunately, all biological invasions eventually 
slow and populations stop growing. Often, some native spe-
cies discover the aliens and become their predators, para-
sites, or competitors. Some long-established invasive species 
in North America have even begun to decline. 

No one knows what the future holds in the case of Asian 
carp, but these fish and many other species that people have 
moved from place to place are creating a topsy-turvy world 

of substrate (e.g., sandy, muddy, or rocky bottom). Marine 
communities are also more clearly delineated by their animal 
life than by their plant life. 

One might consider the shallows along the world 's coast-
lines to represent one aquatic system, the continental shelves 
another, and the open ocean, the deep sea, coral reefs, and 
kelp forests as still others. Many coastal systems- such as 
salt marshes, rocky intertidal communities, mangrove forests, 
and estuaries-share terrestrial and aquatic components. And 
freshwater systems such as those of the Great Lakes are 
widely distributed throughout the world. 

of novel and modified communi-
ties. In response, through eco-
logical restoration, we are 
attempting to undo some of the 
changes we have set in motion. 

• CASE STUDY SOLUTIONS A federal 
agency has put you in charge of devising responses to the 
invasion of Asian carp. Based on what you know from this 
chapter, how would you seek to control the spread of 
these species and reduce their impacts? Describe one or 
more strategies that you would consider pursuing immedi-
ately. Describe one or more strategies for which you would 
commission further scientific research. What questions 
would you pose to your scientific advisors? For each of 
your ideas, name one benefit you would expect it to pro-
duce, and identify one obstacle it might face in being 
implemented. 

• LOCAL CONNECTIONS Asian carp have invaded water-
ways across much of the eastern and central United States, 
and the Great Lakes are home to more than 180 introduced 
species. But every location in the world by now has its own 
suite of introduced, non-native species. Research and 
describe one plant species and one animal species (aside 
from Asian carp) that have been introduced in the region 
where you live. What impacts (bad, good, or neutral) have 
each of these species had on ecological communities in your 
region? What economic impacts have they had? What spe-
cific efforts are being made in your region to deal with inva-
sive species considered harmful? What are some results of 
these efforts so far? 

• EXPLORE THE DATA How do scientists determine what 
impacts Asian carp and other invasive species-such as 
zebra mussels and quagga mussels-are having on aquatic 
communities? -+ Explore Data relating to the case study on 
Mastering Environmental Science. 
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REVIEWING Objectives 
You should now be able to: 

+ Summarize and compare the 
major types of species 
interactions 
Competition results when organ-
isms vie for limited resources. 
Competition can occur within or 
among species and can result in 
coexistence or exclusion. In predation, 
an individual of one species kills and consumes an indi-
vidual of another. In parasitism, an individual of one spe-
cies derives benefit by harming (but usually not killing) an 
individual of another species. Herbivory is an exploitative 
interaction in which an animal feeds on a plant. In mutu-
alism, species benefit from one another (pp. 77- 81). 

+ Describe feeding relationships and energy flow, and 
use them to identify trophic levels and navigate 
food webs 
Energy is transferred up trophic levels in food chains. 
Lower trophic levels generally contain more energy. Food 
webs illustrate feeding relationships and energy flow 
among species in a community (pp. 81-83). 

+ Discuss characteristics of a keystone species 
Keystone species exert impacts on communities that are 
far out of proportion to their abundance. Top predators 
are frequently considered keystone species. Other types 
of organ isms (such as ecosystem engineers) can also 
exert strong effects on communities (pp. 83, 86-87). 

+ Characterize disturbance, succession, 
and notions of community change 
Communities experience various 
types of disturbance, and they 
may respond in different ways. 
Succession describes a typical 
pattern of community change 
through time. Primary succession 
begins with an area devoid of life. Sec-
ondary succession begins with an area that has been 

SEEKING Solutions 
1. Suppose you spot two species of birds feeding side by 

side, eating seeds from the same plant. You begin to 
wonder whether competition is at work. Describe how 
you might design scientific research to address this 
question. What observations would you try to make at 
the outset? Would you try to manipulate the ecological 
system to test your hypothesis that the two birds are 
competing? If so, how? 

2. Using the concepts of trophic levels and energy flow, 
explain in your own words why the ecological footprint of 
a vegetarian person is smaller than that of a meat-eater. 
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severely disturbed but where remnants of the original 
community remain. Today's ecologists view succession 
as being less predictable and deterministic than was 
thought in the past. If disturbance is severe enough, 
communities may undergo regime shifts involving 
irreversible change- or novel communities may form 
(pp. 87- 88, 90- 91 ). 

+ Describe the potential impacts of 
invasive species in communities, 
and offer solutions to biological 
invasions 
People have introduced countless 
species to new areas. Some non-
native species may become inva-
sive if they do not encounter limiting 
factors on their population growth. Inva-
sive species such as Asian carp have altered the compo-
sition, structure, and function of communit ies. We can 
respond to invasive species with prevention, control, and 
eradication measures (pp. 88- 89, 92). 

+ Explain the goals and methods of restoration ecology 
Restoration ecology is the science of restoring communi-
ties to a previous, more functional or more "natural" con-
dition, variously defined as before human impact or 
before recent industrial impact. Ecological restoration is 
the practice of restoring ecological systems. Strategies 
include removing invasive species, reintroducing native 
species, and reestablishing ecological processes. Today, 
climate change poses new challenges to restoration 
efforts (pp. 92- 94). 

+ Identify and describe the terrestrial 
biomes of the world 
Biomes represent major classes 
of communities spanning large 
geographic areas. Their distribu-
tion is determined by tempera-
ture, precipitation, and other 
factors. Terrestrial biomes include 
temperate deciduous forest, temperate 
grassland, temperate rainforest, tropical rainforest, tropi-
cal dry forest, savanna, desert, tundra, boreal forest, and 
chaparral (pp. 94- 101). 

3. Spend some time outside on your campus, in your yard, 
or in the nearest park or natural area. Find at least 1 0 
species of organisms (plants, animals, or others), and 
observe each one long enough to watch it feed or to 
make an educated guess about how it derives its nutri-
tion. Now, using Figure 4.12 as a model, draw a simple 
food web involving all the organisms you observed. 

4. Can you think of one organism not mentioned in this 
chapter as a keystone species that you believe may be 
a keystone species? For what reasons do you suspect 
this? How could an ecologist experimentally test 
whether an organism is a keystone species? 

5. THINK IT THROUGH You are the executive director of a 
private land trust in your region, responsible for buying 



ecologically valuable tracts of land and managing them 
so as to preserve their communities of plants and 
animals. Your land trust has just received a large 
donation to "preserve and enhance" its main holding, a 
1 000-hectare tract of prairie wetlands, a rare ecological 
community in the region. You can choose to spend the 
money in one of several ways: 

(a) to completely eradicate the one most harmful inva-
sive species occurring in this tract. 

(b) to completely restore 250 hectares of the tract to the 
condition it was in before European settlers arrived 
in the region. 

CALCULATING Ecological Footprints 
Environmental scientists David Pimentel, Rodolfo Zuniga, and 
Doug Morrison of Cornell University reviewed scientific esti-
mates for the economic and ecological costs inflicted by 
introduced and invasive species in the United States. They 
found that approximately 50,000 species had been intro-
duced in the United States and that these accounted for more 

(c) to purchase another 250 hectares of adjacent prairie 
wetland habitat before it is developed. 

(d) to fund trails, boardwalks, recreational access, and 
education programs to teach people about the value 
of this ecological community. 

Which way would you choose to spend the money, and 
why? What information do you feel you would need to make 
your decision? Pose several questions you would ask of sci-
entists, of your board members, and of residents living 
nearby, in order to make your decision . 

than $120 billion in economic costs each year. These costs 
include direct losses and damage, as well as costs required 
to control the species. (fhe researchers did not quantify mon-
etary estimates for losses of biodiversity, ecosystem services, 
and aesthetics, which they maintained would drive total costs 
several times higher.) Using data offered in the following 
table, calculate values missing from the table to determine 
the number of introduced species of each type of organism 
and the annual cost that each imposes on our economy. 

PERCENTAGE OF NUMBER OF SPECIES PERCENTAGE OF ANNUAL 
ECONOMIC COST GROUP OF ORGANISM TOTAL INTRODUCED INTRODUCED TOTAL ANNUAL COST 

Plants 50.0 25,000 27.2 

Microbes 40.0 20.2 

Arthropods 9.0 15.7 

Fish 0.28 4.2 

Birds 0.19 1.5 $1.9 billion 

Mollusks 0.18 1.7 

Reptiles and amphibians 0.11 0.009 

Mammals 0.04 20 29.4 

TOTAL 100 50,000 100 

$37.5 billion 

$127.4 billion 

Source: Pimentel, D., R. Zuniga, and D. Morrison, 2005. Update on the environmental and economic costs associated with alien·invasive species in the 
United States. Ecological Economics 52: 273- 288. 

1. Of the 50,000 species introduced into the United States, 
half are plants. Describe two ways in which non-native 
plants might be brought to a new environment. How 
might we help prevent non-native plants from establish-
ing in new areas? 

2. Organisms that damage crop plants are the most costly 
of introduced species. Weeds, pathogenic microbes, 
and arthropods that attack crops together account for 
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half of the costs documented by Pimentel and his 
colleagues. What steps can we-farmers, governments, 
and all of us as a society- take to minimize the impacts 
of invasive species on crops? 

3. How might your own behavior influence the influx and 
ecological impacts of non-native species like those 
listed above? Name three actions you could personally 
take to help reduce the impacts of invasive species. 
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