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Foreword

Biodiversity is the totality of the inherited variation
of all forms of life across all levels of variation, from
ecosystem to species to gene. Soon after the term was
introduced at the first National Forum on Biodiversity
in 1986, and after it began its rapid spread around
the world, there occurred a reconfiguration in the way
much of the science of biology is conceived. Where
previously comparative biology had been almost en-
tirely focused on the fundamentals of classification, evo-
lution, behavior, and ecology, now it was augmented
by a wide range of analyses from the social sciences.
Where taxonomy and biogeography had been margin-
alized through the middle half of the twentieth century,
now they moved back toward center stage. And where
extinction had been little more than a phenomenon
recognized and lamented, now it became a major con-
cern of science. Much of ecology shifted toward the
study of biodiversity’s role in the assembly and mainte-
nance of ecosystems. A growing number of economists,
political scientists, and bioethicists took up the issue
as part of their scholarly agenda. From this mix the
discipline of conservation biology was born, and the
Society of Conservation Biology became one of the fast-
est growing organizations in modern science. In 1992
the Rio Summit catapulted biodiversity to global promi-
nence, from which most of the nations of the world
endorsed the Convention on Biodiversity and have since
used it as a guideline for conservation programs.

The new biodiversity initiative gave organismic and
evolutionary biologists a global mission worthy of their
science. It confirmed for those who labored in the vine-
yards that, as medicine is to molecular and cellular

biology, the environment is to organismic and evolu-
tionary biology. The first is responsible for personal
health, and the second for planetary health. The addi-
tional evidence adduced moreover made clear that we
are in the midst of an episode of massive extinction,
unprecedented since that closing of the Mesozoic Era—
and that scientists must lead the attempt to save the
Creation.

The articles in the Encyclopedia of Biodiversity are
unusually eclectic, yet organized by a set of easily articu-
lated goals. They are the following: to carry the system-
atics and biogeography of the world fauna and flora
toward completion; map the hot spots where conserva-
tion will save the most biodiversity; orient studies of
natural history to understand and save threatened spe-
cies; advance ecosystems studies and biogeography to
create the needed principles of community assembly
and maintenance; acquire the knowledge of resource
use, economics, and polity to advance conservation pro-
grams based on sustainability; and enrich the ethic of
global conservation in terms persuasive to all.

The road ahead, down which we must urgently
travel, will be smoothed by the exponential growth
of information and a growing public awareness and
support. The Encyclopedia of Biodiversity will serve as
an important knowledge base to guide this supremely
important effort.

Edward O. Wilson
Museum of Comparative Zoology
Harvard University



Preface

The science of biodiversity has become the science of
our future. Our awareness of the disappearance of bio-
diversity has brought with it a long-overdue apprecia-
tion of the magnitude of our loss, and a determination
to develop the tools to protect our future. This encyclo-
pedia brings together, for the first time in its complete-
ness, study of the dimensions of diversity with examina-
tion of the services that biodiversity provides, and
measures to protect it.

The entries in the encyclopedia have been arranged
alphabetically, but the coverage is designed function-
ally. At the core is a comprehensive survey of biodiver-
sity, across taxonomic groups and ecological regions.
The emergence of biodiversity is then placed in an
evolutionary perspective, as background for an under-
standing of current trends. Particular attention is given
to the loss of services—for example, in fisheries, forestry
and climate mediation—that are derived from natural
systems. These are placed in an economic framework
through a comprehensive set of papers that address prob-
lems of valuation, costs, and benefits, and develop a
framework for prioritizing actions. Finally, a review is
given of institutions and other mechanisms that existand
are needed for the preservation of biodiversity and, with
it, the services that humans derive from nature.

The background for understanding biodiversity is to
be found in the fossil record, and in the evolutionary
patterns and trends that it reveals. The encyclopedia
hence discusses these patterns, the origins of biodiver-
sity, the effects of geological events, the mechanisms
of evolution, and the uniqueness of the evolutionary
process, with implications for conservation and restora-
tion. The essential processes in macroevolution are
those of speciation and extinction, which together gov-
ern the dynamics of diversity at higher levels of organi-
zation. These are given extensive coverage, both from
a mechanistic and from a historical perspective, and
provide an essential context for understanding the rest
of the contributions.

The classification of organisms into species and
higher taxa, and the elucidation of the mechanisms of
natural selection, were the essential intellectual ad-
vances that allowed the development of the science
of biodiversity. Carl Linnaeus introduced a systematic
framework for understanding phylogenies, which con-
tinues to provide the foundation for evolutionary stud-
ies today; and Charles Darwin’s great legacy—the
theory of evolution by natural selection—is the es-
sential organizing principle for understanding the
processes that gave rise to the patterns Linnaeus
recognized. The encyclopedia provides unmatched
taxonomic coverage of the organization of diversity into
taxonomic groups and complements that with an exten-
sive examination of ecosystems by biogeographic region
and by functional type. These chapters elucidate latitu-
dinal trends, life zones, species—area relationships and
the distribution of diversity within and among ecologi-
cal communities. '

Throughout the core chapters, there is a healthy
balance between empirical facts and conceptual theo-
ries. Such theories help to illuminate principles that
cross systems and levels of organization, and transform
the study of biodiversity into a science. Basic ecological
constructs, such as the habitat and the niche, are given
extensive treaument, as are key ecological mechanisms
such as competition, predation, herbivory, parasitism
and mutualism. These treatments are complemented
by exploration of fundamental evolutionary mecha-
nisms related to local differentiation, aspect diversity,
sex, and recombination, and especially theories of
extinction.

With these foundational chapters in hand, one can
turn to the contemporary problems in biodiversity and
compare today’s rapid rates of change to the historical
patterns. Key chapters examine agriculture, fisheries,
and forests, their importance to human needs, and their
status and trends in response to changing land-use pat-
terns, population growth, overexploitation, and climate
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change. Threatened and endangered species are dis-
cussed in detail, with relation to the consequences of
the spread of invading species.

The utilization of nature’s bounty for food, fiber and
fuel provides some of the most obvious benefits of bio-
diversity to humanity. Equally important, however, are
the things thatare less well appreciated: the potential for
the discovery of new pharmaceuticals that can improve
human health, the role of biodiversity in pollinating
crops and wild species, and the importance of natural
systems in regulating climate, mediating nutrient
fluxes, and sequestering carbon as well as toxic materi-
als. Each of these services provides humans with direct
and indirect benefits, and somehow we must find ways
to weigh these benefits, along with the ethical and aes-
thetic values we place on natural systems and biodiver-
sity, to provide priorities for action. Only recently have
economists recognized the importance of such issues
as intellectual challenges essential to our survival on the
planet. Much of biodiversity is exploited by humanity as
part of a global commons, in which one does not pay
in fair measure for extracting parts, or affecting the
commons otherwise through land use or pollution.
Fconomists have come to realize, along with ecologists
and others, the magnitude of the externalities involved.
When such externalities are involved, the market does
not function as it must to maintain the resource, and
new measures are needed if the sustainability and resil-
ience of these resources are to be preserved. There is
as yet, however, no ecological equivalent to the power
of financial institutions, such as the Federal Reserve
Board in the United States, to modify individual incen-
tives sufficiently to maintain regional or global stability
in the system of interest. In this encyclopedia, some of
the most enlightened and thoughtful economists turn
their attention to the economic challenges, and discuss
the mechanisms and institutions that might be needed.

Together, the state-of-the-art entries in this encyclo-
pedia tell an exciting story of how biodiversity arose,
continues to arise, and is maintained. It is a story of a
complex, self-organizing system—the biosphere—
whose pieces can be examined individually, but cannot
be understood outside the context of the whole. It is
also a story of the coevolution of the biosphere and
Homo sapiens, the first species whose own activities can
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feed back to influence the evolution of the biosphere
on time scales that could lead to its own demise. The
articles in the encyclopedia can be used as material for
a wide spectrum of courses, tracing the history of the
emergence of biodiversity from its origins to the chal-
lenges we face today.

This has been a massive effort, but one of the most
rewarding | have ever undertaken. So many people have
played a role that it is difficult to know where to begin.
The project began through the initiative of Scott Bentley
at Academic Press, and then was managed flawlessly
by Chris Morris at AP. I cannot recall ever having dealt
with an editor who operated more professionally than
Chris, who combined a true vision and enthusiasm for
the project with a sense of economic realities and the
energy and insight to make the whole project work. In
this he was ably assisted by outstanding Academic Press
staff, especially Naomi Henning, Nick Panissidi, and
Ann Marie Martin. At every step, it has been a pleasure
to work with Academic Press, and I especially single
out Chris for his fantastic and scholarly efforts.

At the next stage, the Editorial Boards were terrific
in generating and commenting on ideas, suggesting au-
thors, and critiquing contributions. More than 400 au-
thors then adopted our view of the importance of the
project, accepted the task of writing, and produced
timely and comprehensive articles that make this Ency-
clopedia like no other source available today. To all of
these, I extend my thanks and congratulations.

And finally, special acknowledgment and gratitude
are due my wife, Carole, and my assistant, Amy Bordvik.
Carole put up with the late nights and obsessiveness
that were essential to the process, and Amy worked
tirelessly and without complaint through the whole
long process. To them, any expression of thanks is
insufficient.

Simon Levin
Princeton University
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International Editorial Advisors.
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ACID RAIN
AND DEPOSITION

I. Acid Deposition

II. Causes of Acid Rain
III. Precipitation Chemistry
IV. Effects

V. Regulation

GLOSSARY

acid deposition The combination of acid rain plus dry
deposition; a term preferred over “acid rain.”

acid rain Rain, fog, snow, sleet, or hail with pH less
than 5.6.

aerosols Fine particulate matter suspended in the at-
mosphere, with diameters less than 5.5 um.

alkalinity The acid-neutralizing capacity (ANC) of wa-
ter: ANC = [HCO;~ + CO;* + OH™] — [H*].

cation exchange capacity The total of exchangeable
cations that a soil can absorb.

dry deposition Deposition of dry pollutants from the
atmosphere including gases and aerosols.

macrophytes Vascular plants, mosses, liverworts, and
macro-algae.

metric ton 1000 kg.

periphyton Community of organisms dominated by al-
gae growing on submerged surfaces.

Encyclopedia of Biodiversity, Volume 1

phytoplankton Microscopic plants that live suspended
in the water column.

I. ACID DEPOSITION
A. Acid Rain

In the mid-1970s the existence of highly acidic rain
became widely known because it appeared to be reduc-
ing biodiversity through acidification of surface waters.
This ecological problem was linked to emissions of
compounds of sulfur and nitrogen from fuel combus-
tion that are oxidized in the atmosphere to form sulfuric
acid (H,SO,) and nitric acid (HNOs) and related com-
pounds that make precipitation very acidic, commonly
referred to as “acid rain.” Large, national-scale research
projects have since found that over large areas of eastern
North America and northern Europe, the deposition of
these acids and related substances has led to extensive
acidification of lakes and streams and the extinction of
populations of fish from many surface waters. High-
elevation forests are injured by acid deposition and
buildings and monuments are corroded. Phenomena
related to acid deposition reduce atmospheric visibility
and impact human health. This knowledge has led to
the regulation of air pollutants that is effective in reduc-
ing some of these problems. The most comprehensive

Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved. 1



2 ACID RAIN AND DEPOSITION

source of information on this subject is the report series
of the U.S. National Acid Deposition Assessment Pro-
gram (NAPAP) published in 1990.

B. Dry Deposition

Dry deposition occurs when, in the absence of con-
densed water droplets, acid-forming substances in the
atmosphere are deposited as gases and dry particles.
Dry deposition may be in the form of a gas, such as
SO,, or in the form of a fine, dry aerosol particle such
as ammonium sulfate [(NH,),SO,]. In landscapes re-
ceiving this deposition, runoff water from acid rain adds
to the dry-deposited materials, making the combination
more acidic than the falling rain alone.

C. Acid Deposition

Acid deposition, a term preferred over acid rain, is the
combination of acid rain plus dry deposition. The most
important chemical species of acid deposition are hy-
drogen ion (H), oxides of sulfur (SO,) and nitrogen
(NO,), including the strong acid anions sulfate (50,27),
nitrate (NO;7), and chloride (Cl7), and ammonium
(NH,4"). These substances are dissolved in liquid water
(rain or fog) or adsorbed onto frozen water (snow, sleet,
or hail) so that the hydrogen ions (H") are dissociated
from the acid anions.

Controls on the emissions of SO, already in place
in both North America and Europe are reducing acid
deposition. NO, emissions and deposition, however,
continue to increase. With these two opposing trends,
there has been only a slight decrease in the acidity of
“acid rain.”

D. Acidity and the pH Scale

Pure water is a very weak acid (H,O — H" + OH"),
and the concentrations of H* and OH™ are equal. The
amount of H" present in pure water under standard
conditions (20°C, 1 atm pressure) is 1 ten-millionth of
a gram of H* in a liter of water (0.0000001 M), or 1077
moles per liter of water (mol/liter). Acidity is measured
on the pH scale expressed as the negative logarithm of
the H* concentration. Thus, pure water has a pH of 7.
An acid concentration 10 times greater than pure water
can occur if acid-forming anions are present. This solu-
tion will have one-millionth of a gram of H" in water,
or 107® mol/liter, and the pH is 6. Thus, each whole
pH unit lower represents a 10-fold increase in acidity.
Over most of the eastern United States and other areas
receiving acid deposition the pH of rain is in the range

4.1-4.8. Of the anions associated with precipitation
acidity, SO4~ accounts for about 60% and NO,~ for
about 40%.

II. CAUSES OF ACID RAIN

Acid deposition has been occurring for a long time.
In 1856, Robert Angus Smith, who was chief alkali
inspector for Britain, wrote, “It has often been observed
that the stones and bricks of buildings, especially under
projecting parts, crumble more readily in large towns
where coal is burnt. . .. I was led to attribute this effect
to the slow but constant action of acid rain.” Smith was
concerned about air pollution and soot in Manchester,
England. In the mid-nineteenth century, sulfurous
fumes from the burning of coal in homes and factories
reacted with water in the air to produce a dilute solution
of sulfuric acid that attacked limestone and lime-based
mortar in brickwork. Smith’s acid rain problems tended
to be local in scale. Chimneys in those days were low
and their smoke spread out at low elevation across cities
and towns. The problem that Smith described led to a
gradual increase in the heights of smoke-stacks to allow
the dissipation of smoke and fumes over larger areas,
reducing the concentration from any particular source
at ground level. This strategy for dealing with air pollu-
tants in general prevailed into the middle of the twenti-
eth century.

Today, electric utility plants account for about 70%
of annual SO, emissions and 30% of NO, emissions in
the United States. Mobile sources (transportation) also
contribute significantly to NO, emissions. More than
22 Tg (terragrams = 1 million metric tons) of SO, are
emitted into the atmosphere each year in the United
States, and 180 Tg are emitted globally.

A. SO,

SO, is the principal form of anthropogenic sulfur emis-
sion and it is released primarily by combustion of fossil
fuels. SO, dissolves in water droplets where it can be
oxidized to H,SO,. This has a low vapor pressure and
tends to form aerosol particles. These aerosols can form
salts with Ca**, Mg**, or NH," and can become nuclei
for the condensation of water and formation of clouds.

The residence time of sulfur in the atmosphere is
controlled by the processes that deposit it to the ground.
About half of the sulfur burden of the atmosphere is
removed by dry deposition, although the ratio of dry
to wet deposition varies widely.

The total amount of sulfur emitted into Earth’s atmo-
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sphere in 1985 (the reference year) was 90 Tg (calcu-
lated as elemental sulfur, equivalent to 180 Tg of SO,)
from all sources (Fig. 1). By 1990, global anthropogenic
emission of sulfur was 85 Tg (170 Tg as SO,). Emissions
of SO, in the United States peaked in 1977 at 32 Tg.
By 1985, U.S. emissions of SO, had declined to 25 Tg
(Table I). The largest source of SO, is electric power

TABLE 1

U.S. Sources of SO, and NO, Emissions to the
Atmosphere in 1985 in Tg per Year"

Source SO, NO*
Electric utilities 14.6 6.15
Nonutility combustion 2.4 2.98
Nonferrous smelters 0.6
Residential/commercial 0.6 0.64
Other industrial processes 2.1 0.63
Transportation 0.8 7.61
Miscellaneous 0.20
Total 21.1 18.21

“From NAPAP (1990).

plants, accounting for 69% of U.S. SO, emissions. More
than 90% of these power plant emissions are from com-
bustion of coal.

Natural sources of sulfur emissions globally contrib-
ute as much as 7% of total sulfur emissions. Dimethyl
sulfide released from the oceans is oxidized in the atmo-
sphere to sulfate and may account for 60% of these
natural emissions. Volcanism (20%), decomposition
processes in soils and plants (15%), and coastal wet-
lands (3%) are other sources. In eastern North America
and northern Europe and Britain, natural sources of
sulfur emissions are of little importance as sources of
SO, and NO,, accounting for less than 1% of regional
sulfur emissions according to Environmental Protection
Agency (EPA) studies.

B. NO,

Human activities have more than doubled the emissions
of fixed nitrogen to the atmosphere, surpassing the total
of all natural sources. The primary form emitted by fuel
combustion is NO,. The largest single anthropogenic
source is the transportation sector (40%), with fossil-
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fired utilities (30%) a close second. Anthropogenic
emissions of NO, have risen more or less steadily from
about 3 Tg released in the Year 1900. By 1985, 36—41
Tg of NO, was emitted globally (Fig. 2), with more
than 22 Tg emitted in the United States alone. About
30% was from electric utilities and 43% from the trans-
portation sector in that year. Natural sources of NO, to
the atmosphere, which may contribute to the formation
of NO;™, are less well-known. There are natural sources
of NO, emissions in soil, lightning, and stratospheric
injections that account for 6, 5, and 0.1%, respectively,
of the total of anthropogenic plus natural sources of
NO, emissions in the United States according to NAPAP
reports (1990).

NO, chemistry is complex and leads to the formation
of nitric acid (HNO;). Nitric acid gas can react with
aerosols such as sea salt, adsorb onto particles of soil,
or react with ammonia to form NH,NO;. Ammonia is
emitted to the atmosphere in urban and agricultural
areas largely due to human activities. The rate at which
nitric acid is deposited from the atmosphere as a dry
gas is much faster than the deposition velocity of
NH,NO;; thus, the presence of ammonia facilitates the
long-range transport of NO,.

III. PRECIPITATION CHEMISTRY

Wet deposition is relatively easy to collect and to
evaluate. Most of the wet-deposited pollutants arrive
in just a few major precipitation events. Dry deposition
is a slower and more continuous process, but it is
quite difficult to measure and local factors that alter
wind turbulence and seasonal factors are important
to the accuracy of measurements. On a regional basis,
wet and dry deposition are approximately equal, but
in urban areas or near to major emission zones dry
deposition may be considerably greater than wet depo-
sition.

Precipitation samples are collected in areas of the
world that are remote form sources of SO,, such as
Point Barrow in Alaska, Mauna Loa in Hawaii, and at
the South Pole, by the Global Trends Network (GTN).
In such remote areas, the average pH of precipitation
is closer to 5.0 than to 5.6, which is the pH value that
might be expected from an equilibrium of atmospheric
CO, in pure water. Apparently, natural sources of acid-
ity (e.g., oceanic or wetland emissions of sulfur) reduce
pH below this expected value. It is also clear, however,
that anthropogenic pollutants, SO4*~ and NO; ™, contrib-
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ute to this acidification and no area of the world is free
of anthropogenic pollutants.

Eastern North America and northern Europe are re-
ceptor regions downwind from large area sources. Com-
pared to the remote regions, these receptor regions re-
ceive nine times more SO,>”, 14 times more NO; ™, seven
times as much NH,*, and six times as much H*. The
sources of these contaminants are the upwind emissions
from industrial and population centers. NAPAP (1990)
reports that all forms of precipitation over much of
eastern North America, on average, are quite acidic
(Fig. 3). Mean annual “wet” precipitation (weighted by
the volume of each precipitation event) was in the range
pH 5.0—4. Individual rain episodes with pH near 3.0
are observed in the northeastern United States. There
is great variability in the amount deposited across conti-
nental areas. For example, the average annual deposi-
tion of sulfur species (Fig. 4) at Argonne, Illinois (in
1985-1987), was 23.6 kg/ha, whereas at Pawnee, Colo-
rado, it was 1.7 kg/ha. In northern Europe, including
Britain, all of Scandinavia in the north and down to
mid-France and northern Italy, and east to the border
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of Russia, the annual average pH of precipitation was
below 4.9 in 1985.

HNO; is deposited as a dry gas from the atmosphere
onto vegetation or other moist surfaces. The rate of
HNO; deposition is much faster than the deposition
velocity of the nitrate aerosol, ammonium nitrate
(NH4NO3). Thus, the presence of ammonia facilitates
the long-range transport of NO, (Fig. 5).

IV. EFFECTS

A. Forests

There are numerous examples of forest dieback related
to local sources of pollution. For example, SO, emis-
sions at near-ground level from a copper smelter in
Sudbury, Ontario, killed forests, grasses, and soil organ-
isms and created a local landscape that some called a
moonscape. Similar situations exist around point emis-
sion sources elsewhere. Acid deposition, however, is a
problem associated with the long-range transport of

FIGURE 3 Annual average pH of precipitation in the United States for 1998. Samples were analyzed at the Central Analytical
Laboratory, National Atmospheric Deposition Program/National Trends Network (reproduced with permission from the National
Atmospheric Deposition Program/National Trends Network, 1998).
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FIGURE 4 Estimated sulfate deposition in the United States in 1998 (reproduced with permission from the National Atmospheric

Deposition Program/National Trends Network, 1998).

pollutants, with receptor areas hundreds or even thou-
sands of kilometers from the emission sources.

Throughout Europe, forests are plagued by thinning
of the topmost branches, called “crown-thinning.” In
Eastern Europe, where high-sulfur coal has been con-
sumed in prodigious quantities, areas in which high
concentrations of atmospheric pollutants (especially
SO,) occur have undergone significant forest injury and
dieback, although the extent of damage is not well
quantified. In the western part of Germany, many forest
declines appeared to be occurring in the 1970s that
were attributed in the popular press to acid rain. The
term “Waldsterben” (forest death) was used to describe
the situation. This led to increased public pressure for
environmental protection in general and for research
on topics relating to acid deposition in particular. Large-
scale surveys of forest condition were carried out in
Germany where there were many regional declines. The
overall conclusion of the surveys, however, was that less
than 20% of western German forest area was classified as
damaged and no large-scale deforestation was oc-
curring. In fact, it was found that the rate of forest
stress seemed to be decreasing and surveys showed that
Norway spruce (Picea abies) injury was reported to be
9% less in 1988 than in 1985.

Partly due to forest problems in Germany, it was
suspected that forest productivity and the health of
forest in North American ecosystems might be com-
promised by acidification, acting either directly on
vegetation or through changes in forest soils. In
Canada, 45% of the land is covered with forests, as
are 33% of the United States and 21% of Mexico.
NAPAP organized a Forest Response Program in 1985
to address issues of forest damage in general and the
role that acid deposition might play in such damage.
Similar research activities were carried out in other
countries, including Canada and Norway, in which
forests cover extensive areas in regions most heavily
impacted by acid deposition.

It is known that forests are impacted by a variety of
stresses and it is often difficult to isolate specific causes
of local forest decline. Fire, insect pests, microbial infes-
tations, poor management practices, and even natural
aging can act alone or together (Table II) in causing
forest decline. Severe forest declines have occurred in
the past. For example, during the period 1871-1885 an
estimated 50% of mature spruce trees in the Adirondack
Mountains died from unknown causes. Another exam-
ple is that of “fir waves,” in which patches of balsam
fir (Abies balsamea) in the Appalachian region die out
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FIGURE 5 Estimated nitrate ion deposition in the United States in 1998 (reproduced with permission from the National Atmo-
spheric Deposition Program/National Trends Network, 1998).

in a wave-like pattern across the landscape. It was
thought that a potentially stressing condition, such as
heavy loading of a region by acid deposition, might
cause a general weakened condition that makes forests

more susceptible to other problems (Barnard et al.,
1990).

In the United States red spruce (Picea rubins Sarg.),
high-elevation spruce trees that populate the ridges of

TABLE II
Major Natural Stresses in U.S. Forests and Their Effects in 1985¢

Stress Affected area (10° ha) Nature of impact

Wildfire 1.7 $750 million damage to timber resource in 1985

Gypsy moth 0.7 Tree defoliation concentrated in southern New England
and mid-Atlantic states

Mountain pine beetle >1.6 Mortality often severe in infested stands

Southern pine beetle

Spruce bud worm 2.1 Tree defoliation and mortality concentrated in Maine

Western spruce bud worm 5.1 Tree defoliation and mortality, primarily in the Rockies, in-
termountain region, and the Pacific Northwest

Fusiform rust 6.1 $35 million in lost timber value through volume and qual-
ity reduction in southern pines.

Dwarf mistletoe 9.0 Annual timber volume loss of 10.8 million m’ in the West

Root diseases >6.0 Annual timber value loss of 6.8 million m’ in the West;

substantial but unquantified impact in other regions

“From NAPAP (1990).
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the Appalachian Mountains from Maine to Georgia, has
undergone a period of dieback of 25-50% from the
1950s through 1989. The dieback is associated with
severe winter injury that kills the terminal and lateral
shoots, and the repetition of this injury can lead to
overall stress, susceptibility to injury from fungi and
insects, reduced growth, and tree death. NAPAP con-
cluded that acid deposition has contributed to this die-
back, but the mechanisms of injury are uncertain.

Many experimental studies of acid deposition effects
on trees have been conducted, including exposure to
SO,, ammonium-sulfate aerosols, artificial acid rain, or
acid rain plus ozone. In general, these experimental
studies did not show that a significant negative effect
that might stress forests or reduce forest growth was
caused by pollutant levels similar to those associated
with acid deposition. In reviewing all the evidence con-
cerning acid deposition effects on forests, NAPAP con-
cluded that (i) most forests in eastern North America
are exposed to acidic deposition and to elevated concen-
trations of ozone but do not show signs of unusual
growth loss or tree decline; (ii) spatial and temporal
patterns of tree health and productivity are not consis-
tently related to estimated levels of pollutant exposure;
and (iii) except for red spruce at high elevations, there
is no general deterioration in the health or productivity
of eastern forests and no consistent relationship be-
tween forest health and atmospheric deposition. It was
also concluded, however, that there were indications
of stress to forests that should be monitored carefully,
including the following: (i) Ambient ozone levels are
affecting plant physiology in some species, (ii) acid
deposition and ozone can interact in tree injury, and
(iii) alteration of forest element cycles may affect spe-
cies composition.

B. Crops

Scientists have been studying the effects of air pollutants
on plants for many years. Research in this area acceler-
ated after the discovery of ozone as a constituent in the
ambient air that is toxic to plants. (Effects of exposure
of plants to elevated ozone, although related to the issue
of acid rain, are not included in the context of this
article.) There are many examples of plant injury due
to acute fumigation by air pollutants from local sources.
Whereas there is convincing experimental evidence that
acid deposition can damage crop plants, reports of crop
loss due to acid deposition (excluding local point
sources of fumigation) are as scarce as hens’ teeth. Since
the mid-1960s, more than 5000 research reports have

been published dealing with the topic, including acute
and chronic exposures of plants to SO,, various forms
of NO,, and elevated H* as well as other contaminants.
This extensive research effort is probably more a reflec-
tion of the importance of crops to both human nutrition
and the agricultural economics than to any observation
of crop loss due to long-range transport of pollutants.
The conclusions reached by NAPAP (1990) are as fol-
lows: (i) Conditions capable of causing acute injury to
vegetation as a result of exposure to present-day levels
of gaseous air pollutants (including ozone) are rare,
occur only during unusual conditions of atmospheric
stability, and are confined to a limited number of areas,
and (ii) acute injury to vegetation due to acidic deposi-
tion is virtually unknown.

C. Soils

The characteristics of natural terrestrial ecosystems are
largely determined by the properties of their soils. In
northern forest soils there is a layer of humus containing
exchangeable bases overlying the mineral soil. When
H" is deposited with acid deposition into the forest, or
generated by growth of vegetation, the humus layer and
soil minerals can retain this H" and release an equivalent
amount of base-forming cations (Ca** and Mg?*) that
generate alkalinity. In this way, much of the acid input
may be neutralized for as long as the exchange capacity
lasts. In sufficiently moist areas precipitation can leach
base-forming cations as fast as the rate of primary min-
eral weathering of these ions, causing soils to become
acidic due to natural processes. As soil acidity increases,
aluminum (Al) becomes increasingly soluble but also
adsorbs onto clay minerals, and soil solution Al can
hydrolyze to increase soil H* concentrations.

Acid deposition will have an acidifying effect or will
leach base cations (Ca**, Mg**, K*, and Na*) or both
in soils with low cation exchange capacity (CEC). In
areas where sulfate adsorption in soils is low, such as
in the Adirondack Mountains, sulfur deposited from
the atmosphere behaves more or less conservatively and
passes through soils into lakes and streams as SO,*".
However, the total amount of strong acid anion must
be balanced by an equivalent amount of cations. If CEC
is depleted, then AI’* is mobilized by H* exchange. AP*
and some of the H* associated with acid rain enter the
runoff water, thus maintaining the charge balance, and
the water is acidified.

Recent studies by the U.S. Geological Survey (1999b)
and others have found that calcium is being depleted



from forest soils in the eastern United States as a conse-
quence of both acid deposition and uptake by roots.

In agricultural soils, agronomic practices of tilling,
fertilization, and liming are far more important factors
in altering soil chemistry than acid deposition. Addi-
tions of HNO; by acid deposition even may be beneficial
for forest growth since nitrogen is frequently a growth-
limiting nutrient though benefits from H,SO, deposition
are viewed as minimal.

D. Ground-water

The total atmospheric load of acids exceeds the ability
of soils to provide bases in many areas of Europe. This
is especially true in areas underlain by slow-weathering,
base-deficient rocks, such as granite, gneiss, quartzite,
and sandstone. In these areas with continued acid depo-
sition loading, base saturation (the fraction of CEC
occupied by exchangeable base cations) can be expected
to decrease steadily and eventually approach zero. This
will result in acidification of ground-water.

Norway is highly impacted by acid deposition, with
average precipitation pH in the range 4.3—4.5. Ground-
water in many areas is unusually acidic, with pH in the
range 5.2-5.7. Such water is quite corrosive for copper
pipes. In Denmark, the pH of deep well water decreased
from 6.5 to 5.6 between the 1950s and 1980s. The
Hartz Mountains of Germany also receive very acidic
precipitation. Sulfate concentrations in ground-water
there have risen from 5 mg /liter in the 1960s to a
current value near 20 mg/liter and the water from 33
springs has high concentrations of metals (cadmium,
0.1-2.0 ug/liter; zinc, 50-150 ug/liter; and nickel,
5-20 ug/liter). In some cases, spring-water pH is less
than 4.

E. Surface Waters

Acidification of surface waters is defined as a decrease
in alkalinity, or acid neutralizing capacity (ANC). As
acids are added to water, the H* increases and ANC is
reduced. The most significant impact of acid deposition
is that on surface waters, in which it causes acidification
and ecological damage in many thousands of lakes and
streams. In some sensitive waters, fish species such as
brook trout have been completely eradicated. This is
one of the few environmental impacts that have been
clearly demonstrated for “acid rain”, and it is politically
important because it has resulted in the loss of fisheries
and recreational value, which people can readily under-
stand.
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Unpolluted surface waters sensitive to acidification
generally are found to be in the range pH 6-7 with low
ANC. Watersheds with significant amounts of carbon-
ate minerals can readily buffer inputs of acid by creating
alkalinity. Watersheds with soils low in minerals with
Ca’" or Mg”** have little ability to generate ANC. When
unpolluted waters have ANC < 100 microequivalents
per liter (meq/liter) they are classified as sensitive to
acidification.

Most surface water acidification is due to the deposi-
tion of sulfate that provides a long-term and rather
steady base-load of strong acid anions. Nitrate is impor-
tant in the episodic acidification associated with partic-
ular precipitation events or snowmelt, which can dra-
matically increase acidity of lakes and streams. In
“brown” waters, the concentration of acidic, humic ma-
terials is high and also contributes to acidity. However,
acidification of surface waters—that is, the change in
chemistry over time in many “sensitive” areas of the
world—is clearly the result of excessive SO,*~ concen-
trations due to acid deposition and not a consequence
of the presence of natural organic acids.

Several factors interact to make the waters or a region
susceptible to acidification due to inputs of strong acids.
The most important of these are (i) proximity to emis-
sions sources, (ii) regional meteorological patterns, (ii)
bedrock geology, and (iv) topography (NAPAP, 1990).
The most heavily impacted regions are located down-
wind from large emissions sources in Great Britain and
northern Europe and of the central industrial region
in the United States and Canada. The importance of
geographic location and wind direction is illustrated
by the fact that the very sensitive waters of northern
Minnesota and southwestern Ontario are not yet as
severely impacted as are the waters of the Northeast
and maritime provinces. There is evidence that acidifi-
cation is occurring in this region. Acid deposition is
emerging as a significant problem in Asia, but there
is scant information available on actual or potential
ecological consequences there.

1. Surface Water Surveys

Large-scale, statistically based surveys of lakes and
streams have been conducted in several countries to
evaluate actual and potential impacts of acid deposi-
tion on surface waters. In most cases, these surveys
were designed to investigate waters in regions thought
to be sensitive to acidification because of high rates
of acid deposition or in regions having waters with
low ANC. In these sensitive areas, concentration of
SO,* is strongly correlated to wet SO,*~ deposition.
The U.S. National Surface Water Survey found that
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all of the sampled lakes and streams with pH < 5.5
or ANC < 0 occur in areas receiving precipitation
with pH < 5.0 and wet SO, deposition loading
greater than 10 kg/ha/year. Furthermore, acidic lakes
in which SO, is the dominant anion are not found
in regions receiving wet SO,*~ deposition less than 10
kg/ha/year. The Norwegian national acid deposition
effects project found that in southern Norway, where
acid deposition is great and soils are both thin and
base deficient, 75% of the lakes are acidic and SO,*”
from acid deposition is the dominant anion.

A survey of 8506 lakes was carried out in 10
regions of Canada and 56% of these lakes were found
to be sensitive to acidification (ANC < 100 ueq/
liter). In some areas, up to 84% of the lakes were
found to be sensitive and as many as 60% of the
lakes in some areas were very sensitive (ANC < 50
peq/liter). Acidic lakes, those with ANC < 0 ueq/
liter, comprised 5% of all lakes in the sample, and
up to 24% in one region were acidic.

Nitrogen as well as sulfur deposition can contribute
to chronic and episodic acidification of surface waters.
Unlike SO,*~, however, NO;~ is usually conserved
within watersheds because of plant uptake of N. Excep-
tions to this rule, however, are seen in those areas of
the world in which NO;~ deposition is unusually great.
In streams of southwestern Norway, NO;~ concentra-
tions exceed 10 peq/liter and nitrate can make up over
10% of strong acid anions.

Trends in precipitation and stream-water chemistry
were examined at eight precipitation monitoring sta-
tions during the period 1984-1996 by the U.S. Geologi-
cal Survey (1999a). In the northeastern United States,
results indicate that decreases in atmospheric deposi-
tion of SO,*~ have resulted in decreased precipitation
acidity.

2. Episodic Acidification

Episodic acidification of surface waters occurs as a con-
sequence of acidic snowmelt and acidic rain events.
Snow accumulation is one mechanism by which strong
acid anions may be stored and concentrated within
watersheds receiving acid deposition. Accumulated
contaminants in the winter snowpack can be released
at the onset of melting so that 50-80% of the SO,*~
received over a period of months may be released from
the snow-pack with the first 30% of the meltwater.
Thus, early snowmelt runoff waters in areas such as
southern Norway and the Adirondack Mountains carry
pollutant loads that are greatly elevated. Regions with
heavy snowfall can be especially susceptible if the rate
of acid deposition is high.

F. Marine Waters

In some areas, the amount of nitrogen in soils, from
agricultural fertilizers and acid deposition, exceeds the
needs of vegetation and NO;~ is discharged in surface
waters. In Scandinavia, NO;~ accumulated in the snow-
pack is discharged so quickly by melt-water that it is
not taken up by vegetation. In such cases, rivers carry
NO;™ to estuaries and bays. Acid deposition also falls
directly on marine waters, increasing the loading of
nitrate. Chesapeake Bay, for example, receives 30-50%
of its nitrogen from acid deposition and this contributes
to eutrophication. In Scandinavia, acid deposition has
contributed to excessive nitrogen in marine waters that
appears to cause phytoplankton blooms.

G. Aquatic Biota

Acid deposition, by acidifying surface waters, causes
widespread ecological damage (Table III). There is a
widespread misconception, however, that acidified
lakes and streams are “dead.” The fact is that even the
most acidified surface waters have many organisms.
Species of protozoa and insects are found at pH 2.0,
rotifers and Cladocera occur at pH 3.0, and even some
fish are found at pH 3.5. Acidified waters are not “dead;”
they can be full of life—but this is life run amok in
ecosystems severely out of balance.

1. Microbial Communities

Abnormal accumulations of coarse organic matter are
observed on the bottoms of some acidified lakes and
dense felt-like mats of fungal hyphae can cover much
of the bottom areas. The accumulation of debris and
fungal mats both seal off the mineral sediments from
interaction with the overlying water and hold organi-
cally bound nutrients that would have become mineral-
ized and available if normal decomposition had oc-
curred. Reductions in nutrient availability may have
a negative feedback effect on microorganisms, further
inhibiting their activities. Acidification can also inhibit
microbial nitrogen cycle activities. Reduction of micro-
decomposer activities may also have a direct effect on
invertebrates feeding on microbial biomass associated
with decomposing litter, further inhibiting litter re-
moval and nutrient regeneration. Bacteria respond to
acidification gradually, with no clearly delineated
thresholds above pH 5.5. Treatment of lakes with lime
raises pH and causes rapid decomposition of the organic
debris and fungal mat and increases in bacteria in the
water, indicating that microbial communities were in-
hibited at low pH.
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TABLE 111

Summary of Biological Changes Due to Surface Water Acidification

pH range

General biological effect

6.5-6.0

Small decrease in species richness of phytoplankton, zooplankton, and benthic invertebrate communities resulting from the

loss of a few highly acid-sensitive species, but no measurable change in total community abundance or production

6.0-5.5

Loss of sensitive species of minnows and dace, such as blacknose dace and fathead minnow; in some waters decreased repro-

ductive success of lake trout and walleye, which are important sport fish species in some areas.

Visual accumulation of filamentous green algae in the littoral zone of many lakes and in some streams

Distinct decreases in the species richness and change in species composition of the phytoplankton, zooplankton, and benthic
invertebrate communities, although little if any change in total community biomass or production

Loss of many common invertebrate species from the zooplankton and benthic communities, including zooplankton species
such as Diaptomus silicis, Mysis relicta, and Epsichyura lacustris; many species of snails, clams, mayflies, and amphipods

and some crayfish

5.5-5.0
tional nongame species such as creek chub

Loss of several important species of fish, including lake trout, walleye, rainbow trout, and smallmouth bass, as well as addi-

Further increase in the extent and abundance of filamentous green algae in lake littoral areas and in streams

Continued shifts in species composition and decline in species richness of the phytoplankton, periphyton, zooplankton, and
benthic invertebrate communities; decreases in the total abundance and biomass of benthic invertebrates and zooplankton

may occur in some waters

Loss of several additional invertebrate species common in oligotrophic waters, including Daphnia galeata mendotae, Diaphano-
soma leuchtenbergianum, and Asplanchna priodonta; all snails, most species of clams, and many species of mayflies; stone-

flies, and other benthic invertebrates
Inhibition of nitrification
5.0-4.5

Loss of most species of fish, including most important sport fish species such as brook trout and Altantic salmon; few fish
species able to survive and reproduce below pH 4.5

Measurable decline in the whole-system rates of decomposition of some forms of organic mattter, potentially resulting in de-

creased rates of nutrient cycling

Substantial decrease in the number of species of zooplankton and periphyton communities; measurable decreases in the total
community biomass of zooplankton and benthic invertebrates in most waters

Loss of zooplankton species such as Tropocyclops prasinus mexicanus, Leptodora kindtii, and Conochilis unicornis; and benthic
invertebrate species including all clams and many insects and crustaceans

Reproductive failure of some acid-sensitive species of amphibians such as spotted salamanders, Jefferson salamanders, and

the leopard frog

“ From NAPAP (1990).

2. Aquatic Plants

Freshwater ecosystems are supported by photosynthe-
sis within the water body and by inputs of organic
debris from the surrounding land. Primary production,
the synthesis of living material from inorganic elements
by photosynthesis, is carried out in freshwaters by a
wide variety of plants, including leafy macrophytes,
mosses, and algae.

i. Phytoplankton

Phytoplankton are microscopic plants that live sus-
pended in the water column. Phytoplankton communi-
ties are usually quite diverse, with typically several doz-
ens of species. Evidence concerning the impact of acid
deposition on phytoplankton comes from the large syn-
optic lake surveys in North America and Europe (partic-

ularly Scandinavia), from experiments in which the
chemistry of lakes was changed intentionally to evaluate
acidification impacts, and from studies of artificially
enclosed “mesocosms” in which variables such as pH
and nutrient concentration can be manipulated and the
species composition controlled. These studies demon-
strate that decreasing pH lowers species richness and
diversity. Simplification of phytoplankton communities
is especially acute over the range of pH 6-5.

ii. Periphyton

Periphyton is the material growing on submerged sur-
faces in freshwaters. It is dominated by microalgae that
often form long filaments or sheets that can cover the
sediments, plants, or other objects in water. The Peri-
phyton can become a complex community of algae,
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bacteria, fungi, and a variety of invertebrates.Periphy-
ton species richness decreases with increasing acidity.

A striking phenomenon is the proliferation of
attached algae in both streams and lakes, with increas-
ing acidity. Common water macrophytes, such as Lobi-
lia dortmana and Isoetis lacustris, are festooned with
filamentous algae and the bottoms of acidic streams
may be covered with attached algae. Such increases
in algal mass occur despite reduced specific rates of
photosynthesis, indicating factors other than a prefer-
ence for low pH are allowing algae to accumulate. Sev-
eral ecological factors appear to contribute to algal pro-
liferation at sub-optimal pH: decreased microbial
activity, reduced competition among algal species
allowing only the most acid tolerant to proliferate, and
reduced grazing by invertebrates.

iii. Macrophytes

Aquatic macrophytes, including the vascular plants,
mosses, liverworts, and macro-algae, are important ele-
ments of aquatic ecosystems. Macrophytes help to stabi-
lize sediments and shorelines, form breeding grounds
for some fish and many invertebrate species, and are a
food source for waterfowl and mammals such as beavers
and moose. Swedish limnologist Ole Grahn and col-
leagues (1974, 1977) studied acidification in Swedish
lakes. Acid deposition decreased pH from 5.6 to 4.8 and
brought about a regression of communities including
Lobilia, whereas communities dominated by the aquatic
moss Sphaghum expanded from average coverage of
about 8% to cover half of the littoral zones in a period
of just 6 years. Sphagnum has a significant ion exchange
capacity that results in the sequestration of Ca** and
Mg**, thus withdrawing cations from the water. The
extensive moss mats covered much of the lake bottom
and reduced both mineralization and exchange between
the sediments and the overlying water. Large mats of
Sphagnum are infrequently observed in North American
lakes. Changes in macrophyte communities in acidified
lakes may also be associated with other chemical
changes, such as the availability of Ca**. Raising the
pH of lakes and increasing the Ca’* supply by liming
dramatically reduced Sphagnum communities.

3. Invertebrates

Lakes and streams that are not impacted by acidification
have a diverse set of invertebrates with many species
of insects, worms, crustaceans, and mollusks. In clear,
unpolluted streams with moderate alkalinity in the pH
range 6—8, there may be 70-90 species, of which a few
are plentiful. As pH decreases below 5.7-5.4, so do the
numbers of species. Mayflies, caddis-flies, crustaceans,

and mollusks become rare or even disappear from the
community. Changes in other elements of the ecosys-
tem can alter its food supply, and changes in the faunal
community may increase or decrease predation on a
particular invertebrate species. There are critical pH
thresholds below which survival of a particular species
is greatly reduced. Not only the acidity of the water
but also the concentrations of beneficial elements such
as calcium and potassium and the concentration of toxic
metals, particularly dissolved aluminum, are critical fea-
tures in the responses of invertebrates to acidification
and can greatly influence the rate of mortality at low pH.

i. Zooplankton

Zooplankton are small (normally less than 2 mm long)
aquatic invertebrates, including copepods, cladocerans
(water fleas), and rotifers, living in the water columns
of lakes or slow-moving streams. Some are herbivores
grazing on phytoplankton and some are predatory car-
nivores, and they are an important food source to fish
and waterfowl. Synoptic surveys of hundreds of surface
waters in Scandinavia and North America found that
the number of zooplankton species in a water sample
is highly correlated to pH. Several species of Cladocera
and Rotifera are seen to increase in abundance with
decreasing pH. Thus, zooplankton density (animals per
liter of water) is not as sensitive to pH as is species
richness since the more tolerant species can increase
in number to replace missing species. In some acidified
lakes there is a shift toward large-bodied zooplankton
predators that may be due to decreased predation by
fish, with the fish having been excluded due to acidifi-
cation. This increases predation on smaller zooplank-
ton. There is ample evidence that population-level
changes are linked to increasing concentrations of APP*
and reproductive failure.

ii. Macroinvertebrates

The aquatic macroinvertebrates are normally highly di-
verse assemblages of organisms. They are ecologically
important to healthy ecosystems, assisting in the break-
down of litter and detritus, as grazers of algae, as preda-
tors of other invertebrates and juvenile stages of fish,
and as a food source to fish and water-fowl. Surveys of
macroinvertebrates in hundreds of lakes and streams
in areas receiving large inputs of acid deposition clearly
show that species richness declines sharply with in-
creasing acidity. Several species of mayflies, amphipods,
crayfish, and virtually all snails and clams are quite
sensitive to low pH and are lost from the fauna of
acidified waters. Species richness, diversity, and bio-
mass decrease with decreasing pH. This is evident even



in the pH range 7.0-6.0. A few species are very tolerant
of both low pH and elevated aluminum concentration.

In acidified lakes, fish predation is reduced or elimi-
nated altogether by the disappearance of the fish and the
acid-tolerant and predatory water boatmen and back-
swimmers (Hemiptera) may become important preda-
tors of other invertebrates. The amphipod Gammarus
lacustris is absent from waters with pH lower than 6.0.
Acidification experiments show that the progression
through larval stages of Lepidurus arcticus is retarded
with increasing pH and toxicity is complete at pH 5.5

Impacts of acid deposition on lake ecosystem have
been studied experimentally by David Schindler and
colleagues at Canada’s Experimental Lakes Area. They
intentionally acidified whole lakes over a period of sev-
eral years from near neutral to pH near 5.0. Changes
in macroinvertebrate communities became apparent
even as pH changed from 6.8 to 5.9. Species numbers
were reduced and others became more abundant as pH
continued to decrease. At pH 6.0-5.8, the freshwater
shrimp Mysis relicta became extinct. At pH 5.1, the
crayfish Orconectis virilis became extinct, apparently
due to a combination of factors including the inability
to calcify their shells, reproductive failure, and direct
toxicity to juveniles.

Stoney streams normally contain a rich assemblage
of macroinvertebrates. When ANC is moderate and pH
is approximately 6 or higher, there may be 70-90 taxa
present. When stream acidity is lower than 5.5, many
of these taxa are scarce or absent. Mayflies, some caddis
flies, mollusks, and crustaceans are the most sensitive.
The fauna is impoverished by acidification and may
contain only half the numbers of taxa found in unacidi-
fied soft-water streams.

Experimental acidification of streams has demon-
strated detrimental impacts on macroinvertebrates in-
cluding reduced numbers of species. Some intolerant
species drift downstream to avoid the acidified waters
and in this way can be eliminated from the acidified
stream reach. In headwater streams, in which acidifica-
tion is most severe, re-colonization would be unlikely.

4. Fish

In 1926, fisheries biologists noted that there was a wide-
spread reduction in the catch of salmon in the major
rivers of southern Norway, and in 1959 acid deposition
was identified to be the cause. In seven rivers (mean
pH 5.1) of this impacted region, 150 metric tons of
Atlantic salmon were taken in 1900. Atlantic salmon
were virtually eliminated from these rivers due to acidi-
fication, despite efforts to improve the fishery through
hatcheries and stocking. Meanwhile, the catch from 68
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other Norwegian rivers (mean pH 6.6) in areas not
subjected to such intense acid deposition increased
from 155 metric tons in 1900 to nearly 300 metric tons.

In 10 rivers of Nova Scotia, Canada (mean pH <
5.5 in 1980), where angling catch of Atlantic salmon
was good in the mid-1930s, the catch went to zero by
the 1980s. In rivers in the area that are less impacted
by acidification (1980 mean pH > 5.0) the catch in
1980 was about the same as in the mid-1930s.

Lake fisheries are also severely impacted by acidifi-
cation. In southern Norway, by the mid-1970s brown
trout disappeared from half of the lakes in which they
formerly occurred. By 1980, 30% of the remaining
brown trout populations and 12% of the perch popula-
tions disappeared from the region. Lakes from which
fish populations were lost had lower pH, higher concen-
trations of aluminum, and lower concentrations of cal-
cium. Many lakes in the region have been studied in-
tensively and fish kills associated with episodic
acidification during acidic rain events and snowmelt
are observed in some of the lakes in which fish stocks
are declining.

Surveys in many areas show a strong relationship
between species richness and lake pH, including lakes
in Norway, Sweden, The Netherlands, Scotland, the
LaCloche Mountains of Ontario, the Adirondack Moun-
tains of New York, northern Wisconsin, and the Upper
Peninsula of Michigan.

Acidification problems in the United States and Can-
ada may be greater than is indicated by large-scale sur-
veys because they tend to miss episodic acidification
events. Lakes and streams throughout North America,
including high-elevation lakes in the West, experience
such events. Many have low ANC and are therefore
sensitive to acidification. Episodic acidification causes
fish kills and can severely damage entire year-classes
of fish. In the Adirondack Mountains 70% of all sensi-
tive lakes are at risk of episodic acidification. In the
mid-Appalachian region, 30% of sensitive streams, or
seven times the number of chronically acidic streams,
can become acidified by such episodes.

Both low pH and elevated A" concentrations are
known to cause these impacts through the loss of the
ability to regulate body salts and leakage of salts through
the gills. Recruitment failure, due to effects on all stages
from egg to adult, is an important mechanism for the
loss of populations of fish.

5. Other Animals

Much less is known about the impact of acid deposition
on other animals, such as amphibians (frogs and newts),
birds, and mammals. Many species of amphibians are
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declining throughout the world, but the causes are not
obvious and large-scale species declines have not been
clearly linked to acid deposition. Fish-eating birds are
impacted by losses of fish populations. Elevated alumi-
num concentrations are associated with decreased re-
production in passerine birds. The concentration of
cadmium is elevated in the internal organs of large
herbivores in areas of North America and Scandinavia
where surface water acidification is a problem. Elevated
concentrations of mercury in fish in these areas may
lead to contamination of otters and mink.

H. Materials

The problem of corrosion due to air pollutants has been
known for 150 years or more. Angus Smith (1852)
noted,

“The presence of free sulfuric acid in the air
sufficiently explains the fading of colours in prints
and dried goods, the rusting of metals, and the
rotting of blinds. It has been observed that the
lower portions of projecting stones in buildings
were more apt to crumble away than the upper;
as the rain falls down and lodges there and by
degrees evaporates, the acid will be left and the
action on the stone be much increased.”

Acid deposition contributes to corrosion of many
types of materials, including painted surfaces, metals
and carbonate stone (limestone and marble), masonry,
carbon steel, zinc, nickel, and some paints and plastics.
Both wet and dry deposition participate in the corrosion
process. This is particularly a problem for limestone
and marble buildings and monuments throughout the
world. Monuments and buildings, such as the Taj Ma-
hal, have suffered extensive damage. The great Gothic
churches, such as the Cologne Cathedral and Notre
Dame in Paris, as well as more ancient structures such
as the Coliseum in Rome are melting away. Many struc-
tures that have withstood normal weathering processes
for 1000 years or more are, in recent times, suffering
extensive damage, as are newer buildings such as the
U.S. Capital Building in Washington, DC.

I. Health

Sulfur dioxide can have serious health impacts on peo-
ple. Persons with asthma can experience difficulty in
breathing when exposed to SO, while exercising for as
little as 5 minutes. Studies of air pollution episodes in
London and New York in the mid-twentieth century

found that among the elderly, the very young, and those
with pre-existing respiratory disease, increased mortal-
ity followed exposure to average ambient SO, concen-
trations of >0.19 ppm for 24 hours. In other epidemio-
logical studies, the U.S. EPA found that persons living
within 20 km of large point sources of SO, emissions
were at risk from such episodes. Lowering sulfate aero-
sol levels will reduce the incidence and the severity
of asthma and bronchitis. Reductions in NO, and O,
emissions are also expected to have a beneficial impact
on health effects. The Clean Air Act and subsequent
amendments resulted in reductions of SO, emissions.
Consequently, air quality has improved. Nevertheless,
approximately 46 million people in the northeaster
United States continue to be exposed to air quality that
does not meet EPA’s health-based air standards for one
or more of the six criteria pollutants.

J. Visibility

Emissions that cause acid rain also reduce transparency
of the atmosphere and decrease atmospheric visibility.
The aesthetic properties of outdoor scenery in park-
lands such as the Shenandoah and the Great Smoky
Mountains are noticeably reduced by hazy air. Particles
with diameters less than 2.5 um, dominated by sulfate
and ammonium in eastern North America, account for
75-95% of visibility reduction. In the western United
States, the sulfate contribution is less: 20-50% in rural
areas and 10-20% in urban areas. A measure of atmo-
spheric visibility is the visual range, which is the dis-
tance over which one can see. In the U.S. Southwest,
the median value is about 150 km. On the U.S. Pacific
and Atlantic coasts the median visual range is 20-50
km. Summertime haziness has generally increased in
the eastern United States since the late 1940s, and this
is largely due to increased sulfate aerosols. The trend
is not uniform, however; haziness increased most in
the Southeast.

This has been a gradual process so that most people
think that a slightly whitish haze on a clear, sunny day
is normal. This haziness is what Stephen Schwartz has
called the “white house effect” and it is a consequence
of sulfate aerosols in the size range of 0.1-1 um diame-
ter. The sulfate is nearly all from oxidation of SO, emit-
ted by fuel combustion. These aerosols act as condensa-
tion nuclei for water and the formation of clouds. Under
some conditions aerosols may be reduced to 1% of their
usual concentration by convective upward movement
of air, cloud formation, particle scavenging, and precipi-
tation. Such conditions make the air unusually dry. On
these rare days the sky seems unusually blue, and this



is a hint of what our ancestors could see on most
sunny days.

V. REGULATION

An early attempt to limit precursors of acid deposition
globally was the 1979 Geneva Convention on Long-
Range Transboundary Air Pollution. This established
emissions limits for sulfur and nitrogen that have in
general been met. In the late 1990s emissions of SO,
in Europe were approaching half the amount emitted
in the 1970s. In the United States, the Clean Air Act
and subsequent amendments have brought about large
reductions in SO, emissions. By 1996 the annual wet
SO4*” deposition over much of the eastern United States
declined by 10-25%. Despite progress in reducing emis-
sion of SO, in North America and Europe, the global
problem of acid deposition is not likely to disappear.
In Asia, emissions of SO, are expected to triple in the
period 1990-2010.

See Also the Following Articles

AIR POLLUTION » ATMOSPHERIC GASES » FOREST ECOLOGY
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ADAPTATION

1. Historical Introduction
II. Two Common Definitions
III. Evidence for Adaptation
IV. Critique of Adaptationism
V. Adaptation after Adaptationism

GLOSSARY

adaptation One or two of the following: a beneficial
construct produced by an omnipotent being, the pro-
cess of change established by natural selection, and
a biological character that gives increased Darwin-
ian fitness.

adaptationism The doctrine that all important evolu-
tionary processes are dominated by natural selection,
and that all significant biological characters increase
an organism’s fitness.

biological altruism Behavior of an organism such that
the fitness of another organism is increased while
its own fitness is decreased.

clutch size The number of eggs a bird lays in its nest
at one time.

epistasis Interactions between genes at different chro-
mosomal locations in the determination of pheno-
typic character values.

fitness Net reproductive output, discounted for any
lack of viability.

Encyclopedia of Biodiversity, Volume 1

genetic drift Accidents of segregation and recombina-
tion causing evolutionary genetic change.

group selection Selection between different popula-
tions or sub-populations based on attributes of the
entire group, where these attributes usually are either
selected against or not favored at the level of individ-
ual selection.

heterozygote An individual having two different alleles
at a genetic locus.

hominid A great ape from the lineages most closely
related to humans, where this may be a lineage ances-
tral to humans.

inbreeding The mating of close biological relatives.

individual selection Selection driven by differences in
the net reproduction of individual organisms.

industrial melanism Selection for darker pigmentation
as a result of industrial pollution, particularly in
moths and butterflies.

linkage disequilibrium Nonrandom association of al-
leles on chromosomes.

meiotic drive Preferential segregation of a parasitic
gene during gamete production.

phenotype The manifest biological character(s) of a
particular organism.

phylogenetic Pertaining to evolutionary ancestry.

recombination The shuffling of gene combinations
in the production of gametes, possibly by the
physical breaking and rejoining of pieces of chromo-
somes.
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segregation Allocation of genetic variants (“alleles”) to
different gametes during sexual reproduction.

teleology The imputation of goal-directed behavior
or structures.

ADAPTATION consists of one or two of the following:
a beneficial construct produced by an omnipotent be-
ing, the process of change established by natural selec-
tion, and a biological character that gives increased
Darwinian fitness.

[. HISTORICAL INTRODUCTION

A. Classical Times

The concept of adaptation is older than any scientific
concept of evolution, and certainly older than Darwin’s
theory of natural selection. The founder of academic
biology, Aristotle, gave adaptive explanations for many
of the features of the living and nonliving world. Thus,
the webbed feet of a frog can be said to be “for” efficient
swimming, and thus they can be explained as an illustra-
tion of the universe being well made. This type of rea-
soning was commonplace in classical culture, which
often assumed some type of benign natural order.

It is significant, however, that adaptive reasoning
had its critics even in classical times. Lucretius, one of
the most important of classical proto-scientists, was
scathing about the wholesale imputation of function to
body parts, even when such inferences were regarded
as “common sense.” Such criticisms of the concept of
adaptation have waxed and waned ever since.

B. Pre-Darwinian Christendom

Biblical theology gave arguments about adaptation a
new cast. The assumption that there was a single, be-
nign, omnipotent Creator made the existence of well-
constructed organisms a natural assumption. From the
beneficence of the Creator, each organism must have
been given the specific characteristics best suited to its
role in the Creation as a whole. Indeed, this concept of
benign, and efficient, creation was extended to physics,
especially by Isaac Newton, an avid believer. The orbits
of the planets were thereby interpreted as evidence of
some type of adaptation, or suitedness, to a divine plan.

This universal adaptation gave rise to some interest-
ing paradoxes for pre-Darwinian scientists. Did the Cre-
ator adapt organisms to the physical universe or was

the physical universe created to fit the organisms? Was
life on Earth based primarily on the chemistry of water
and organic molecules because that was the biochemis-
try that could work on this particular planet? Or was the
planet constructed by the Creator to fit the biochemistry
that He already had in mind? How could such questions
ever be resolved?

C. The Darwinian Theory of Adaptation

Darwin’s theory of evolution by natural selection pro-
vided a natural solution to the two problems of what
adaptations were and how they occurred. In Darwin’s
theory, selection operating on heritable variaon in-
creased the frequency of individuals bearing attributes,
“adaptations,” which gave them increased fitness. Fit-
ness in turn was to be defined as the net reproductive
rate of individual organisms in the original version of
Darwinism. Thus, Darwin’s theory proposed that the
environment drove the evolution of adaptations by de-
termining the pattern of selection imposed on or-
ganisms.

Darwin’s theory had many novel features for the
biology of his time. First, it involved no omnipotent
Creator beneficently organizing the arrangements of
life. Second, there were no inner drives or teleologies
shaping the process of organic change to an adaptive
end, unlike the scheme of Lamarck and others, who
were more influenced by Aristotle than was Darwin.
Third, there was no overarching pattern to Darwin’s
process of evolution, and therefore adaptations might
occur higgeldy-piggeldy, whenever selection made mor-
tality or reproduction hinge on a particular attribute. All
these features made Darwin’s new biology of adaptation
distasteful to many of the older generation of Victorian
biologists, who were highly teleological in their think-
ing when not avidly creationist.

II. TWO COMMON DEFINITIONS

The nature of Darwinian theory instilled a large degree
of ambiguity in the term adaptation. For a creationist,
there is no process of adaptation, only what the Creator
made and its beneficent nature. For the Darwinian,
like the Lamarckian, there is necessarily a process of
adaptation—a process by which adaptation is brought
about. Then there is the product of adaptation as a
process, which is called an adaptation as well.

There has been controversy regarding which of these
basic meanings of the term is the true one or the correct
one. However, we can follow Ernst Mayr, or Karl Pop-



per, and reject the need to find any essentially true
definition of adaptation. Instead, the two alternative
definitions can both be used as appropriate.

A. Adaptation as a Process

The concept of adaptation as a process derives from
the theory of natural selection. Therefore, a deeper con-
sideration of this incarnation of adaptation requires
study of natural selection. One of the basic intuitive
expectations that most evolutionary biologists have is
that natural selection should lead to the evolution of
increased Darwinian fitness. However, this is not uni-
versally true. Mutation, segregation, recombination,
meiotic drive, and frequency-dependent selection can
force natural selection to produce a decrease in fitness.

Usually, this decrease in fitness is temporary. For
example, if the heterozygote, at a locus with two alleles,
is the most fit genotype, then if the population is initially
composed entirely of heterozygotes segregation will
cause an immediate decrease in fitness. However, this
effect is confined to the first generation. Subsequent
generations will have increasing or stable mean fitness
as natural selection brings the population to the stable
gene frequency equilibrium, at which mean fitness will
also be at a local maximum. Analogous processes can
occur with other genetic processes, such as recombina-
tion. Again, in some cases, mean fitness does not con-
tinue to decline.

However, there are also cases in which fitness may
continue to decrease, and natural selection never pro-
duces a recovery in mean fitness. Meiotic drive is a
well-known example. Meiotic drive occurs when some
genes pervert segregation rates in their favor so that,
despite being deleterious, they spread through popula-
tions. Another situation in which mean fitness can de-
crease is brought about by natural selection. The fitness
of a mating with males and females can be a nonlinear
function of the genotypes of the two organisms mating.
If such nonlinearities are sufficiently severe, natural
selection on fertility can actually drive fitness to increas-
ingly lower levels, at least in theory. No prominent
empirical examples of this process are currently
known, however.

The point that these examples serve to make is that
although it is conventional in evolutionary biology to
expect improved adaptation from the action of natural
selection, there is no absolute warrant, either in theory
or in fact, for this assumption. Theory and experiment
both indicate that a process of adaptation is usually
brought about by natural selection. However, it is not
always brought about by natural selection.
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When natural selection does act, however, to estab-
lish a process of adaptation, what can we say about that
process? This is one of the three major research projects
of evolutionary biology (the other two being the infer-
ence of phylogeny and the study of the genetic material
used by evolution). Thus, our understanding of adapta-
tion as a process is undergoing continual upgrading as
our understanding of natural selection improves.

At the most basic level, however, there are some
essential features of adaptation by natural selection that
can be considered as well established. There is no gen-
eral or consistent pattern to natural selection. Specific
populations may undergo very intense selection for a
short period of time. One of the best studied examples
is the recent work on the evolution of Darwin’s finches
on the Galapagos, particularly the effects of drought on
bill size (Grant, 1986). On the other hand, for most
populations, it is usually very difficult to detect the
action of natural selection. It is either too weak or too
variable in direction (Abrahamson and Weis, 1997).
Some of the cases in which natural selection can be
readily detected as working in each generation to pro-
duce adaptation involve human disturbances—
ecological events that are unlikely to reflect the evolu-
tionary situation of populations that have been spared
artificial disruption. The classic example of this scenario
is the evolution of wing camouflage in the moths of
industrial Europe in which natural selection was gener-
ated because soot blackened the tree trunks on which
these moths rested, making the light-colored moths
stand out against a black background. The very artifici-
ality of this case, however, underscores the point that
we do not normally find such cases of unequivocal
selection when we study natural populations.

This leads to the next major point about adaptation
as a process: It is difficult to detect. Therefore, adapta-
tion as a process tends to be assumed by evolutionary
biologists more than it is actually demonstrated. Also,
the teasing out of the mechanistic particulars of adapta-
tion as a process is almost never accomplished. This
central problem has led to a pervasive weakness in
the scientific analysis of adaptation as a process, with
unfortunate consequences.

B. Adaptation as a Product of Evolution

The view of adaptation as a product of evolution does
not logically require that it be a product of natural
selection. An adaptation can arise evolutionarily from
selection on some other character(s), or it might occur
from some nonselective process, such as inbreeding or
genetic drift. Thus, for example, a spider’s web might
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have been evolved because of selection for prey capture,
but it may also constitute an adaptation that enables
spiders to obtain water from dew condensing on the
web. This raises the following question: If adaptation
is divorced from the process by which it arose, then how
is it to be distinguished from the other characteristics of
an organism?

The conventional solution to this problem is to de-
fine adaptations as those products of evolution, however
generated, that enhance the fitness of the organism.
Nominally, this requires that fitness be measured with
and without the character(s) that is presumed an adap-
tation. This is a difficult enterprise for two reasons.

First, it is often difficult to perform the surgery, or
other manipulation, required to make organisms with-
out the adaptation in question. Recently, however, it is
in precisely this area in which significant progress has
been made in studies of adaptation (e.g., Sinervo and
Basolo as cited in Rose and Lauder, 1996). Evolutionary
biologists are now successfully ablating tissues and
grafting on additional body parts in order to test the
fitness consequences of the possession or loss of particu-
lar structures that are being evaluated for their status
as adaptations. Manipulation of clutch size by removal
or addition of eggs has been a traditional method in
studies of vertebrate life history adaptations. Research
in this area now manipulates fertility and egg size using
a variety of techniques, including microsurgery. The
resources of modern molecular biology are likely to
give evolutionary research even more power to manipu-
late phenotypes.

Second, the measurement of fitness is difficult in
most organisms. In organisms that reproduce strictly
by dividing in two, without sex, fitness can be measured
fairly easily from estimates of viability between bouts
of fission. In every other kind of organism, sex and
variable numbers of offspring make the estimation of
fitness extremely difficult. Perhaps the worst character
of all in the estimation of fitness is male mating success.
This difficulty arises because the attribution of mater-
nity is usually fairly secure, whereas the attribution of
paternity is often pure speculation. This is an area in
which the recent findings of behavioral ecology suggest
considerable grounds for pessimism. Pairs of birds, for
example, may indeed remain together for life, sharing
the tasks of caring for young, foraging for food, and
nest construction. However, molecular genetic analysis
of pedigrees frequently reveals that the “monogamous”
female has had sex with another male of the species,
while the male has himself dallied. Similar patterns are
well-known from human paternity cases. There are also
species that are either highly promiscuous, such as

chimpanzees, or ejaculate gametes externally, such as
most fish. In these species, there are no mated pairs to
keep track of over the long term. For these reasons,
estimating the Darwinian fitness of an individual with
a particular phenotype is often extremely difficult, if
not practically impossible.

The fallback position of many biologists, especially
functional morphologists, comparative physiologists,
and behavioral ecologists, has been to use a surrogate
for fitness. Such surrogates include mechanical effi-
ciency, conservation of metabolic energy, and the num-
ber of copulations. The assumption is usually made
that such surrogate measures will always be positively
correlated with fitness. When they improve, fitness
should increase. Unfortunately, it is precisely these
characters that will show diminishing returns rather
than a stable, positive correlation with fitness. Mechani-
cal efficiency is patently not the only impact of structure
on fitness. Structures may be costly to develop, or they
may impede movement. Evolution is unlikely to max-
imize each and every “design feature” of an organism,
even if there were no genetic constraints preventing the
realization of any particular phenotype. Therefore, the
expedient of using surrogates for fitness is not likely
to be reliable in many cases.

If fitness cannot be accurately measured, and surro-
gates for fitness cannot be relied on, it is difficult to
see how the concept of adaptation as a product of evolu-
tion can be used in most cases. There are pleas to the
effect that some characters are so intuitively beneficial
that they cannot reasonably be denied the status of
adaptations. Legs must be adaptations for terrestrial
locomotion, large brains must be adaptations for life as
a tool user, and so on. However, limbs may be used
for many functions, not just locomotion. The hominid
brain has also been explained as an adaptation for social
behavior, not the use of tools. Supposedly obvious cases
become far from obvious once all possible scientific
interpretations are taken into account.

[1I. EVIDENCE FOR ADAPTATION

If both basic definitions of adaptation are allowed, then
there are two different lines of evidence for the existence
of adaptation. The first is simply the action of natural
selection. If adaptation is the process of natural selec-
tion, then any evidence for such selection is in turn
evidence for adaptation. The second line of evidence is
supplied whenever there are data showing an increase
in fitness when a particular character is acquired. To-
gether, the accumulated evidence bearing on both of



these points helps establish the importance of adapta-
tion as a feature and as an outcome of the evolution-
ary process.

A. Evidence for Natural Selection

If Darwin generally lacked evidence for natural selection
in nature, modern evolutionary biology has supplied an
abundance of such evidence (Endler, 1986), including
classic studies of industrial melanism and recent studies
of drought selection in Darwin’s finches (Grant, 1986).
However, there are many other examples of natural
selection in the wild, dating back to W. R. F. Weldon’s
study of carapace width in estuarine crabs in the 1890s.
Indeed, natural selection is such an obvious feature of
the living world that it is now considered in discussions
of such practical medical problems as the prescription
of antibiotics and the treatment of the human immuno-
deficiency virus (Freeman and Herron, 1998). Thus,
the general principle that there is a process of adaptation
involving natural selection is not in any reasonable
doubt.

The evidential problems instead concern the impor-
tance of the process in any particular instance. The idea
of an adaptive process shaping the course of evolution
is very attractive because it can be used to support
the interpretation of evolutionary change in terms of
natural selection. However, as discussed previously, the
demonstration that such a process is occurring is usu-
ally very difficult. Also, the possibility that other evolu-
tionary processes are involved—processes that do not
involve adaptation by natural selection for the character
of interest—cannot be dismissed out of hand. This ren-
ders most casual post hoc invocations of natural selec-
tion essentially dubious. Whatever the specific features
of natural selection, casually invoking it as an explana-
tion for all features of life is no longer reputable behav-
ior in evolutionary biology.

This means that, although there are some specific
studies that provide excellent evidence for adaptation
by natural selection, in most cases scientists are not in
a position to interpret an evolutionary process as being
driven by natural selection. It may be allowed as a
possibility, but further study is usually required before
a particular evolutionary change can be considered as
being brought about by natural selection, even when
such an interpretation seems intuitively natural.

B. Evidence for Increased Fitness

Even if it is difficult to establish the nature of the evolu-
tionary process, surely the products of evolution are
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easier to categorize as adaptive? For the reasons dis-
cussed previously, however, it is often difficult to make
an accurate determination concerning whether or not
the possession of a particular character increases fitness.
In particular, it is not enough to show that a particular
function (e.g., locomotion) has been improved, perhaps
by a longer hind-limb, because such demonstrations do
not define the effect on fitness as a whole. A particular
function could be improved while fitness is reduced.

Currently, some of the best demonstrations of adap-
tation come from the field of behavioral ecology. Of
particular value have been manipulative experiments
which change the behavior or morphology of study
animals and plants. These studies have supplied many
instances in which artificially created deviants have de-
monstrably reduced fitness (Sinervo and Basolo as cited
in Rose and Lauder, 1996).

There is much potential for the study of molecular
biology to extend the power of manipulation in the
study of adaptation, particularly with genetic transfor-
mation and the insertion of genes with artificially induc-
ible expression. Some of these studies have measured
the effects on adult survival of gene insertions (Fleming
and Rose, 1996). Fitness could also be measured in
such experiments.

An alternative approach is to measure the relation-
ship between the variation of a character and fitness in
polymorphic populations. Much of modern evolution-
ary quantitative genetics collects data of this kind. One
of the central concerns in these studies is the delimita-
tion of optima for fitness as a function of quantitative
characters.

Finally, artificial selection can be used to generate
perturbed values for selectable characters. If artificial
selection is then relaxed, and the original character
state was adaptive, natural selection should drive the
character to its original state. This has been observed
in only a few cases (Service et al., 1988). Such patterns
of reversion are expected to occur especially when there
are trade-offs between functional character, such that
high values of one character are associated with low
values of other characters. This situation is particularly
important for the use of surrogate measures for fitness.

IV. CRITIQUE OF ADAPTATIONISM

A. Adaptationism

The record of classical thinking, such as that of Aris-
totle, illustrates the extent to which the human mind
is attracted to the idea of beneficent organization in
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the natural world. Many classical scholars believed this
even when they had no particular scientific theories to
buttress the concept.

Darwinian evolution is thus an almost irresistible
temptation for those who wish to infer function in the
living world. Darwinism guarantees a role for natural
selection in evolution, and it guarantees the existence
of adaptation among the characters of organisms. How-
ever, it does not guarantee that selection and adaptation
must be everywhere prepotent, at all times, and in all re-
spects.

Nonetheless, there is a variant form of Darwinism
that flourished particularly in the 1950s and 1960s—a
variant that assumed that all the attributes of an organ-
ism are shaped by natural selection to the end of in-
creased fitness. In this version of Darwinism, now called
“adaptationism,” all characters are adaptations and all
nontrivial evolutionary processes are driven by natural
selection. In effect, this school of thought made the
study of evolution tantamount to the study of adap-
tation.

Among the effects of adaptationism on scientific
practice was the notion that there must always be an
adaptive explanation for every organ, structure, or be-
havior. Therefore, if an adaptive explanation for a par-
ticular structure has not been found, greater efforts
must be made to discover its adaptive value. Alternative
evolutionary processes (genetic drift, inbreeding, mei-
otic drive, etc.) must not be considered until all possible
adaptive explanations have been tried and found
wanting.

During its heyday, adaptationism put adaptation at
the center of evolutionary biology, and to some extent
at the center of all biology. The many theoretical and
experimental problems facing the study of adaptation
were minimized or dismissed altogether.

B. The Rejection of Adaptationism

From the late 1960s until the early 1980s, adapta-
tionism suffered a series of blows from which it has yet
to recover. The first of these was the detection of a vast
amount of molecular genetic variation, first by protein
electrophoresis and later by DNA sequencing. The sig-
nificance of this finding for adaptationism is that most
species appear to have far more segregating genetic
variation than is likely to be explicable in terms of
natural selection. Therefore, natural selection probably
is not prepotent at the molecular level. The current
scientific consensus is that many of the alleles that
arise and eventually become fixed during evolution are
merely neutral variants of already extant alleles. A great

deal of genetic evolution has occurred, but much of it
has not been driven by natural selection.

A second event was the publication of Adaptation
and Natural Selection by George C. Williams in 1966.
One of the common evasions of the adaptationists was
to invoke group selection when they could not explain
a particular character in terms of individual selection.
Thus, many of the social behaviors of colonially nesting
birds were explained in terms of adaptations for group
selection. Williams pointed out that, usually, these ex-
planations were highly dubious. He argued that the
inference or explanation of adaptations required greater
restraint, particularly regarding social behavior. This
undercut group selection, one of the ways in which
adaptationists had been able to discover adaptations
underlying seemingly maladaptive behavior, such as
biological altruism. In so doing, Williams also helped
expose the extent to which adaptationism was based
more on dogma than on well-founded science.

The third, and culminating, event in the decline of
adaptationism was the publication of the paper, “Span-
drels of San Marco,” by Stephen Gould and Richard
Lewontin (1979). In this paper, Gould and Lewontin
hold up for ridicule the adaptationist assumption that
there is a history of selection for every significant attri-
bute of an organism. They follow Voltaire in his satiriz-
ing of such intellectual figures as Spinoza, particularly
their boundless belief that “this is the best of all possible
worlds,” except that Gould and Lewontin satirize the
adaptationist assumption of an all-powerful beneficent
natural selection.

These events essentially undermined adaptationism
as a dominant movement within evolutionary biology.
Adaptationists remain scattered throughout biology, in-
cluding such fields as molecular biology, comparative
physiology, and systematics. However, the powerful
hold that they had on evolutionary biology in the 1950s
was broken.

V. ADAPTATION AFTER ADAPTATIONISM

Although adaptationism was clearly in error with regard
to the universality of adaptation in the living world,
its deposition brought with it an overreaction. Many
evolutionary biologists effectively rejected the concept
of adaptation as a whole. They refused to work on the
problem and they criticized those who did. Since 1980,
the study of phylogeny has become the central concern
of evolutionary biology. For some, the study of adapta-
tion is now a marginal, somewhat disgraceful, practice
within biology as a whole.



Replacing the study of adaptation was the study of
“constraints.” Constraints in evolutionary biology are
factors that prevent the achievement of an optimal adap-
tive outcome. Constraints have been discovered promis-
cuously in the evolutionary machinery: lack of genetic
variation, linkage disequilibrium, too much environ-
mental variation, too little environmental variation,
epistasis, temporally variable selection, spatially vari-
able selection, and so on. Evolutionary biology went
from a doctrine in which adaptation was everywhere
to a doctrine in which adaptation had disappeared to
be replaced by paralyzing constraints.

In the 1990s, there was some stabilization of views
on the topic of adaptation. Less of a pariah among
evolutionary topics, an edited volume titled Adaptation
was published by Rose and Lauder in 1996. Evolution-
ary biologists were spending more time using experi-
mental and other techniques that could test for adapta-
tion rather than simply assuming its presence or
absence.

The comparative study of adaptation was greatly im-
proved by an infusion of phylogenetic techniques. For
example, if it is hypothesized that the gill structure of
a fish species is an adaptation to a new way of life in
salt water, but two species that had evolved in fresh
water exclusively also have this gill structure, then the
phylogenetic information indicates that the basic adap-
tive hypothesis is not correct.

Laboratory selection is currently used more often to
study adaptation, with greater replication and greater
attention to designs that can be used to make inferences
about selection. The great advantage of performing se-
lection in laboratories is that selective processes can
be studied with greater statistical power and control,
compared to the “experiments” of nature, all of which
are unique and uncontrolled. For example, instead of
studying the water physiology of two desert insect spe-
cies compared to that of two forest insect species, evolu-
tionary biologists select insects under conditions of des-
iccation using replicated selection lines and controls
maintained free of desiccation (Bradley et al., 1999).
Instead of dealing with possible historical accidents that
might have differentiated species in the wild, selected
laboratory populations provide good material for criti-
cally testing theories of adaptation to particular envi-
ronmental conditions.

Another major development in the study of adapta-
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tion has been the use of natural populations, especially
manipulated natural populations, in studies that ap-
proximate laboratory experiments. Reznick and Travis
(cited in Rose and Lauder, 1996) have studied guppy
evolution in the streams of Trinidad. Multiple streams
pass in parallel through highly uniform drainage sys-
tems, giving the streams isolated guppy populations—
populations that evolve under effectively identical con-
ditions. This experimental system has provided
tremendous opportunities for the study of adaptation
in the wild with both replication and controls.

The study of adaptation now proceeds with much
more skepticism than in the past. Simultaneously, em-
pirical methods have been greatly improved. The pros-
pects have never been brighter for a genuine scientific
analysis of adaptation, as opposed to the blithe specula-
tions of the past.

See Also the Following Articles
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GLOSSARY

adaptive shift A change in the nature of a trait (mor-
phology, ecology, or behavior) that enhances sur-
vival and/or reproduction in an ecological environ-
ment different from that originally occupied.

allopatric speciation The process of genetic divergence
between geographically separated populations lead-
ing to distinct species.

character displacement Divergence in amorphological
character between two species when their distribu-
tions coincide in the same ecological environment
compared to overlap of the character in question in
the two species when they are geographically sepa-
rated.

convergence The evolution of similar characters in ge-
netically unrelated or distantly related species, often
as the result of selection in response to similar envi-
ronmental pressures.
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ecological release Expansion of habitat, or ecological
environment, often resulting from release of species
from competition.

founder effect Random genetic sampling in which
only a few “founders” derived from a large popula-
tion initiate a new population. Since these founders
carry only a small fraction of the parental popula-
tion’s genetic variability, radically different gene
frequencies can become established in the new
colony.

key innovation A trait that increases the efficiency with
which a resource is used and can thus allow entry
into a new ecological zone.

natural selection The differential survival and/or re-
production of classes of entities that differ in one or
more hereditary characteristics.

sexual selection Selection that acts directly on mating
success through direct competition between mem-
bers of one sex for mates or through choices made
between the two sexes or through a combination of
both modes.

sympatric speciation The process of genetic diver-
gence between populations occupying the same geo-
graphic range leading to distinct species.

taxon cycle The repetitive pattern by which wide-
spread dispersive stage I populations or species give
rise to more restricted and specialized stage II popu-
lations or species; subsequent divergence leads to
stage 1II local endemics.
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Numerous definitions of adaptive radiation have been
proposed. Almost all incorporate the idea of diversifi-
cation in ecological roles, although they differ in their
emphasis on relative rates of proliferation. Here, we
propose a definition that seeks to be general but at
the same time removes any implication of process:
Adaptive radiation is a pattern of species diversification
in which different species within a lineage occupy a
diversity of ecological roles, with associated adapta-
tions.

[. HISTORY OF THE CONCEPT

Beginning with the work of Darwin (1859) on the Gala-
pagos fauna, the concept of adaptive radiation, in terms
of diversification of ecological roles by means of natural
selection, has been recognized. The term was first used
by Osborn (1902) in describing parallel adaptations and
convergence of species groups on different landmasses.
Subsequently, it was developed as a major tenet for
arguments presented in the modern synthesis by Huxley
(1942). Simpson (1953), working on paleontological
data, discussed the importance of key innovations in
triggering adaptive radiation. For a detailed history of
the concept of adaptive radiation, see Givnish (1997).
Much recent information has been added, particularly
during the past decade with the rise of molecular meth-
ods (Givnish and Sytsma, 1997).

II. NONADAPTIVE RADIATIONS

The term “nonadaptive radiation” has been used to
describe situations in which species proliferation has
not been attended by diversification of ecological roles
(Gittenberger, 1991). When proliferation is simply a
consequence of isolation, with isolated sibling species
maintaining similar ecological affinities, then the radia-
tion cannot be considered “adaptive.” As will be
described later, isolation has been invoked to explain
the initial divergence of taxa in some radiations (e.g.,
Galapagos finches and cichlid fish), with the adaptive
phase not occurring until recently diverged sibling
species become sympatric. However, there are some
cases of nonadaptive radiation, with many allopatric
and ecologically similar species. Most of these radia-
tions are caused by changes in topography that, instead
of opening up new habitats, have served simply to
isolate a previously more widespread species. For
example, isolated mountaintops and other continental
refugia have allowed species long periods of evolution

in isolation, without any ecological change. This may
lead to patterns of considerable genetic distance be-
tween morphologically similar species from different
isolates (Schneider and Moritz, 1999). Similarly, diver-
sification of snails on islands has frequently been
attributed to topographical isolation [e.g., Crete
(Gittenberger 1991) and Medeira (Cameron et al.,
1996)]. In general, it appears that (i) nonadaptive
radiation occurs if there is isolation without any novel
ecological opportunity and (ii) coexistence of species
within a lineage will not occur in nonadaptive radia-
tions but is a primary characteristic of adaptive radia-
tions.

III. FACTORS UNDERLYING
ADAPTIVE RADIATION

The common requirement for triggering adaptive radi-
ation is the opening up of ecological space. This may
be allowed by intrinsic factors, i.e., something that
changes in the organism to allow radiation to occur;
for example, evolution of tolerance toward noxious
plant chemicals (Farrell and Mitter, 1994; Mitter et
al., 1988). Alternatively, it may occur as a result of
extrinsic factors; for example, it has been reported
to occur in geological history after an influx of
nutrients into the system (Vermeij, 1995), in recent
evolutionary time when new islands are colonized
(Wagner and Funk, 1995; Liebherr and Polhemus,
1997), and in ecological time when a new habitat
opens (Rainey and Travisano, 1998).

For ancient radiations, it is often difficult to deter-
mine the relative importance of intrinsic and extrinsic
factors in allowing adaptive radiation. Factors associ-
ated with such radiations include (i) coincidence (after
a slight delay) with major extinction episodes (Sloan
et al., 1986) and (ii) radiation of a group frequently
starting from a small, unimpressive set of species from
an earlier period. For example, fossil ammonites
(shelled cephalopod mollusks) reveal episodes of tre-
mendous proliferation and extinction through the Dev-
onian, Triassic, Jurassic, and Cretaceous (Fig. 1; Leh-
mann, 1981). Echinoderms show a similar pattern,
originating in the Ordovician and undergoing small
radiations until all but one lineage went extinct by the
end of the Permian (Smith, 1984). These then radiated
extensively in the Triassic—early Jurassic, and the cur-
rent diversity of forms remains similar to what arose
at that time.

The great placental radiation (>4300 species) has
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FIGURE 1 The differentiation of the ammonoids from the Devonian to the Cretaceous, based on the number
of genera. Strippled area, new genera; Hatched area, continuous genera. From Lehmann, 1981, reprinted

with the permission of Cambridge University Press.

been attributed partly to the extinction of many reptil-
ian groups at the end of the Cretaceous (Simpson,
1953). The parallel adaptive radiation of marsupials in
Gondwana has also been attributed to the Cretaceous
extinctions and subsequent opening of ecological space
(Springer et al., 1997). However, within each lineage
(placentals and marsupials) key innovations may have
been involved: The radiation of ungulates and rumi-
nants is associated with the opening up of the savannas
(Fig. 2) but would not have happened if the organisms
did not develop the morphological and physiological
features necessary to exploit the habitat. Similarly, the
radiation of the diprotodontians appears to have com-
menced in the Eocene and may have been promoted
by a key adaptation for herbivory (Springer et al., 1997).
The actual basis for radiations subsequent to extinction
episodes is still a subject of debate, particularly because
coincidence between extinction events and subsequent
radiations is generally poor. Vermeij (1995) argued that
there is a stronger coincidence of species diversification
episodes with increases in nutrient input into the bio-
sphere.

We consider factors underlying species proliferation
under two headings: intrinsic factors, and the concept
of “key innovations,” and extrinsic factors, including
environmental change and colonization of isolated
landmasses.

A. Intrinsic Factors: Key Innovations

Simpson (1953) suggested that the evolution of a suite
of traits, or key innovations, that increase the efficiency
with which a resource is used might allow species to
enter a “new” adaptive zone, and the ecological opportu-
nity thus allowed might promote diversification. The
concept of the key innovation is an essential element
in hypotheses of the evolution of specialization and
subsequent adaptive radiation in herbivorous insects.
However, the nature of key innovations is not often
clear. In an attempt to define more clearly the concept,
Berenbaum et al. (1996) examined cytochrome P450S
and its relation to the adaptive radiation of butterflies.
They found high levels of diversification in substrate
recognition sites between species that do not share the
same set of host plants; the reverse was true for those
species that do share host plants. This result was taken
to indicate that specialization may necessitate conserva-
tion of this region of the genome and could therefore
be considered a key innovation.

Many attributes of species have been proposed as
key innovations, or characteristics that have allowed
diversification and proliferation. They generally involve
the development of features that modify biotic interac-
tions. Particular examples include the development of
toxicity in plants (that allows them to “escape” preda-
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tory pressure of insects) and subsequent development
of tolerance to the toxin in insects which allows them to
radiate onto the plants. Symbioses are another possible
“evolutionary innovation,” allowing the abrupt appear-
ance of evolutionary novelty (Margulis and Fester,
1991). They provide a possible avenue through which
taxonomic partners can enter into a new set of habitats
unavailable to one or both of the symbiotic partners
alone. One of the most famous examples is the radiation
of ruminants in the African savannas, which has been
attributed partially to the development of gut endosym-
bionts and the concomitant ability to digest cellulose.
Among the Foraminifera, Norris (1996) showed that
photosymbiosis appeared in the fossil record in syn-
chrony with the taxonomic differentiation of three of
the dominant surface water foraminifera groups in the
Paleocene and early Eocene. This radiation was not
paralleled in the asymbiotic sister group. Symbiosis was
suggested to provide a jump-start for diversification by
providing the ecological opportunity.

In their classic paper, Ehrlich and Raven (1964)
examined how interacting species in themselves may
create ecological opportunity, and hence periodically
enhance evolutionary rates, through a broad “coevoluti-
onary” response. They hypothesized that, when plant
lineages are temporarily freed from herbivore pressure
via the origin of novel defenses, they enter a new adap-
tive zone in which they can undergo evolutionary radia-

tion. However, if a mutation arose in a group of insects
that allowed it to feed on one of these previously pro-
tected lineages of plants, it would also be free to diver-
sify in the absence of competition. Ehrlich and Raven
envisioned this as a step-like process in which the major
radiations of herbivorous insects and plants have arisen
as a consequence of repeated opening of novel adaptive
zones that each has presented to the other over evolu-
tionary history. This idea, termed the “escalation/diver-
sification” hypothesis (Berenbaum and Feeny, 1981),
has been supported by the work of Farrell and col-
leagues, who have studied insect diversification in the
context of host plants (Fig. 3). Repeated evolution of
angiosperm feeding in phytophagous beetles is associ-
ated with an increased rate of diversification (Farrell,
1998). Similarly, there is consistently greater diversity
among plants in which latex or resin canals have
evolved as protection against insect attack (Farrell et
al., 1991).

Since Ehrlich and Raven, there has been a tremen-
dous amount of research on the role of coevolution in
dictating patterns of diversification. One of the major
avenues that this research has taken is the study of the
extent to which the phylogenetic order of divergence
among herbivores or parasites corresponds to that
among their hosts as a result of “parallel diversification”
(Farrel and Mitter, 1994). A strongly corresponding
evolutionary history might suggest a coevolutionary re-
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FIGURE 3  Phylogeny estimate of Tetraopes beetles based on morphology and allozymes, compared
to literature based relationships of host plants. Host Asclepias shows an apparent progression toward
increased complexity and toxicity of cardenolides, perhaps representing escape and radiation. From

Farrell and Mitter, 1994.

sponse between the host and the herbivore or parasite.
However, there appear to be few cases, at least among
insect—plant interactions, in which the phylogeny
agreement is precise. In most cases there has been peri-
odic transfer of species to more distantly related hosts.

How do the coevolution arguments invoke adaptive
radiation? The situation that Ehrlich and Raven (1964)
envisioned was one in which the host radiated prior to
exploitation and subsequent radiation by the herbivore
(“escape and radiation”). This might be considered anal-
ogous to the opening up of an array of ecological oppor-
tunities every time the innovation arose for either “es-
cape” or “exploitation.” The established diversity of
hosts could provide the necessary diversity of ecological
roles and associated adaptations. Where coevolution
involves parallel diversification, adaptive radiation may
not be involved. In particular, parallel diversification
might be considered analogous to geographic separa-
tion, with divergence of the host causing isolation of the
herbivore. This might then be considered a nonadaptive
radiation. On the other hand, parallel diversification
might cause an escalation in responses, with enhanced

toxicity and reciprocal tolerance evolving in step-like
progression (Berenbaum, 1983; Farrell and Mitter,
1994). In this latter scenario, adaptive radiation can be
implicated for both the herbivore and the host.

B. Extrinsic Factors

Speciation rates are generally considerably higher in
novel environments, whether a lake in the middle of a
continent or an island in the middle of the ocean
(Schluter, 1998; Fig. 4).

1. Environmental Change

Environmental change has frequently been implicated
in species radiations, with the opening up of new habi-
tat. Diversification has frequently been suggested to
occur under stressful conditions [e.g., for the origin of
angiosperms (Shields, 1993) and the recent diversifica-
tion of mole rats (Nevo et al., 1984)]. However, any
novel environment in which the organism is subjected
to a new selective regime could be considered “stress-
ful.” In other words, an organism that successfully in-
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vades a novel environment will inevitably be subject to
stressful conditions. However, no matter whether the
novel environment is considered stressful or simply a
situation in which the organism is subject to a novel
set of selective forces, it does appear to be associated
with acceleration in evolutionary rates (Nevo et al.,
1984; Shields, 1993).

The evolution and adaptive radiation of the African
cichlids (Fig. 5) appear to have been initiated by envi-
ronmental change. Geological activity 20 million years
ago (mya) caused the rivers in the area to become pro-
gressively meandric and swampy while still connected
to the Zaire hydrological system. Over time, a mosaic
of small, shallow, and isolated lakes developed, and
finally the drainage system became closed and the lakes
deepened (approximately 5 mya). The diversification
of cichlid fish appears to have been initiated when river
species moved into the swamp (Sturmbauer, 1998),
and then successive radiations were associated with the
development of protolakes and subsequently deep
lakes.

In geological history, environmental changes appear
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FIGURE 5 Adaptive radiation of cichlid fish, showing convergence
in body shapes in Malawi and Tanganyika species. From TREE review,
Meyer, 1993.
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to form the basis of the Phanerozoic revolutions (Ver-
meij, 1995): Increasing temperature and nutrient sup-
plies as a result of submarine vulcanism may have trig-
gered later Mesozoic and perhaps early Paleozoic
diversification episodes. Similar factors may underlie
the iterative radiations of ammonoids throughout the
geological record (Dommergues et al., 1996). Each radi-
ation appears to have originated from a few taxa, which
went on to produce a wealth of morphological diversity.
Although well documented for ammonoids, the pattern
of iterative radiation is extremely rare in the fossil
record. Within the total morphospace defined for the
first three Jurassic stages, the radiation corresponds to a



string of “events” separated by episodes of morphospace
collapse. During each event, only a portion of morpho-
space (<45%) was filled; some morphs were reiterated,
but each event had its own particular derived morphs.

2. Colonization of Isolated Landmasses
(Particularly Oceanic Islands)

Isolated landmasses that have never been in contact
with a source provide abundant opportunity in terms
of newly available “niche space” for those taxa that
manage to colonize them. Isolated archipelagoes are
generally considered in a different category of adaptive
radiations, although they are really just special cases of
environmental change: the appearance of a new envi-
ronment, which happens to be isolated in the ocean.
This has much in common with the formation of, for
example, a lake in the middle of a continent. In either
case, newly created habitats that are isolated from a
source of colonists provide an extraordinary opportu-
nity for adaptive radiation. Both the novelty and the
isolation are key features in allowing adaptive radiation
in such areas. If a new habitat appears in close proximity
to other such habitats, it will be colonized by taxa
from those habitats. Species diversity patterns will then
match closely the predictions of the MacArthur—Wilson
model of island biogeography (MacArthur and Wilson,
1967); that is, species diversity patterns will be gov-
erned by ecological processes. As isolation from the
source of colonists increases, fewer taxa will be able to
colonize the new habitat, and the low rate of coloniza-
tion may provide sufficient time for species diversifica-
tion to occur. Adaptive radiations are most likely to
occur at the extreme ends of the dispersal range of a
given taxon (Whittaker, 1998).

IV. ARE CERTAIN TAXA MORE LIKELY
TO UNDERGO ADAPTIVE RADIATION
THAN OTHERS?

Are species predisposed to undergo adaptive radiation
because of a broad environmental tolerance, generalized
feeding patterns, or perhaps some proclivity to develop
novel associations? This question has been developed
by some authors. For example, Adler and Dudley
(1994) compared patterns of adaptive radiation among
birds and butterflies in the insular Pacific: Birds have
undergone extensive adaptive radiation, whereas but-
terflies have not. They argued that speciation in butter-
flies may be constrained by the mechanics of insect—
plant coevolution that prevents rapid diversification.
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However, this argument is not well supported because
other insects with similar coevolutionary ties have un-
dergone some of the most spectacular insular adaptive
radiations known. It appears that almost any group of
organisms is capable of undergoing adaptive radiation
upon being provided ecological opportunity that it
can exploit.

V. HOW DOES ADAPTIVE RADIATION
GET STARTED?

A. Initiation of Adaptive Radiation:
Genetic Changes

1. Founder Events

The establishment of species in new environments
inevitably involves sampling from the parent popula-
tion. The size of the sample that can build a new
population can be very small (cf. founder effects),
although it need not necessarily be so. In particular,
if, subsequent to colonization, a very small number
of individuals were to proliferate rapidly, there would
be little subsequent loss in genetic variability (Nei et
al., 1975). Consequently, the deleterious effects of
inbreeding are largely mitigated. However, because
the genes represented in the founding population are
only a small sample of the original population, genetic
drift may be pronounced.

The nature of genetic changes during shifts in
population size, particularly those experienced during
or after population bottlenecks, has been the subject
of considerable controversy in recent years. Clearly,
a crash in population size as a result of a genetic
bottleneck or founder event will cause allele frequen-
cies at some loci to differ from those of the parent
population because of accidents of sampling (Tem-
pleton, 1980). The debate concerns the nature of
genetic changes that occur subsequent to the bottle-
neck, during the period of population growth. Tradi-
tional arguments suggested that founder events may
trigger rapid species formation (Carson and Tem-
pleton, 1984). However, recent arguments have largely
refuted the contribution of founder events to reproduc-
tive isolation (Barton, 1996).

Other possible changes during founder events are
due to genetic reorganization. Carson (1990) proposed
that blocks of loci are destabilized when a newly
founded colony undergoes a flush of exponential
growth, during which time selection is relaxed and
recombinants that ordinarily have low fitness survive.
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Release of additive genetic variance through change
in epistatic interaction may allow formation of novel
recombinants (Goodnight, 1988). Recent work has
questioned the importance of epistatic interactions and
the nature of “destabilization” among blocks of loci
during periods of reduced population size. Slatkin
(1996) discussed changes that might occur subsequent
to reduction in population size in terms of conventional
population genetics. Genetic drift will be the primary
force causing genetic changes during the bottleneck.
However, when the population starts to grow, the in-
fluence of genetic drift is expected to become weaker
so that selection is most effective during and immedi-
ately after the period of rapid demographic expansion.
On the other hand, Otto and Whitlock (1997) argued
that, although it is true that the probability of fixation
of beneficial alleles present during the bottleneck is
increased during the subsequent period of population
growth, a large proportion of alleles are lost during the
bottleneck and few new mutations can occur while the
population is at small size. The resultant effect of these
opposing forces is that the number of beneficial muta-
tions fixed per generation remains virtually unchanged
by the bottleneck. Nevertheless, selection subsequent
to a genetic bottleneck has an important effect on alleles
that are initially rare and that would tend to be lost to
stochastic events in populations of constant size (Slat-
kin, 1996). In addition, there is evidence that stress on
a genetic system (e.g., as a result of a population crash)
may activate transposable elements (Carson, 1990),
which can exercise a mutagenic effect by interrupting
structural or regulatory regions of the genes into which
they become integrated. Therefore, mutation rates may
actually be higher in founder populations, providing
raw material on which selection can act, and which in
turn could lead to a rapid recovery of genetic variability.
There are thus two processes which can be associated
with colonization events: (i) possible genetic changes/
restructuring within the population and an expected
loss of genetic variability and (ii) the subsequent recap-
turing of genetic variation during population expansion
as a result of selection (Slatkin, 1996).

2. Rapid Proliferation and Hybridization

Differential mixing of characters during segregation of
populations and species may occur as a result of hybrid-
ization of newly divergent taxa (Harrison, 1993). Behav-
ioral changes during founder events may facilitate hy-
bridization because it has been suggested that sexual
interactions may lose specificity subsequent to a
founder event (Kaneshiro, 1989). Closely related heter-
ospecifics may therefore hybridize and/or introgress

subsequent to colonizing a new landmass, but the extent
of genetic exchange may differ between regions of the
genome (DeSalle and Giddings, 1986). Differences
may be particularly pronounced between character sets
involving nuclear and extranuclear DNA, such as mito-
chondrial or chloroplast DNA. Extranuclear DNA dif-
fers from nuclear DNA because of its greater sensitivity
to the effects of each founder event due to its smaller
effective population size (one-fourth) relative to nuclear
DNA, attributable to its transmission primarily through
the female line, and its existence as a single copy (Avise,
1991). Analysis of extranuclear DNA information will
result in a gene genealogy, but it is likely to provide
an incomplete history of the organisms if much hybrid-
ization has taken place. The occurrence of hybridization
may explain differences that have been found between
nuclear and mitochondrial phylogenies, particularly for
the Hawaiian Drosophila (DeSalle et al., 1997). Indeed,
natural hybridization with the formation of fertile hy-
brids has been documented between closely related spe-
cies of Drosophila on the youngest island of the Hawai-
ian Islands (Carson, 1989). Among silverswords,
hybridization has been implicated as an important ele-
ment in the adaptive radiation of the group (Baldwin,
1997).

Among the Galapagos finches, recent molecular data
have failed to distinguish species limits, at least for the
morphologically defined ground and tree finch species:
Individuals representing different morphologically
identified species are intermingled. This may be ex-
plained by interspecific hybridization and/or sorting of
haplotypes (Freeland and Boag, 1999). In the case of
ground and tree finches, both explanations may apply.
The incomplete species differentiation within these taxa
may be taken as an indication that adaptive radiation
is currently ongoing.

Failure of molecular data to distinguish species limits
has been found in several other adaptive radiations. For
the cichlid fish of Lake Malawi, it has been suggested
that speciation is occurring faster than alleles can be-
come fixed within a species (Moran and Kornfield,
1993). Among Hawaiian crickets, Shaw (1996) com-
ments on a discrepancy between phylogenies generated
on the basis of song (Otte, 1994) with that generated
from mtDNA variation. Although the discrepancy could
be explained by problems with current taxonomic
boundaries, and problems with mtDNA lineage sorting,
she argues that hybridization and introgression appear
to be the most likely explanation.

Although the number of species in which hybridiza-
tion has been documented is currently small, it is likely
to increase as researchers accumulate phylogeographic



knowledge based on multilocus molecular data for dif-
ferent radiations.

B. Initiation of Adaptive Radiation:
Ecological Changes

Populations frequently initiate a cycle of change in
abundance and distribution upon colonization of a
novel habitat or an unoccupied set of niches, during
which they undergo ecological release, expand their
range, and adopt a more generalized habit (Cox and
Ricklefs, 1977). After their initial rise to dominance as
widespread generalists, these taxa may subsequently be
competitively displaced from much of their original
range by younger relatives (Darlington, 1957). Wilson’s
(1961) “taxon cycle” was used to describe such changes
in the distributional pattern of Melanesian ants. He
suggested that widespread, dispersive populations give
rise to many more restricted and specialized species.
Regular changes in ecological and geographical distri-
bution have been recognized in many island systems
(Cox and Ricklefs, 1977).

Ecological release may be the precursor to adaptive
radiation. This argument has been supported by recent
experimental evidence: Rainey and Travisano (1998)
studied adaptive radiation experimentally using the bac-
terium Pseudomonas flourescens. This interesting bacte-
rium is known to evolve rapidly in novel environments,
with evolutionary differences detectable in the mor-
phology and ecological affinity of the phenotype. An
isogenic population of one morph was propagated in
(1) a spatially heterogeneous environment and (ii) a
spatially homogeneous environment. In the spatially
heterogeneous environment, extensive morphological
diversification was found to occur within 3-10 days,
resulting in three dominant morphs. This was taken
as evidence for diversifying selection. In the spatially
homogeneous environment, no morphological varia-
tion was found.

VI. THE PROCESSES OF ADAPTIVE
RADIATION: CASE STUDIES

What are the factors underlying diversification in an
adaptive radiation? This question has fascinated biolo-
gists for many years. However, until recently, the char-
acters involved in the adaptive radiation necessarily had
to be used as the basis for phylogenetic inference. Given
that adaptive radiations are characterized by tremen-
dous levels of convergence in almost every morphologi-
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cal and ecological character, it has been very difficult
to interpret evolutionary processes. As Givnish (1997)
notes, “any rigorous, noncircular study of adaptive radi-
ation must be based on a phylogeny that has been
derived independently of the traits involved in that
radiation.” Recent advances in molecular techniques,
although not without problems of their own, provide
an opportunity to obtain such an independent assess-
ment of evolutionary history (see review of arthropod
radiations in Hawaii in Roderick and Gillespie, 1998).
The following sections outline case studies from a range
of taxa, most of which have used a combination of
morphological and molecular techniques in an attempt
to gain some understanding of processes underlying
adaptive radiations.

A. Galapagos Finches

There are currently 14 recognized species of Darwin’s
finches in six genera, which have evolved from a com-
mon ancestor (Fig. 6; Lack, 1947; Grant, 1986). Of
these, 13 live in the Galapagos Islands. Based on mor-
phological, behavioral, and ecological data, they have
been divided into three lineages: First, the ground
finches, Geospiza (6 species), which are found in more
arid areas of the archipelago and feed on seeds on the
ground. Three of the species which are considered the
most “finch-like” differ primarily in body and beak size
and are known as the large (G. magnirostris), medium
(G. fortis), and small (G. fuliginosa) ground finches.
The 3 other species of ground finches have longer beaks.
Two feed on cactus flowers and pulp as well as seeds
and are known as the large (G. conirostris) and small
(G. scandens) cactus ground finches. Finally, the sharp-
beaked ground finch (G. difficilis) supplements its diet
with the eggs and blood of other birds and reptile ticks.
Second, the tree finches, which are found mostly in
trees and shrubs, are divided into 3 genera: Cactospiza
[the woodpecker finch (C. pallida) and the mangrove
finch (C. heliobates)], Camarhynchus [the large tree
finch (C. psittacula), the medium tree finch (C. pauper),
and the small tree finch (C. parvulus)], and Platyspiza
(the vegetarian finch, P. crassirostris). All except P.
crassirostris are insect eaters. Finally, the warbler-like
finches, which are small with slender beaks, are in 2
genera: The warbler finch (Certhidea olivacea) catches
insects like a warbler, and the Cocos finch (Pinaroloxias
inornata) is the only Darwin finch that lives outside the
Galapagos Archipelago. It appears to have colonized
Cocos Island from the Galapagos.

Darwin’s finches share common features of nest
architecture, egg pattern, and courtship displays. They
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FIGURE 6 Adaptive radiation of Darwin’s finches. From Grant, 1991.

differ in song, morphology, and plumage. Based on
morphology, allozyme, and DNA sequence data, the
warbler finch C. olivacea appears to be closest to
the ancestral form. However, recent molecular data
indicate that the Cocos finch P. inornata is closest
to the tree finches of the Galapagos (Sato et al., 1999;
Petren et al., 1999). Also, the vegetarian finch appears
to be ancestral to both the tree and ground finches
rather than being a member of only the tree finch
group.

Grant (1986) proposed a three-step process to speci-
ation to explain the adaptive radiation of the group: (i)
The ancestral species arrives in the archipelago; (ii) the
species spreads to other islands and as a result of this,

there will probably be some selection and hence differ-
entiation in size because the islands are different; and
(iii) members of the original and derived populations
encounter each other, and as a result of competition
for food and selection against intermediates character
displacement causes rapid divergence in feeding struc-
tures between the species when they come together.
Therefore, the radiation appears to be based on (i) the
isolation of the archipelago, which provided ecological
opportunity; (ii) considerable distances between the
different islands, which has led to infrequent interisland
exchange; and (iii) different environments on the differ-
ent islands, which have selected for different feeding
niches both within and between islands.



B. Hawaiian Drosophila

The Hawaiian Drosophilidae represent some of the most
striking examples of adaptive radiation known for any
group anywhere (Kaneshiro, 1988), with 337 species
in the genus Drosophila (pomace flies), 19 in Idiomyia
(picture-winged flies), 122 in Scaptomyza, and 11 in
Titanochaeta (Hardy, 1965; Hardy and Kaneshiro,
1981). Based on the premise that founder events are
the most important mechanism of speciation in the
Hawaiian Drosophila, Kaneshiro (1983) proposed mod-
els suggesting the importance of sexual selection in
driving species proliferation in these insects. The Ha-
waiian Drosophilidae, particularly the males of the pic-
ture-winged species, often have ornately patterned
wings as well as unusual modifications of the mouth-
parts and legs. The extraordinary manifestations of
these features in the male picture-winged species are
frequently accompanied by elaborate courtship behav-
ior. In classic studies of picture-winged Drosophila,
Kaneshiro (1983) found evidence for asymmetrical sex-
ual isolation: Females from a geologically older island
were found to be highly discriminating in terms of mate
choice and would not mate with a closely related species
from a younger island. In contrast, females from species
on the younger island readily accepted males from the
older island species. Based on these observations,
Kaneshiro proposed that courtship requirements are
relaxed during the early stages of colonization of a new
island; sexual behavior may then become less con-
strained and simpler, and there may be more intraspe-
cific variability. In such circumstances, there would be
strong selection for less discriminating females because
of the difficulties in finding mates and reproducing
when the population size is small. Intrasexual selection
may then operate to cause divergence of the sibling
species during isolation because of a shift in the distri-
bution of mating preferences during the founder/flush
cycle (Carson, 1986). The result would be a shift in
the mating system, which could then be fixed at a
new “equilibrium.”

Evolution of the Hawaiian Drosophila is commonly
treated as an example of sexual selection influencing
speciation (Carson, 1986). The nature of this influence
is not entirely clear. Drosophila heteroneura and its close
relative, D. silvestris, are partially sympatric in forests on
the island of Hawaii, where they occasionally hybridize.
The species are distinguished by the much broader head
of D. heteroneura. Male aggression and male courtship
are the major determinants of male mating success.
Accordingly, it appears that male head width is subject
to sexual selection through mate choice, although
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this, and perhaps related sexually dimorphic traits, may
not be involved in behavioral isolation (Boake et al.,
1997).

A recent molecular phylogeny of picture-winged Ha-
waiian Drosophila showed that clades are characterized
according to whether they breed on fungi, leaves, fruit,
or bark (Kambysellis and Craddock, 1997). Suites of
reproductive characters (in particular, ovarian egg and
ovipositor traits) appear to have evolved together (Kam-
bysellis, 1993), and adaptive shifts to new breeding
sites appear to have been important at least in the early
diversification of the group and in some recent specia-
tion events (Kambysellis and Craddock, 1997). The
interplay of such ecological shifts with sexual selection
in allowing diversification of Hawaiian Drosophila re-
mains unresolved.

C. Hawaiian Honeycreepers

The endemic Hawaiian subfamily Drepanidinae, or
Hawaiian honeycreepers, includes 33 historically
known species and at least 22 “fossil” species (Fig.

Insects, no nectar Nectar and some insects

Insects and
some nectar

FIGURE 7 The inferred pattern of evolution of dietary adaptations
as represented by 16 of the Hawaiian honeycreepers. 1. Unknown
finch-like colonist from Asia; 2. Psittirostra psittacea, ‘O’ u; 3. Chlori-
dops kona, Kona Grosbeak (extinct); 4. Loxioides bailleui, Palila; Teles-
pyza cantans, Laysan Finch; 6. Pseudonester xanthophyrs, Maui Par-
rotbill; 7. Hemignathus munroi, ‘Akiapola’au; 8. H. lucidus, Nuku Pu'u;
9. H. obscurus ’Akialoa; 10. H. parvus, ’Anianiau; 11. H. virens, ’Amak-
ihi; 12. Loxops coccineus, Hawaii ’Akepa; 13. Drepanis pacifica, Mamo
(extinct); 14. Vestiaria coccinea, liwi; 15. Himatione sanguinea, ’Apa-
pane; 16. Palmeria dolei, ’Akohekohe; 17. Ciridops anna, 'Ula-'ai-
hawane (extinct). From Cox, Biogeography: An ecological and
evolutionary approach (5th ed.) Blackwell Science, Ltd., with per-
mission.
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7; James and Olson, 1991). The three tribes are (i)
the Psittirostrini, Hawaiian finches (23 species), which
includes 5 extant species, 4 historically extinct species,
and 14 fossil species; (ii) the Hemignathini, Hawaiian
creepers and allies (22 species), which includes 13
extant species, 3 species and 2 subspecies historically
extinct, and 6 fossils; and (iii) the Drepanidini,
Mamo’s, liwi’s, Apapane’s, crested honeycreeper and
allies (9 species), which includes 4 extant species, 3
species historically extinct, and 2 fossils. Based on
the tremendous morphological and ecological differen-
tiation known from historical and recent collections,
these birds have been heralded as one of the best
known examples of adaptive radiation. However, the
high proportion of currently extinct species makes it
difficult to develop hypotheses regarding processes
underlying the adaptive radiation. Molecular studies
based on extant species suggest that differentiation
has occurred between islands only (Tarr and Fleischer,
1995). One might speculate that species have prolifer-
ated in a manner similar to that proposed for the
finches in the Galapagos, as described previously.

D. African Cichlids

Lacustrine fish represent some of the most spectacular
cases of adaptive radiation in vertebrates (McCune,
1997), with the best known being cichlids. Cichlids
are spiny-rayed freshwater fishes that reach their most
abundant diversity in Africa, particularly in the great
east African lakes of Victoria (>400 species), Malawi
(300-500 species), and Tanganyika (approximately
200 species) (Fig. 5). In each of these lakes the fish
exhibit spectacular diversity in trophic morphology,
including specialist algal scrapers, planktivores, insecti-
vores, piscivores, paedophages, snail crushers, and fin
biters. In addition to their trophic diversity, they exhibit
a striking array of color patterns. They also show com-
plex mating behaviors, polyandrous mating systems,
and a tendency to breed in leks. Several factors are
considered to be involved in the diversification of these
fish. One suggests that morphological adaptation is the
primary event underlying speciation (Liem, 1973). The
basis for this assertion is their trophic apparatus, which
is unique in the possession of two sets of jaws—one
in the mouth for sucking or scraping and the other in
the throat for macerating, crushing, or piercing. These
structures can be modified according to the diet of the
fish. The second factor considered to be involved in
allowing reproductive isolation and hence diversifica-
tion of the fish is sexual selection, which allows subse-
quent morphological differentiation.

Recent molecular work (Meyer, 1993; Meyer et al.,
1996) has shown that cichlids in any one lake are
far closer to each other than to morphologically similar
species in other lakes. Evolution has generated similar
ecomorphs in each of the lakes. There has been
considerable debate regarding the nature of the mecha-
nism underlying the proliferation of species within a
lake, particularly whether it is considered “allopatric,”
“microallopatric,” or “sympatric” (McCune and Love-
joy, 1998). However, perhaps the most broadly
accepted mechanism involves repeated isolation. For
example, Lake Tanganyika has apparently undergone
repeated decreases in water level (as much as 2000
ft). Populations may have been isolated in small
pockets of water for long enough to become reproduc-
tively isolated. Sexual selection may play a role in
allowing reproductive isolation of the fish subsequent
to isolation because closely related species differ pri-
marily in color pattern and not in jaw morphology
(Albertson et al., 1999). It appears that morphological
adaptation played a role in the early radiation of the
group, resulting in distinct clades that differ in jaw
morphology; only minor morphological differences
are observed within genera (Stauffer et al., 1997).
Recent diversification is largely associated with varia-
tion in adult male color pattern.

E. Hawaiian Silverswords

The Hawaiian silversword alliance has been considered
“the best example of adaptive radiation in plants” (Ra-
ven et al., 1992). It consists of 30 species in three genera
(Wilkesia, Dubautia, and Argyroxiphium) but with one
common ancestor. Life form diversity includes trees,
shrubs, mat plants, monocarpic and polycarpic rosette
plants, cushion plants, and vines that occur across a
broad environmental spectrum from rain forests to de-
sert-like settings (Carr, 1985). Major ecological shifts
have accompanied speciation in each of the major is-
land-endemic lineages (Fig. 8; Baldwin, 1997). The esti-
mated minimum rate of diversification in the sil-
versword alliance (0.56 * 0.17 species per million
years) is comparable to, or higher than, rates of several
more ancient continental groups that have been re-
garded as examples of adaptive radiation (Baldwin and
Sanderson, 1998).

F. Lizards in the Caribbean

Currently, 139 species of Caribbean lizards are recog-
nized, 80% of which occur in the islands of the Greater
Antilles (Cuba, Hispaniola, Jamaica, and Puerto Rico)
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FIGURE8 Phylogeny of the Hawaiian silversword alliance and the American tarweed genera Madia and Raillardi-
opsis based on DNA sequences. Generic abbreviations: A, Argyroxphium; D, Dubautia, M, Madia; R, Raillardiopsis;
W, Wilkesia. EM, East Maui; WM, West Maui. Plant scale bars equal 1 meter. Arrows indicate island(s) or State
(California) of occurrence, not necessarily the location within islands or California where the plants are found.
Plant illustrations depict a variety of habits and habitat/island occurrences in the silversword alliance. Sun symbol,
restriction to dry habitats; rain-cloud symbol, restriction to wet habitats (including bogs). From Baldwin, 1997,
reprinted with the permission of Cambridge University Press.

(Fig. 9). Losos (1992) and Losos et al. (1998) found
that on each of the islands lineages have diversified in
such a way as to occupy a range of ecological roles,
with as many as 11 species occurring sympatrically.
Different species live, for example, on twigs, in the
grass, or on tree trunks near the ground. Twig anoles
tend to be slender with short legs and tails, whereas
the trunk-ground anoles are stocky with long legs and
poorly developed toepads. Losos and colleagues recog-
nized six habitat specialists and called these “eco-
morphs,” which are recognizable on the basis of mor-
phological measurements. The same set of ecomorphs
are found on each island (with a few exceptions): Four
occur on all islands (trunk-ground, trunk-crown,
crown-giant, and twig), one occurs on all islands except

Jamaica (grass-bush), and one occurs only on Cuba and
Hispaniola (trunk). Phylogenetic studies using mito-
chondrial DNA indicate that the same ecomorphs have
evolved independently on each island, i.e., they appear
to have arisen as a result of one-to-one convergence of
the same set of ecomorph types on each island (Losos,
1992). However, the sequence by which they evolved
differs on each island. Such tests of convergence are
among the strongest available for evaluating the premise
that the number and types of coexisting species are
locally determined. The conclusion from this research
was that “adaptive radiation in similar environments
can overcome historical contingencies to produce strik-
ingly similar evolutionary outcomes” (p. 2115, Losos
et al., 1998).



Tree Crown
Large body, large toe pads

Cuba--Anolis equestris
Hispaniola--A. ricordii
Jamaica--A. garmani

Puerto Rica--A. cuvieri

Jonathan Losos

Upper Trunk/Canopy
Large toe pads, can change color

Kevin de Quier

Cuba--Anolis porcatus
Hispaniola--A. chlorocyanus
Jamaica--A. grahami

Puerto Rica--A. evermanni

Twig
Short body, slender legs &tail

Jonathan Losos

Cuba--Anolis angusticeps
Hispaniola--A. insolitus
Jamaica--A. valencienni
Puerto Rica--A. occultus

Midtrunk
Long forelimbs, vertically
flattened body

Cuba--Anolis loysiana
Hispaniola--A. distichus
Jamaica-- none found
Puerto Rica--none found

Kevin de Quieroz

Lower Trunk/ Ground
Stocky body, long hind limbs

Robert Rattner

Cuba--Anolis sagrei
Hispaniola--A. cybotes
Jamaica--A. lineatopus
Puerto Rica--A. gundlachi

Grass/ Bush
Slender body, very long tail

Jonathan Losos

Cuba--Anolis alutaceus
Hispaniola--A. olssoni
Jamaica--none found
Puerto Rica--A. pulchellus




G. Sticklebacks in Deglaciated Lakes
of Canada

Deglaciated lakes of coastal British Columbia, Canada,
harbor a tremendous diversity in the form of unde-
scribed sibling species of fish. There are numerous ex-
amples of species pairs in many fish families, and the
repeated occurrence of such sympatric pairs has been
attributed to novel ecological opportunity provided by
deglaciation and recolonization from relatively depau-
perate faunas. In particular, the radiation of species of
three-spined sticklebacks (a species complex currently
classified under Gasterosteus aculeatus) includes some
of the youngest species known—Iess than 13,000 years.
No more than two species occur in any one lake, but
pairs of species in different lakes appear to have evolved
completely independently of other pairs. Results based
on morphological, ecological, and molecular data sug-
gest that species have diverged as a result of parallel
bouts of selection for alternate trophic environments
(Fig. 10; Taylor et al., 1997). Natural selection has been
implicated as the major cause of evolution (Schluter,
1994; Schluter and McPhail, 1993). This study has been
very important in highlighting the role of divergent
natural selection as a mechanism underlying adaptive
radiation—a view held widely by naturalists in the ear-
lier part of the century although, until recently, without
much support (Schluter, 1996). Ecological character
displacement appears to underlie diversification in the
sticklebacks, with the evolution of reproductive isola-
tion a by-product of resource-based divergent natural
selection.

H. Hawaiian Tetragnatha Spiders

The long-jawed, orb-weaving spider genus Tetragnatha
comprises 295 described species worldwide. The adap-
tive radiation of the genus in Hawaii has been uncovered
only recently, with a total of 28 species described and
many more undescribed (Fig. 11; Gillespie et al., 1998).
This radiation spans a huge spectrum of colors, shapes,
sizes, ecological affinities, and behaviors. Phylogenetic
analyses have been performed on the “spiny-leg” clade
of Hawaiian Tetragnatha, a lineage that has adopted
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FIGURE 10  Ecological divergence in sticklebacks. A1-A6 are anad-
romous populations, F1 and F2 are populations resident in freshwater
streams, and F3 is a solitary lake population. Benthic and limnetic
species of fish are shown for Paxton, Priest, and Enos Lakes. Adapted
from Taylor et al., 1997, with the permission of Cambridge Univer-
sity Press.

a vagile, cursorial predatory strategy. On each island,
species can be characterized as “green leaf-dwelling,”
“maroon,” and “gray/black bark-dwelling.” However,
species on any one island are generally most closely
related to each other, and each of the different eco-
morphs appears to have evolved independently on the
different islands (Gillespie et al., 1997). There appears
to have been a one-to-one convergence of the same set
of ecomorph types on each island.

I. Hawaiian Swordtail Crickets

Thirty-five species of Laupala (Gryllidae) are found in
rain forests across the Hawaiian archipelago, and up to
4 species coexist on any given island (Otte, 1994). In

FIGURE 9 Adaptive radiation of Carrbbean lizards. In the Greater Antilles, Anolis lizards that adapted to corresponding niches look alike,
although they are not closely related. Shown is a sampler of niche holders listed by species name, with a photograph of one member of

each category.
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FIGURE1l Adaptive radiation of Hawaiian Tetragnatha spiders. Shown are representative species from a lineage that has abandoned
web building (“spiny-leg” species) and a large lineage of web-building species that show tremendous morphological and ecological
diversity. Spiny-leg species: From top, T. brevignatha and T. kamakou from wet forests on E. Maui; T. pilosa from wet forests on
Kauai. Web building species: Five from wet forests on E. Maui (clockwise from bottom left): T. filiciphilia, T. stelarobusta, T.
paludicola, T. eurychasma, and T. trituberculata; (bottom right) undescribed species from wet forests on Hawaii.

common with other crickets, courting males “sing” to
attract females by rubbing their forewings together.
Each species has a unique song, and females respond
preferentially and move toward the source of their spe-
cies-specific song. It appears, therefore, that the song
serves as an important mate recognition signal and vari-
ation in the acoustic system may serve as a basis for
behavioral isolation between species. Phylogenetic anal-
yses based on morphological (Otte, 1994) and molecu-
lar (Shaw, 1996) characters indicate that extensive in-
traisland species formation has occurred in this group.
Differentiation between closely related species is associ-
ated with changes in song. These features of the Laupala
system suggest that, unlike the Hawaiian Drosophila,
founder events have not played a major role in the
initial stages of species diversification (Shaw, 1996).
Rather, differentiation appears to occur through the
interaction of sexual selection on genetically well-struc-

tured populations. More work is needed to understand
the relative importance of these factors in the initial
divergence of species in this group.

J. Partula Land Snails

Land snails can exhibit tremendous phenotypic poly-
morphism with respect to the color, banding, and chi-
rality of the shell. Partula is a group of species inhabiting
the volcanic islands of the South Pacific. The evolution
of this group parallels the geological history of the
islands. They provide an example of classical adaptive
radiation and also show that changes in ecologically
important traits need not be accompanied by large ge-
netic changes, and that the ecological changes can take
place before reproductive isolation is complete (John-
son et al., 1993; Murray et al., 1993). Competition ap-



pears to be important in dictating the array of species
at a site.

K. Bacteria in Culture

As described previously, experimental studies on a bac-
terium, Pseudomonas flourescens, have provided fasci-
nating insights into possible processes underlying adap-
tive radiation. Pseudomonas flourescens was found to
diversify rapidly from an isogenic population under
conditions of environmental heterogeneity. Moreover,
selection appeared to be the primary force maintaining
diversity in the heterogeneous environment. The evolu-
tion of variant forms was found to follow a predictable
sequence (cf. Caribbean lizards, stickleback fish, and
Tetragnatha spiders), and competition is inferred to
maintain the variation (Rainey and Travisano, 1998).

L. Conclusions

Three primary mechanisms have been inferred to un-
derlie species proliferation in adaptive radiations: (i)
geographical differentiation and subsequent character
displacement (on the basis of either ecologically or sex-
ually important characters) in Galapagos finches and
African cichlids; (ii) sexual selection, with or without
genetic bottlenecks, in Hawaiian Drosophila and Lau-
pala crickets; and (iii) divergent natural selection based
on ecological shifts in Hawaiian Tetragnatha spiders,
plants in the Hawaiian silversword alliance, lizards in
the Caribbean, Partula land snails in the Pacific, stickle-
back fish in deglaciated lakes, and bacteria in culture.

VII. THE FUTURE

Adaptive radiation, as a phenomenon, has tremendous
research potential: The existence of a suite of closely
related species adapted to exploit different habitats or
lifestyles allows one to make comparative studies on
the processes of speciation and selection in natural pop-
ulations. Molecular systematics is providing a much
better understanding of the evolutionary history of
groups of closely related species and provides the op-
portunity for testing mechanisms underlying adaptive
radiation (Givnish, 1997). The phylogenetic hypotheses
provide a framework for examining the evolution of
specific morphological, ecological, behavioral, and
physiological adaptations and the circumstances in

ADAPTIVE RADIATION 4]

which they have arisen and have allowed adaptive radi-
ation.

Adaptive radiations have recently become the focus
of studies in conservation biology because they are fre-
quently, particularly on islands, associated with high
frequencies of endemism. As a corollary to the high
endemism, many of the species that make up an adap-
tive radiation are often very rare and are characterized
by very high extinction rates. Far more extinctions have
been documented from islands than from continents:
Of known extinctions, those from islands comprise 58%
for mammals (most of which are absent from remote
islands), 80% for mollusks, and 85% for birds (Whit-
taker, 1998). Similarly high extinction rates are known
for radiations of lacustrine fish. The high rate of extinc-
tion of these narrowly endemic species has been greatly
accelerated in recent years by the introduction of alien
species into island environments. The plight of these
extraordinary sets of species has largely been ignored
because attention has focused on the devastation of
forests in South America and Asia. However, setting
aside even small reserves would serve to protect many
species on islands from extinction. The microcosmal
nature of species swarms makes such efforts at least
feasible. However, without immediate action, few of the
world’s most spectacular radiations will survive far into
the next millennium.
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GLOSSARY

aesthetics The field of investigation, from philosophi-
cal and psychological perspectives, that attempts to
discover the rules and principles that govern the
sense of beauty and ugliness.

beauty The qualities of a perceived or imagined object
whereby it evokes feelings of admiring pleasure.

cognition Act or process of knowing and under-
standing.

habitat Type of environment in which an organism
lives, grows, and reproduces.

phobia Obsessive fear or dread of an object or situation.

symmetry The correspondence in size, form, and ar-
rangement of parts on opposite sides of a two- or
three-dimensional object.

AESTHETIC FACTORS are those characteristics of a
given object or situation that evoke a certain emotional
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response, either a sense of beauty, attractiveness, plea-
sure, symmetry, order, and so on, or, conversely, of
ugliness, disorder, menace, disgust, or the like. Gener-
ally speaking, the aesthetic preferences that humans
display in response to their environment, in such con-
texts as mate choice, food patterns, and habitat selec-
tion, have been shaped by evolutionary experience and
reflect suitable solutions for survival and reproduc-
tive success.

. INTRODUCTION

Humans have strong emotional responses to living or-
ganisms and to natural and human-modified environ-
ments. Depending on the circumstances and the needs
of an individual, nature may evoke feelings of awe,
respect, fear, loathing, longing, nostalgia, excitement,
challenge, and belonging. These powerful emotions in-
fluence how we respond to nature, how we attempt to
manipulate it, and why we care about it.

Strong emotional responses in all organisms, includ-
ing humans, evolved because, on average, they in-
creased fitness, that is, they improved the survival and
reproductive success of the individuals that expressed
them. For example, those of our ancestors who did
not enjoy food and sex certainly were more poorly
represented in subsequent generations than those who
did enjoy and hence sought out food and sexual
partners. Similarly, individuals who chose ecologically
inferior environments in which to live should have
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been less well represented genetically in subsequent
generations than individuals who made better habitat
choices.

However, this truism does little more than establish
general guidelines for investigating why human emo-
tional responses to components of the environment are
so varied. Nor does it take us very far in improving our
understanding of how different emotional responses to
varied environmental components resulted in fitness-
improving behaviors. More specific theories and analy-
ses are needed.

II. EVOLUTIONARY APPROACHES TO
ENVIRONMENTAL AESTHETICS

Why human emotional responses to nature would have
influenced fitness is obvious. Our ancestors lived in
environments devoid of modern conveniences. Their
health, survival, and reproductive success depended on
their ability to obtain and use environmental informa-
tion wisely. They had to know how to interpret
signals from the physical and biological components of
the envirnoment, and to adjust their behavior in re-
sponse to them. They needed to evaluate habitats
and the resources provided over space and time,
and to adjust their use of habitats accordingly. Our
ancestors also needed to be able to detect the presence
of other humans, their effects on resources, and the
direct dangers they posed or the help they might
provide.

Making these evaluations and decisions was and still
is difficult because the environment provides a far richer
array of information than can possibly be assimilated
and synthesized. Adaptive behavior requires selective
attention to components of the environment that
strongly influence fitness. In fact, the complex behavior
of organisms would be impossible in the absence of
neural filters that emphasize or deemphasize aspects of
information emanating from the environment. These
preselection filters embody evolutionarily stored
knowledge about the world that enables us to construct
hypotheses capable of describing and understanding
the external world. Extensive experiments on artificial
intelligence have clearly shown that the rapid and effi-
cient learning of a language performed by nearly every
human child is quite impossible in the absence of pre-
formed neural structures (Dennett, 1995).

These prefilters evidently express themselves in all
organisms as a sense of aesthetics and some form of
logical analysis (Marchetti, 1998). In other words, aes-

thetic responses, rather than being a recently acquired
capacity of little evolutionary significance, are funda-
mental to the ways in which organisms learn about the
world and adapt to it. The English word aesthetic is
derived from the adjectival form of the Greek aisthano-
mai, which means “to perceive.” Thus, “aesthetic plea-
sure” means literally “pleasure associated with or deriv-
ing from perception.” The central problem in aesthetics
is to explain why pleasure and disgust have evolved to
be so strongly associated with perception and recogni-
tion of certain kinds of objects.

The evolution of preselecting filters is reflected in
what is called biologically prepared learning (Seligman,
1970). Biologically prepared learning theory asserts that
evolution has predisposed humans, as well as individu-
als of other species, to learn easily and quickly, and to
retain associations or responses that foster survival
when certain objects or situations are encountered. An
important corollary is that even though modern socie-
ties have greatly reduced the real danger posed by the
objects of fears and phobias, fear and avoidance re-
sponses may nonetheless persist because selection
against those responses is weak (Ulrich, 1993; Wilson,
1984). Biologically prepared learning in humans should
be evident only for stimuli that have had significant
influences on survival and reproductive success during
our evolutionary history. Preselected responses should
arise quickly when the appropriate conditioning stimuli
appear, and these responses should be unusually resis-
tant to extinction or forgetting. Adaptive responses to
natural stimuli do not necessarily appear spontaneously
or in the absence of learning, but they may.

Although aesthetic inquiries have been carried out
since the middle of the eighteenth century, attention
has been directed almost exclusively to responses to
human creations rather than to nature. The neglect of
nature is a by-product of the view that has dominated
Western thinking for centuries—namely, that aesthetic
experiences are molded primarily by cultural symbols
and art forms. As a result, the study of aesthetics has
been viewed as the domain of artists and philosophers.
Attempts to explore the biophysical bases of aesthetic
responses to environments were regarded, and still are
by some people, as both futile and ideologically dan-
gerous.

Culture and learning clearly exert strong influences
on the ways humans perceive and respond to environ-
mental information and they have important impacts on
the symbolisms we attach to natural objects (Appleton,
1990; Schama, 1995). But attempts to understand and
interpret human aesthetic responses to environmental
features without asking why they evolved have failed.



For example, people who studied the concept of beauty
from a nonbiological perspective assumed that beauty
was an intrinsic property of objects. They therefore
looked for, and expected to find, correlations between
the characteristics of objects and human aesthetic re-
sponses to them. This attempt largely failed because,
as an evolutionary perspective immediately suggests,
beauty is not an intrinsic property of the objects that
we call beautiful. Rather, it is the product of interac-
tions between traits of objects and the human nervous
sytem that evolved so that we regard as beautiful those
objects having properties that, if positively attended to,
result in improved performance in some aspect of
living (Appleton, 1975). Conversely, we regard as ugly
those objects that should be avoided or destroyed. In
essence, an evolutionary perspective suggests that con-
cepts such as beauty and ugliness should be viewed
from a functional rather than a structural perspective.
In other words, emotional responses are best studied
by asking “How did these responses help us solve
problems?”

III. ENVIRONMENTAL
INFORMATION, PROBLEM SOLVING,
AND SURVIVAL

Individuals of all species use information to make deci-
sions that enhance their survival chances. The array of
information presented to an individual has both compo-
nents that are highly relevant to survival and reproduc-
tive success, and components that can be ignored with
few or no adverse consequences. In addition, which
components are important varies with time, location,
and the needs of the individual.

Progress in the study of environmental aesthetics
and problem solving has been aided by the development
of systems for classifying environmental information
into categories that roughly correspond to the kinds of
decisions that organisms must make (Heerwagen and
Orians, 1993). The basic problems that people (and
other animals) must solve are: (1) protecting themselves
from being injured or killed by other people or danger-
ous animals; (2) avoiding being attacked by parasites
and disease-causing organisms that may be acquired
from people or from other sources; (3) protecting them-
selves from adverse physical conditions; (4) acquiring
enough of the right kinds of food; and (5) choosing
good-quality associates for reproduction, foraging, pro-
tection, and achieving higher social status.

One useful classification divides information into
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categories based on the type of objects being identified.
Some of these objects, such as food, water, and refuges,
are resources. Gathering information about these re-
sources should be pleasureable and exciting. Other ob-
jects, such as potentially dangerous animals, competi-
tors, human enemies, and hazardous physical objects,
pose dangers. Some of them are life-threatening, but
others, although potentially dangerous, can be studied
and overcome. Gathering information about them
should be accompanied by feelings of fear, anxiety, and
apprehension rather than pleasure (Table I).

Another classification of environmental information
is based on the time frame over which the information
is relevant. Although time is a continuous variable,
humans long ago discovered that it is heuristically use-
ful to divide time into categories. From the perspective
of the study of environmental aesthetics, time is most
usefully divided into categories that correspond to the
time frames over which decisions about them matter
(Table II). Some environmental information signals
events of temporary significance. Still other information
signals seasonal changes that are associated with shifts
in the types and locations of resources that will be
available in the near future. Still other information sig-
nals features of the environment, such as status of vege-
tation and courses of rivers, that change slowly over
periods of years or decades. Finally, other information
arrives from objects that, measured in terms of human
lifetimes, are permanent.

A third classification is based on the sensory mode
in which the information arrives. What information can
be perceived obviously depends on the sensory capacity

TABLE I

Classification of Information by Type of Object

Category Examples Decisions affected

Inanimate objects
Stationary
Mobile

Landforms, glaciers
Rivers, ocean surface

Bases of operations

Timing of foraging
and exploratory ac-
tivities

Animate objects

Resources Food items, fiber, Types, locations, and
medicine sources timing of foraging

trips
Dangerous Predators, large prey,  Types, locations, and

venomous plants timing of foraging
and animals, dis- trips

ease-causing or dis-

ease-vectoring an-

imals
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TABLE 1I

Classification of Information in Terms of the Time Frame of Its Relevance®

Category

Examples

Decisions affected

Short term (minutes to hours)

Appearance of dangerous animals, en-

emies

Appearance of valuable prey
Illumination changes

Seasonal

Multiyear changes

mentation)

Long term (decades to centuries) Topography

Weather changes (thunderclouds, wind)

Day-length changes, vegetative growth,
flowering, precipitation changes

Vegetation succession, erosional
changes (river meanders, lake sedi-

Seeking shelter, initiating outdoor
activities
Immediate defensive actions

Immediate hunting activities

Moves to appropriate locations
for spending the night

Shifts of hunting sites, planting
and harvesting of crops

Shifts of hunting sites, movement
of villages

Development of traditions

@ After Orians (1998).

of an organism and its neural processing system. The
first, and still the most important sensory capacity in
the living world as a whole, is chemical sensitivity.
Molecules arrive by diffusion, augmented by move-
ments of the medium. All chemicals are sensed when
they come into contact with an organism’s body, but,
based on how fast they are carried by air currents, we
distinguish verbally between the senses of taste and
smell. The chemical knowledge possessed by a single
bacterial cell exceeds what the most sophisticated or-
ganic chemist can measure. And because the sense of
taste is based on chemical reactions, noses can be scaled
down almost to the size of molecules.

Light sensitivity also evolved early in life’s history on
Earth. Bacteria evolved both photosensitivity—light-
sensitive spots—and photosynthesis. The former vastly
increased the distance over which objects could be de-
tected; the latter generated nearly all of the energy in
today’s biosphere. Because light travels in straight lines,
at the speed of light, vision potentially provides accurate
and time-specific information about shapes of objects
and their location in space. Sound has similar properties
to light, but location of objects is not given precisely.
Animals have evolved complex ways of inferring loca-
tions of sources of sounds by comparing events at the
two ears.

Nervous systems evolved in part because, by building
up parallel computing units, they enabled organisms
to speed up and amplify responses to sensory inputs.
For motile organisms, speed of response is often ex-
tremely important. Parallel computing units also are
the units in which preselected filters are stored.

Responses to environmental information are com-
plex because the significance of objects and events var-
ies with the location and needs of observers. An ap-
proaching storm may be welcomed by a farmer whose
crops are wilting from lack of rain, but despised by
members of a family enjoying their first picnic of the
summer. A vivid sunset enjoyed by people relaxing on
the deck of their home may bring fear to a person
walking on an African savanna too far from home to
reach it before dangerous nocturnal predators become
active. For these reasons, simple correlations between
features of objects and aesthetic evaluations are unlikely
ever to be discovered, although correlations are likely
between types of objects, contents, and aesthetic re-
sponses.

Three functional concepts—prospect, refuge, and
hazard—have guided recent approaches to the role of
environmental aesthetics in problem solving (Appleton,
1975). Prospect refers to the ability of an individual to
gather information about an environment with which
to evaluate its characteristics and decide how to use it.
Environments high in prospect offer rich opportunities
for evaluation; environments low in prospect offer fewer
opportunities. Refuge refers to the degree to which an
environment provides security for an individual from
negative agents while exploration and information gath-
ering are taking place. Hazard refers to the dangers to
which an individual would be exposed during informa-
tion-gathering activities.

These concepts have been applied primarily to the
initial evaluation and exploration of unfamiliar environ-
ments, but when combined with more recent develop-



ments in evaluating environmental information, they
are readily applied and extended to a rich array of
circumstances in which people must solve problems.

Emotional responses that assist in solving these
problems necessarily include both positive and negative
components. Because they are simpler and easier to
study, negative responses are discussed first.

IV. NEGATIVE
EMOTIONAL RESPONSES

Many people have strong fearful reactions—
phobias—to a wide variety of objects or situations
(snakes, spiders, heights, closed spaces, open spaces,
blood). The set of objects that evoke fearful responses
appears to be the same in all industrialized societies for
which data are available (Ulrich, 1993), but few data
exist on the prevalence of phobias in developing nations
and nontechnological societies.

The objects and situations that evoke fearful re-
sponses are generally ones that have been associated
with threatening situations during human evolutionary
history. Precipitous cliffs are dangerous if approached
too closely. Closed spaces offer few escape routes; peo-
ple in wide open spaces are vulnerable to attacks by
enemies and dangerous predators. Venomous and pred-
atory animals have been significant sources of human
injury and mortality for many millennia. Interestingly,
even though they account for trivial numbers of injuries
and deaths in modern societies, spiders and snakes are
the objects of the most prevalent phobias in Western
societies today.

Research on human twins has provided convincing
evidence that genetic factors play major roles in a wide
range of human traits, including animal phobias and
fear of open spaces. Imaginative research, especially
by psychologists in Sweden and Norway, shows that
biologically prepared learning plays a significant role
in the acquisition and retention of phobias (see Ulrich,
1993, for an overview of experimental results). The
most informative experiments employ a Pavlovian con-
ditioning approach to compare the development of de-
fensive and aversive conditioned responses (learned
through repeated exposure or experience) to slides of
fear-relevant and fear-irrelevant or neutral stimuli. De-
fensive responses are assessed by recording autonomic
nervous system indicators such as skin conductance
and heart rate.

Experimenters condition initial defensive responses
by showing either fear-relevant (snakes or spiders) or
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neutral stimuli (geometric figures) paired with an aver-
sive stimulus (the unconditioned stimulus), usually an
electric shock intended to mimic a bite. This phase of
the experiments makes it possible to compare the speed
and strength of acquisition of defensive/aversive re-
sponses to fear-relevant and neutral stimuli.

Following an initial acquisition phase, the same stim-
uli are presented many times without reinforcement
of an electric shock. This “extinction” phase allows
comparison of the rate of extinction of the defensive/
aversive response acquired earlier. The general result is
that conditioned responses are usually, but not always,
acquired more quickly, but that responses to snakes
and spiders are reliably more resistant to extinction than
responses to neutral stimuli. These responses cannot
be the result of prior cultural reinforcement, because
conditioned aversive responses to familiar modern dan-
gerous stimuli, such as hand guns and frayed electrical
wires, extinguish more rapidly than conditioned re-
sponses to snakes and spiders. In addition, aversive
responses to fear-relevant natural stimuli can be elicited
merely by telling a person that a shock will be adminis-
tered. Aversive responses to fear-irrelevant natural stim-
uli cannot be elicited in this manner.

People also acquire much more persistent defensive
reactions when watching an experimenter’s reactions
to fear-relevant than to fear-irrelevant stimuli. Similar
results have been obtained by exposing rhesus monkeys
to fear-relevant (toy snakes and crocodiles) and fear-
irrelevant stimuli (toy rabbits).

Even more striking are the results of “back-
wardmasking” experiments, in which slides are dis-
played subliminally (for 15-30 milliseconds) before be-
ing “masked” by a slide of another stimulus or setting.
Even though the subjects are not consciously aware of
having seen the stimulus slide, presentations of natural
settings that contain snakes or spiders elicit strong
aversive/defensive reactions in nonphobic persons. If a
previous conditioning has already occurred, a masked
subliminal presentation is sufficient to elicit defensive
responses to the feared stimulus (Ohman and Soares,
1994).

Thus, a rich array of experimental results demon-
strates that aversive responses develop more rapidly
and persist longer to fear-relevant than to fear-irrelevant
natural stimuli. In addition, defensive/aversive re-
sponses can develop to natural threat stimuli even
though subjects are unaware that they have seen them.
Such responses do not develop to neutral or fear-irrele-
vant stimuli. The patterns of these responses demon-
strate the powerful role of biologically prepared learn-
ing, and they make adaptive sense.
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V. POSITIVE EMOTIONAL RESPONSES

Research and theory are less well developed for positive
emotional responses to environmental stimuli than for
negative ones. No studies of the genetics of positive
emotional responses have been carried out, and positive
conditioning studies are relatively rare. This is in part
due to the fact that positive Pavlovian conditioning
experiments are typically more difficult to conduct than
aversive conditioning experiments. In addition, positive
emotional responses are very complex and difficult to
quantify.

A. Symmetry and Beauty

Extensive information has been gathered on emotional
responses to the symmetry of objects. A rich body of
literature demonstrates that humans find symmetrical
objects, including abstract patterns, woody plants, and
human bodies—especially faces—aesthetically pleas-
ing. Moreover, sexual preferences for symmetrical facial
features appear to be similar across human cultures.
Other vertebrates also are sensitive to very small asym-
metries (see Mgller and Swaddle, 1997, for a review of
the human and animal literature). Conversely, asym-
metries typically evoke negative emotional responses,
the most extreme of which is selective infanticide of
asymmetrical newborn babies in many human cultures.

There are several nonmutually exclusive reasons
why positive responses to symmetry are adaptive. One
is that symmetrical animals perform better physically
than asymmetrical animals, just as symmetrical objects,
such as bows, arrows, axes, boats, autos, and airplanes,
function better than asymmetrical ones. Asymmetrical
individuals may have been exposed to severely stressful
environments that disrupted normal development,
thereby rendering them less functionally adequate. For
example, alcoholic mothers give birth to children with
greater developmental asymmetries than do mothers
who consumed less alcohol. Thus, it is not surprising
that choices of objects to use, the design of objects, and
choices of social partners have evolved to favor use of
and association with symmetrical objects.

Second, asymmetrical individuals are likely to have
genetic defects that could be passed on to offspring.
For example, humans suffering from trisomy-21 (Down
syndrome) have noticeable asymmetries due to skeletal
abnormalities. Greater asymmetry in dental traits is as-
sociated with genetic disorders. Therefore, avoiding
asymmetrical individuals as mates would be likely to
impove the quality of an individual’s offspring.

Third, because diseases can cause asymmetrical de-

velopment, asymmetrical individuals may be avoided
because they may currently harbor communicable dis-
ease-causing microorganisms. Good symmetry signals

a long history of good health!

B. Habitat Selection

Habitat selection is a vital decision in the lives of all
organisms. When selecting a habitat an organism re-
sponds as if it understood the significance of objects,
sounds, and odors for its future survival and reproduc-
tive success. Initial responses typically are emotional
feelings that lead to rejection, exploration, or a certain
use of the environment. Because the strength of these
responses is a key to immediate decisions about where
to settle and what to do there, the nature of the emo-
tional responses evoked by habitats should evolve to
be positively correlated with the expected survival and
reproductive success of an organism in those habitats.
That is, “good” habitats should evoke strong positive
responses; “poor” habitats should evoke weak or even
negative responses.

Issues of spatial scale are important during habitat
selection. At small spatial scales, the primary decisions
involve food and shelter. The key decisions are whether
to accept or reject a specific food item or shelter. At
medium spatial scales, the key decisions are in which
activity to engage and in which patches in the environ-
ment those activities will be carried out. At still larger
spatial scales, decisions center on whether to initiate
major changes in where to carry out activities, that is,
to migrate or to shift the base of operations.

Theoretical explorations of these decisions typically
include the development of “ideal” models, that is, mod-
els that assume perfect knowledge on the part of the
decision maker. These models specify the best that an
organism can do in solving a problem (e.g., obtaining
the most food per unit hunting time). They are unrealis-
tic because knowledge is always incomplete, but they
are valuable for assessing the marginal value of addi-
tional information and for determining how well an
animal using rather simple “rules of thumb” would per-
form compared to an “ideal” animal. Many of these
rules of thumb include aesthetic reponses that guide
decisions. It is useful to begin with a consideration of
medium-scale responses and then turn to microscale re-
sponses.

Habitat selection, viewed at medium spatial scales,
has served as a perspective for a number of studies
on human aesthetic responses to landscape features
(Heerwagen and Orians, 1993). Habitats occupied by
humans during most of our evolutionary history rarely



provided resources that were reliable long enough to
enable permanent occupation of sites. Frequent moves
through the landscape were the rule even though tradi-
tional sites might be revisited on an annual basis. Be-
cause relatively few generations have passed since hu-
mans started to live in mechanized and urban
environments, evolutionarily based response patterns
of humans to landscapes are unlikely to have been
substantially modified since the rise of industrialized,
urban societies.

Human responses to environmental cues vary with
a person’s age, social status, and physiological state.
Nevertheless, positive responses to indicators of the
presence of food, water, shelter, and protection from
predators are general. So are negative responses to po-
tential hazards, such as inclement weather, fire, danger-
ous predators, and barriers to movement. Although no
direct evidence yet exists for genetic influences on these
responses, a number of evolutionary hypotheses have
generated predictions, some of which have been tested
experimentally.

One approach is based on the fact that Homo sapiens
evolved in African savannas and only recently has in-
vaded other continents. Therefore, landscape features
and tree shapes characteristic of high-quality African
savannas are expected to be especially attractive to hu-
mans today. This hypothesis has been tested by de-
termining the responses of people to tree shapes and
by examining the features of “aesthetic environments,”
that is, those environments, such as parks and gardens,
that are designed to make them attractive (Orians,
1986).

The shapes of trees that dominate savannas are good
predictors of the resource-providing capacities of those
environments. Therefore, people evolved to find more
pleasing the shapes of trees that were prominent in
environments that provided the highest-quality re-
sources rather than shapes of trees that dominated poor-
quality habitats. Trees that grow in the highest-quality
African savannas have canopies that are broader than
they are tall, trunks that bifurcate close to the ground,
and layered canopies. People on three continents pre-
ferred Kenyan Acacia tortilis trees that had highly or
moderately layered canopies, lower trunks, and higher
canopy width/tree height ratios than trees with narrow
canopies and trunks that bifurcated higher above the
ground (Heerwagen and Orians, 1993). Similarly, col-
lege students in Australia, Brazil, Canada, Israel, Japan,
and the United States preferred trees with broad spread-
ing crowns over conical and columnar trees (Sommer
and Summit, 1996).

The changes that landscape architects recommend
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to their prospective customers are another source of
data on human responses to landscapes. Humphrey
Repton, an eighteenth-century British landscape archi-
tect, presented his clients with “before” and “after”
drawings of their estates (Repton, 1907). Because he
presumably wished to encourage rather than discourage
potential clients, Repton changed landscapes by creat-
ing more savannlike scenes, by increasing visual access
and penetrability of closed woods, by opening up dis-
tant views to the horizon (i.e., increased prospect), by
adding refuges and cues signaling ease of movement,
and by adding evidence of resource availability, particu-
larly large mammals (Heerwagen and Orians, 1993).
Although a love of flowers is a pervasive human trait,
it is not obvious why an omnivorous primate should
take flowers to hospitals, bring them to dinner parties
and house warmings, and annually spend billions of
dollars on them. Nor is it obvious, given that flowers
did not evolve their forms and colors to please us, why
we should find them so aesthetically attractive. An
evolutionary perspective suggests that flowers evoke
strong positive feelings because they have long been
associated with food resources. Because flowers precede
fruits, flowering plants provide excellent cues to timing
and locations of future resources. In addition, flowers
may attract animals, especially birds, that are potential
human prey. In species-rich environments, paying at-
tention to flowering plants may particularly enhance
resource acquisition abilities in the future. Until the
nineteenth century, honey was the only natural source
of sugar; beekeeping is an ancient human enterprise.
No studies have investigated which traits of flowers
evoke strong positive feelings, but the obvious changes
produced in many species of flowers by artificial selec-
tion—increased size and duplication of floral parts—
result in flowers similar to those that historically pro-
duced large mnectar rewards. Anectodal evidence
suggests that strongly asymmetical flowers, which usu-
ally produce large nectar rewards, are generally more
attractive than symmetrical ones, suggesting a possible
exception to the general human preference for symmet-
rical objects. Future studies of human aesthetic repson-
ses to flowers are likely to provide interesting results.

C. Foods and Food Selection

Eating is essential for survival. Foraging animals make
two major types of decisions: what items are acceptable
as food, and which acceptable items are actually eaten
during a foraging bout. Aesthetic responses are espe-
cially prominent in the first of these decisions. The
strong emotional responses associated with foods are
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not surprising because eating requires voluntary inges-
tion of foreign objects. To eat, the body’s generally
aversive responses designed to protect health must be
overcome; vomiting and diarrhea are the only postin-
gestion defenses. These decisions are especially difficult
for omnivores, who must ingest a variety of foods to
achieve a balanced diet in varied environments where
the array of available foods differs dramatically over
space and time. Omnivores are expected to evolve only
general food preselectors and should develop systems
for classifying organisms with respect to their potential
value as food.

People accept or reject foods for complex reasons
(Table III). Direct sensory responses—tastes good or
tastes bad—are important, but they are only one com-
ponent of acceptability. People also make decisions on
the basis of anticipated consequences, both physiologi-
cal and social, of eating a type of food. In addition,
particular foods may acquire ideational features that
limit their acceptability to particular situations or cause
them to be categorically rejected. Because of the variety
of reasons that influence which foods are in the set of
acceptables, human cuisines differ more than would be
expected simply from knowing what edible resources
are available in the environments in which social groups
live (Rozin, 1996).

Despite the powerful idiosyncracies of human diets,
a few generalizations have emerged. First, most items
that evoke disgust are of animal origin. Plant parts
rarely evoke disgust in any culture. On the other hand,
“inappropriate” items are primarily vegetable in origin
(Rozin and Fallon, 1981). Disgust may be an adaptation
that deterred our ancestors from eating animal tissues,

such as feces, rotting meat, and soft internal parts, all
of which commonly harbor large numbers of potentially
harmful microorganisms. Microorganisms have the
ability to multiply rapidly, so there is no safe dose for
ingesting them. Disgust may represent evolutionarily
programmed intuitive microbiology.

Perhaps the most interesting feature of human cui-
sines is the stability of the major spices and sauces that
characterize them. Humans are remarkably conserva-
tive in their food habits and are typically reluctant to
try new foods or to abandon familiar ones. Traditional
flavorings are high-priority culinary items; immigrant
groups go to great lengths and expense to procure them
in foreign settings. The deliberate manipulation of food
by adding ingredients that reliably alter its taste is a
uniquely human behavior. No other animals are known
to do so. Which flavorings are used probably evolved
in relation to what was available in the environment,
but once established they are remarkably persistent.
Certain flavorings probably signal that the food is safe.
For example, the French refused to eat potatoes until
Parmientier, an eighteenth-century French agricultur-
ist, showed how to prepare them in familiar ways with
familiar seasonings: butter, cheese, and herbs.

Cross-cultural similarities in which spices are used
have evolved because spices inhibit or kill food-spoiling
microorganisms. The most widely used spices all have
strong antimicrobial properties (Billing and Sherman,
1998); mixes of them, which are common in many
traditional recipes, are even more powerful. Not surpris-
ingly, given that disease-causing organisms are more
abundant in tropical than in temperate regions, the
proportion of traditional recipes containing antimicro-

TABLE 111

Reasons People Accept or Reject Foods*

Primary reason

Acceptance

Rejection

A. Sensory Tastes good

B. Anticipated Consequences
Short-term physiological effects

Long-term physiological effects
foods”
Social effects

drinking)
C. Ideational
Appropriateness

No adverse reaction
Societal concepts of “healthy
Results in acceptance by

group (smoking, social

Appropriate ritual foods

Tastes bad

Allergic reactions, gastrointestinal
upsets

Societal concepts of “unhealthy
foods”

Causes rejection by group (foods
not eaten by that group, e.g.,
pigs in some Mideast cultures)

Inappropriate nonedible contami-
nants (soil, weeds)

“Modified from Rozin and Fallon (1981).



bial spices is inversely correlated with latitude. Alterna-
tive hypotheses—that spices provide micronutrients,
disguise the taste and smell of spoiled foods, or increase
perspiration and, thus, evaporative cooling—are not
supported by the extensive data base (Billing and Sher-
man, 1998).

D. Restorative Responses

If aesthetic responses evolved because they enabled peo-
ple to better solve life’s problems, exposure to high-
quality environments should be restorative, that is, it
should reduce feelings of tension and stress. Stress re-
duction consistently emerges as one of the key benefits
reported by recreationists in wilderness areas. Restora-
tion from stress is also reported as a key benefit from
time spent in urban parks with savannalike vegetation
and water (Schroeder, 1989). Patients recovering from
surgery in hospitals with either views of natural vegeta-
tion or simulated views that depict natural scenes with
water recover more rapidly and have less postoperative
anxiety than patients with no access to natural views or
who are presented with simulations of abstract designs.
Many studies have shown that even a brief exposure
to nature, real or via photographs, leads to positive
emotional feelings, reductions in stress, and better per-
formance on demanding tasks (see Ulrich, 1995, for a
review). Clearly, the affiliative responses people have
to nature have important implications for the design of
work and living spaces and healthcare facilities that are
just beginning to be implemented.

VI. AESTHETICS AND BIODIVERSITY

Although people are strongly attracted to living organ-
isms, it is less clear that the attractiveness of an environ-
ment is consistently positively correlated with the num-
ber of species in it. On the one hand, for example,
the most highly evolved garden traditions—European
formal gardens and Japanese gardens—are based on
just a few species of woody plants. Landscape designers
generally do not like the gardens of botanists because
they are cluttered up with plants of too many species!
Scenes of environments that contain a jumble of plants
of many species receive low scores in psychological
tests. Subjects report that they are too difficult to inter-
pret; it is difficult to determine how to enter and use
them.

On the other hand, people take great pleasure in
finding as many species of birds as they can on a given
day and from assembling “life lists” of species they have

AESTHETIC FACTORS 53

seen. Generally, seeing more species is better than
seeing fewer species. Journeys of hundreds or even
thousands of miles to see a rare species not on one’s
life list are not uncommon in today’s mobile society.
People are also powerfully attracted to the unusual—
rare species, individuals outside the normal range of
the species, or individuals present at unusual times of
the year or in unusual habitats.

Because these familiar patterns of human behavior
have been subjected to remarkably little formal study,
we can only speculate about why they have evolved.
That environments with intermediate levels of biologi-
cal complexity should be preferred over both simpler
and more complex environments makes sense, because
the range of resources present in an environment and
the ability to find and use those resources probably
peak at intermediate levels of complexity. Simple envi-
ronments have too few resources; complex ones have
so many that choosing among them becomes difficult.
Developing a suitable classification system to guide re-
sponses to the components of complex environments
may be especially difficult. People may have evolved to
respond to rare and unusual events because they pro-
vide new information about the state of the environ-
ment. Not all novel events are associated with some-
thing important, but it may be best to pay attention to
them to find out if they are rather than to ignore the
signals. Novel events may indicate that current patterns
of use of the environment should be altered.

VII. AESTHETICS AND COGNITION

The human mind evolved into its current form long
before the invention of agriculture and the dawn of the
Industrial Revolution. It evolved its special characteris-
tics in the service of our hunter-gatherer ancestors,
who almost daily faced serious challenges from their
physical, biological, and social environments. During
the past century, many scientists found it difficult to
explain why the demands of functioning in a preagricul-
tural environment should have favored the evolution
of the vast complexities of the human mind, which is
capable of the many feats of which we are so proud.
The apparent paradox arises because of a failure to
appreciate that succeeding as a forager is probably more
complicated than playing chess or doing calculus. To
outwit nature, people need to use some form of intuitive
scientific thinking, develop abstract conceptions, think
about the future, compete in a rich social environment,
and plan tactics. Aesthetic responses are basic compo-
nents in all of these responses.
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Mathematicians describe their search for important
theorems as an aesthetic experience; they think of
proven theorems as being beautiful. In fact, scientists
in all fields regularly describe their models, experi-
ments, and results in aesthetic terms. Thus, aesthetic
sensibilities are imbedded deep in the human mind,
having evolved in the service of choice of mates, habi-
tats, and foods. An aesthetic sense functions as a holistic
filter that helps the mind search efficiently for good
solutions. It can do this because the filter has been
molded by countless evolutionary experiences. Perhaps
one of the most satisfying results of having a mind that
was molded by natural selection is that we generally
enjoy doing things that are good for us to do.
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GLOSSARY

fynbos Habitat type in southern Africa that is charac-
terized by thickets and low shrubs, in which fire
plays a dominant role in ecosystem maintenance.
Plant endemism is particularly high in these areas.

miombo Woodland habitat type widespread in south-
central Africa, characterized by numerous species of
the tree genus Brachystegia and Isoberlinia, which
form nearly closed canopies. Fire is an annual event
in this habitat, which supports relatively low popula-
tions of large mammals.

phytochorion (pl. phytochoria) Region within which
a substantial proportion of the flora is endemic.

THE HUGE CONTINENT OF AFRICA STRADDLES
THE EQUATOR, extending to 37°N and 35°S. It has no
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marginal oceanic trenches and subduction zones and
so lacks the extensive mountain ranges of the Americas,
but much of the southern half of the continent is a high
plateau close to 1000 meters above sea level, broken
only by the southern extension of the Great Rift Valley
and the somewhat lower basin of the Congo (Zaire)
River. Its great latitudinal range gives it an enormous
variety of climates, and this variability is reflected in
an extreme diversity of ecosystems. There are three
major climatic zones: two at the extreme north and
south of the continent, where the main rainfall season
is the winter, and one in central Africa, where the rains
fall mainly in the hot summer season. The two winter
rainfall areas are distinct from each other and from
the tropical parts of Africa. These regions are briefly
considered here; a fuller treatment appears in the entry
for Mediterranean Ecosystems.

1. INTRODUCTION

White (1983) classified the vegetation of Africa into a
number of phytochoria—regions within which a sub-
stantial proportion of the plants are endemic. These
regions are also useful in helping to define zoogeograph-
ical regions, and comparisons can also be made with
neighboring continents. Thus the Mediterranean phyto-
chorion is most closely related floristically to southern
Europe and the Middle East. The Somali—Maasai phyto-
chorion, which occupies the Horn of Africa and regions
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south to central Tanzania, shows floristic relationships
with parts of Arabia and the western part of the Indian
subcontinent. On the other hand, about 80% of the
plant species that occur in the Guineo—Congolian phy-
tochorion, which occupies the Congo Basin and extends
westwards to Liberia, are endemic. The Cape Region is
also extremely rich in species, almost all of which occur
nowhere else.

The large island of Madagascar, off the southeast
coast of Africa, has been isolated from the rest of the
continent for over 100 million years and its flora and
fauna are very different indeed from those of Africa.
The ecology of Madagascar is treated, in brief outline,
in Section V.

II. MAJOR ENVIRONMENTAL FACTORS
OF CONTINENTAL AFRICA

A. Geology

Much of southern tropical Africa is a plateau lying at
or near 1000 m above sea level, most of which has not
been submerged since the Tertiary period. This plateau
is formed of Pre-cambrian (“basement complex”) rocks,
mainly igneous and much metamorphosed, which have
been heavily and deeply weathered. The topography of
much of the plateau is gently rolling, often with isolated
rocky inselbergs, and sometimes with flat-topped hills
capped with secondary ironstone, a product of pro-
longed weathering in high temperatures.

In eastern Africa the plateau has been cut by the two
branches of the Great Rift Valley, which extends from
Israel to the Zambezi River. Rifting seems to have begun
in the Miocene, and was (and still is) accompanied by
volcanic activity. In Ethiopia great sheets of basalt were
erupted and now form the Ethiopian Highlands. Scat-
tered volcanoes line the branches of the Rift Valley;
some, such as Elgon and Kilimanjaro, are now extinct
or dormant, and others, such as Ol Doinyo Lengai
(Tanzania) and Nyiragongo (Zaire), are still active. The
Rift Valley contains numerous lakes, some relatively
shallow and often saline [e.g., Lake Chala (Ethiopia),
Lakes Turkana and Bogoria (Kenya), and Lakes Natron
and Eyasi (Tanzania)| and others deep and freshwater
[Lakes Albert and Edward (Uganda/Zaire), Lake Tan-
ganyika, and Lake Malawi]. The blocks between the
branches of the Rift Valley have tilted as part of the
same tectonic disturbances. This has impeded or even
reversed the flow of rivers, and led to the formation of
extensive shallow lakes, such as Lake Victoria, and huge
areas of swamp.

B. Climate

The climate of Africa (excluding the extreme north and
south) is determined by the movement of the Inter-
Tropical Convergence Zone (ITCZ). As the apparent
position of the sun moves north and south with the
seasons, the area where the sun is immediately overhead
is heated more than the areas to the north and south.
The heated air rises, and air is drawn in from north
and south to replace it. The convergence of these two
air masses, and the rising of the heated air, causes rain.
The rain belt tends to lag behind the sun, so the rain
belt reaches its farthest north in July—August, rather
than at the summer solstice (June 21st), and its farthest
south in January—February, not at the winter solstice
(December 21st). Away from the equator, the rainfall
produced by the ITCZ as it moves in one direction
merges into that produced during its return, so that
there is a single rainy season. Near the equator, how-
ever, there is a tendency for the two passages of the
ITCZ to be separated by a dry season, giving two rainy
seasons and two dry seasons in each year; in the wettest
regions these dry gaps hardly occur so that rainfall
occurs more or less throughout the year.

Superimposed on this basic seasonal pattern is varia-
tion in the total annual rainfall. As a rule, totals decline
away from the equator, and also from west to east. In
East Africa, air coming from the north-east has passed
over the dry Arabian land-mass, not the sea as in most
of the rest of the continent, and this explains the lower
rainfall. Areas close to the sea tend to be wetter than
inland areas, except where, as in south-western Africa,
cold sea currents offshore produce foggy conditions but
low rainfall. Extremes include Sierra Leone, where the
coastal capital, Freetown, has over 250 cm of rain each
year, most of it falling in four months. Debunscha Point,
on the seaward margin of Mt. Cameroon, receives over
10 m of rain in some years; this comes from the combi-
nation of a warm sea and rapidly rising ground close
to the shore. Altitude also affects rainfall; totals appear
to increase up to about 3000 m and then decline; the
upper regions of Mt. Kilimanjaro are a virtual desert
with probably less than 25 cm of rain each year. At
middle and higher altitudes, the rain is supplemented
by clouds from which droplets of moisture condense
onto leaves and drip to the ground, and here humidity
is extremely high for much of each day.

C. Soils

The soils of much of Africa are developed on very an-
cient land surfaces and are therefore the product of



long weathering. Forest soils, developed under high
rainfall, are generally very strongly leached, rich in clay,
and yellowish brown in color. Drier forests have redder,
somewhat less nutrient-poor soils. Savanna soils are
often brownish and, again, rich in clay. On the older
plateaux there are often regular sequences of soils (“ca-
tenas”), with leached sandy or gravelly soils with kaolin-
ite clay minerals on the hill and ridge tops, finer-grained
soils on the hill slopes, and deep, dark-colored clays in
the valleys. These valley soils, which shrink and crack as
they dry and swell again when they are wetted, become
extremely sticky and difficult to work when they are
seasonally flooded or waterlogged. These are the so-
called “cotton-soils,” rich in montmorillonite clay min-
erals, in which motor vehicles so easily become bogged.

As a result of prolonged weathering, most of the
soils of the African plateau are nutrient-poor, with phos-
phorus in particular often being in short supply. Some
of the more volatile elements, such as nitrogen and
sulfur, can be lost in the smoke in the regular dry
season fires.

In a few areas, such as the “copperbelt” of southern
Zaire, northern Zambia, and the Great Dyke in Zim-
babwe, there are outcrops of soils rich in metals such
as copper, cobalt, and chromium. These produce soils
that are toxic to many plants. Often trees are scarce or
absent, and the vegetation is mainly composed of
grasses and a range of specialized herbs, often very local
in their distribution.

D. Fire

The highly seasonal climates of most of tropical Africa
provide ideal conditions for widespread vegetation fires.
During the wet season, grass growth is rapid, but during
the dry season the aerial parts of the grasses dry out
and burn very easily. Most of those parts of Africa with
a seasonal climate are burned by vegetation fires every
year. The exceptions are areas with a rainfall too low
to produce the necessary volume of fuel, or so high
that the tree cover is continuous and dense, preventing
the growth of enough grass to provide fuel. The carbon
dioxide produced by this biomass burning is highly
significant in the annual atmospheric carbon dioxide
budget of the world. There can be little doubt that fire
has been important in African vegetation patterns for
a very long time. Natural fires, at long intervals, can be
started by lightning, as well as by volcanic activity.
Once humans began to use fire—and some have sug-
gested that this may have been as much as a million
years ago—fire frequency would have increased. The
acquisition of the ability to make (not just use) fire
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would have increased this frequency further, and an-
other increase surely came when safety matches became
widely available.

The question of the influence of fire on the distribu-
tion of vegetation types in Africa has been extensively
discussed. On the one hand there are the views of work-
ers such as A. Aubréville, who considered fire to be a
major destructive force that had probably been respon-
sible for the destruction of vast areas of the drier forests
of Africa. The converse view, that fire has been a feature
of African vegetation for so long that it is now a funda-
mental part of many ecosystems, is probably more
widely held. Though fire may sharpen boundaries be-
tween vegetation types, it does not greatly affect their
distribution. Assessment of the importance of fire also
depends on viewpoint. Foresters generally disapprove
of fire and expend much effort in its prevention,
whereas pastoralists use fire extensively to remove old
grass and to stimulate the development of young
growth, as well as to check development of woody
plants. Foresters, who want trees, generally recommend
that fires should be started early in the dry season, when
the fuel is still not completely dry (“early burning”).
Pastoralists, who want grass, prefer a fire late in the
dry season when the fuel is completely dry and damage
to woody growth is maximal (“late burning”).

The presence of specific adaptations to fire in a num-
ber of plants is a further argument for fire having been
an important factor for a long time. Several trees, such
as the shea-butter tree (Vitellaria paradoxa) and species
of Combretum and Pterocarpus, have seeds that, when
they germinate, produce what appears to be a radicle
that pushes into the ground. However, close examina-
tion shows that at least part of this is hollow and is
actually formed by fusion of the stalks of the cotyledons
(seed-leaves), which remain within the seed. The termi-
nal bud, which lies between the bases of these stalks,
is thus carried down below ground level so that it is at
least partially protected from fire. Once well buried,
the bud starts growth and the shoot breaks out through
the side of the apparent root. It elongates and eventually
emerges from the ground, but not before producing a
number of reduced scale-like leaves, each with a bud
in its axil. If the terminal bud is burned away, the lateral
buds in the axils of the scale leaves start to develop,
giving the seedling another chance of establishment.

Many of the grasses of the fire-swept regions have a
long awn on their grains. This awn is hygroscopic,
twisting and untwisting with daily changes in humidity.
The tip of the grain is sharply pointed and bears stiff
hairs. If the point enters a crack, the hairs prevent it
from coming out again, and the regular movements of
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the awn will tend to drive it deeper into the soil, until
it is protected from the main heat of the fire.

E. Past Climatic and Environmental
Fluctuations

Tropical Africa has not escaped the climatic fluctuations
of the last 2 million years. However, interpretation of
changes in Africa is complicated by the effects of rifting
and vulcanism, particularly in the east, as well as by
the presence of many isolated mountains and mountain
ranges. Evidence is also relatively scarce because the
peat and other organic deposits that are widespread in
cooler regions do not accumulate nearly so widely in
tropical lowlands because high temperatures speed de-
composition processes. The peat deposits that do exist
are mainly on mountains, and so may not present a
representative picture of the much more extensive low-
lands.

However, there are other kinds of evidence available,
such as the extent of active and inactive (fossil) sand
dunes. In West Africa the fossil dunes extend 400-600
km south of the present limit of active dunes; the arid
period during which these fossil dunes formed appears
to have been 12,000 to 20,000 years ago. South of the
equator, the Kalahari Sands extend far to the north and
east of any presently active dunes, reaching the Zaire
River in the north. It appears that the most recent period
of active dune growth coincided with that north of the
equator. Lake levels, as marked by raised beaches, can
also provide evidence, at least of times when lake levels
stood higher than they do now. The study of plant
distributions can also sometimes suggest former con-
nections between similar but now isolated vegetation
types. For instance, several tree genera with most of
their species in West Africa have one or more species
in the Eastern Arc montane forests of Tanzania. This
suggests a connection between these forests areas in
the distant past.

In general, periods marked by cold in high latitudes
are correlated with periods of drier and cooler climate
in tropical Africa. During these periods, forested regions
contracted and “savanna” regions spread. In the driest
times, forests seem to have contracted into a number
of refugia, in Sierra Leone and Liberia in West Africa,
as well as Cameroon and Gabon, eastern Zaire, and
eastern Tanzania. It is now agreed that most of the
evidence shows that there was an arid period between
12,000 and 20,000 years ago. Prior to this there were
certainly similar fluctuations, perhaps of greater magni-
tude, but their dating and extent are still somewhat in
dispute. Since 12,000 years ago there have also been

changes; the wettest period seems to have been between
8000 and 4000 years ago. At this time, Neolithic pasto-
ralists inhabited large areas of the Sahara and left rock
paintings showing elephants, giraffes, and antelopes in
areas now far too dry to support them.

I1I. MAJOR PHYTOGEOGRAPHIC AND
ECOCLIMATIC ZONES OF
CONTINENTAL AFRICA

A. Mediterranean North Africa

This region borders the Mediterranean Sea, with winter
rainfall and hot dry summers. It includes Morocco,
Algeria, Tunisia, Libya, and Egypt. The wettest part is
the west, and here also there are the high mountains
of the Atlas range. Thousands of years of human settle-
ment, agriculture, and grazing of domestic animals have
greatly altered the ecosystems. In Roman times there
were certainly lions (Panthera leo) (and therefore a sub-
stantial prey population) and probably elephants (Loxo-
donta africana) in this region, but all are now gone.

The wetter parts were probably originally covered
with forest, but this is now represented only by tiny
fragments; Celtis australis and Pistacia atlantica may
have been important trees in the original forests. The
drier forests were (and in places still are) dominated
by evergreen oak (Quercus ilex), which casts a dense
shade in which few other species can grow, or by cork
oak (Quercus suber). There are also coniferous forests
of species such as Aleppo pine (Pinus halepensis) and
North African cedar (Cedrus atlantica). Other parts are
covered by scrub, similar in physiognomy to the chapar-
ral of California and the fynbos of the Cape Region
of South Africa, made up of shrubs with small hard
(sclerophyllous) leaves, such as the kermes oak (Quer-
cus coccifera), wild olive (Olea europaea), and, in very
degraded sites, the dwarf palm Chamaerops humilis. The
shrubs are fire-resistant, sprouting from the base after
fires. The gaps between the cushions and, lower down,
between the sclerophyllous shrubs support a rich herb
flora including many annuals (Fabaceae are abundant
and diverse) and many plants springing from under-
ground bulbs or corms (geophytes). These grow during
the late winter and spring, flower, and then dry up in
the baking heat and drought of the summer. At high
altitudes, between 2800 and 3800 m, there is often
a low scrub made up of spiny cushions, sometimes
graphically referred to as hedgehog heath.



B. The Cape Region of South Africa

The Cape Region also has a Mediterranean climate,
although, being in the Southern Hemisphere, it enjoys
a hot dry summer when North Africa is having a cool
wet winter. Like North Africa, thicket and low scrub
(known locally as fynbos) are the main physiognomic
vegetation types, and fire is a regular influence on the
vegetation. Many species appear to be fire-adapted.
Some species, such as the red-flowered, lily-like species
of Cyrtanthus, flower only after fires, stimulated either
by chemicals in the smoke or by the greater daily fluc-
tuations in soil temperature that follow removal of the
vegetation cover. Others, such as species of Leucaden-
dron (a Protea relative), retain their seeds on the parent
plant and only release them after fire. The range of fire-
adapted species in fynbos, and the many ways in which
they respond to fires, suggests that fire has been a feature
of this vegetation type for a very long time.

The region is extremely diverse geologically and has
numerous isolated mountain ranges. These factors,
combined with long isolation, have given rise to an
extraordinary diversity of plant species—estimates vary
from about 7000 species in the 71,000 km? of the region
(White, 1983) to 8600 species in an area of 91,000
km? (Cowling and Richardson, 1995). The genus Erica
(heaths) has over 500 species in the Cape Region; other
extremely diverse genera include Aspalathus (Fabaceae,
250 species) and Muraltia (Polygalaceae, 100 species).
The family Proteaceae, including 85 species of Protea,
is prominent among the larger woody plants, and is
associated with an endemic pollinator, the Cape Sugar-
bird (Promerops cafer). The lower-lying and more level
areas have largely been converted to agricultural land,
but the mountain ranges continue to provide refuges for
the endemic flora, although invasion by woody species
introduced from other regions with a similar climate is
a major problem.

Originally there was a rich fauna of large mammals
but these were heavily hunted by European settlers.
Some still survive in reserves, but the quagga (a form
of zebra, Equus quagga) is extinct, and the bontebok
(Damaliscus dorcas) and white-tailed gnu (Connochaetes
gnou) survive only on enclosed farms.

C. Tropical Africa

The region known as tropical Africa takes in most of the
continent. The vegetation is determined by the climate,
which is highly seasonal over much of the region. There
are virtually no parts of Africa without some kind of a
dry period; truly ever-wet climates like that of Singapore
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(where two weeks without rain is a drought) are virtu-
ally absent. The major exception lies along the equator
in West Africa; here the dry season lasts a month or
less. The equatorial regions of eastern Africa, however,
lie within the rain-shadow of the Arabian landmass, and
here, even on the equator, rainfall is low. Furthermore,
there tend to be two rainy seasons rather than one.
Both of these vary in intensity, and the gaps between
them also vary in length, so that this region tends to
suffer more than most from periodic droughts.

Tropical Africa can be divided into two parts. South
and east of a line from Ethiopia to the mouth of the
Zaire River, most of the land forms a dissected plateau
lying at about 1000 m above the sea. This is split from
north to south by the Great Rift Valley, which extends
from Israel through the Red Sea, then across Ethiopia,
Kenya, and into Tanzania. A western branch runs south
through Uganda, along the western side of Tanzania,
and ends in Malawi. Between the branches of the Rift
Valley, the land surface has tilted in places, disrupting
river flows and producing the huge but shallow Lake
Victoria as well as the extensive swamps of Uganda. To
the north and west of the high plateau, the general land
surface is much lower. Here again rocks of the basement
complex underlie most of the region, but younger rocks
are found here and there. Most of tropical Africa is
covered by woodland and various forms of savanna,
with forest occupying the basin of the Zaire River, and
drier bushlands, thickets, and grasslands in the equato-
rial regions of eastern Africa.

IV. MAJOR ECOSYSTEMS OF
TROPICAL AFRICA

A. Forest

True tropical forest is confined in Africa to two main
blocks: the basin of the Zaire (Congo) River, extending
north and west through Cameroon and Gabon into
southern Nigeria and east to the borders of Uganda,
and a region farther to the west stretching from western
Ghana through Ivory Coast and Liberia into Sierra Le-
one. Elsewhere, isolated forest patches are found in and
around the Ethiopian Highlands, and along the East
African coast. Most forests are found where annual rain-
fall exceeds 120 cm and where the dry season is no
more than four months long. At the margins, small
differences in water availability can greatly affect the
vegetation; forest may extend far into grassland along
the banks of rivers as “gallery forest,” and non-forest
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plants can be found well within the forest zone on
rocky outcrops.

African forests are poor in species compared to those
of South-east Asia and the Amazon Basin, but they are
still species-rich places. Surveys in Ghana found forests
in which a 25-by-25-m patch contained more than 200
higher plant species. These surveys also showed that
the wettest forests are the most species rich. They do
not, however, contain the tallest trees, which are found
in drier, partially deciduous forest, perhaps because the
soils there are not so leached of nutrients as those in
the wetter areas. These drier forests are, at least in
Ghana, richest in the number of timber trees. The most
prominent plant families in the forest canopy are the
mahoganies (Meliaceae) and legumes (Fabaceae, partic-
ularly the subfamily Caesalpinioideae).

Following disturbance, the pioneers such as um-
brella trees (Musanga, in Moraceae) and Trema (Ulma-
ceae) grow at 3—4 m per year and rapidly form a tree
cover. These species shade the soil and improve condi-
tions for the establishment of trees whose seeds can
germinate in shade, and whose seedlings can tolerate
low light intensities. These early-successional species
include some of the mahoganies, such as Khaya and
Entandrophragma (sapele), whose seeds are wind dis-
persed. Studies in Uganda have suggested that eventu-
ally this “mixed forest” may give way to a more species-
poor forest in which leguminous trees are common.
Some of these leguminous trees form extensive areas
of forest in which a single tree species is dominant—an
unusual state in tropical forest for which there is cur-
rently no satisfactory explanation. Cynometra alexandri
in eastern Zaire and Uganda and Gilbertiodendron dewe-
vrei in the Zaire River Basin form monospecific forest
stands.

Beneath the canopy trees grow smaller trees and
shrubs, some of them young plants of canopy species,
but others naturally small at maturity. It is usually quite
easy to walk through undisturbed forest, as there are
few herbs on the forest floor. Only where a tree has
fallen, allowing more light to reach the ground, is there
a dense mass of quick-growing herbs in the ginger (Zin-
giberaceae) and arrowroot (Marantaceae) families.
Woody climbers (lianas) are also most frequent in dis-
turbed forest, and can reach the tops of the tallest trees.

African forests are rich in animal species. The canopy
is occupied by many species of monkey. Some, like the
species of colobus, are leaf-eaters. Others, such as the
various small guenons (Cercopithecus), feed mainly on
fruit. Different species of guenon specialize on different
dietary mixes and several species can thus coexist in
the same area of forest. Other tree dwellers include

species of flying squirrel, and also true squirrels, most
of them seed-eaters.

The great apes—gorilla (Gorilla gorilla), chimpanzee
(Pan troglodytes), and bonobo (Pan paniscus)—travel
mainly on the ground and feed both there and in the
trees. All live in groups and exploit extensive home
ranges that they know intimately, moving from one
seasonal food resource to another. A high proportion
of their food is fruit, and they are important dispersers
of seeds. In the wettest and least seasonal forests there
are also large ground-dwelling monkeys—the drill
(Mandrillus leucophaeus) and the mandrill (Mandrillus
sphinx). Like the apes, they are highly social, living in
troops of a hundred or more individuals and traveling
over a huge home range.

There are also ungulates in the rain forests of Africa,
ranging in size from the tiny royal and dwarf antelopes
(Neotragus pygmaeus and N. batesii, 25-30 cm at the
shoulder) and the taxonomically very distinct water
chevrotain (Hyemoschus aquaticus, only 30-40 cm),
through several species of duiker (Cephalohus, small
antelopes), to the large bongo (Tragelaphus euryceros).
The Ituri forests of eastern Zaire harbor, the okapi (Oka-
pia johnstoni), whose closest relative is the giraffe. All
of these are browsers on the leaves of forest shrubs
and herbs.

The largest forest animal is the elephant. Forest ele-
phants are usually recognized as belonging to a separate
subspecies from those of open country; they are smaller
and tend to have smaller and straighter tusks. Elephants
are voracious feeders; their inefficient digestive systems
mean that they must feed for a large proportion of each
day to obtain enough nourishment. They are particu-
larly fond of clearings in forest, because here more of
the foliage is close to the ground and accessible, and
by concentrating their feeding in such areas they may
prevent tree development and perpetuate the clearings.
Elephants also eat large quantities of fruit. Plants such
as Panda oleosa, Desplatsia, and Balanites wilsoniana
have such large seeds that it is hard to know what
animal other than an elephant could possibly disperse
them. Attempts to germinate seeds of Panda that have
not passed through an elephant have been unsuccessful.
The effects on such plants of the widespread decline in
elephants may be severe.

B. Seasonal Tropical Vegetation

Much of tropical Africa is occupied by vegetation that
develops under a climate in which the year is divided
into dry and wet seasons. The vegetation of these areas
is of many kinds, ranging from woodland with an almost



closed canopy at one extreme to dry open grasslands
at the other. All of these vegetation types have been
referred to as savanna, but recently there has been a
tendency to attempt to discard this term. It has been
argued that a word that can mean almost anything from
closed forest to open grassland is too vague to have any
utility in ecological discussions. White’s classification
avoids the term, and instead uses “woodland,” “wooded
grassland,” “grassland,” “bushland and thicket,” and
“shrubland” to define the various physiognomic vegeta-
tion types more precisely. These terms will be used
here, but where the term “savanna” has wide currency,
as in much of West Africa, it will be used.

In tropical seasonal vegetation, water is abundant
and growth can be rapid during the wet season, but in
the dry season the grass rapidly dries out and becomes
flammable; fires are frequent and often annual. It is
somewhat paradoxical that the fiercest fires occur where
the rainfall is highest—and where, therefore, biomass
production during the growing season is highest. Over
much of the savanna regions of Africa there is one wet
season and one dry season each year, but near the
equator, particularly in East Africa, there can be two
wet and two dry seasons each year (see Section II,B), so
that the seasonal cycle is six months rather than twelve.

The herds of wild ungulates and their associated
predators for which Africa is so famous are all found
in areas of seasonal tropical vegetation. Densities vary
enormously, now largely because of human pressures,
but there can be no doubt that densities varied greatly
before human impacts became significant.

1. Woodland

In West Africa, where the isohyets (lines of equal rain-
fall) are more or less parallel to the coast, there are
belts of vegetation that follow the isohyets. These were
classified many years ago by the great French botanist
Auguste Chevalier into three savanna types: Guinea,
Sudan, and Sahel. In West Africa, use of the term “sa-
vanna” is long established, and Chevalier’s zones are
still recognized and used today. The southernmost
zone, with the highest rainfall and the shortest dry
season, is the Guinea Zone.

Woodland has been called by many different names
in the African ecological literature. Tree savanna is per-
haps the most widely used, as well as the more descrip-
tive “tall grass—low tree savanna.” In West Africa, wood-
land is referred to as “Guinea Savanna,” and in
francophone countries it is often called “forét claire.”
This is a confusing term, because it implies that wood-
land is essentially the same as true forest (“forét dense”).
This is not the case; surveys in Nigeria of adjacent forest
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and woodland have shown that they have very few
species in common. Physiognomically, woodland con-
sists of a single tree layer, sometimes with an almost
closed canopy. Lianas are absent, as are epiphytes. Grass
covers the ground beneath the trees.

The trees are often misshapen because the frequent
fires kill the growing points and cause branching. Be-
cause grass productivity is high, fires are more intense
than in other zones. The bark of many of the trees is
thick and furrowed, which insulates the delicate grow-
ing tissue (cambium) from the heat of fires. Regenera-
tion is difficult as young seedlings are in the hottest
part of the fire. Some species, such as the shea-butter
tree (Vitellaria paradoxa), have specialized germination
mechanisms that may help to overcome this. Some grass
seeds, mainly those from the subfamily Andropogoneae,
also have a mechanism for evading fires (see earlier dis-
cussion).

The greatest obstacle to the development of the
woodlands of Africa (many would say their most valu-
able conservator) is the presence of the tsetse fly (Glos-
sina morsitans, G. pallidipes, and other species). This
biting fly is the vector of trypanosomiasis, a lethal proto-
zoan disease of cattle and of sleeping sickness in hu-
mans. Wild game animals are immune to trypanosomia-
sis, although they can carry the protozoan in their
blood. Control of the fly has been attempted in many
areas, using methods of varying destructiveness to the
ecosystem. The fly requires shaded places in which to
rest, so tree clearance has been used. Aerial spraying
with DDT and other non-specific insecticides has now
been replaced by highly specific treatment with persis-
tent insecticides of the undersides of large tree branches,
where the flies rest. Other attempts to break the cycle
of transmission have included the shooting of wild un-
gulates. Researchers continue to look for effective and
environmentally sound ways of tsetse control. An alter-
native that has been tried in some areas is to leave the
flies alone and harvest the wild game instead of the
cattle. This has an advantage in that each member of
the diverse ungulate community occupies a different
niche, so that the carrying capacity and yield are, at
least in theory, higher than those from a monoculture
of cattle.

The Guinea Savanna woodlands of West Africa have
as their characteristic tree species Lophira alata (Ochna-
ceae) and Daniellia oliveri (Fabaceae). Slightly drier
woodlands have species of Isoberlinia (Fabaceae). The
main grasses are species of Andropogon and Hypar-
rhenia, both with awns on their grains. These large
grasses stand 2—3 m high when mature. Many agrono-
mists have been misled into thinking that this high
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standing crop also implies a high animal production
potential, but this is not so. When the grasses are at
their tallest, they are made up largely of stem, which
is hard, woody, and of very low nutritional value. After
a fire, and at the beginning of the rains, nutritious
foliage is produced, but this does not last long.

This extreme seasonality in the quality and availabil-
ity of grass may go a long way towards explaining the
relative scarcity of large wild animals in this zone. Vari-
ous antelopes, such as roan (Hippotragus equinus) and
eland (Taurotragus oryx), occur here, as do smaller
species such as bushbuck (Tragelaphus scriptus). Ele-
phants occur at least seasonally. Predators are corre-
spondingly also scarce, with leopard (Panthera pardus)
and lion both occurring at very low densities.

The corresponding zone to the Guinea Savanna
south of the equator is the miombo woodland. “Mi-
ombo” is the local name for one of the commonest trees,
Isoberlinia tomentosa (Fabaceae), but by far the most
widespread and abundant trees belong to the genus
Brachystegia (Fabaceae). There are about 25 species of
this genus in the woodland regions of south-central
Africa, all fairly similar to one another, mostly variable,
and difficult to identify. Miombo covers vast areas of
southern Tanzania, Zambia, northern Zimbabwe,
southern Zaire and south-eastern Angola. Miombo is
physiognomically rather different from Guinea Sa-
vanna; the trees are usually taller, often with an almost
closed canopy, and the grass is somewhat shorter. How-
ever, fires are virtually an annual event. Although at
first sight miombo woodland can appear rather monoto-
nous, over much of its extent it shows considerable
local variations related to topography. The ancient land
surface on which it grows is weathered into a pattern
of gentle hills and valleys.

The tops of the hills and ridges are dry and well
drained, but there are often rock outcrops (inselbergs)
around which water accumulates so that the vegetation
around them is tall and dense. The rocks themselves,
if not sloping too steeply, often bear a shallow turf that
dries out completely during the dry season, but during
the wet season it becomes saturated and supports many
small ephemeral plants such as species of Utricularia
(bladderworts), Xyris (yellow-eyed grasses), and vari-
ous sedges (Cyperaceae). There are often mats of the
sedge Afrotrilepis, which can dry out completely and
then rehydrate and resume growth when water is once
again available. In southern Africa there can be clumps
of the shrub Myrothamnus flabellifolius, the resurrection
plant, which behaves in the same way (i.e., it is poikilo-
hydric). These rocky hills are often home to a small
and specialized antelope, the klipspringer (Oreotragus

oreotragus), and to rock hyraxes (Procavia johnstoni and
Heterohyrax brucei).

The typical miombo woodland occurs on the hill
slopes, but even this is not uniform. Termite mounds,
built by species of Macrotermes, can be up to 4 m high
and 10 m in diameter. These termites are fungus garden-
ers; they collect dead plant material from a wide area
and carry it into the center of the nest. Here it is formed
into a honeycomb-like structure that is colonized by
fungi that can break down the cellulose and lignin in
the wood. The termites feed on the fungal hyphae and
are thus indirectly nourished by the wood. A by-product
of this activity is the concentration of mineral nutrients
and fine soil fractions in the mound so that, somewhat
paradoxically, it becomes a favorable habitat for plant
growth. Termite mounds bear much denser woody veg-
etation, often casting enough shade to exclude grasses
and therefore fires.

The valley bottoms in the miombo ecosystem are
seasonally waterlogged, and this prevents the growth
of most trees. Tall grassland occupies this habitat, the
grasses often forming well-spaced tussocks between
which small plants can grow early in the wet season.
The soils of these valley grasslands are often black clays
that are extremely sticky when wet and very hard
when dry.

As in the Guinea Savanna, large mammal biomass
is low in miombo. There are, however, many more
species than in Guinea Savanna. Roan antelope occur,
as well as the closely related sable antelope (Hippotragus
niger) with its spectacular scimitar-shaped horns. Harte-
beest (Alcelaphus busephalus) occur as do elephant
where there is permanent water within reasonable
range. The spectacular greater kudu (Tragelaphus strep-
siceros), with long, spirally twisted horns, is very much
an animal of the miombo. Herds of Cape buffalo (Sync-
erus caffer) can be found, again where permanent water
lies within a reasonable distance.

The annual cycle of the miombo woodland follows
the rains. The trees often begin to produce their new
leaves before the first rains, presumably drawing on
reserves of water from deep in the soil. This flush of new
foliage is often reddish, perhaps because of secondary
compounds that make the leaves unpalatable to preda-
tors. Flowering takes places fairly early in the wet sea-
son, giving the often bulky pods and seeds time to
develop before the dry season begins. The pods ripen
and burst to scatter their seeds during the dry season.
The extent to which the leaves are shed varies from
place to place and year to year according to the degree
of drought and the intensity of the fire.

Drier woodlands are found both to the north and



south of the equator. To the north, they fall into the
zone called “Sudan Savanna” by Chevalier. This zone
has a longer dry season and a lower annual rainfall than
the Guinea Savanna. Typical tree species include Parkia
filicoidea and Piliostigma thonningii, but this zone has
amuch higher human population and is more cultivated
than the Guinea Savanna. There are a number of possi-
ble explanations for this; maybe all play a part. Because
it is farther from the coast, it was less heavily raided
and depopulated during the time of the slave trade. The
relatively smaller growth of grass makes land clearance
and maintenance easier, and the lower rainfall means
that the soils are less intensively leached and therefore
rather more fertile. Whatever the reason, this zone now
supports high human populations who cultivate
groundnuts, sorghum, and various kinds of millet.
Many of the remaining trees survive because they are
of some use; Parkia seeds and the pulp that surrounds
them are a useful food, as are the leaves and fruit-pulp
of the baobab tree (Adansonia digitata).

In southern Africa the corresponding zone is proba-
bly mopane woodland, which is not very intensively
settled or cultivated. It is dominated by a single tree
species, Colophospermum mopane (Fabaceae: Caesalpin-
ioideae). Mopane grows in areas that are hotter and
drier than those occupied by miombo. It is unusual in
its family in being normally wind pollinated. Mopane
woodland can support a wide range of large mammals,
including elephant, black rhino (Diceros bicornis),
eland, and impala (Aepyceros melampus).

2. Bushland and Thicket

The drier lowlands of eastern Africa and the Horn of
Africa are occupied by woody vegetation that is low-
growing (less than 10 m tall), often spiny, and leafless
for a substantial part of the year. The rainfall in this
region is always somewhat unpredictable, tending to
fall in two wet seasons in each year, either or both of
which may fail. The most obvious components of the
vegetation are species of Acacia (Fabaceae: Mimo-
soideae). Almost all of these bear paired spines, some-
times hooked and very sharp. Another genus that is
abundant and diverse here is Commiphora (Bursera-
ceae); all the trees in the genus have a resinous scent
and one is the main source of myrrh. [Another genus
of the region, Boswellia (Burseraceae), yields the resin
known as frankincense.]|

Many other tree and shrub species also occur so that
this vegetation type is very rich in species. Few of these
are common to the wetter woodland regions, and the
Somali—Maasai area is recognized by White as a separate
phytochorion, that is, a region with a distinctive flora.
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The floristic relationships of this area lie with southern
Arabia and the north-western part of the Indian penin-
sula rather than with the rest of Africa. Somalia and
northern Kenya in particular are rich in endemic plant
species, perhaps partly because of long isolation, but
also because of the existence of specialized habitats
such as regions where the underlying rock is either
limestone or gypsum (calcium sulfate) and the coastal
strip near Obbia (Somalia), where low-growing plants
cover fossil sand dunes just inland from the coast.

The animals of this area are also distinctive. Grevy’s
zebra (Equus grevyi) and the wild ass (Equus africanus)
are virtually confined to this part of Africa, and the
latter is very scarce. The very handsome and distinct
reticulated giraffe (Giraffa camelopardalis reticulata) is
confined to Somalia, southern Ethiopia, and northern
Kenya. The beira (Dorcatragus megalotis), a specialized
long-legged duiker, is confined to Somalia. The four
species of dikdik (Madoqua), tiny antelopes that live
alone or in pairs in bushland, in territories marked by
dung piles, are virtually confined to this vegetation type.
Several species of gazelle are also confined, or almost
so, to this region. Finally, two remarkable long-necked
gazelles, the dibatag (Ammodorcas clarkei) and the gere-
nuk (Lithocranus walleri) occur only here; both are
exclusively browsers, stretching their long necks up
into the bushes and often standing on their hind legs
to reach taller growth. Their narrow muzzles allow them
to pick out small leaves from between dense twigs or
thorns.

The islands of Socotra and Abd-el-Kuri lie to the
east of the tip of the Horn of Africa. Both have undoubt-
edly been isolated for a very long time and have no
indigenous large mammals (although introduced live-
stock now abound). This has allowed the development
of a remarkable flora that, although clearly part of the
Somalia—Maasai Region, includes numerous endemics
such as Dendrosicyos socotranus (a tree-forming repre-
sentative of the cucumber family), Dorstenia gigas (Mor-
aceae), and Adenium socotranum (Apocynaceae).

3. Grasslands

Many of the grasslands of tropical Africa are the product
of some special condition of the soil that prevents the
growth of trees; seasonal waterlogging, shallow soils
subject to extreme seasonal droughts, and high concen-
trations of metals such as copper and cobalt all lead to
local grasslands. However, near the equator in eastern
Africa there are extensive areas of grassland, sometimes
with scattered flat-topped acacia trees (Acacia tortilis)
or thicket clumps. Most of these areas lie between 1000
and 2000 m above sea level. The commonest and most
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prominent grass is the red oat grass (Themeda triandra).
This species thrives under a regime of annual burning
and light grazing, but it is vulnerable to overgrazing.
Dense tussock-forming grasses such as Sporobolus pyra-
midalis tend to replace it if the grazing pressure is ex-
cessive.

These grasslands have long been the territory of pas-
toral peoples such as the Maasai, and it is possible that
these people, who are well aware of the effects of fire
on vegetation, have used it over the millennia to alter
the balance from woodland or thicket to grassland on
which to pasture their cattle. These peoples have also
long lived in close proximity to huge populations of
wild ungulates and their predators. These ungulate pop-
ulations often make seasonal migrations to make best
use of their range, such as that which straddles the
Tanzania—Kenya border in the Serengeti and Mara re-
gion. The main species in these migratory populations
are wildebeest (Connochaetes taurinus) and the plains
zebra (Equus quagga boehmii); other more sedentary
species include Thomson’s gazelle (Gagzella rufifrons
thomsoni) and Grant’s gazelle (Gazella granti). In wetter
areas, with access to permanent water, other sedentary
species such as Cape buffalo, elephant, and waterbuck
(Kobus ellipsiprymnus) are found. The Serengeti migra-
tion is the best-known, but in southern Sudan there is
also a huge migratory system involving tiang (Damalis-
cus lunatus), Mongalla gazelle (Gazella rufifrons albono-
tata), and white-eared kob (Kobus kob leucotis). These
species spend the wet season in the tall grasslands to-
wards the Uganda border. When the dry season begins,
they move northwards and feed on the swamp grasses,
such as Oryza (wild rice) and Echinochloa, exposed by
the retreat of the Nile River floods. This migration
crosses the line of the partially dug Jongei Canal—now
abandoned due to civil war—which forms a significant
obstruction.

The biomass of ungulates supported by some of these
grasslands is very high, particularly where there are two
rainy seasons each year and therefore at least some
forage of good quality at all times. The Western Rift
Valley in Uganda and eastern Zaire is typical; here large
herds of elephant, hippopotamuses from the lakes, and
Cape buffalo form the main part of the biomass, but
other species such as Uganda kob (Adenota kob thom-
asii), waterbuck, and warthog (Phacochoerus africanus)
are also common.

In recent years, following the widespread destruction
of the larger animals, the smaller ones have increased
in numbers. The killing of many of the elephants has
also led to widespread vegetation changes. Acacia trees,
whose seedlings were formerly so regularly browsed

and burned that they remained in a suppressed state
in the grass, are now regenerating in many places, and
thicket clumps dominated by the thorny scrambler Cap-
paris tomentosa (Capparidaceae) are now spreading and
coalescing to produce larger areas of thicket that are
becoming home to giant forest hogs (Hylochoerus mein-
ertzhageni), a species more commonly found in mon-
tane forests.

In all of these regions with numerous herbivores,
there are high populations of predators. Lions are the
most conspicuous, living in prides made up of one or
more females and their offspring with at least one ma-
ture male in attendance. The females collaborate in
hunting, and any kill is shared by all the pride. When
a new male displaces another, his first action is to kill
any cubs in the pride still dependent on their mothers.
This action rapidly brings the lionesses into estrus and
allows the new male to start passing on his genes with
the minimum of delay.

Spotted hyenas (Crocuta crocuta) can also be very
common and have been shown to function not only as
scavengers but also as highly efficient predators in their
own right. They live and hunt in matriarchal groups
that hold and defend communal territories. The cheetah
(Acinonyx jubatus) is a highly specialized and solitary
cat, entirely dependent on its speed for running down
prey. Its jaws are relatively weak, and many of its kills
are lost to lions or hyenas against which it has virtually
no defense. Finally, there is the wild dog (Lycaon pic-
tus). This is another species that lives in groups; hunting
is by a prolonged chase in which the members of the
pack take turns in the lead. The leaders snap and tear
at the hind end of the prey, eventually bringing it down.
Wild dogs are short-lived, however, and rely on fre-
quent large litters to maintain their numbers. They usu-
ally have a very wide home range and in many areas
they are now very scarce or absent, and may well, with
the cheetah, be Africa’s most endangered carnivores.

The African grasslands are also home to large
ground-living birds; some, like the ostrich (Struthio
camelus), are flightless and others, like the kori bustard
(Ardeotis kori), almost so. The large mammal popula-
tions provide food for scavengers; for instance, a carcass
on the Serengeti Plains will attract four or five species
of vulture. Vultures spend much of their day soaring
on thermals; they watch both the ground and each other
so that if one spots prey and starts to descend, others
quickly follow.

4. Shrublands

Shrubland occupies the driest areas; under conditions
of even lower rainfall the individual shrubs grow farther



and farther apart until the land is best referred to as
desert. The shrubs are generally between 10 cm and 2
m in height, and are of many different species and
families. Members of the Acanthaceae, particularly the
genera Barleria and Blepharis, are often prominent.
Many are spiny, and all are highly facultative and irregu-
lar in their production of leaves and in their flowering
and fruiting, often not reproducing every year but only
when rainfall is exceptionally high or prolonged. Un-
der these conditions, many annual grasses also ap-
pear between the shrubs. Perennial drought-resistant
grasses often occur among the shrubs, and some author-
ities believe that the natural state in these ecosystems
is a drought-resistant grassland, which has been con-
verted to a shrubland by overgrazing. However, at least
some shrublands grow on soils developed from lime-
stone or gypsum and so may be partly edaphically con-
trolled.

C. Deserts

There are two main areas of real desert in Africa: the
Sahara to the north of the equator and the much smaller
Namib of southwestern Africa. Parts of the Horn of
Africa are also extremely dry, but only small areas such
as the Danakil Depression can be considered as true
deserts, if true desert is defined as an area in which
plants grow only where there is extra water either from
springs or from runoff.

At least some rain falls over much of the Sahara
each year. The exception is the eastern end, in the
Nile Valley, where no rain may fall for many years in
succession. Over much of the rest, enough rain falls in
most years to produce a thin ephemeral vegetation in
more favorable areas. Grasses are the main component
of this vegetation, which dries out quickly to form a
standing hay that is a valuable food resource for both
wild animals and the domestic animals of nomadic
herders.

Formerly several ungulate species were not uncom-
mon in the desert: the addax antelope (Addax nasomacu-
latus) and the scimitar-horned oryx (Oryx dammah)
being the largest, with several smaller species of gazelle.
Most of these have extremely efficient water-conserving
strategies and are capable of surviving without drinking.
Human population increase, with concomitant compe-
tition for space, grazing, and water, and the increased
availability of firearms, mean that all of these species
are now scarce and endangered. Scattered over the de-
sert are oases where springs from underground aquifers
provide year-round water. Most of these oases support
permanent human settlements, often dependent on
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sparse annual crops as well as dates produced by the
date palms (Phoenix dactylifera) that thrive in these en-
vironments.

The Namib Desert in southwestern Africa is also very
dry, at least near the coast, but the dryness is mitigated
by frequent fogs arising from the cold Benguela Current
immediately offshore. Many of the plants and animals
in this region survive by collecting water from mist.
Furthermore, a few rivers cross the coastal strip, form-
ing linear oases in which water is almost always avail-
able. Animals such as oryx (Oryx gazella), and even
a few herds of elephants, manage to survive in this
harsh environment.

One plant family, Mesembryanthaceae, has speciated
enormously in this region, and there are hundreds of
species. Many of these are very simple in structure,
producing clumps of short shoots each bearing just one
pair of large thick leaves at any one time. The lower
parts of these leaves are buried in the soil, thus avoiding
the extreme heat of the surface, and the exposed surface
is often translucent, allowing light to reach the buried
part of the leaves. The exposed parts of the leaves are
also often colored and textured just like the sur-
rounding stones, which camouflages the plants; the
members of one genus, Lithops, are known as “living
stones.” One truly remarkable plant grows in this area
and nowhere else in the World—Welwitschia mirabilis.
This is not a flowering plant, and neither is it a true
conifer. Each plant consists of a thick woody stem,
mostly buried in the ground, bearing two huge strap-
shaped leaves that grow continuously from the base,
lie on the ground, and wear away at the tips.

D. Montane and Afroalpine Ecosystems

Mountains in Africa are of two kinds: relatively recent
volcanics such as Mts. Cameroon, Kilimanjaro, Elgon,
and Kenya and the Ethiopian Highlands, and old up-
thrust portions of basement complex such as the Ru-
wenzori Mountains and numerous lower ranges in Tan-
zania such as the Usambara, Uluguru, and Uzungwa
Mountains.

Mountain slopes were originally forested, but be-
cause of their fertile soils in many places the forests
have been cleared for cultivation. However, the higher
forests tend to be cool and misty and much less attrac-
tive for agriculture, and some of these survive. Trees
such as Podocarpus and the mountain bamboo Arundi-
naria alpina are common. Epiphytic bryophytes, ferns,
and orchids are abundant. Above the montane forest is
a belt of “giant heath” formed from large species of
Erica that attain 10 m in height. As in the montane
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forest, epiphytic mosses and liverworts are very abun-
dant, often forming dense mats covering the trunks and
branches of the giant heaths.

Above the heath zone lies the afroalpine zone proper.
The climate here has been described as “summer every
day and winter every night.” Hot sunny days (this region
is often above the cloud zone) are followed by nights
during which the temperature plunges to well below
freezing, and frost and ice forms on the ground. Here
giant groundsels (Dendrosenecio) and giant Lobelia grow
scattered in a low shrubland of everlastings (Helichry-
sum) and Alchemilla. The giant groundsels and giant
lobelias consist of rosettes of huge leaves borne at the
ends of sparsely branched stems. (A very similar growth
form is found in the genus Espeletia of the Andean
paramos.) During the night, the leaves fold upwards to
form a dense mass around the delicate terminal buds,
thus protecting them from the cold. Water and mucilage
accumulate in the rosette and also help to prevent the
buds from freezing. The old leaves of some species do
not fall, but accumulate as an insulating blanket around
the stems; other species have thick corky bark that
functions in a similar way.

Animals are generally sparse in montane forests and
in the afroalpine zone. Various antelopes move up here
from the surrounding savannas, as do elephants and
the occasional buffalo. With these come predators, par-
ticularly leopards. Specifically montane animals include
the mountain nyala (Tragelaphus buxtoni) of the heath
zone in Ethiopia, and the giant forest hog, a huge, hairy,
black pig that occurs in the montane forests of Kenya
and elsewhere, but also at lower altitudes in western
Uganda. Montane forests are rich in bird species, some
of them occurring nowhere else. The giant lobelias are
visited and pollinated by sunbirds, which are specialists
on them.

E. Wetlands

The wetlands of Africa may be seasonal or permanent.
Warping and subsidence of the earth’s crust has pro-
duced several extensive wetland areas, such as the in-
land delta of the Niger River in Mali, the Sudd of the Nile
River in the Sudan, the inland delta of the Okavango
in Botswana, and the Bangweolo swamps of northern
Zambia. Many permanent swamps are dominated by
the giant sedge Cyperus papyrus. Papyrus requires at
least some water movement and a reasonable supply of
nutrients to thrive; when it does, it attains heights of
3 m or more. Papyrus swamps are very species poor.
There are few other plants, most of them climbers like
the purple morning-glory, Ipomoea, and the yellow-

flowered pea, Vigna luteola. A swamp antelope, the sita-
tunga (Tragelaphus spekei), shelters in papyrus but finds
little food there. Some birds, such as the golden-
crowned gonolek (a shrike) and Carruthers’ cisticola
(a small brown warbler) spend their whole lives in
papyrus swamps, but most of the herons and other
waterbirds are found along channels and at the
swamp margins.

Temporary pools are a common feature of the sea-
sonal region of Africa. A pool will fill early in the rainy
season, sometimes from rain and sometimes from
overspill from rivers. Fish usually reach all but the most
isolated pools; the air-breathing African lungfish can
survive in a mucous cocoon in the mud for many
months, emerging when water returns. Catfish (Clarias)
can move over land through wet grass, and species of
killifish survive as resistant eggs in the mud, hatching
when wetted.

Floating plants like the Nile cabbage (Pistia) and
water lilies (Nymphaea), as well as submerged plants
such as bladderworts (Utricularia) and hornwort
(Ceratophyllum), appear from seed in the mud. In game
reserves and parks hippopotamuses (Hippopotamus am-
phibius) often move into the pools and churn them into
mud, as well as adding nutrients in their droppings. At
the end of the wet season the pools start to dry up.
Then flocks of herons, egrets, and storks arrive to
feed on the fish trapped in the shrinking patches of
water, and the hippos move back to permanent water
or die.

Seasonally flooded grasslands are found around the
edges of many of the swamp regions of Africa. Some
of them, like those around the Sudd of southern Sudan,
and the Kafue River flats of Zambia, are very large.
Among the grasses, species of Echinochloa are often
common; at least some of these are very tolerant of
flooding and their stems can elongate and form a float-
ing mat when water levels are high. Perennial wild rice
(Oryza longistaminata) is also common. Many of these
areas are occupied by pastoral groups such as the Dinka
of southern Sudan. They are cattle herders and move
seasonally to follow the rise and fall of the flood. There
are also wild ungulates; the Nile lechwe (Kobus megac-
eros) is confined to the grasslands at the edges of the
Sudd swamps, and the red lechwe (Kobus leche) is found
in various seasonally flooded grassland areas of Zambia.
These animals also follow the rise and fall of the flood.

F. Lakes

Africa has numerous freshwater lakes, some of them
very large. They are either shallow or deep lakes. First,



there are the deep lakes of the Rift Valleys: Lakes Tan-
ganyika (33,000 km’, maximum depth of 1460 m),
Malawi (704 m), Edward, and Albert. These lakes are
permanently stratified. In the temperate zones, low win-
ter temperatures cool the surface waters to 4°C, at which
temperature water is densest and sinks, carrying dis-
solved oxygen to the bottom of the lake. In the tropics
there are no significant seasonal variations in tempera-
ture, the surface water is always warmer than the
depths, and there is little circulation, so that the deeper
layers are anaerobic and lifeless. In spite of this, the
oxygenated upper layers have a rich fauna and are
highly productive. These lakes are ancient, and specia-
tion within them has been rapid. The diversity of mol-
luscs in Lake Tanganyika, for instance, parallels that of
the sea, with thick-shelled species occurring on exposed
coastal rocks and species with long spines on the shells
living on soft mud bottoms. The fish faunas also parallel
those of the sea, with some species living mainly near
the shore, while others exploit the zooplankton and
other food in the open water.

Then there are the shallower lakes, such as Lakes
Victoria (69,000 km?, maximum depth of 90 m), Kyoga,
Chad, and Bangweolu. In these lakes the stirring action
of the wind is enough to circulate the water and carry
oxygen to the lake bottom. Most of the shallower lakes
are relatively young in geological terms, but some of
the groups of fishes in them have speciated explosively
to produce “species flocks,” each of whose members
exploits a different, often extremely specialized,
niche.

In Lake Victoria, which is less than a million years
old, the cichild mouth-brooding genus Haplochromis is
represented by more than 150 species, including plant-
eaters, snail-eaters, and fish predators. More bizarrely,
there are also species that live by biting off scales and
portions of the fins of others, by pulling mayfly larvae
from their burrows in dead wood, and by (probably)
sucking the eggs and young from the mouths of brood-
ing females. Sadly this astounding diversity is under
extreme threat following the introduction of the Nile
perch (Lates niloticus) to the lake. This is a voracious
predator, formerly found only in the Nile system below
the barrier of the Murchison Falls, but now introduced
to Lake Victoria with the intention of increasing fishing
yields. Water hyacinth (Eichhornia crassipes) has also
been introduced to Lake Victoria and is altering the
ecosystem enormously by forming extensive mats at
the edge of the lake, which make access for fishing
difficult. (These mats may also, however, be providing
nursery areas for young fish.) Lake Malawi has a simi-
larly remarkable diversity of cichlid fishes and, so far,
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neither Nile perch nor water hyacinth has been intro-
duced.

Finally, within the Rift Valley there are a number of
lakes that are highly alkaline or saline. Soda (sodium
carbonate) is obtained commercially from Lake Magadi
in Kenya, and salt (sodium chloride) from Lake Katwe
in western Uganda. The soda lakes of the western Rift
Valley in Ethiopia, Kenya, and Tanzania, as is often
the case with extreme environments, support relatively
simple ecosystems in which a few species are present
in great abundance. A planktonic blue-green alga, Spiru-
lina, often forms almost a soup in the alkaline water.
Planktonic copepods (small crustaceans) and chiro-
nomid (midge) larvae feed on the algae. Lesser flamin-
gos (Phoeniconaias minor) also feed on the algae by
filtering water through their beaks. Greater flamingos
(Phoenicopterus ruber) have more widely spaced filters
in their beaks, and feed mainly on the larger copepods
and midge larvae, often stirring them out of the mud
with their feet. They are not as numerous as the lesser
flamingos. Both species migrate up and down the Rift
Valley in response to changes in water levels and algal
concentration. They breed in huge colonies when water
levels are right and food availability is maximal.

G. Coastal Ecosystems

Most of Africa’s seashores are sandy or muddy; rock is
rare and generally confined to isolated headlands. Coral
reefs occur along the east coast from the Red Sea to
Mozambique, but not in the west, where cold upwelling
water and turbidity virtually exclude them.

The strand lines of sandy shores support open com-
munities of creeping plants such as Ipomoea pes-caprae
(Convolvulaceae), Canavalia rosea (Fabaceae) and Re-
mirea maritima (Cyperaceae). The first two have large
seeds that float in seawater and are probably thus dis-
persed; both species occur widely in the Old World
tropics. On the landward side of this grow salt-resistant
bushes of species such as Sophora inhambanensis and
Pemphis maritima, often forming dense thickets. Such
thickets may grade into forest, or, in parts of West
Africa, into a wind-swept grassland with bush clumps
sculpted by the wind. Some of the grassland plants exist
here as prostrate ecotypes that maintain their prostrate
growth form in cultivation.

More sheltered shores often support mangrove
swamps, particularly in the neighborhood of the
mouths of large rivers such as the Niger and the Rovuma
(Tanzania). West African mangrove swamps are rela-
tively poor in species; Avicennia and species of Rhizo-
phora are frequent here. The east coast is richer in
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mangrove species. The mangrove ecosystem is ex-
tremely productive; the breathing roots of the man-
groves support communities of seaweeds and oysters,
while the mud surface teems with crabs and small fishes.
The whole zone is a rich nursery for fish.

Some of the more sheltered sandy flats behind reefs,
particularly in northern Kenya and southern Somalia,
have extensive beds of seagrasses (Cymodocea, Halodule,
and Thalassodendron). These are not true grasses, al-
though their flat, parallel-sided leaves are similar, but
are closer to the pondweeds (Potamogetonaceae). Some
grow intertidally, but many extend well below low-tide
level and may form extensive lawns on sandy substrates.
Here they are grazed by dugongs (Dugong dugon). These
marine vegetarian mammals are regularly hunted and
are becoming scarce and endangered almost throughout
their range.

V. MADAGASCAR

Madagascar has been isolated from Africa for at least
140 million years, and from India for around 88 million
years. It has a rich flora in which about 80% of the
species are endemic, and in at least some cases their
closest relatives occur in Southeast Asia rather than
Africa. The isolation of Madagascar predated the major
adaptive radiation of mammals that has occurred in
Africa, and it lacks large grazing mammals—although
a dwarf hippopotamus appears to have become extinct
less than 1000 years ago—and large carnivores.

At present the largest wild mammal is the bush pig
(Potamochoerus larvatus), which is believed to be a re-
cent arrival. A group of primitive primates, the lemurs,
has radiated into all the habitats on the island. Fossils
show that they were formerly even more diverse than
they are now; some extinct forms were much larger
than any modern species. The largest carnivore is the
fossa, a large mongoose-like animal that climbs trees
well and is a specialist predator on lemurs. There are
also fossil and subfossil remains of giant flightless birds
(Aepyornis), the last of which seem to have become
extinct only a few hundred years ago. Humans reached
the island from the east perhaps 1500 years ago. At first
their settlements were confined to the coast, but later
they spread inland and colonized the central plateau.
Humans have had a dramatic effect on the island’s natu-
ral vegetation and habitats.

Flowering plants were in their earliest stages of evo-
lution when the island became isolated, and a high
percentage of species (80% in the legumes, Fabaceae),
many genera, and some families are endemic. The vege-

tation of the island is very diverse. On the eastern side,
rainfall is high and there is little or no dry season. Here
there are tropical rain forests, very diverse in composi-
tion, with no single species being dominant. They differ
from the forests of mainland Africa in their lower stature
(25-30 m), lack of large emergent trees, the abundance
of small palms in the understory, and the frequent oc-
currence of climbing bamboos. These forests have been
considerably reduced by clearance for agriculture, and
only scattered fragments remain. Secondary forests are
widespread, often characterized by the distinctive trav-
eler’s tree (Ravenala madagascariensis), with a single
stem crowned by huge leaves arranged like a fan in two
opposite rows. Higher up the forest takes on a more
montane aspect; the trees are shorter and more
branched, and epiphytic ferns and mosses are abundant.
The highest mountains support a montane thicket of
small-leaved ericoid shrubs such as Erica (Ericaceae),
Stoebe (Asteraceae), and everlastings (Helichrysum,
Asteraceae).

A drier form of forest or woodland seems also to
have occupied much of the central plateau, but only tiny
fragments remain, and these are under intense pressure
from fire, agriculture, and wood cutting for charcoal.
The commonest tree is tapia (Uapaca bojeri), which
may owe its survival to its fire resistance. One legume
genus with two species, Peltiera, has recently been de-
scribed from forest fragments in this zone; only three
specimens and no living plants are known and it seems
likely that the genus was extinct before it was described.
The forests of the central plateau have largely been
replaced by a species-poor grassland that provides little
protection to the soil from erosion so that gullies are
widespread and deep.

In the western half of the island, dry deciduous or
semideciduous forest survives here and there, particu-
larly in limestone areas, which have often weathered
to produce an inhospitable landscape of sharp ridges
and pinnacles (“tsingy”) that is very difficult of access
and unsuited to any kind of agriculture.

The southern end of the island, particularly in the
west, is very dry, and here a peculiar thorn forest is
found in which the endemic cactus-like family Didieria-
ceae is common. Lemurs (sifakas) live in this thorn
forest. This remarkable vegetation type is threatened
by agriculture, particularly sisal cultivation, by grazing,
and by cutting for charcoal production. Perhaps because
of the absence of large grazing animals, members of
several plant families have developed a growth form in
which leaves are absent and photosynthesis is carried
outin the flattened stems. Several members of the family
Fabaceae show this feature.



Another plant growth form perhaps more widely
developed in the dry parts of Madagascar than in any
other region is the “bottle-tree,” in which a thick and
swollen trunk supports a rather small crown. The genus
Adansonia, with one species in Africa (the baobab) and
one or two in Australia, has seven species in Madagas-
car. The flame-tree (Delonix regia), now an extremely
widespread ornamental tree in the tropics, is one of ten
Delonix species in Madagascar, with just one other in
tropical Africa. Several of the Madagascar species are
bottle-trees.

Some of the richest habitats in Madagascar are the
rocky outcrops, perhaps because they are sheltered from
fires and grazing animals. Numerous endemic species
of Aloe and succulent spurges (Euphorbia), as well as
strange single-stemmed spiny succulents (Pachypod-
ium), are common on these rocky outcrops and make
them striking refuges for the remarkable flora of this
isolated island.

VI. THE FUTURE FOR
AFRICAN ECOSYSTEMS

What of the future? The human species has been present
in Africa for longer than in any other continents. For
much of the time, however, humans would have lived
as part of the normal ecosystem—essentially part of
the wild fauna. Exactly when they began to rise to
dominance and to influence the composition and distri-
bution of ecosystems is hard to say. There is some
evidence that humans have been using fire (although
probably not making it) in Africa for as long as half a
million years. Fire is one of the most potent forces for
change in tropical vegetation and an increase in fire
frequency caused by humans may well have shifted
the balance between woody and herbaceous vegetation
towards the latter. The southward spread of pastoral
peoples, with their knowledge of the power of fire to
produce new grass and control trees, seems to have
begun by at least 2000 years B.c., perhaps in response
to increasing Saharan aridity, and may have been an
important force for vegetation change.

Domestication of crops may well have begun at the
same time. African plants that have been domesticated
include yams (Dioscorea), sorghum, upland rice (Or-
yza), and cowpea (Vigna), with oil palm (Elaeis) in the
forest zone. Bananas (Musa) probably arrived from Asia
in the first millennium A p., and New World crops such
as maize (Zea), cassava (Manihot), tomato (Lycopersi-
cum), and peppers (Capsicum) did not arrive until the
fifteenth or sixteenth centuries A.D.
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Most of the people of Africa survive by subsistence
agriculture, or by growing crops that are sold to the
rapidly increasing town populations. Shifting cultiva-
tion, in which a piece of ground is cleared, cultivated
for a few years, and then abandoned for a fallow period
of varying length, is the traditional way of exploiting
the nutrient-poor soils characteristic of much of Africa.
Although this practice is often attacked as wasteful and
destructive, it is a very satisfactory mode of land use,
so long as population densities remain low and a long
fallow period is possible. However, once populations
increase, the length of the fallow period falls, as do
yields. This increases pressure to find new agricultural
land, such as may be opened up in forest by logging
activities. The extraction roads that allow people into
the forest and the clearings made during timber cutting
provide sites for settlement. It is often said that most
of the forest loss in Africa is not caused by timber
extraction, but rather by the subsequent settlement.

Human populations are increasing throughout Af-
rica, in some nations at alarming rates. It is easy to
overlook that an annual increase of 3.5% implies a
population doubling every 15 years, and such rates are
found in many African countries. Probably a majority
of Africans are aware of the problem, but the absence
of state care for the old is a considerable incentive to
produce numerous children; even if child mortality is
high, at least one or two will survive to provide care
for the parents in their old age. Improvements in health
care tend to come before reductions in birth rates, lead-
ing to lower death rates and longer life expectancies.

A rise in population increases the pressure on land,
and therefore on natural ecosystems. Cultivators spread
farther into areas moist enough for agriculture, and
irrigation schemes push out the cultivable boundaries.
Pastoralists increase their flocks and herds, which are
viewed as cash on the hoof, whose numbers tend to
increase until drought or disease cuts them back. Some
of the more natural ecosystems, such as those of season-
ally dry regions with high wild animal populations, are
enclosed in national parks or game reserves, but unless
these are very large they are invariably inadequate to
accommodate migratory species or those, like the ele-
phant, that normally range over a very wide area. Within
the parks and reserves, tourist pressure can also be
a problem.

Political instability and the wider availability of fire-
arms are other threats. All of the larger antelopes of
the Sahara and its fringes are now endangered because
of hunting with guns and motor vehicles, as well as
competition with domestic stock for forage and water.
The migratory animal populations of southern Sudan
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have been greatly reduced by hunting with the many
firearms now in the region. In the 1970s and 1980s,
elephants were hunted throughout Africa for their
ivory.

Undisturbed forest is now a rare commodity in the
whole of West and East Africa; only in the Congo River
Basin are there tracts still in their original state, pro-
tected by their size and inaccessibility. Exploitation of
forests for timber will no doubt continue and probably
intensify, not only for timber for export and internal
use but also for charcoal to fuel the cookers of the cities.
Additionally, more areas will be cleared for plantation
agriculture and for cash crops such as oil palm and
cocoa. The woodlands will continue to be heavily ex-
ploited for firewood and charcoal, and more favorable
sites will be cleared and converted to large-scale agricul-
ture, if soil fertility can be maintained. Fire frequency
in the grasslands will continue to increase as the human
population increases, although the spread of agriculture
tends to reduce fire by fragmenting the area that can
be burned.

Yet here and there are signs that change may be
taking place. In West Africa there is a tradition of pre-
serving a patch of forest near every village to provide
a burial ground, a home for the ancestral spirits, and
a source of plants for medicine and poles for building.
These sacred groves provide refugia for some forest
species. In parts of the Guinea Savanna zone, schemes
for sustainable exploitation of the woodlands for fire-
wood and charcoal have been developed and may be
taking hold. Overall, however, the future for many plant

and animals in Africa, particularly those of the forests,
is still bleak.

See Also the Following Articles

DESERT ECOSYSTEMS ¢ FIRES, ECOLOGICAL EFFECTS OF »
MEDITERRANEAN-CLIMATE ECOSYSTEMS ¢ NEAR EAST
ECOSYSTEMS « TROPICAL ECOSYSTEMS

Bibliography

Cowling, R., and Richardson, D. (1995). Fynbos. South Africa’s Unique
Floral Kingdom. Fernwood Press, Vlaeberg, South Africa.

Cowling, R. M., Richardson, D. M., and Pierce, S. M. (1997). Vegeta-
tion of Southern Africa. Cambridge University Press, Cambridge,
United Kingdom.

Huxley, C. R, Lock, J. M., and Cutler, D. F. (eds.). (1998). Chorology,
Taxonomy and Ecology of the Floras of Africa and Madagascar.
Royal Botanic Gardens, Kew, London.

Kingdon, J. (1990). Island Africa. The Evolution of Africa’s Rare Animals
and Plants. Collin, London.

Kingdon, J. (1997). The Kingdon Field Guide to African Mammals.
Academic Press, San Diego/London.

Koechlin, J., Guillaumet, J.-L., and Morat, P. (1974, repr. 1997). Flore
et Végétation de Madagascar. ARG Gautner Verlag, Vaduz, Liech-
tenstein.

Lawson, G. W. (ed.). (1986). Plant Ecology in West Africa: Systems
and Processes, John Wiley & Sons, Chichester, United Kingdom.

Lind, E. M., and Morrison, M. E. S. (1974). East African Vegetation.
Longman, London.

Richmond, M. D. (ed.). (1997). A Guide to the Seashores of Eastern
Africa and the Western Indian Ocean Islands. SIDA, Stockholm.

White, F. (1983). The Vegetation of Africa. A Descriptive Memoir to
Accompany the UNESCO/AETFAT/UNSC Vegetation Map of Africa.
UNESCO, Paris.



David Pimentel

Cornell University

AGRICULTURAL
INVASIONS

1. Introduction
I1. Exotic Species Introductions in the
United States
I11. Exotic Species Introductions in the
United Kingdom
1V. Exotic Species Introductions in Australia
V. Exotic Species Introductions in South Africa
VI. Exotic Species Introductions in India
VII. Exotic Species Introductions in Brazil
VII. Conclusions

GLOSSARY

competition Use or defense of a resource, such as a
desirable growing site for a plant and a food source
or shelter for an animal, by an individual that reduces
the availability of the resource for another individual.

competitive exclusion Extirpation or extinction of one
species by another in a given area through competi-
tion for resources.

exotic (nonindigenous) species A species that occurs
in an area outside of its historically known range
and that has been introduced into a new habitat or
ecosystem, either intentionally or accidentally.

native (indigenous) species A species that occurs natu-
rally in a given area.

Encyclopedia of Biodiversity, Volume 1

THE INTENTIONAL—AND ACCIDENTAL—INTRO-
DUCTION OF VARIOUS BIOLOGICAL SPECIES INTO
AGRICULTURE started with the origin of farming about
10,000 years ago. Since then, more than 400,000 species
have been moved from one region of Earth to another.
Introduced species, like corn, wheat, rice, and other
food crops, as well as domestic cattle, poultry, and other
livestock, now provide more than 98% of the world’s
food supply, at a value of more than $5 trillion per year.
Other introduced species have been used for landscape
restoration, biological pest control, sport, pets, and
food processing.

I. INTRODUCTION

Thousands of species have been intentionally intro-
duced to new regions for explicit agricultural purposes,
such as the growing of crops and pest control. Yet
many species are also accidentally introduced, and these
biological “invaders” end up doing harm to the areas
they invade. They can cause major economic losses in
agriculture, forestry, and other segments of the world
economy if crops or other products are destroyed. One
recent study reported that the more than 50,000 species
that have been introduced into the United States since
Columbus’ time have resulted in approximately $137
billion in damages (Pimentel et al., 2000a). In addition,
introduced species often have substantial negative im-
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pacts on global ecological integrity; for example, the
presence of an alien invader can result in the extinction
of many native species.

It is difficult and complicated to estimate the full
extent of the ecological damages to world agriculture
caused by exotic species and the number of species
extinctions they have caused, because only approxi-
mately 20% of the estimated 10 to 15 million species
in the world have been described and catalogued. None-
theless, about 400 of the 958 species on the Threatened
or Endangered Species List in the United States are
considered at risk primarily because of competition and
predation by nonindigenous species. Other species are
continually threatened by hybridization with alien spe-
cies and/or ecosystem changes caused by biological in-
vaders. Estimation of the economic impacts of nonin-
digenous pests affecting world agriculture is also
difficult; however, sufficient data are available to quan-
tify some aspects of the economic impacts on agricul-
ture. This article assesses the magnitude of environmen-
tal impacts and some of the economic costs associated
with the diverse nonindigenous species that have in-
vaded world agriculture.

IL. EXOTIC SPECIES INTRODUCTIONS
IN THE UNITED STATES

Most plant and vertebrate animal introductions in U.S.
agriculture have been intentional, whereas most inver-
tebrate animal and microbe introductions have been
accidental. In the recent past, the rate of and risk associ-
ated with exotic species introductions have increased
enormously because the human population is growing
so rapidly; this ever-increasing number of humans has
substantially altered, and continues to alter, the global
environment (Pimentel et al., 2000b). In addition, large
numbers of people are traveling faster and farther and
more goods and materials are being traded among na-
tions all over the world (Bryan, 1996), so the opportu-
nity for even more species introductions is on the rise.

A. Nonindigenous Plants

1. Introduced Crop Plants

Most alien plants now established in the United States
were introduced for food, fiber, and/or ornamental pur-
poses. An estimated 5000 plant species have escaped
these realms and now exist in U.S. natural ecosystems.
This number is substantial when compared with a total
of about 18,000 species of native U.S. plants.

Ornamental plants are the largest group of nonindig-
enous plants that have become established in nature.
These plants include those found in cultivated gardens,
such as purple loosestrife (Lythrum salicaria). Of the
approximately 25,000 cultivated plant species, mostly
ornamentals brought into Florida, more than 900 have
become established in surrounding natural ecosystems
{Simberloff et al., 1997). More than 3000 plant species
have been introduced into California. New York state
also has a large percentage of introduced plant species:
1082 exotics versus 1940 native species.

In crop systems, including forage crops, an estimated
500 introduced plant species have become weed pests.
Most of these were accidentally introduced with crop
seeds, from ship ballast, or from various imported dead
and live plant materials. Some of these accidentally
introduced weeds, like yellow rocket (Barbarea vul-
garis) and Canada thistle (Cirsium arvense), have be-
come major weed pests in U.S. gardens and commer-
cial agriculture.

Most of the 5000 nonindigenous plants established
in U.S. natural ecosystems have displaced some native
plant species. Alien grasses introduced as forage species
have diminished the health of natural ecosystem func-
tions as a result of nutrient losses, changes in microcli-
mates, altered vegetation succession, and increased inci-
dence of fires. Nonindigenous weeds are spreading and
invading approximately 700,000 ha of U.S. wildlife hab-
itat each year (Babbitt, 1998).

One of these weed pests is the European purple
loosestrife, which was introduced in the early nine-
teenth century as an ornamental garden plant. It has
been spreading at a rate of 115,000 ha per year and is
changing the basic structure of most of the wetlands
that it has invaded. The dominant, monotypic stands
of purple loosestrife have reduced the biomass of 44
native plants and endangered the wildlife that depends
on these native plants.

2. Economic Costs of Introduced Plants

In U.S. agriculture, weeds cause a reduction of 12%
in crop yields; in economic terms, that represents an
approximate $33 billion loss in crop production annu-
ally, based on the potential crop value of all U.S. crops
of more than $267 billion per year. Using the estimate
that about 73% of the weeds are nonindigenous, it fol-
lows that around $24 billion of these crop losses are
due to introduced weeds. In addition, approximately
$4 billion in herbicides are applied to U.S. crops, of
which about $3 billion can be attributed to nonindige-
nous weed control.

U.S. pastures provide about $10 billion in forage



crops annually, with total losses due to weeds estimated
at nearly $2 billion. Since about 45% of these weeds

species are nonindigenous, I estimate that forage losses-

due to these weeds are close to $1 billion each year.

Some introduced weeds are actually toxic to cattle
and wild ungulates. For example, leafy spurge (Euphor-
bia esula) contains a toxic substance that, when eaten
by cattle, acts as an irritant, emetic, and purgative and
can cause dysentery and sometimes death. Some ani-
mals, after unpleasant experiences, learn to avoid eating
the plant. If the vegetation on grazing land is composed
of just 10 to 20% leafy spurge, the cattle will not graze
there and the value of the land as forage is lost. Total
losses resulting from the prevalence of this weed on
western rangelands account for nearly $110 million per
year due to toxic effects and reduced grazing by the
cattle (this cost is included in the $1 billion in losses
mentioned earlier) (OTA, 1993).

Several nonindigenous thistles also replace desirable
native plant species in pastures, rangelands, and forests
and similarly reduce cattle grazing. According to United
States Secretary of the Interior Bruce Babbitt (1998),
ranchers spend about $5 billion each year to control
invasive nonindigenous weeds in pastures and range-
lands; despite those expensive efforts, though, these
weeds continue to spread.

Lawn, garden, and golf course management costs
about $36 billion per year. A significant proportion of
these management costs is related to pest control. In
addition to the high cost of this commercial pest con-
trol, it is estimated that about $1.3 billion (included in
the $36 billion) is spent on outdoor residential weed,
insect, and disease pest control each year. Given the
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high percentages of nonindigenous species, 1 estimate
that about $500 million is spent on residential nonin-
digenous weed control, and an additional $1 billion is
invested in nonindigenous weed control on golf
courses. Therefore, the total economic cost of intro-
duced weeds on U.S. cropland, pastureland, and other
uses is about $35 billion annually (Table I).

B. Nonindigenous Vertebrates

1. Mammalian Introductions

Introduced mammal species include dogs, cats, horses,
burros, cattle, sheep, pigs, goats, monkeys, and deer
(Layne, 1997). Several of these animals escaped or were
released into the wild, and many have become pests by
either preying on native animals, grazing on vegetation,
or intensifying soil erosion.

For example, goats (Capra hircus) introduced on
San Clemente Island, California, are responsible for
the extinction of eight endemic plant species and the
endangerment of eight other native plant species on
the island (Kurdila, 1995). Horses (Equus caballus) and
burros (Equus asinus) released in the western United
States have reached populations of up to 50,000 ani-
mals. These animals graze heavily on native vegetation,
allowing nonindigenous annuals to displace native pe-
rennials. Furthermore, burros inhabiting the north-
western United States compete for the primary food
sources of native bighorn sheep and seed-eating birds,
thereby reducing the abundance of these native animals
(Kurdila, 1995).

Overall, large populations of feral horses and burros
are costly in terms of lost forage for livestock and wild-

TABLE I

Economic Losses to Biological Pest Invaders in Agriculture in the United States, United Kingdom, Australia,
South Africa, India, and Brazil (in Billions of Dollars)

Pest invader United States” United Kingdom Australia South Africa India Brazil Total
Plant weeds $35.000 $1.200 $2.400 $2.500 $23.724 $12.300 $77.124
Mammals

Rats 19.000 4.400 1.200 2.700 25.000 3.200 $55.500

Other 1.310 1.200 4.380 — — — $6.890
Birds 2.100 0.270 — — — — $2.370
Arthropods 15.000 0.840 1.000 1.700 10.200 4.600 $33.340
Microbes

Plant pathogens 23.500 1.700 2.700 2.900 21.400 18.300 $70.500

Livestock —_ — 0.021 1.000 — — $1.021"
Total $95.910 $9.610 $11.701 $10.800 $80.324 $38.400 $246.745

% Includes pest control costs for lawns, gardens, and golf courses. See text for details.
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life. Based on a minimum of $10 per animal-unit-month
(AUM) per hectare, and assuming 10 ha of pasture per
animal per year, these large animals exact damage of
at least $5 million per year. This cost does not include
the extensive environmental damage to ecosystems,
which can be up to 10 times this amount when increased
soil erosion and the reduction of native plants and
associated native animals are considered.

Pigs (Sus scrofa), which are native to Eurasia and
North Africa, have been introduced into some U.S.
parks (like the California coastal prairie) for hunting,
and have substantially changed the vegetation in those
places. Feral pigs are also a serious problem for U.S.
agriculture, In Hawaii, more than 80% of the soil is
bare in regions inhabited by pigs (Kurdila, 1995). This
disturbance allows annual plants to invade the over-
turned soil and intensifies soil erosion. Pig control per
park in Hawaii, with about 1500 pigs per park, costs
about $150,000 each year (based on $100 spent per pig
for control). Assuming that the three parks in Hawaii
have similar pig control problems, the total is $450,000
per year just in Hawaii (R. Zuniga, personal communi-
cation).

Pigs also have become a serious problem in Florida,
where the feral pig population has risen to more than
500,000. In a few cases these invaders are beneficial—
for example, pigs serve as a food source for the endan-
gered Florida panther (Layne, 1997). For the most part,
though, in Florida and elsewhere, pigs damage hay,
grain, peanut, soybean, cotton, and various vegetable
crops. Pigs also damage fences, livestock watering de-
vices, ponds, and young livestock. In addition, they
transmit and are reservoirs for serious diseases that
affect both humans and livestock, like brucellosis, pseu-
dobrucellosis, and trichinosis.

Nationwide, there are an estimated 4 million feral
pigs (Pimentel et al., 2000a). Control costs for feral
pigs range from $36 per pig for poison control to
$140 per pig for hunting with dogs. Estimated damages
are at least $300 per pig per year. Assuming that 4
million feral pigs inhabit the United States, the yearly
cost is about $800 million per year. This is a conserva-
tive estimate because pigs cause significant environ-
mental damage that is not easily translated into dol-
lar values.

In addition to large animals like horses and pigs,
many small mammals have been introduced both acci-
dentally and intentionally into the United States. Some
examples of these species are the European (black or
tree) rat (Rattus rattus), Asiatic (Norway or brown)
rat (Rattus norvegicus), house mouse (Mus musculus),
nutria (Myocaster coypus), European rabbit (Oryctola-

gus cuniculus), cat (Felis cattus), and dog (Canis famil-
iaris) (Layne, 1997).

Some rodents have become serious pests on farms,
in industries, and in homes (Layne, 1997). On farms,
rats and mice are particularly abundant and destructive.
On poultry farms there is approximately 1 rat for every
5 chickens (D. Pimentel, unpublished data). Assuming
this ratio, the total rat population on U.S. poultry farms
may easily number more than 1.4 billion. Even with a
decline in the rat population since these observations
were made, I estimate that the number of rats on poultry
and other farms is still approximately 1 billion. Given
an estimated 1 rat per person, there are an estimated
250 million rats in U.S. urban and suburban areas. All
told, there is a total of around 1.25 billion rats in the
United States.

Various studies report that an individual rat con-
sumes and/or destroys from 210 to 740 kg of grain
each year. If it is conservatively assumed that each rat
consumes and/or destroys grain and other materials
valued at $15/yr, then the total cost of destruction by
rats in the United States is more than $19 billion per
year. In addition, rats cause fires by gnawing electric
wires, pollute foodstuiffs, and act as major vectors in
the transmission of several diseases, including salmo-
nellosis and leptospirosis, and to a lesser degree plague
and murine typhus.

The Indian mongoose (Herpestes auropunctatus) was
first introduced into Jamaica in 1872 for the biological
control of rats in sugarcane plantations. It was soon
introduced to Puerto Rico, other West Indian Islands,
and Hawaii. The mongoose was effective in reducing the
Asiatic rat population in some areas, but with reduced
competition the European rat returned to being a major
pest in sugarcane fields. Moreover, the mongoose
preyed heavily on ground-nesting birds and subse-
quently reduced their numbers. It also preyed on am-
phibians and reptiles that were beneficial to biological
pest control, resulting in a minimum of 7 to 12 extinc-
tions in Puerto Rico and other islands of the West
Indies. In addition, the mongoose emerged as the major
vector and reservoir of rabies and leptospirosis in Puerto
Rico and other islands. Based on public health effects,
poultry losses, extinctions of amphibians and reptiles,
and the elimination of many native birds, we estimate
that the mongoose causes approximately $50 million
in damages each year in Puerto Rico and the Hawaiian
Islands (D. Pimentel, unpublished data; R. Zuniga, per-
sonal communication).

Finally, most dogs introduced into the United States
have been domesticated, although some have escaped
into the wild. Some of these feral dogs run in packs



and kill deer, rabbits, and domestic cattle, sheep, and
goats. It is estimated that feral dog packs in Texas cause
more than $5 million in livestock losses each year. Dog
packs have also become a serious problem in Florida
(Layne, 1997). Assuming $5 million in damages for the
other 47 continental states, total losses in livestock kills
per year would be approximately $10 million per year.

2. Exotic Birds

Of the 97 bird species introduced into the United States,
only 5% are considered beneficial; a majority (56%)
are pests (Temple, 1992). Several nonindigenous bird
species, including chickens and pigeons, were intro-
duced into the United States for agricultural purposes.

The common myna (Acridotheres tristis), introduced
into Hawaii for biological control, helped control pest
cutworms and armyworms in sugarcane. However, it
became the major disperser of seeds of the introduced
pest-weed Lantana camara. To cope with the weed prob-
lem, Hawaii was forced to introduce insect biocontrol
agents for the weed (Kurdila, 1995).

The English or house sparrow (Passer domesticus)
was introduced into the United States intentionally in
1853 to control the canker worm. By 1900, the birds
themselves were considered pests because they damage
plants around homes and public buildings and consume
wheat, green corn, and the buds of fruit trees. About
70% of the house sparrow’s diet consists of grains (the
introduced alfalfa weevil accounts for the other 30%).
Furthermore, English sparrows harass robins, Baltimore
orioles, yellow-billed cuckoos, and black-billed cuck-
o0os. They also displace bluebirds, wrens, purple mar-
tins, and cliff swallows from their nest sites, and are
associated with the spread of about 29 diseases that
affect both humans and domestic livestock.

Similarly, European starlings (Sturnus vulgaris) are
serious pests and are estimated to occur at densities of
more than 1 per hectare in agricultural regions. They
are capable of destroying approximately $2000 worth
of cherries per hectare. In grain fields, starlings consume
about $6 worth of grain per hectare. Therefore, assum-
ing approximately $5/ha for all damages to agriculture
crop production in the United States, the total economic
loss due to starlings would total approximately $800
million per year. In addition to these economic dam-
ages, starlings also have some negative environmental
impacts. For example, starlings are aggressive and have
displaced numerous native bird species, which can dis-
rupt precariously balanced ecosystems. Starlings also
have been implicated in the transmission of 25 diseases,
including parrot fever and other diseases in humans
and livestock.
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The domestic pigeon (Columba livia) has been intro-
duced for agricultural production and it has invaded
most cities of the world, including U.S. cities. Pigeons
are considered a nuisance because they foul buildings,
statues, cars, and sometimes pedestrians with their
droppings, and because they feed on agricultural grain.
Each pigeon consumes an average of 15 kg of grain per
year (Smith, 1992). The economic impacts caused by
fouling are estimated to be at least $9 per pigeon per
year (based on $9 in control costs per pigeon). Assum-
ing there is 1 pigeon per hectare in urban areas or
approximately 0.5 pigeon per person in urban areas,
common pigeons cause at least $1.1 billion in damages
each year. This estimate does not take into consider-
ation pigeons’ role as reservoirs for over 50 serious
human and livestock diseases, including parrot fever,
ornithosis, histoplasmosis, and encephalitis.

Thus, if we assume $800 million per year in eco
omic losses from starlings, $1.1 billion per year from
pigeons, and $200 million for house sparrows and other
birds, the damages from nonindigenous pest birds are
estimated to be $2.1 billion per year.

3. Nonindigenous Amphibians
and Reptiles

The cane toad (Bufo marinus) and bull frog (Rana cates-
beiana) were introduced into Florida, Puerto Rico,
Hawaii, and other warm regions, in some cases for the
biological control of pest insects. However, the cane
toad, with its toxic skin glands, has proved lethal to
birds, dogs, cats, and other mammals.

C. Nonindigenous Invertebrates
and Microbes

Approximately 4600 arthropod species (2600 species in
Hawaii and more than 2000 in the continental United
States) have been introduced into the United States.
Eleven earthworm species and nearly 100 aquatic inver-
tebrate species also have been introduced (OTA, 1993).
More than 95% of these introductions were accidental —
many invertebrate species gained entrance via plant in-
troductions, in soil, or in water ballast from ships.

1. Insects and Mites

Approximately 1000 nonindigenous insect and mite
species are pests in crops, stored-food products, and
structures. Hawaii has about 5200 identified native in-
sect species, and an additional 2600 introduced insect
species (Howarth, 1990). Introduced insects account
for 98% of the pest insects in that state. In addition to
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Florida’s 11,500 indigenous insect species, 949 immi-
grant species have invaded the state (42 species were
introduced for biological control). In California, the
600 introduced species are responsible for 67% of all
crop losses. Some of the California pests include the
cottony cushion scale (Icerya purchasi) and alfalfa wee-
vil (Hypera postica).

Each year pest insects destroy about 13% of potential
crop production at a cost of about $33 billion in U.S.
crops. Considering that about 40% of the pests were
introduced, we estimate that these alien pests cause
about $13 billion in crop losses each year. In addition,
about $1.2 billion in pesticides are applied for all insect
control each year. The portion applied against intro-
duced pest insects costs approximately $0.5 billion.
Therefore, the total cost for introduced nonindigenous
insect pests is approximately $13.5 billion annually.

Lawn, garden, and golf course management activities
cost about $36 billion annually. More than $3 billion
per year is related to the expenses of pest control. As-
suming the presence of 40% nonindigenous insect pests,
I estimate the control costs in lawns, gardens, and golf
courses to be about $1.5 billion each year.

Other introduced insect species have become pests of
livestock and wildlife. For example, the imported red fire
ant (Solenopsis invicta) kills poultry chicks, lizards,
snakes, and ground-nesting birds. In some areas fire ants
are extremely abundant, with as many as 367 nests per
ha. The estimated damage to livestock, wildlife, and pub-
lic health caused by fire ants in Texas is estimated to be
$300 million. An additional $200 million per year is in-
vested in controlling these ants. Assuming equal dam-
ages in other such infested southern states, the fire ant
damages total approximately $1 billion per year.

2. Nonindigenous Earthworms

There are approximately 70 native U.S. earthworm spe-
cies. In disturbed habitats, 11 species of introduced
earthworms have reduced the numbers of some of the
native species. Although detailed data are not available
concerning impacts of nonindigenous earthworms on
U.S. earthworm species and soil quality, earthworms
are generally beneficial to soil productivity and forma-
tion in agriculture.

3. Microbe Introductions in Agriculture

Although some microbes were intentionally introduced
into the United States for wine and cheese making, most
were accidentally introduced and some have become
serious pests. The number of microbe species intro-
duced into the United States cannot be estimated be-
cause several thousand species can exist in a single

gram of soil. Only a small fraction of all of these species
have been identified.

More than 100 species of microbes have been inten-
tionally introduced for processing wine, beer, cheese,
and other foods. In addition, about 50 microbes have
been introduced for the biological control of pest in-
sects. A strain of Bacillus thuringiensis (BT) was intro-
duced and has been used extensively to control pest
caterpillars. Other strains of BT have been developed
to control beetles and mosquitoes.

An estimated 121 species of microbes, mostly intro-
duced inadvertently in seeds and other parts of host
plants, have become major crop pests in the United
States. U.S. crop losses to all plant pathogens total ap-
proximately 12% of crops planted, a loss of $33 billion
per year. Approximately 65% of these crop losses—an
estimated $21 billion per year—are attributable to non-
indigenous plant pathogens. In addition, $0.72 billion
is spent annually on fungicides to control plant patho-
gens; approximately $0.5 billion of this goes toward
the control of nonindigenous plant pathogens.

As mentioned earlier, lawn, garden, and golf course
management activities have an annual cost of about $36
billion; most of this is spent for pest control. Assuming
that about $3 billion of management costs are related
to plant pathogen control and 65% of the pests are
nonindigenous pathogens, we estimate the costs caused
by introduced plant pathogens in lawns, gardens, and
golf courses to be $2 billion each year. Therefore, the
damages caused by nonindigenous pathogens and the
attempts to control them total about $23.5 billion
annually.

When all of the foregoing economic costs in crop
and pastureland losses and for pest control for nonin-
digenous weeds, mammals, birds, insects, and plant
pathogens are combined, the annual total is approxi-
mately $96 billion to the U.S. economy.

IIl. EXOTIC SPECIES INTRODUCTIONS
IN THE UNITED KINGDOM

A. Nonindigenous Plants

There are a total of 26,000 introduced plant species in
the United Kingdom. An estimated 25,000 species are
established in U.K. botanical gardens alone, 14,000 spe-
cies are cultured as commercial horticultural crops, and
there are 6000 species of noncultivated aliens. There are
1169 species of exotic plants known to be established
in natural ecosystems. The native flora of the United



Kingdom numbers only 1515 species (Crawley et al.,
1996).

Most of the alien plants occur in relatively few types
of habitats. More than 80% of the alien species are
present in waste ground areas, urban sites, roadway
sides, and agricultural habitats. An estimated 63% of
the alien plants occur in hedges and scrub areas; crop-
lands and gardens harbor about 43% of the alien species
(Crawley et al., 1996). Finally, about 40% of alien spe-
cies occur in rock walls and woodlands. It is interesting
that plant communities like grazed, mesic grasslands
and native Pinus sylvestris woodlands contain no alien
plant species.

In UK. agriculture, weeds cause an average reduc-
tion of about 10% in crop yields; however, this loss can
be as high as 32% in some crops. In economic terms,
about $2.8 billion in potential crop production is annu-
ally lost due to weed infestations. Given the estimate
that about 43% of the weeds are alien, it follows that
$1.2 million of the crop losses are due to introduced
weeds (see Table I).

B. Nonindigenous Vertebrates

1. Introduced Mammals

The total number of mammalian species in the United
Kingdom is 54; 17 of these are alien species. The mam-
mal introductions include domestic animals like dogs,
cats, cattle, horses, sheep, and pigs, as well as other
nondomesticated mammals. Some of the species that
were intentionally or accidentally introduced into the
United Kingdom include the gray squirrel (Sciurus caro-
linensis), European rabbit, North American mink (Mus-
tela vison), brown rat, and black rat (Lever, 1994). All
of these animals, except for cattle and horses, have
escaped into the wild and are now well established.
In the United Kingdom, rodents are serious pests on
farms, in industries, and in homes. The estimated num-
ber of rats are estimated at 5 per person (based on the
rat-to-person ratio in the United States), including rats
on farms (Pimentel et al., 2000a). Thus the total number

of rats is 295 million. Using the same value of $15 for

food and other goods damaged per rat, the cost of rats in
the United Kingdom is about $4.4 billion annually.

The European rabbit is also abundant in the United
Kingdom, with densities in some areas of up to 30
rabbits per hectare. Assuming approximately 10
rabbits/ha on the 7 million ha of cropland in the United
Kingdom with an estimated $11 damage per rabbit, the
total annual economic damages from European rabbits
are $800 million/yr. They are reported to reduce wheat
production by about 5 to 8%, and to reduce forage
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production for livestock by about 20%. With 11 million
ha of pasture for livestock, we estimate these losses to
be $400 million/yr. Thus, the total damage from the
European rabbit in the United Kingdom is $1.2
billion/yr.

2. Introduced Birds

Out of the 542 bird species in the United Kingdom, 47
are alien species. Some of the introduced species include
the Canada goose (Branta canadensis) and the little owl
(Athene noctua). Only one of the 47 introduced bird
species is currently causing major ecological and/or
economic problems—the common pigeon. This bird
does invade agriculture, but is most common in cities
and towns (Lever, 1994). Pigeons are a particularly
serious problem for reasons discussed earlier, namely,
the pollution of city surfaces with their droppings and
their consumption of grain in agriculture.

Assuming there is 1 pigeon per hectare, or 0.5 pigeon
per person in urban areas (as in the United States),
then there are approximately 30 million pigeons in the
United Kingdom. The estimated damage that a pigeon
causes is a minimum of $9 per year to crops and struc-
tures in cities and towns (Pimentel et al., 2000a). There-
fore, pigeon damages are estimated to be at least $270
million/yr. This does not include the role of pigeons
as reservoirs for over 50 human and livestock diseases,
including parrot fever, ornithosis, histoplasmosis, and
encephalitis. Pigeons are also responsible for transmis-
sion of at least three diseases to U.K. poultry, including
Newcastle disease.

C. Nonindigenous Invertebrates
and Microbes

1. Introduced Arthropods

There are approximately 23,000 native species and 1700
introduced species of arthropods in the United King-
dom. An estimated 1500 species are of economic impor-
tance; about 169 alien species are considered pests. An
estimated 30% of the crop losses in the United Kingdom
are associated with the introduced arthropod pests, as
compared with about 40% in the United States (Pimen-
tel et al., 2000a).

Arthropods damage and/or destroy approximately
$2.8 billion in crops in the United Kingdom each year,
based on the average of 10% crop losses per year. With
about 30% of these losses due to introduced arthropods,
they cause an economic loss of about $840 million/yr.

2. Introduced Crop Plant Pathogens
An estimated 74% of the plant pathogens in the United
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Kingdom were introduced when seeds and other crop
parts were brought into the country for agriculture.
Approximately $8 billion is lost to all pests in crop
production; about 8% of total potential production is
lost to plant pathogens at a cost of about $2.3 billion/
yr. If 74% of these crop losses are due to introduced
plant pathogens, then about $1.7 billion/yr is associated
with introduced microbes in crops.

IV. EXOTIC SPECIES INTRODUCTIONS
IN AUSTRALIA

A. Nonindigenous Plants

There are approximately 20,000 vascular plant species
in Australia (D. Pimentel, unpublished data), including
an estimated 1952 alien species. The rate of alien species
introductions into Victoria, Australia, alone has been
5 to 6 species per year during the past century. Many
of these species have become weeds and have invaded
a wide range of environments. The invasive plants are
a serious problem in both agricultural and wild ecosys-
tems, where they disrupt key natural ecosystems, alter
fire regimes, and reduce the resources for native ani-
mals. An estimated 60% of the weed species in crops
in Australia are alien (based on a survey of major weeds
in cereal crops).

The introduced blackberry (Rubus proceus) alone
causes $77 million worth of damages to crop production
each year. The indirect and direct losses due to all weeds
in pastures are estimated to be $970 million/yr. Weeds
are estimated to cause about $4 billion in total damages
in crops and pastures. Therefore, invasive plants cause
approximately $2.4 billion/yr in losses to agriculture
(see Table I).

B. Nonindigenous Vertebrates

1. Introduced Mammals

There are presently 20 introduced mammals in Austra-
lia, including the European rabbit, hares (Lepes euro-
paeus), water buffaloes (Bubalis bubalis arnee), cats,
dogs, foxes (Vulpes vulpes), sheep, goats, cattle, horses,
camels (Camelus dromedarius), pigs, and donkeys. In
comparison, the number of native mammals is 227. The
populations of some of these introduced mammals in
the Northern Territory are quite high: buffaloes,
340,000; horses, up to 300,000; donkeys, up to 140,000;
and camels, up to 30,000. The populations of these
herbivores are much too high, but the costs of imple-

menting a control program are also very high. For exam-
ple, the cost of controlling buffalo is nearly $30 per
animal.

The herbivorous animals significantly reduce the
vegetative cover by overgrazing and this intensifies soil
erosion and encourages annual plants and inedible
shrubs in pastures (Lever, 1994). Surprisingly, the most
serious pest herbivorous mammal in Australia is not
one of these large-hoofed herbivores, but rather the
European rabbit. In Tasmania, the rabbit population in
1952 reached a density of up to 250 rabbits/ha. The
total number of rabbits in Australia ranges from 200 to
300 million. Approximately 15 rabbits consume the
equivalent pasture forage of one sheep (Emmerson and
McCulloch, 1994). The impact of rabbits on sheep pro-
duction per year is estimated to be $110 million, includ-
ing reduced sheep production and rabbit control costs.
If we assume a conservative estimate of only 0.5 rabbit/
ha for cropland and pastureland and also assume that
each rabbit causes a minimum of $5 damage, then on the
465 million ha of Australian cropland and pastureland,
rabbits are causing at least $1.2 billion/yr in damages.

Feral pigs are also a serious problem in Australia, as
they damage fences and spread animal diseases, includ-
ing tuberculosis, brucellosis, rabies, and foot-and-
mouth disease (Lever, 1994). The number of feral pigs
ranges from 4 to 20 million. These pigs damage crops,
kill lambs, and damage the natural environment; they
are estimated to cause at least $80 million/yr in damages
(Emmerson and McCulloch, 1994).

The house mouse damages crops, houses, farm ma-
chinery, and livestock production. Estimates for these
annual losses range from $50 to $100 million/yr. Far
more serious than the house mouse, though, are the
invading brown and black rats. In the United States,
there are 4.6 rats per person (Pimentel et al., 2000a).
Assuming the same number of rats per person in Austra-
lia and that each rat causes $15 of damage, then for
a human population of 18 million, rats are causing
approximately $1.2 billion/yr in damages in Australia.

Introduced pet cats and feral cats are also a serious
problem, especially for native bird, mammal, and am-
phibian populations. There are an estimated 18 million
feral cats in Australia and each cat is estimated to kill
8 birds per year. Assuming that 144 million birds per
year are killed, and that each bird has a value of $30,
then damages from cats alone reach about $4.3
billion/year.

2. Introduced Birds

Australia has 850 bird species, of which about 70 are
alien species. Most of the introductions have been inten-



tional, including the English starling, English house
sparrow, and common pigeon. These birds are often
restricted to cities and towns. Pigeons cause similar
problems in Australia as they do elsewhere.

3. Introduced Reptiles and Amphibians

There are about 700 species of reptiles and amphibians
in Australia, but only 2 of them are nonindigenous.
One of these introduced amphibians, the cane toad
(Bufo marinus), was introduced as a biological control
agent for insect pests in sugarcane fields. Unfortunately,
the toad has become a pest itself because it is poisonous
to dogs, cats, and other mammals that attack it.

C. Nonindigenous Invertebrates

1. Introduced Arthropods

There are an estimated 108,000 arthropod species in
Australia, with 54,000 species of native and nonnative
insects and mites and 10,000 mollusk species. Crop
losses due to insects and mites are estimated at 10.7%
of Australia’s gross potential production of $22 billion/
yr. An estimated 36% of the pest arthropods in Australia
are alien species. Based on arthropod-caused crop losses
of about $2.4 billion/yr, the exotic pests account for
losses of $860 million/yr. In addition, three exotic in-
sects and mites cause $228 million/yr in damages to
the wool industry alone. Thus, we estimate that exotic
insect and mite species in Australia cause losses of at
least $1 billion/yr.

2. Introduced Crop Plant Pathogens

If the total potential crop production in Australia is $22
billion/yr and about 15.2% of crop losses are due to
plant pathogens, the economic costs of these pathogens
total about $3.3 billion/yr. Because a large number of
plant pathogens are introduced with crop seeds and
other plant parts, an estimated 82% of the plant patho-
gens in crops are believed to be alien species (based on
plant pathogens in field crops). Therefore, Australia
loses $2.7 billion/yr in crops from exotic plant
pathogens.

3. Microbe Introductions
Affecting Livestock

There are an estimated 44 exotic animal diseases that
could infect livestock in Australia. One exotic livestock
disease, sheep pox, costs the wool industry an estimated
$21 million/yr (D. Pimentel, unpublished data).
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V. EXOTIC SPECIES INTRODUCTIONS
IN SOUTH AFRICA

A. Nonindigenous Plants

There are 24,000 plant species in South Africa, includ-
ing an estimated 8750 alien species. Most of the alien
species were introduced from South America and Aus-
tralia and have in turn invaded a wide range of environ-
ments. A total of 273 species of introduced plants in
South Africa are serious weeds in crops (Bromilow,
1995).

Reduced crop production due to all weeds is 16.6%
of potential crop production and totals $3.7 billion/yr
in losses (total potential agricultural production is $22
billion/yr). Assuming that 67% of the weeds in crops
are alien (Bromilow, 1995), then the total loss in crop
production due to alien weeds is $2.5 billion/yr (see
Table 1).

Two of the most serious plants invading pasturelands
include the shrub Lantana camara and the cactus plant
Opuntia ficus-indica. In addition to these two weeds,
there are approximately 800 alien weed species out of
a total of 1604.

B. Nonindigenous Vertebrates

1. Introduced Mammals

There are 16 species of introduced mammals in South
Africa, including the European rabbit, hares, water buf-
faloes, cats, dogs, sheep, goats, cattle, horses, camels,
pigs, and donkeys. The total number of mammal species
in South Africa, including alien species, is 247. As in
Australia, the herbivore populations in South Africa are
much too high for the resources that are available, and
they significantly reduce the vegetative cover by over-
grazing. This intensifies soil erosion and encourages
some annual plants, weeds, and inedible shrubs to take
over the pasturelands (Pimentel et al., 2000b).

Feral pigs are also a serious problem; they damage
fences and spread disease in South Africa much as they
do in Australia. The estimated control cost per feral pig
in the United States is about $100 (Pimentel et al.,
2000a), about the same as in South Africa.

Rats are a serious problem in South African agricul-
ture as well as in urban areas. There are an estimated
4.6 rats per person in South Africa (based on data from
the United States; Pimentel et al., 2000a), which has a
human population of 39 million people. Thus, there
are about 179 million rats in South Africa; each rat is
assumed to cause $15 in damages per year. From these
estimates, losses from rat damage total $2.7 billion/yr.
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2. Introduced Birds

Of the 725 bird species in South Africa, only 8 are alien
species. Some of the introduced species include the
English starling, common pigeon, Indian myna, and
English house sparrow. Only the starling and pigeon
are currently causing economic problems, and their
damage is restricted to cities and towns. The problems
with starlings and sparrows are very similar to the nega-
tive effects that these birds have elsewhere; namely,
they pollute structures with their droppings and cause
agricultural losses by consuming grains and fruits. In
addition, pigeons, starlings, and sparrows are known
reservoirs and vectors of up to 50 different diseases of
humans and livestock.

C. Nonindigenous Invertebrates
and Microbes

1. Introduced Arthropods

An estimated 80,000 species of insects, 6000 species of
spiders, and numerous other arthropod species exist in
South Africa. About 20% of these are believed to be
exotic. One of the most serious invaders is the Argentine
ant (Linepithema humile), which causes major problems
because it destroys native vegetation, including endan-
gered plants. The same ant also negatively affects native
ants and other species of arthropods by competing with
them for limited resources.

Insect and mite pests in agriculture cause 16.7% or
$3.7 billion in losses of potential crop production each
year. Because approximately 45% of the insect and mite
pests are exotic, the economic losses to exotic pests are
estimated to be $1.7 billion/yr.

2. Introduced Crop Plant Pathogens

Approximately 85% of the plant pathogens that attack
crops in South Africa are nonnative species (based on
an assessment of diseases of fruits and vegetables). Most
of these pathogens were introduced with the introduc-
tion of crops into South Africa. In forests, around 69%
of the pathogens are exotic. Plant pathogens in South
Africa cause an estimated 15.6% or $3.4 billion/yr loss
of the potential crop production. Since 85% of the
pathogens are exotic, crop losses to exotic species total
$2.9 billion/yr.

3. Microbe Introductions

Affecting Livestock
Several serious livestock diseases, including tuberculo-
sis, brucellosis, East Coast fever, anthrax, and rinder-
pest, infect livestock and other animals in South Africa

(D. Pimentel, unpublished data). Estimates suggest that
these livestock diseases are causing losses of around $1
billion/yr (Table I).

VI. EXOTIC SPECIES INTRODUCTIONS
IN INDIA

A. Nonindigenous Plants

There are 45,000 plant species in India, and an
estimated 18,000 of these are alien species (Saxena,
1991). Many of the alien species have become weeds
and have invaded a wide range of environments.
Several weed species have been introduced along with
the introductions of new crops. Weeds are estimated
to cause a 30% loss in potential crop production,
which totals about $54 billion/yr. Assuming that 42%
of the weeds in crop production are alien, the total
cost associated with invading weeds is $22.8 billion/
yr (see Table I).

Lantana camara, a shrub introduced from South
America as an ornamental plant, is a major weed in
India, and it has invaded most pasturelands (13.2 mil-
lion ha). Lantana is toxic to cattle and the cost of con-
trolling it is $70/ha. Only about 4% of India’s land area
is in pasture, yet total damage per year from Lantana
is $924 million.

B. Nonindigenous Vertebrates

1. Introduced Mammals

There are approximately 30 species of nonnative mam-
mals in India, including cats, dogs, sheep, goats, pigs,
axis deer (Axis axis), house mice, and rats. The total
number of mammal species in India, including alien
species, totals 320 (Pimentel et al., 2000b). As in other
countries, the introduced herbivorous animals signifi-
cantly reduce the vegetative cover by overgrazing, re-
sulting in intensified soil erosion and increased invasion
of pastureland by inedible weeds and shrubs.

Rats number at least 2.5 billion in India, or about
2.7 rats per person (Pimentel et al., 1999). They attack
crops in the field and are estimated to reduce potential
crop yields by about 2%. In addition, rats are especially
serious pests of stored grain supplies. Various studies
report that an individual rat consumes and/or destroys
about 210 kg of grain per year in India, and up to 740
kg of grain per year in Pakistan. Rats are estimated to
destroy about 12 million tons of grain per year in India
(D. Pimentel, unpublished data), in addition to damag-
ing other foods, goods, and structures. In India 1 esti-



mate that each rat causes at least $10 of damage per
year, and thus they are responsible for at least $25
billion annually (Pimentel et al., 2000b). In addition,
rats are major vectors of and carriers of 38 human and
livestock diseases. Au average of 250,000 people die
each year from the plague in India.

2. Introduced Birds

The number of bird species in India is 1221, including
migrants and vagrants. Introduced species number
only 4, and include the English house sparrow, com-
mon pigeon, black francolin, and Alexandrine para-
keet. In neighboring Pakistan, sparrows reduce poten-
tial wheat yields by 170,000 tons at a cost of $26
million/yr (D. Pimentel, unpublished data). Based on
these data, losses in India are calculated to be $50
million/yr. Also, the common pigeon is a problem
in agriculture, as well as in cities and towns, where
it consumes grains and fouls buildings, statues, cars,
and the occasional unlucky pedestrian. Pigeons are
also involved in the spread of about 50 diseases that
affect humans and livestock.

C. Nonindigenous Invertebrates
and Microbes

1. Introduced Mollusks

An estimated 1500 species of land mollusks exist in
India; several of these are exotic. The giant African snail
(Achatina fulica) destroys from 0.29 to 4.3 g of grain
per day per snail from eight major crops.

2. Introduced Arthropods

There are more than 30,000 species of arthropods in
India. An estimated 560 mite species and about 600
species of insects are crop pests. About 30% of the
pest species are introduced arthropods, and as a group
they reduce potential crop production by 18.7%. Based
on total potential crop production in India of $181
billion/yr, crop losses to alien arthropods total $10.2
billion/yr.

3. Introduced Crop Plant Pathogens

Plant pathogens reduce potential crop production in
India by approximately 16%, at a total cost of $29
billion/yr. There are approximately 30,000 species of
plant pathogens in India, and about 74% of the major
pathogens are exotic species (based on the major plant
pathogens in vegetable crops). Thus, the total cost of
invading plant pathogens to crops in India is about
$21.4 billion/yr.
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4. Microbe Introductions
Affecting Livestock

Several major diseases of livestock cause significant
losses in India, most significantly foot-and-mouth dis-
ease. During 8 months in 1996, nearly 50,000 cases
were reported at an estimated cost of $17,000/yr.

The combined cost of crop losses that can be attrib-
uted to nonindigenous plants, mammals, arthropods,
and plant pathogens is $80 billion. Thus the negative
effect of exotic species on Indian agriculture rivals that
found in the United States.

VII. EXOTIC SPECIES
INTRODUCTIONS IN BRAZIL

A. Nonindigenous Plants

Of the 55,000 plant species in Brazil, an estimated
21.1%, or 11,605, are alien species. Many of the alien
species have become weeds and invaded a range of
environments. In crop production, alien species make
up 75% of the weed species. Weeds are estimated to
destroy about 13.4% of Brazil’s potential crop and pas-
ture production, or about $12.3 billion/yr (see Table I).

B. Nonindigenous Vertebrates

1. Introduced Mammals

The number of introduced mammals in Brazil is esti-
mated to be 30, including cats, dogs, sheep, goats, cattle,
horses, pigs, and donkeys. The total number of mammal
species in Brazil, including alien species, is 428.

On the outskirts of Sdo Paulo in the community of
Taboao de Sera, estimates suggest that there are 12,500
feral dogs and 4600 feral cats (Pimentel et al., 2000b).
The feral dogs attack livestock and other animals. Feral
cats are also a serious problem, as they destroy birds
and other native animals in Brazil.

It is estimated that there are about 320 million rats
in Brazil. Assuming that each rat causes $10 in damages,
the total cost of rats is estimated to be $3.2 billion/yr.

2. Introduced Birds

The number of native bird species in Brazil is 1635.
Only three, the English house sparrow, common wax-
bill (Estrilda astrild), and common pigeon, are intro-
duced species. The sparrow and pigeon populations
cause major ecological and/or economic problems. The
common waxbill is not considered a serious problem
because it feeds primarily on the introduced guinea
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grass (Panicum maximum) and does little damage to this
fast-growing grass (D. Pimentel, unpublished data).

C. Nonindigenous Invertebrates
and Microbes

1. Introduced Arthropods

Invertebrate species number more than 100,000 in Bra-
zil; about 70,000 are arthropod species. About 14.4%
of potential crop production is destroyed by insects and
mites, and approximately 35% of these pests are exotic.
The calculated loss of crops to exotic insects and mites
is estimated to be $4.6 billion/yr.

2. Introduced Crop Plant Pathogens

There are an estimated 100,000 species of microbes in
Brazil; around 75% of the microbes that attack crops
are exotic. Like most countries, most of these plant
pathogens were introduced via alien crop species. Plant
pathogens are estimated to cause 13.5% in crop losses
each year. If 75% of the plant pathogen species are
exotic, estimated losses from alien species total $18.3
billion/yr.

VIII. CONCLUSIONS

With approximately 400,000 nonindigenous species in
various nations worldwide, if even a small fraction of
these invaders are harmful, significant agricultural
problems can result. While nearly all of our crop and
livestock species are nonindigenous and have proven
essential to the viability of the world’s agriculture and
economy, exotic species invasions do result in many
negative financial effects. This article shows that the
economic damages of these alien species to the agricul-
tural economies of just six nations (including, in some
cases, control costs) amount to approximately $247
billion each year. If this figure is extrapolated to all
nations based on costs per person, the total cost of
exotic species to world agriculture would be about $943
billion/yr.

Precise economic data for some of the most ecologi-
cally. damaging biological invaders are not available.
Mammals, including horses, water buffaloes, and goats,
have been responsible for reducing the productivity of
pastures and rangelands, as well as the extinction of
many plant species in various ecosystems. In other
areas, feral pigs and feral dogs have had serious impacts
on agriculture, but as of yet few data are available con-
cerning these animals.

Most of the exotic species in the world have been
introduced within the past 70 years. Accelerated inter-
national trade and travel, plus rapidly increasing human
numbers, guarantee that the threat from nonindigenous
species invasions is still growing. The true challenge
lies not in assigning precise dollar values to exotic spe-
cies losses but in preventing further biological introduc-
tions and the resultant damage to managed and natural
ecosystems. Although policies and practices to prevent
the accidental and intentional introduction of exotic
species are improving, the world’s nations are woefully
short of allocating sufficient resources to the problem
in proportion to the risks. Both natural and managed
ecosystems need to be protected from additional costly
damages resulting from introduced species.
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by factors such as the adoption of high-yielding
varieties, farmers’ increased integration into the
market, land clearing, urbanization, and cultural
change.

IV. The Commercialization of Crop Production genetic variation The allelic variation that occurs at

V. The Implications of Commercialization for Crop
Genetic Diversity
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GLOSSARY

alleles Variants of nucleotides within the genome that
cause changes in a given protein.

crop genetic diversity The diversity of the sets of genes
carried by different individuals within a crop species.
It occurs in the form of nucleotide variation within
the genome.

genetic diversity The diversity of the sets of genes
carried by different organisms. It occurs in the form

various genetic loci or gene positions within a chro-
mosome. Genetically variable loci are termed poly-
morphic or are said to show polymorphism.

landraces These have a complex nature; therefore, it

is not possible to give an all-embracing definition.
Landraces are the originally adapted but variable
crop populations on which farmers based their selec-
tions. They are geographically or ecologically dis-
tinctive populations which are conspicuously diverse
in their genetic composition both between popula-
tions and within them. They have certain genetic
integrity and are recognizable morphologically;
farmers have names for them and different landraces
are understood to differ in adaptation to soil type,
time of seeding, date of maturity, height, nutritive
value, use, and other properties.

of nucleotide variation within the genome. When  loci Gene positions within a chromosome. Allelic vari-

this variation causes a change in a given protein, the

ation occurs at various genetic loci.

variants are called alleles. Allelic variation occurs at ~ spatial and/or temporal patterns of genetic varia-

various genetic loci or gene positions within a chro-
mosome.
genetic erosion The loss of genes from a gene pool

tion The systematic changes in the alleles occurring
at specific loci along spatial and/or temporal dimen-
sions.

attributed to the elimination of populations caused
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CROP GENETIC DIVERSITY IS THE BASIS of food
production: Its pattern has changed significantly with
the intensification and commercialization of agricul-
ture. There is disagreement about the implications of
these changes for the future. This article explores the
nature of the links between the modernization of
crop production and patterns of crop genetic diversity
in the rice, maize, and wheat fields of the devel-
oping world.

. INTRODUCTION

During the past 200 years, and in a more accelerated
way since 1960, the pattern of crop genetic diversity
in the fields of the developing world has changed funda-
mentally. The germplasm that dominates the area
planted with major cereals has shifted from the locally
adapted populations that farmers historically selected
from seed they saved—often called “landraces”—to the
more widely adapted seed types produced by scientific
plant breeding programs and purchased by farmers—
often called “modern varieties.” These yield-enhancing
seed types enabled the intensification of agriculture in
areas of the world with high population densities. Ini-
tially, they diffused through the environments best
suited for their production, spreading later—and un-
evenly—into less favored areas.

Economic growth, increasing incomes, and migra-
tion of labor from rural to urban areas lead to the
commercialization of agriculture. Commercial crop
production is characterized by the controlled applica-
tion of water and other purchased inputs, such as fertil-
izer, fungicides, or pesticides to modern seed types.
Sustained yield increases in commercial agriculture
have depended not only on continued modifications
in crop management practices but also on successive
genetic improvements that are accomplished through
recombining and exchanging diverse sources of germ-
plasm. The spatial and temporal diversity among mod-
ern varieties in farmers’ fields is determined in large
part by the economic factors affecting their profitability
and the performance of agricultural research institu-
tions and seed industries.

In contrast, the genetic content and the geographi-
cal distribution of landrace populations are influenced
more by natural selection pressures and the seed and
crop management practices of traditional farm-
ing communities. Typically, it is not profitable to
grow them with large amounts of purchased inputs
since they are often grown principally for home

consumption of food or feed and the size of their
commercial market is limited. Seed markets for
these varieties are generally local and rules for the
exchange for seed, grain, and other products are
more personal.

Today, the modernization of agriculture in the
developing world is incomplete. In some areas with
rain-fed, upland, or heterogeneous growing environ-
ments, landraces still dominate crop area or both
modern varieties and landraces coexist. As the process
of modernization continues, more farmers will be
integrated into specialized product markets. Whereas
others will work outside the farm and eventually
leave it. Even then, local or export demand for certain
quality attributes may provide market-based incen-
tives for continued cultivation of landraces. In some
places, there will be no alternative but to grow lan-
draces for food since there may be no urban target
for migration.

This article outlines some of the major implications
of the modernization of agriculture for crop genetic
diversity, focusing on the world’s three principal cere-
als—rice, wheat, and maize. Wheat is a major tradable
crop grown principally in temperate zones over a wide
geographic area and often on relatively large, mecha-
nized farms of industrialized countries. The world’s
main wheat-producing regions are southern Russia and
the Ukraine, the central plains of the United States
and adjacent areas in Canada, northwest Europe, the
Mediterranean basin, southwestern Australia, and, in
the developing world, India, China, and Argentina. Rice
is the most important food grain in the developing
world. Almost all the world’s rice is both produced and
consumed on numerous small farms within Asia, with
less than 5% of production entering trade. India, China,
and Indonesia are the major producers. Maize is the
world’s most widely grown cereal in terms of growing
environments and, after wheat, the most extensively
traded cereal. Although virtually all the wheat and rice
traded internationally are destined for human con-
sumption, most of the maize is used to feed livestock.
Maize is a very important part of the human diet in
Africa, parts of Latin America, and Asia. Major maize-
producing regions include the United States and parts
of Europe, Mexico, Brazil, Argentina, South Africa, In-
dia, and China.

The next section summarizes the factors driving the
intensification of agriculture. Section III explains the
implications of intensification for the patterns of genetic
variation in the fields of the developing world. Section
IV discusses how commercialization affects these pat-



terns and presents hypotheses concerning the future
for crop genetic diversity.

II. THE INTENSIFICATION OF
CROP PRODUCTION

A. What Is the Intensification of
Crop Production?

The intensification of agriculture refers to the increase
in output per unit of land used in production, or land
productivity. Population densities, expressed by the ra-
tio of labor to land, explain much about where and
under which conditions this process has occurred. The
transition from low-yield, land-extensive cultivation
systems to land-intensive, double- and triple-crop sys-
tems is only profitable in societies in which the supply
of uncultivated land has been exhausted. The process
of agricultural intensification has been observed in tra-
ditional and modern agricultural societies. The move-
ment from forest and bush fallow systems of cultivation
to annual and multi-crop cultivation systems, whereby
plots of land are cultivated one or more times per year,
has generally been influenced by increasing population
densities in traditional societies. It is no accident that
the modern seed-fertilizer revolution has been most
successful in densely populated areas of the world,
where traditional mechanisms for enhancing yields per
unit area have been exhausted.

Intensive cultivation will also be observed in areas
with lower population densities provided that soil con-
ditions are suitable and markets are accessible. Intensi-
fication occurs in the less densely populated areas for
two reasons: (i) Higher prices and elastic demand for
output imply that the marginal utility of effort in-
creases—hence, farmers in the region will begin culti-
vating larger areas, and (ii) higher returns to labor en-
courage migration into well-connected areas from
neighboring regions with higher transport costs. Exam-
ples of regions with low population density but inten-
sive, market-oriented production are the central plains
of Thailand and parts of South America’s southern cone.
If the conditions described are not present, labor and
other costs associated with intensive agriculture are
substantially higher than its incremental economic re-
turns.

Intensification of land use and the adoption of yield-
enhancing technologies have occurred in traditional
and modern agricultural systems. In the case of Africa,
Pingali et al. (1997) documented the movement from
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shifting cultivation to permanent agriculture with in-
creases in population densities and improvements in
market infrastructure. As land became scarce, tradi-
tional farming communities across sub-Saharan Africa
began to extract increasingly higher levels of output
from their land through investments in land improve-
ments and soil fertility management. The intensification
of traditional farming systems is a process that the more
densely populated regions of Asia had been through
several decades and in some cases centuries earlier. The
application of modern scientific innovations in the form
of high-yielding seeds and fertilizer allowed the ex-
tremely land-scarce regions of Asia to achieve levels of
land productivity that were not possible through the
exclusive reliance on traditional systems of farmer inno-
vation.

B. Seed Technical Change: Traditional
and Modern

The genetic evolution of cultivated crops is closely in-
terwoven with the evolution of human civilization and
crop husbandry. The recognition of wild species of ce-
real crops was first accomplished by primitive societies
of hunters and gatherers, who harvested them for food.
The domestication of wild species occurred when socie-
ties of shifting cultivators first began to cultivate food
crops. Sedentary or permanent agricultural systems led
to the emergence of ancestors of modern-day landraces
of cereal crops. Although landraces have evolved over
thousands of years under farmer management of natural
selection, varieties have been bred by plant breeding
programs for about 100 years. The first high-yielding
maize hybrids were developed about 50 years ago. The
high-yielding varieties of rice and wheat with semidwarf
stature were developed less than 50 years ago and have
been successfully adopted only in intensive agricultural
production systems. Modern cereal cultivars have de-
veloped through three main phases of selection: (i)
subconscious selection by the earlier food growers in
the process of harvesting and planting, (ii) deliberate
selection among variable material by farmers living in
settlements and communities, and (iii) purposeful se-
lection by professional breeders using scientific
methods.

The main attainment of the first phase was to make
the crop more suitable for planting and harvest by hu-
mans, threshing or shelling, and consumption. Higher
germination rates, more uniform growing periods, resis-
tance to shattering, and palatability were some of the
achievements of this effort. In the second phase, many
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farmers exerted pressures continuously in numerous
directions, resulting in variable populations that were
adapted to local growing conditions and consumption
preferences. These are broadly known as landraces.
During the third phase, fields of cereals have become
more uniform in plant types with less spontaneous gene
exchange. Planned gene migration has increased, how-
ever, with the worldwide exchange of germplasm. The
products of the third phase are loosely referred to as
“modern varieties.”

The genetic changes embodied in seed can lead to
change in the productivity of land (yield) both directly
and indirectly, in combination with other inputs. A
primary example of such technical change is the “green
revolution.” A term which has been used in various
contexts to symbolize various types of social and techni-
cal change, it is first said to have been used by a USAID
administrator to describe the rapid movement through
Asia of new wheat and rice varieties coupled with in-
creased use of fertilizer and irrigation. Here, we use
it to refer specifically to the widespread adoption of
semidwarf rice and wheat varieties in the developing
world during the late 1960s and early 1970s. When
grown with increased levels of fertilizer and a controlled
water supply, these varieties performed significantly
better than the varieties they replaced. Initially, they
spread rapidly throughout many of the irrigated zones
of the developing world where rice and wheat cultiva-
tion was concentrated and where population densities
were high. Later, more widely adapted descendants of
these varieties spread gradually into less favorable envi-
ronments, including rain-fed areas with relatively mod-
est production potential. Their diffusion was faster in
the plains and valleys, diminishing up the hillsides and
in more heterogeneous environments. The term mod-
ern varieties is also used to refer more exclusively to
semidwarf varieties of rice and wheat.

Conservationists who observed the popularity of
the green revolution varieties expressed concern for
the possible loss of valuable genetic resources and
narrowing in the genetic stock that serves as the
basis for crop improvement (Frankel, 1970; Harlan,
1992; Hawkes, 1983). In the next section, the implica-
tions of the intensification of agriculture for crop
genetic diversity are outlined. First, crop genetic diver-
sity is defined. Some historical perspective is then
provided on the spatial and temporal distributions of
genetic variation in rice, wheat, and maize. Current
estimates of areas planted with modern and landrace
varieties of these cereals are reported. Evidence on
the genetic diversity of modern varieties and land-
races follows.

[1I. THE IMPLICATIONS OF
INTENSIFICATION FOR CROP
GENETIC DIVERSITY

Crop genetic diversity broadly defined refers to the
genetic variation embodied in seed and expressed when
challenged by the natural and human selection pres-
sures that shape the environment in which it grows. In
applied genetics, diversity refers to the variance among
alternative forms of a gene (alleles) at individual gene
positions on a chromosome (loci), among several loci,
among individual plants in a population, or among
populations (Brown et al., 1990). Diversity can be mea-
sured by accessions of seed held in gene banks, lines
or populations utilized in crop-breeding programs, or
varieties cultivated by farmers (cultivars).

The relationship between precise quantitative mea-
surements and what can be casually observed among
the plants growing in a field, and between these mea-
surements and what can be observed in other environ-
ments, is indirect. Crop genetic diversity cannot be
literally or entirely observed at any point in time; it
can only be indicated with reference to a specific crop
population and analytical perspective. To understand
the implications of agricultural intensification to crop
genetic diversity, it is first necessary to gain a spatial
and temporal perspective of the variation in crop plants.

A. Current Spatial Patterns
of Genetic Variation

The adoption of modern cereal varieties has been most
widespread in land-scarce environments and/or in areas
well connected to domestic and international markets.
Even in these areas, the profitability of modern variety
adoption has been conditioned by the potential produc-
tivity of the land under cultivation. For instance, while
modern rice and wheat varieties spread rapidly through
the irrigated environments, their adoption has been
less spectacular in the less favorable environments—the
drought-prone and high-temperature environments for
wheat and the drought- and flood-prone environments
for rice. Maize, as discussed later, has an even spottier
record in terms of farmer adoption of modern varieties
and hybrids. For all three cereals, traditional landraces
continue to be cultivated in the less favorable produc-
tion environments throughout the developing world.
Recent estimates of the areas planted with modern
varieties and landraces are shown in Table 1. Based on
data from a global wheat survey conducted by the
Centro Internacional de Mejoramiento de Maiz y Trigo
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TABLE 1

Percentage Distribution of Rice, Wheat, and Maize Area by Type of Germplasm in the 1990s

Wheat Maize Rice
Semidwarf Tall Landraces/ Improved Landraces/ Semidwarf  Other  Landraces/
Region improved improved unknown Hybrid open-pollinated unknown improved improved unknown
Sub-Saharan Africa® 66 14 20 38 8 54 25 15 60
West Asia/North Africa 66 10 24 22 7 71 11
Asia 86 7 6 70 7 23 73 13 14
Latin America 90 9 1 43 5 52 59 36 5
All developing countries 81 9 11 53 7 40 71
Industrialized countries 55 45 Trace 99 1 Trace 78

Note. Sources: IRRI World Rice Statistics (1995, 1999), CIMMYT Global Maize and Wheat Impacts Surveys (1992, 1997), Heisey et al.
(1999) Morris and Lopez-Pereira (1999), Luis Roberto Sanint (CIAT), and Timothy Dalton (WARDA).

“Data for rice in sub-Saharan Africa are West Africa only.

(CIMMYT) in 1997, approximately 80% of the wheat
area in the developing world was sown to semidwarf
varieties, with the remainder split almost equally be-
tween improved tall varieties and landraces or varieties
with unknown ancestry. The relative importance of tall
wheat varieties remains greater in the industrialized
than in the developing countries, probably for reasons
related to wheat-growing environment and manage-
ment practices.

Most of the extensive area sown to wheat landraces
is found in parts of Turkey, Iran, Afghanistan, and
Ethiopia. Pockets of landrace diversity for special traits
may also be found throughout the Mediterranean region
(Morocco, Tunisia, Syria, Egypt, Cyprus, Portugal,
Spain, and Italy) as well as Nepal, Outer Mongolia, and
Tibet, although field research and data analysis would
be needed to confirm these hypotheses. Work in Mex-
ico, Guatemala, Honduras, Peru, and Bolivia indicates
the presence of unique landrace varieties that were
probably introduced by Spanish immigrants in the six-
teenth century. No significant areas are believed to be
sown to wheat landraces in the former Soviet Union or
in Eastern Europe, despite the historical importance of
these areas for major progenitors such as the so-called
“Turkey” and “fife” wheat. The loss of landrace popula-
tions in the former Soviet Union was no doubt a conse-
quence of collective agriculture that was practiced in
the region for several decades.

Approximately three-fourths of the rice area in Asia,
which produces most of the world’s rice, is thought to
be sown to semidwarf varieties. Semidwarf varieties
dominate the irrigated rice ecosystems of Asia and cover

substantial areas in the favorable rain-fed lowlands (M.
Jackson and G. Khush, personal communication). In
the more marginal rain-fed lowland environments, the
deep-water environments, and the upland rice environ-
ments, farmers continue to grow landraces adapted to
those particular environmental niches. Although more
accurate data concerning rice landraces in Asia are now
being compiled at the International Rice Research Insti-
tute (IRRI), the most comprehensive data from a na-
tional-level sample survey conducted by the Depart-
ment of Agricultural Extension in Bangladesh
(1996-1997) suggests that although farmers in that
country still grow large numbers of named varieties
including landraces (more than 300), more than 20
modern varieties cover nearly 65% of the total rice area.
In West Africa, semidwarf varieties cover essentially all
the irrigated lowlands and one-third of the rain-fed
lowlands, but landraces and other improved varieties
appear to occupy most of the area in uplands, mangrove,
and deep-water flooded areas. Particularly in the deep-
water/floating rice environment near Mopti in Mali,
Birnin Kebbi in Nigeria, and in northern Guinea are
found Oryza glaberrima (African rice) and tall tradi-
tional O. sativa (Asian rice) cultivars. The West African
Rice Development Association (WARDA) has recently
developed hybrid crosses of O. sativa and O. glaberrima
species. In East Africa, the area in Madagascar seems
to be approximately evenly split between traditional and
modern varieties. In Latin America, tall and landrace
varieties cover most of the upland area, whereas few
are found in the irrigated and rain-fed lowlands.

In the uplands of Asia, traditional varieties still domi-
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nate, with “pockets” of important diversity in the Bastar
Plateau (Madhya Pradesh, eastern India), parts of north-
ern Bangladesh and the Chittagong Hill Tracts in that
country, northern states of Myanmar, almost all of Laos,
and parts of Cambodia (M. Jackson and G. Khush,
personal communication). Oka (1988) reported that
the genetic diversity in landraces of Asian rice was most
prevalent in the area extending over Assam, Bangladesh,
Burma (now Myanmar), Thailand, Laos, and Yunnan,
China. Although Oka also reported that diversity was
relatively high in Indonesia, which lies outside the cen-
ter of domestication, much of Indonesian ricelands are
now planted with modern varieties.

Data from a global maize surveys conducted by CIM-
MYT in 1992 and 1997 indicate that, relative to wheat
and rice, far less of the maize area in the developing
world is planted with maize types released by plant
breeding programs. Hybrids appear to occupy an in-
creasing proportion of the area planted with modern
maize types, but in zones such as Latin America, most
of the maize area is still planted with landraces.

At least some of the area listed under landraces is
planted with populations that result from the genetic
integration of modern varieties with landraces when
farmers save seed or plant seed of different types in
adjacent fields. Similarly, a substantial proportion of
the maize area in sub-Saharan Africa is planted with
advanced generations of improved varieties whose seed
farmers could not afford to replace on a regular basis
introgressed with landrace populations brought to the
continent with the slave trade several centuries ago.
Although there appears to be a high proportion of maize
landraces grown in West Asia and North Africa, the
total area in maize is limited in this region and many of
these are likely of unknown origin. In the industrialized
world, a negligible percentage of maize area is planted
with either improved open-pollinated varieties or lan-
draces. These are specialty maizes or “heirloom” varie-
ties grown for fresh consumption, popcorns, or orna-
mental corns such as those marketed on holidays in
the United States.

The data in Table I confirm that although much of
the genetic variation in the world’s wheat and rice area
is shaped today by the efforts of modern plant breeders,
a substantial part of the genetic variation in the maize
grown in the developing world remains in the hands
of farmers, some of which are among the poorest in
the world. In some zones of production, such as Turkey
and Iran for wheat or parts of Latin America for maize,
fairly large contiguous areas may be planted to lan-
draces. Often, in regions of crop domestication and
diversity, landraces persist “as patches and islands of
farming systems” (Brush, 1995, p. 246). Harlan (1992,

p. 147) invoked the term “microcenters of diversity” to
describe “relatively small regions, 100-500 km across,
in which may be packed an astonishing variation”
within extensive areas of apparent uniformity in parts
of Turkey, the Caucasus, Iran, and Afghanistan. Oka
(1988) called the Jeypore Tract in India a microcenter
of diversity in Asian rice. Jackson (personal communi-
cation) refers to some of the upland rice areas of Asia
as “pockets” of diversity.

The change in the crop genetic landscape from pre-
dominantly traditional to largely modern patterns of ge-
netic variation occurred during the past 200 years and at
an accelerated rate since the 1960s. Whether the change
tomodern varieties has resulted in a narrowing of genetic
diversity remains largely unresolved for many reasons,
which are discussed in the following sections and further
in Smale (1998) and Wood and Lenné (1997).

B. Comparing Genetic Diversity in
Landraces and Modern Varieties

A major problem in assessing whether genetic nar-
rowing has occurred with the replacement of landraces
by modern varieties is the magnitude of the sampling
and measurement effort that would be required to test
the hypothesis in a meaningful way. In most cases it
would be impossible to locate reliable samples of the
landraces originally grown in an area now planted with
modern varieties since this process occurred over time
and unevenly across environments.

In some sense, the genetic diversity of landraces and
modern varieties is incomparable by definition since its
structure is distinct for each. Hawkes (1983) wrote that
landraces, which are mixtures of genotypes, “could not
even be called varieties.” He called the range of geneti-
cally different varieties available to breeders “the other
kind of diversity” (pp. 100-101). Harlan (1992) de-
scribed a landrace as “an integrated unit” of “component
genotypes” that have adjusted to one another over the
generations as well as to the local environment, both
natural and man-made (p. 148). A field planted with a
rice or wheat landrace may be viewed by a plant breeder
as a mixture of several lines but viewed by the farmer
as one single variety because of its recognizably distinct
agronomic, processing, or consumption characteristics.
Vaughan and Chang (1992) described traditional rice
types that are mixtures or composites of morphologi-
cally distinguishable types grown together deliberately.

The breeding system of the crop plant also affects
the structure of genetic variation. Landraces generally
contain some heterozygous material, though the extent
of segregation is considerably greater for open-polli-
nated than for self-pollinated species. Maize is a cross-



pollinating species, and maize in Mexico is often cited
as an example of deliberate manipulation of the compo-
sition of landraces by farmers. Landrace varieties of
maize evolve continuously through the purposeful mix-
ing of seed lots of the same varieties or introgression
by farmers, as well as inadvertently when fields of maize
planted with different varieties flower simultaneously.
A single “race” or race complex, as understood by maize
geneticists, contains numerous genetically distinct
farmers’ varieties.

The distinction between modern varieties and lan-
draces can also be blurred for predominantly outcross-
ing crops such as maize, making it difficult to determine
which population is under study. Many small-scale,
subsistence-oriented maize farmers promote hybridiza-
tion between improved varieties and landraces by grow-
ing them together or in neighboring fields and produc-
ing what farmers in Mexico call “creolized” varieties.
Also termed “rustication” or simply “adaptation,” this
process may enable improved varieties to fit better the
need of local farmers.

These points imply that comparing counts of lan-
draces and modern varieties as an index of genetic nar-
rowing may not make sense. They also imply that even
if reliable samples of the landraces originally cultivated
in an area could be obtained, analyses comparing their
genetic diversity might provide only part of the answer
regarding genetic narrowing. Although the landrace in
the farmers’ field is a heterogeneous population of
plants, it is derived from generations of selection by
local farmers and is therefore likely to be local in adapta-
tion. The plants of a modern variety are uniform but
the diverse germplasm in the genetic background may
enable them to adapt more widely. The diversity in a
modern variety may not be expressed until challenged
by the environment. On the other hand, the landrace
may carry an allele that occurs rarely among modern
varieties and is a potentially valuable source of genetic
material not only for the farmer that grows it today but
also for future generations of producers and consumers.

C. When Did Genetic Narrowing Occur?

Another problem in assessing the relationship of mod-
ern varieties to genetic narrowing is the temporal point
of reference. Porceddu et al. (1988) described two major
stages of genetic narrowing in wheat during modern
times. The first occurred in the nineteenth century
when scientific plant breeding responded to the demand
for new plant types. Farming systems emerged that were
based on the intensive use of land and labor, livestock
production, and the use of organic manure. Changes
in cultivation methods favored genotypes that diverted
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large amounts of photosynthates into the ear and grain.
Bell (1987) reports that the engineering innovations of
the late nineteenth century led to the establishment
of extensive wheat-growing areas in North America,
Australia, and parts of South America. Mechanization
of agriculture dictated uniformity in plant type.

According to Porceddu et al. (1988), a second stage
of narrowing occurred in the twentieth century, when
genes were introduced to produce major changes in
plant type. Use of the dwarfing genes Rhtl and Rht2,
for example, conferred a positive genotype-by-environ-
ment interaction in which yield increases proved greater
given a certain combination of soil moisture, soil fertil-
ity, and weed control. Varieties carrying these dwarf-
ing genes were developed by N. Borlaug with the na-
tional breeding program in Mexico and later by the
International Maize and Wheat Improvement Center
(CIMMYT). They became known as the green revolu-
tion wheats.

Evenson and Gollin’s (1997) summary of the history
of rice breeding suggests a process of continual expan-
sion and narrowing of the genetic pool. Organized
breeding efforts probably date earlier than 1000 Ap in
China. Modern efforts can be traced to the late nine-
teenth century in several parts of Asia. In temperate
east Asia, the first significant advances were made by
Japanese farmers and scientists when they developed
relatively short-statured and fertilizer-responsive culti-
vars. Known as the rono varieties, these belonged to
the japonica class of rice and were widely cultivated
in Japan as early as the 1890s. During the Japanese
occupation of Taiwan in the early part of the twentieth
century, Japanese scientists sought to adapt these varie-
ties to the more tropical conditions of Taiwan. At the
same time, researchers in tropical Asia were seeking
more productive varieties of rice from the indica and
javanica classes of rice. After World War 11, the United
Nations Food and Agricultural Organization initiated
a program to cross indica rice with japonicas as a means
of increasing rice yields, culminating in the formation
of the IRRI and the green revolution varieties of rice.

To Vaughan and Chang (1992), genetic narrowing
in modern rice began early in this century. Development
projects, population increases, and forest clearing in
Asia were the primary causes of the loss of wild and
cultivated rice landraces. In the Mekong Delta, the re-
placement of traditional deep-water rice by irrigated
rice occurred with drainage and irrigation schemes that
were introduced during the French colonial period.

Goodman (1995) reports that the major portion of the
variability now found in maize developed before Euro-
pean contact (circa 1500), and several of the most widely
grown races, including the commercially important
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Corn Belt dents, developed later. During the “corn show
era” in the nineteenth century, U.S. farmers exhibited
their open-pollinated varieties locally and emphasis was
placed on uniformity and conformity to an “ideal type.”
By the early 1950s, essentially all of the maize grown in
the Corn Belt was double-cross hybrid. After the late
1950s, increasingly more farmers in the U.S. Corn Belt
grew single-cross rather than double-cross hybrids. Be-
cause single-cross seed must be produced on an inbred
line, this type of selection contributed to a marked loss
of variability in U.S. breeding materials. According to
Goodman, a countervailing influence during the past 25
years has been the emphasis by public researchers on de-
velopment of improved maize populations.

Not all scientists agree about what constitutes ge-
netic narrowing or precisely when such narrowing has
occurred. For instance, in contradiction with Porceddu
et al. (1988), Hawkes (1983) cites the introduction of
Rht1 and Rht2 genes into Western wheat breeding lines
as an example of how diversity has been broadened by
scientific plant breeders. The Japanese line Norin 10
carried the dwarfing genes from the landrace Daruma,
believed to be of Korean origin. Similarly, the efforts
to increase rice yields by crossing japonica and indica
classes of rice extended the gene pool accessible to
rice breeders. As these examples suggest, in modern
agriculture, today’s broadening of the genetic pool in
a plant breeding program may lead to a narrowing of
the breadth of materials grown by farmers precisely
because such innovations often produce varieties that
are popular.

D. Trends in Genetic Diversity of Modern
Varieties of Rice, Wheat, and Maize

Part of the concern for genetic narrowing is based on the
perception that, with time, conventional plant breeding
practices inevitably restrict the genetic base of modern
varieties. The evidence from studies on the parentage
of modern varieties lends little support to the view
(Witcombe, 1999). In an analysis of genealogies of 1709
modern rice varieties, Evenson and Gollin (1997) found
that although a variety released in the 1960s had 3
landraces in its pedigree, recent releases have 25 or
more. The complexity of rice pedigrees, in terms of
parental combinations, geographical origin, and num-
ber of ancestors, has expanded over time. A similar
pattern has been shown for about 800 wheat varieties
released in the developing world since the 1960s
(Smale, 1997). The average number of distinct lan-
draces found in bread wheat pedigrees increased from
approximately 20 in the mid-1960s to about 50 in 1990.

Skovmand and de Lacy (1999) analyzed the distance
among coefficients of parentage for a historical set of
CIMMYT wheat varieties during the past four decades.
Their results show a rate of increase in genealogical
diversity that is positive but decreases over time, with
marked expansion in genealogies from 1950 to 1967
and gradual flattening through the 1990s. If progenitors
were recycled and reused, the distance among them
would decrease over time and the slope of the line
would be negative.

Less evidence is available worldwide on trends in
the pedigrees or ancestry of maize varieties than for
rice and wheat, in part because this information is con-
fidential in an increasingly privatized industry. Follow-
ing the epidemic of corn blight in the U.S. crop in 1970,
the National Research Council (1972) concluded that
the genetic base of maize in the United States was suffi-
ciently narrow to justify concern. Duvick (1984) found
that during the 10 years following the 1970 epidemic,
breeders had broadened their germplasm pools.

Molecular markers, like genealogies, can be used to
construct indicators of the latent diversity in a set of
crop populations. Using molecular markers, Donini et
al. (2000) concluded that there is no objective evidence
to support the assertion that modern plant breeding
has reduced the genetic diversity of U.K. wheats since
1930. Recent molecular evidence for a set of CIMMYT
wheats indicates that genetic distance has been main-
tained among major parents and popular varieties dur-
ing the past 30 years (unpublished data). Since many
of the varieties of spring bread wheat grown in the
developing world have a combination of CIMMYT and
locally bred materials in their ancestry (Heisey et al.,
1999), these data represent a lower bound on actual
genetic diversity. Furthermore, the genetic diversity
that is accessible to conventional plant breeders today
includes not only spring bread wheat, of course, but
also wheat types with different growing habits, close
relatives, and wild grasses. Techniques of biotechnology
may traverse the species barriers faced by conven-
tional breeders.

IV. THE COMMERCIALIZATION OF
CROP PRODUCTION

A. What Is Commercialization of
Crop Production?
Economic growth, urbanization, and the withdrawal

of labor from the agricultural sector have led to the
increasing commercialization of agricultural systems.



Subsistence-oriented monoculture food production sys-
tems give way to a diversified market-oriented produc-
tion system. Agricultural commercialization means
more than the marketing of agricultural output: It
means that product choice and input use decisions are
based on the principles of profit maximization. Com-
mercial reorientation of agricultural production occurs
for the primary staple cereals and for the so-called high-
value cash crops. Commercialization of agricultural sys-
tems leads to greater market orientation of farm produc-
tion; progressive substitution of nontraded inputs in
favor of purchased inputs; and the gradual decline of
integrated farming systems and their replacement by
specialized enterprises for crop, livestock, poultry, and
aquaculture products (Pingali, 1997).

On the demand side the process of agricultural com-
mercialization is triggered by rapid income growth and
the consequent diversification in food demand patterns.
A slowdown in income-induced demand for rice and
for coarse grains is accompanied by a shift of diets to
bread and higher valued foods such as meat, fruit, and
vegetables. These dietary transitions are induced by the
growth in per capita income and by the rapid migration
of population to urban areas. The need to provision the
rapidly growing cities of the world also acts as an impe-
tus for the transformation of food production systems.

On the supply side, growing factor scarcities contrib-
ute to the demise of subsistence agricultural systems.
Although growing land and water scarcity can be com-
pensated for with increasing scientific knowledge and
farmer management, farmer time required for sus-
taining productivity and profitability of intensive food
production systems will become increasingly scarce.
The collapse of subsistence systems will come about
because of the competing demands for farmers’ time.
Although the speed of the structural transformation
differs substantially across countries they are all moving
in the same direction.

B. Seed Industries

As the orientation of crop production shifts from subsis-
tence toward commercial objectives, the locus of crop
improvement and seed distribution moves from individ-
ual farmers toward an organized seed industry com-
posed of specialized private and public organizations.
In terms of an increased reliance on commercially pro-
duced seed, this has occurred substantially faster for
maize than for rice and wheat. In a stylized depiction
of the maize seed industries in developing countries,
subsistence production is characterized by open-polli-
nated varieties improved through farmer selection and
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on-farm seed production with local seed markets gov-
erned by custom. In a fully commercial system, the
predominant seed type is a hybrid that is purchased
annually. Seed is traded globally and is a product of
specialized research that is both privately and publicly
funded. The exchange of seed and the genetic resources
used to improve it are enabled and protected by strict
forms of intellectual property rights.

For rice and wheat, which are self-pollinating crops,
the incentives for privatization of research have not
always been as strong as those for maize, although this
depends on the institutional and economic context. In
industrialized countries, profound changes in science
and in intellectual property protection during the past
20-30 years have been associated with a higher rate of
investment in agriculture by the private sector than the
public sector and a shift in the composition of private
investment from agricultural machinery and processing
into chemical research and plant breeding. Although
privatization is greatest in the maize seed industry, it
is also occurring in wheat to a lesser extent and particu-
larly in Europe. There is very little private sector rice
breeding anywhere in the world. Almost all the research
on rice has been conducted by the public sector, and
most of this has taken place in Asia. In the developing
world, there is increasing privatization of the maize seed
industry but rice and wheat remain primarily public.

In commercial systems of rice, wheat, and maize,
recent changes in the structure of the seed industry are
likely to have implications for the utilization of modern
patterns of genetic variation. The global seed industry
has integrated both vertically (within production pro-
cesses) and horizontally (among production processes)
into “life science” firms that combine seed, chemical,
and pharmaceutical businesses. As part of this structural
change, firms are engaging in strategies to ensure more
exclusive proprietary rights, including, for the first time
in history, patents on genetically modified organisms.

The implications of these changes for the exchange
and utilization of the genetic resources that are used
in breeding modern varieties are unknown. Efforts are
under way to harmonize intellectual property regimes
globally through international trade agreements, but
differences between developed and developing coun-
tries, as well as among developing and developed coun-
tries, pose challenges. Small public plant breeding pro-
grams in developing countries are not on the same
footing with respect to investments and legal clout as
the life science conglomerates. The maize, wheat, and
rice industries are likely to be affected in different ways
given the nature of economic incentives associated with
seed reproduction. Patents are only one type of intellec-
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tual property right; in addition to intellectual property
rights, national seed regulatory systems will have a
strong impact on farmers’ access to seed and the conser-
vation of plant genetic diversity.

V. THE IMPLICATIONS OF
COMMERCIALIZATION FOR CROP
GENETIC DIVERSITY

Agricultural commercialization influences the extent of
crop genetic diversity in two ways: (i) through changes
in land use patterns and (ii) through crop choice
changes in the irrigated as well as the rain-fed environ-
ments. The organization and management of food pro-
duction systems in both the irrigated and the rain-fed
environments are affected by economic growth. The
opportunity cost of family labor can be expected to
increase equally in the high- and low-potential areas
since the populations in both environments are re-
sponding to nonagricultural employment opportuni-
ties. The declining viability of subsistence production
systems can also be expected to be similar. The move-
ment from subsistence to market-oriented, rain-fed pro-
duction could follow a general pattern: (i) the abandon-
ment of highly drought-prone environments, especially
in areas where the opportunities for groundwater ex-
ploitation are limited; (ii) the shift from small subsis-
tence farms to mechanized cultivation of large farms;
and (iil) where dry season water supplies are available,
increased areas under vegetables, feed grain and fodder
crops, and other high-valued crops. Cereal crop produc-
tion would continue to have a comparative advantage
in the rain-fed environment, primarily because of the
high cost of modifying the environment in order to
make it suitable for noncereal crops. Low-input, low-
yield cereal production systems, rice and maize, grown
on consolidated holdings may emerge as the most viable
option for the rain-fed environments. The irrigated en-
vironments, on the other hand, would shift from being
predominantly under cereal monoculture to a highly
diversified production system. The implications of these
changes in crop choice on genetic diversity in the irri-
gated and rain-fed environments are discussed in the
following sections.

A. Tmplications When Intensification
Has Occurred

In the irrigated rice and wheat production zones of
the developing world, commercialization has had little

impact on crop genetic diversity beyond that of agricul-
tural intensification. Since the modern varieties grown
there are varieties rather than hybrids, their seed is
saved and spreads now, as in the past, from farmer to
farmer. This will change if hybrids, or certain types of
transgenic varieties that require annual seed purchase,
are developed. It may also change if the demand for
labor-saving technologies such as herbicides leads to
the use of herbicide-tolerant varieties. These must be
purchased annually to prevent the carryover of weed
seed.

The effects of commercialization on maize crop ge-
netic diversity, independent of those associated with
agricultural intensification, are much more pronounced
because of the historical importance of hybrids relative
to improved, open-pollinated varieties. The distinctive
biological properties of maize plants (in particular, their
propensity for open pollination and their tendency to
segregate) make it difficult for farmers to maintain the
genetic purity of maize seed saved from their own har-
vest. Commercial maize growers are therefore depen-
dent on reliable external sources of affordable seed in
a way that growers of self-pollinated rice and wheat are
not. The reliance on the seed industry will continue to
grow for maize if farmer use of genetically engineered
seed increases in importance in the future.

The survival of landrace diversity for cereal crops in
the high-potential, irrigated environments would de-
pend on farmer incentives for maintaining that diver-
sity. To a large extent, farmer incentives to do so would
depend on the market demand for the unique quality
characteristics that are present in some of the landraces.
The importance of Basmati rice in the irrigated produc-
tion zones of India and Pakistan is an example of how
market demand for quality can influence the survival of
traditional varieties and landraces. Even where modern
varieties are used exclusively, diversity within the plant
has increased over time, as discussed previously, by the
introduction of new gene pools through breeding.

B. Implications When Intensification Has
Not Occurred

The areas of the developing world where modern varie-
ties are not widely grown are typically marginal for
production of the crop or are inadequately served by
markets and infrastructure. In some areas, agricultural
research has been unable to produce varieties demon-
strating an obvious yield advantage or commercial seed
systems have not had the incentive to do so because of
the small size of the market or fluctuating effective
demand.



As suggested previously, this may remain the case
for sizable portions of the developing world’s maize
area. The proportion of cultivated area that is irrigated
is far less for maize than for rice and wheat, whereas
the use of purchased inputs remains modest. Most of
the farmers who grow maize in developing countries
face difficult and variable maize production environ-
ments and cultivate it with the primary objective of
meeting subsistence requirements. These farmers have
little incentive to make investments in fertilizer, pesti-
cides, and other modern means of coping with disease
and weather since their traditional varieties do not re-
spond as well to these as modern varieties. In many of
these production zones, it is not easy to breed well-
adapted materials and there are few profits to be earned
for seed companies.

In the most difficult environments, commercializa-
tion is likely to lead to the complete abandonment of
crop production, as has already occurred in parts of
Asia. When there are limited opportunities for migra-
tion but environments are too marginal for specialized
agricultural production to be profitable, farmers may
remain on small landholdings and grow landraces for
subsistence.

Even when a zone may be suitable for the production
of modern varieties, the development of commercial
seed systems is not sufficient to ensure that they will
replace landraces in the near future because markets
are imperfect. In some local communities, the specific
varietal traits demanded by farmers (grain quality, fod-
der, and suitability for a certain soil type) cannot be
obtained through the production of modern varieties
or procured through impersonal market transactions
so that farmers must rely on their own production or
that of nearby farmers for their supply of a valued
attribute. The specialized uses of certain landrace varie-
ties for medicinal purposes, rituals and festivals, and
culinary practices have been extensively documented.

Small-scale farmers’ choice to grow more than one
variety simultaneously is likely to reflect their need to
address numerous concerns that no single variety can
satisfy (Bellon, 1996). Farmers often choose to grow
both landraces and modern varieties. Zimmerer (1999)
found that the capacity of farmers to grow diverse food
plants (including maize) in Peru and Bolivia depends
on whether they can cultivate them in combination
with commercially developed, high-yielding varieties.
Vaughan and Chang (1992) noted that the rapid
changes that occur with natural calamities are more
likely to have a greater impact on the loss of rice genetic
diversity than the farmer-driven, incremental changes
that are regularly occurring, many of which enhance
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diversity (Dennis, 1987). Meng et al. (1998) concluded
that multiple factors, including missing markets, yield
risk, grain quality, and agroclimatic constraints, influ-
ence the probability that a Turkish household will grow
awheat landrace; a change in any single economic factor
is unlikely to cause farmers to cease growing it.

Viewed in the conventional microeconomic litera-
ture as partial adoption, this observed pattern has been
explained theoretically through attitudes toward risk
and uncertainty, nonexisting markets, and differential
soil quality or nutrient response combined with fixity
or rationing (Meng, 1997; Smale et al., 1997). Although
treated as a transitional period to full adoption (or
replacement), the coexistence of modern varieties and
landraces may represent an equilibrium if one or several
of these aspects persist despite economic change. Then
there are locally based economic incentives for farmers
to continue to grow landraces.

Even when the pressures for market integration are
strong, the coexistence of modern varieties and lan-
draces may also persist with certain types of market-
based incentives, as discussed previously. In the early
phases of economic growth when rural populations
move to urban areas, market integration exerts pres-
sures for uniformity in the attributes of coarse grains.
Localized preferences diminish in favor of cheaper,
bulk-marketed grains. The elasticity of demand for sta-
ple grains declines as income increases, and it is some-
times negative. Generally, rice substitutes for maize,
and wheat substitutes for rice.

The income elasticity of demand for attributes of
the grains may be higher, however, than the income
elasticity of demand for the cereal (Pingali et al., 1997).
For example, a notable pattern or rice consumption is
that, with growing incomes, people express preferences
for higher quality rice once their calorie needs have
been met. High-income consumers spend more on rice
by paying higher prices for varieties with preferred
eating quality which they substitute for the lower qual-
ity variety consumed when the their income levels were
lower. In Asia, traditional varieties are generally of
higher quality and fetch premium prices in the market.
Thailand still grows low-yielding traditional rain-fed
varieties extensively for the export market. When the
income level was low, South Korea used to grow the
modern “tongil” variety, but this was replaced by rela-
tively low-yielding traditional japonica rice as consum-
ers expressed preference for japonicas by offering higher
prices. In response to these market signals farmers are
eager to grow even low-yielding, high-quality rices be-
cause the higher prices more than compensate for their
lower yields. Because rice scientists have had limited
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success in developing high-yielding cultivars with bet-
ter eating quality, the price difference between the stan-
dard- and high-quality varieties has been increasing in
Asian markets.

The post-industrial agricultural economy is charac-
terized by growth in demand for an array of increasingly
specialized goods and services. Some product quality
attributes are associated with features of the production
process (organic/inorganic). Some are extrinsic (origin
or effects on animal welfare), whereas others cannot be
discerned without laboratory tests (genetically modified
organisms). The elasticity of demand for such attributes
is likely to increase with very high levels of income.
Under these conditions, global market integration may
provide market-based incentives for continued cultiva-
tion of patches of diverse landraces. In addition to their
demonstrated private economic value to the farmers
who grow them, some of these hold potential for niche
markets and exports.

VI. CONCLUSIONS

In areas of the world that are more favorable for agricul-
tural intensification, the conversion from landrace vari-
eties to modern varieties has been almost complete for
rice, wheat, and maize. In some of the remaining crop-
growing environments, and especially in relatively
small pockets of crop diversity called micro-centers,
farmers who are linked to commercial agriculture
through labor markets or specialized product markets
continue to grow landraces—often in combination with
modern varieties. Some cannot obtain or afford to pur-
chase seed on a routine basis, so they both purchase
and save the seed of modern types. Others purposefully
adapt modern varieties to their own conditions by sav-
ing and selecting the seed, genetically integrating mod-
ern and landrace types.

The structure of genetic diversity is distinct for mod-
ern varieties and landraces. Both are essential to the
future food supply. Conservationists propose that lan-
drace diversity must be maintained not only in pre-
served stocks called ex situ collections but also in situ,
orin the fields of farmers. The future of landrace cultiva-
tion appears to be uncertain. Although some view the
replacement of landraces by modern varieties as an
inevitable product of agricultural commercialization,
idiosyncratic growing environments and consumer
preferences may provide economic incentives for their
continued cultivation by farmers—although on a lim-
ited scale. It appears unlikely that modern varieties of

rice, wheat, and maize will entirely replace landraces
in the near future, although it is difficult to postulate
about equilibrium areas planted with each type of germ-
plasm since the equilibrium itself shifts with technical
and economic change.

Continued genetic improvement does not necessar-
ily lead to loss of genetic diversity in areas where mod-
ern varieties dominate, especially when access to germ-
plasm is relatively unrestricted and innovative plant
breeding strategies may be employed. Access to diverse
sources of germplasm is therefore of great importance
to the success of public and private breeding programs
for the supply of varieties in modern agriculture. The
continued advances in yield potential that are a neces-
sary (although not a sufficient) condition for alleviating
hunger are thought to depend on increasingly complex
combinations of genes and novel alleles. Landraces and
wild relatives have served as repositories for resistance
to biotic and abiotic stress when these are absent in
advanced breeding materials. Even in the parts of the
world where the “ancient patterns of diversity” may
still be found, access to the products of modern plant
breeding is often integrated economically or genetically
to generate more resilient and sustainable systems.
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GLOSSARY

bush-fallow cropping system An agronomic system in
which soil fertility is maintained by allowing native
vegetation to regrow following several years of
cropping.

conservation tillage Tillage that reduces soil disrup-
tion in order to conserve organic matter and water
and reduce erosion.

ecosystem services Services provided by an ecosystem
to the organisms inhabiting the system or living
nearby.

legumes Plants belonging to the family Leguminosae,
many of whose members can form symbiotic associa-
tions with nitrogen-fixing bacteria.

mixed farming system An agronomic system that in-
corporates different combinations of herbaceous
crops, trees, and animals within a single farm unit.

nitrogen fixation The transformation of atmospheric
nitrogen into a form usable by plants.

resource conservation The protection and enhance-
ment of resources on which sustainability depends.

rotation The sequence of crops grown in a single field.

Encyclopedia of Biodiversity, Volume 1

soil organic matter Material in soil containing organic
carbon derived from the decomposition of mainly
plant residue.

trophic complexity The number and types of organ-
isms that feed at different trophic levels within a
community; also known as food web complexity.

SUSTAINABLE AGRICULTURE describes a food and
fiber production system that is economically viable,
environmentally safe, and socially acceptable over
long periods.

[. ELEMENTS OF SUSTAINABILITY

Strictly defined, sustainability denotes any system capa-
ble of persisting. Because persistence depends on scale,
the term “sustainable agriculture” is entirely scale de-
pendent. An agricultural practice that is sustainable at
the scale of an individual field may lack sustainability
at the larger farm scale if the inputs required to maintain
stable production eventually exceed the capacity of the
farm to provide them. Likewise, farm-scale sustainabil-
ity must be evaluated in the context of local and global
regions, and global sustainability requires consideration
of global output vs the long-term costs of that output
and the ability of global resources to accept those costs.

Of course costs are not simply economic but also
social and environmental: If a cropping system requires
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large inputs of fertilizer that leak from the system to
pollute groundwater drinking supplies and distant
coastal fisheries, a system that may be sustainable at
the field scale becomes unsustainable at the farm and
regional scale—even though the long-term supply of
fertilizer is stable and the economic cost of fertilizer is
easily borne by higher grain production.

Sustainable agriculture must therefore be defined not
just in terms of its long-term economic productivity
but also in terms of its environmental and social costs.
Many of these costs are value-laden. For a society that
values family farms, for example, sustainability must
be evaluated in terms of the impact of farming practices
on the social structure of rural communities: Do the
capital expenses associated with large-scale production
systems exclude small producers? For a society that
values biodiversity, sustainability must be evaluated in
terms of the impact of farming practices on wildlife
health and habitat. These considerations take sus-
tainability arguments into sometimes contentious terri-
tory because different evaluators may have different
social or cultural values. What is socially acceptable in
one nation or to one segment of society may be socially
unacceptable to another, and these differences must be
clearly defined when evaluating sustainability.

Therefore, it is possible to define sustainable agricul-
ture as any suite of agronomic practices that are

* economically viable,
« environmentally safe, and
* socially acceptable.

These elements provide an operational definition of
agricultural sustainability. There are many ways to
blend them into an overarching definition, and many
authors—and policymakers—have done so. One
should always keep in mind the subjective nature of
these amalgamations, however, and that sustainability
is a relative term. Although it may be difficult to foresee
what ultimately will be sustainable, one can usually
judge whether one set of practices is likely to be more
sustainable than another at a societal scale.

11. DEVELOPMENT OF THE
SUSTAINABILITY CONCEPT

Sustainable agriculture as a descriptive term evolved
toward common usage in the United States in the early
1980s as a mixture of concepts, ideas, values, and devel-
opment direction that many believe is a vision for what

agriculture should be. As with most visions, it has had
strong impetus from a small group of critics of the
conventional paradigm, notably Wes Jackson in his
1980 book New Roots for Agriculture, and by 1984 at a
conference at Michigan State University the term was
in widespread use (Edens et al., 1985). By 1991, the
term had been fully “legitimized” as evidenced in the
National Research Council’s (NRC) documentation of
the many U.S. Department of Agriculture, university,
and other programs in sustainable agriculture through-
out the United States and abroad (NRC, 1991).

Many of the philosophical roots for sustainable
agriculture that coalesced in the 1980s were traced
from as far back as the Greek and Roman philosophers
by Harwood (1990). The public agenda debate over
sustainable agriculture of the 1980s embodied many
of the older concepts but certainly not any one in
its entirety. The notion of land ownership, cultivation,
and personal connectedness to the land as a grounding
for personal responsibility, morality, and sense of
purpose can be found in the writings of English
philosopher John Locke in the 1600s, those of Thomas
Jefferson in the late 1700s, and recently in the poetry
and books of Wendell Berry (1977). Wes Jackson
applied the concept to the 1990s in his book Becoming
Native to This Place (1994), which focused on home-
coming and on being native, i.e., developing an ecolog-
ical literacy in a holistic sense, through being, living,
and having personal experience with one’s ecosystem.
The values in having a sense of place, a connectedness,
have changed from an earlier focus on moral and
political values; these values have nevertheless become
a part of the vision.

The concepts of conservation and natural resource
preservation are woven throughout sustainability, de-
rived from the work of Aldo Leopold and others earlier
in this century. Louis Bromfield (1947) and the prolific
writings of Faulkner (1943, 1952) had major impact.
The writings of Faulkner had a significant influence on
both J. I. Rodale and his son, Robert, who carried the
notion further to one of regenerative agriculture (Ro-
dale, 1983), defined as an agriculture which not only
maintains the natural resource base but also restores
and increases its productive potential.

Organic, biodynamic, and the many schools of
thought and broad literature surrounding these terms
made major contributions to the sustainability debate.
The “humus farming” school, with its focus on manage-
ment of soil organic matter and the interconnectedness
of soil health, plant health, and that of animals and
humans, was a foundation for this philosophy. Several



schools of organic practice originated in Europe and
England, but the movement was popularized as organic
agriculture in the United States by J. 1. Rodale in his
widely read book Pay Dirt (1945).

Each of these philosophical roots contained the no-
tion of a holistic structure of agriculture—an intercon-
nectedness between people, other living organisms, and
the soil. Organic agriculture today continues a focus
on “the living soil,” on optimizing the use of biological
processes and on avoiding the use of synthetic chemi-
cals and fertilizers. Most sustainable advocates agree
with a biological focus and hope to reduce but not
necessarily eliminate chemical use.

Major impetus for the new vision also evolved from
the 1960s era of intense agricultural development. The
magnitude of the chemical revolution with its newly
available pesticides, herbicides, and fungicides plus the
availability of concentrated, more easily handled fertil-
izers very much narrowed the agricultural development
focus to the high productivity of major cereal crops.
The very real specter of massive starvation in China
and hunger and food deficits in India, Bangladesh, and
many other countries drove the agricultural develop-
ment of the 1960s. The low cost of oil and gas and
prosperous northern economies all combined for infra-
structure development, high agricultural inputs, and
the well-known green revolution of this period. A back-
lash of environmental impact, embodied in Rachel Car-
son’s Silent Spring (1962), the oil crisis of the early
1970s, and concern over a growing gap between rich
and poor people and nations all set the stage for the
new vision. The senescence and decline of rural com-
munities in the United States during the 1970s and
1980s added urgency to the social dimensions of agri-
culture. The narrowness and focus of the development
debate of the 1960s set the stage for a new, broader
vision that included revisiting the old and much intro-
spection amid assurances of decreasing real food prices
and near-term global food security.

The 1980s and early 1990s produced a plethora of
sustainable agriculture development writings. Future
Horizons: Recent Literature in Sustainable Agriculture
(Hegyes and Francis, 1997) is an excellent review of
this broad literature. The terms “low-input sustainable”
and “alternative agriculture” appeared frequently and
are still used by many non-American authors, particu-
larly with reference to organic production systems. The
American Journal of Alternative Agriculture was founded
in the mid-1980s, and in 1989 the NRC’s report, Alter-
native Agriculture, brought the name “alternative agri-
culture” to prominence. Alternative agriculture was de-
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fined, in these sources, as any food or fiber production
that has

* a more thorough incorporation of natural pro-
cesses;

* reduced use of off-farm inputs, with less harm to
the environment and consumers;

+ a more productive use of the biological and genetic
potential of plants and animals;

e a better match between cropping patterns and the
physical capacity of lands; and

» an improved emphasis on conservation of soil, wa-
ter, energy, and biological resources.

Alternative agriculture is not synonymous with organic
agriculture (which completely avoids synthetic chemi-
cal inputs), but they share many of the same farm man-
agement practices and approaches.

The 1980s and 1990s have led us from a primary
focus on engineering and chemistry in agriculture to-
ward a greater emphasis on biology—from an age of
“alchemy” to the age of “algeny” (Rifkin, 1983). The
adoption of the term “agroecology” signaled a reempha-
sized trend in holistic thinking and analysis. A shift in
emphasis within the field of ecological science toward
managed ecosystems in the late 1980s added significant
perspective. Entomologists, agronomists, and other sci-
entists began to use an ecological, process-oriented ap-
proach. Stephen Gliessman’s Agroecology: Ecological
Processes in Sustainable Agriculture (1998) is one of the
latest books on this topic. The infusion of ecological
thinking has added clarity to our understanding of over-
lays of subsystems, of spatial hierarchies, and of how
complexity makes up an agricultural ecosystem. It has
added to the understanding of multiple functions of
an agricultural system and to the notion of ecosystem
services. Most importantly, agroecology has taken the
analysis of sustainability to a process level of under-
standing that allows us to understand gradients of
change in production systems across time and space.

Giving greater voice in development direction to
farmers has been another significant dimension in sus-
tainable agriculture. It was very apparent that much, if
not most, of alternative agriculture had originated with
farmers. Philosophical direction had been heavily in-
fluenced by farmer—writers. The resurgence of on-farm
research in the developing world of the 1970s (Har-
wood, 1979) was followed by similar emphasis with
farmer collaborators in the United States in the 1980s
and 1990s. Farmers have been increasingly invited to
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serve on steering committees and research grant award
committees for sustainable agriculture projects.

Farm family well-being and that of their rural com-
munities has been another major area of merger and
inclusion in the sustainability vision. The many links
and interdependencies between human and community
development and sustainable agriculture are being con-
sidered in the structure and design of food systems. In
1986, Dahlberg presented a comprehensive and
thought-provoking collection of writings on social, eco-
nomic, and structural issues. The importance of farm
size, community interaction, and the global structure
of the food system is seen to be critical to both social
and economic well-being. Heffernan, as cited in the
Dahlberg book and in more recent publications (Heffer-
nan, 1997), forcefully makes the point that with global-
ization of capital markets and the resulting centraliza-
tion of control and ownership (of both input supply
and product handling and processing) have come a
reduction in market competition, a shift in balance of
economic power away from the producer, and a replace-
ment of farm-level production instability with greater
macro-economic instability in the marketplace. Much
of the current literature on the social dimensions of
sustainable agriculture is found in Agriculture and Hu-
man Values, the Journal of the Agriculture, Food, and
Human Values Society.

Economic dimensions of sustainable agriculture
have been typically associated with whole-farm studies
comparing organic with “conventional” farms in the
late 1970s, exemplified by paired comparison studies
in the Midwest (Locheretz et al., 1981). Other, single-
farm studies have been reported, such as in the case
studies of the NRC's report Alternative Agriculture
(1989). Most of these studies have shown organic farms,
in most years, to be as profitable as conventional farms.
Most of the sustainable agricultural production research
of the past two decades has focused on comparisons of
crop rotations and use of cover crops and other systems
component practices.

There has been a growing crescendo of voices critical
of the failure to account for the side effects, the “external
costs” of conventional agriculture. These external fac-
tors impact communities, the environment, and human
health. There is increasing criticism of the emerging
structure, which includes farm scale, the patterns of
movement of food, and the corporate concentration
of input supply and processing on a global scale. A
significant component of the sustainable agriculture de-
bate concerns the desirability of some portion of foods
being of local origin, with the size of that portion related

to location and community development status (Shu-
man, 1998; Harwood, 1998).

Long-standing schools of thought and practice in
agriculture, influenced by changes in science and tech-
nology and in food system structure, have thus provided
much of the content of the present-day sustainable agri-
culture agenda or vision. The amalgam of ideas and
component factors has provided an extremely rich back-
ground from which development direction can be modi-
fied. The breadth of the agenda and the level of dissatis-
faction with the current system point to a very major
underlying problem of the global, monetarily driven
process that is directing and fueling current change.
Most of the sustainable agricultural debate concerns
differences in goals and in ethical and value dimensions
between farmers, agriculture as a sector, and national,
international, and global interests as pointed out so
clearly by Dahlberg (1985). Many of the resources used
and managed by agriculture and many of the services
and outputs from agriculture that are critical to ecologi-
cal and human well-being lie outside the monetary pro-
cess that is currently driving global agriculture. If the
marketplace does not put value on those dimensions
and the political process either cannot or will not value
them, there is a high level of disarray. Much of today’s
sustainable agriculture debate revolves around these
value differences. Many of these sustainability issues
are deeply imbedded in the current public debate over
genetically modified organisms.

I11. INDICATORS OF SUSTAINABILITY

What agricultural practices are sustainable? This is an
area of intensive research. Sustainable practices must
meet the three criteria defined in Section I: They must be
economically viable, environmentally safe, and socially
acceptable. There is no single prescription for sus-
tainability; sustainable practices will vary by cropping
system, local environment, and socioeconomic system.
Nonetheless, emerging research results suggest that lo-
cally sustainable systems tend to be more resource con-
servative than less sustainable systems and tend to rely
less on external subsidies and more on internal ecosys-
tem services.

A. Resource Conservation

Resource conservation means that those resources on
which sustainability depends are conserved and even
enhanced by agronomic management. Soil organic mat-



ter is a good example of an ecosystem resource that
is easily reduced without effective management. Soil
organic matter declines rapidly in almost all cropping
systems following initial cultivation—typically to 40—
60% of original values within a few decades. However,
soil organic matter is a valuable resource, providing
habitat and energy for soil organisms, a soil structure
favorable for plant growth and water retention, and a
chemical structure favorable for nutrient retention.

The loss of soil organic matter is often associated
with a need for greater external inputs. Cropping prac-
tices that conserve or enhance soil organic matter
buildup will invariably enhance the environmental and
often the economic sustainability of cropping systems.
Crops grown in high-organic matter soils have a better
water and nutrient environment than similar crops
grown in soils that are depleted in organic matter, and
thus they may require fewer external inputs for the
same productivity. Additionally, less soil erosion and
lower runoff from high-organic matter soils better pro-
tects downstream environments from agronomic im-
pact. Therefore, cropping practices that conserve soil
organic matter can be considered more sustainable than
those that do not.

Often, however, there are trade-offs that require any
specific conservation effort to be evaluated in the overall
context of sustainability. For example, conservation till-
age typically slows or stops soil organic matter loss and
thus can be considered a resource-conserving, sustain-
able cropping practice. However, tillage controls weeds
in cropping systems, and in the absence of tillage weed
control is typically left to herbicides, which have envi-
ronmental and economic costs different from those of
tillage. Is the maintenance of soil organic matter as
sustainable in light of a more intensive reliance on
herbicides? Ideally, such trade-offs can be minimized.
For example, winter cover cropping can also reduce
soil organic matter loss and additionally can reduce
nitrate leaching and suppress weeds, without the need
for additional herbicide. Nevertheless, each cropping
practice must be evaluated in a whole-system context
to adequately evaluate its contribution to a system’s sus-
tainability.

B. Ecosystem Services

Ecosystem services are those services provided by an
ecosystem to the organisms inhabiting the system or
living nearby. Unmanaged systems provide such ser-
vices as a matter of course. Farms can likewise provide
such services to organisms within the farming system
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as well as to organisms in the surrounding landscape
and to local communities. Services such as pollination,
water retention and groundwater recharge, a particular
light environment, or food sources—whether provided
directly by other organisms or indirectly by their effects
on local environmental conditions—are integral to the
functioning of healthy ecosystems. In modern cropping
systems many services provided by the original ecosys-
tem prior to its conversion to agriculture have been
suppressed or ignored in favor of services provided by
external inputs. In a nitrogen-poor native ecosystem,
biological nitrogen fixation by native legumes such as
clover (Trifolium spp.) might be a principal source of
fixed nitrogen; modern cropping systems rely almost
exclusively on industrially fixed nitrogen provided as
inorganic fertilizer. In a native or unmanaged system,
insect herbivory is suppressed largely by trophic and
structural complexity that enables insect and vertebrate
predators to keep plant pests at bay. In most modern
systems insect pests are controlled with insecticides,
which also kill insect predators. Managing a cropping
system with legumes or with greater plant diversity
(either within fields or adjacent to field edges) would
allow the ecosystem to provide more of the services
now provided via external inputs. Legume cover crops
can reduce the need for external nitrogen, and greater
plant diversity can provide the structural complexity
and refugia needed to support predator populations in
otherwise monospecific landscapes.

Just as for practices intended to enhance resource
conservation, practices established to reintroduce or
enhance existing ecosystem services need to be evalu-
ated on the basis of their total net contribution to sus-
tainability. Although nitrogen fixation by legumes can
lower the need for fertilizer inputs and benefit soil or-
ganic matter buildup as well as provide winter habitat
for predaceous insects, there is no evidence that legume-
fixed nitrogen is conserved more tightly than fertilizer-
derived nitrogen. Thus, there may be no downstream
environmental benefit associated with this ecosystem
service. Likewise, animal manure produced on-farm
and recycled back to the field may be less conserved
than fertilizer nitrogen if the manure is added out of
synch with plant nutrient demands. Ongoing research
is helping to identify ways in which management can
add ecosystem services that both enhance resource
availability and reduce the environmental costs of agri-
culture. At the societal scale there is ongoing debate
on how to value services provided by farms to their
neighboring communities. Should farmers be compen-
sated for managing their land in ways that provide
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services to local, regional, and national communities?
Such payments occur in some parts of Canada, the
United States, and Europe today.

IV. EXAMPLES OF SUSTAINABLE
CROPPING SYSTEMS

A. Bush Fallow Rotation Systems

Perhaps the best documented example of a locally sus-
tainable cropping system is the bush-fallow rotation,
also known as swidden and slash and burn agriculture,
indigenous to many cultures prior to the advent of
continuous cropping systems several hundred years
ago, and still evident in the humid tropics today. In the
absence of population change, the bush-fallow system
allows a tract of forest or savanna to provide food with
few subsidies other than human labor.

In these systems, a small section of native vegetation
is cut and cropped. Crop nutrient needs are met by the
decomposition of soil organic matter and perhaps by
leguminous crops. Sufficient pest protection is provided
by crop rotation, complex crop mixtures, and the prox-
imity of fields to native vegetation. Weed suppression
is performed by hand.

Once soil nutrients are depleted to levels that sig-
nificantly compromise crop productivity, the plot is
abandoned to “bush fallow” and another plot is cleared
from native vegetation and cropped. Meanwhile, the
newly fallowed plot is undergoing secondary succession
with attendant recovery of soil nutrient stores. By the
time several more plots have been sequentially cut,
cropped, and fallowed, the original plot will have recov-
ered much of its original fertility and be ready to be
cleared and cropped again.

Such agronomic systems are sustainable indefinitely
as long as each cropped area is allowed sufficient time
to recover its original fertility. However, when land
becomes scarce because of development or population
growth or both, the system can quickly fail. Native
vegetation brought out of fallow too quickly will pro-
vide soil fertility for only a portion of the former crop-
ping periods, so the crop portion of the rotation will
either be shorter or yield less, forcing more of the native
vegetation to be brought out of fallow earlier than
planned in order to feed a growing population. Eventu-
ally, little native fallow will remain and crops will be
grown continuously on soils that now lack much of
their former fertility. One of today’s greatest agronomic
challenges is providing nitrogen and phosphorus to
cropping systems that until recently have been in bush-

fallow rotations, especially in sub-Saharan Africa where
fertilizer is largely unavailable and most food is grown
on small holdings of a few hectares. The maintenance
of soil quality and adequate levels of soil organic matter
to provide it are major concerns of tropical agronomists.

B. Mixed Farming Systems

The successor to simple bush-fallow systems is mixed
farming systems that have several production enter-
prises of different herbaceous crops, trees, animals, or
combinations of crops and animals. In less developed
or unstable economies requiring a high level of local,
community, and farm family self-reliance, the produc-
tion of a wide array of goods was primarily to meet
family and local market needs for an ensured, year-
round supply of food, fuel, and building materials. Farm
and landscape-level diversity optimized stability within
local environments and increased the resiliency of the
system to a wide variety of disturbances. The diversity
of land use provided a wide range of ecosystem services,
including precipitation management, groundwater re-
charge, wildlife habitat, an environment usually condu-
cive to adequate pest—predator balance, and some miti-
gation of harsh climatic conditions. The mixed plant
community provided shade, wind protection, privacy,
and many other, often seasonal, assorted products and
services. This range of outputs has recently been termed
the multifunctional character of agricultural land (Food
and Agricultural Organization, 1999) shown in Fig. 1

As infrastructure and markets develop, the need for
a broad range of products and services decreases. When
the costs of adverse environmental impacts such as
groundwater contamination are not internalized, or
when farmers are not rewarded for ecosystem services
that their farms provide to the community or region,
they do not include such values in their farm enterprise
unless they are motivated and willing to make an altruis-
tic contribution. Many farmers, in fact, do this now,
but ultimately the more narrowly focused economic
marketplace rules. Today’s farms in highly developed
economies frequently have a level of product and land
use specialization that is well below an acceptable stan-
dard for long-term environmental and resource sus-
tainability (Fig. 1B). In other words, the production
base, the environment, and its ecosystem have not been
stabilized and are being degraded. With continued mar-
ket evolution, farmers may be increasingly compensated
for the full range of ecosystem services as well as actual
product output that they provide (Shuman, 1998; Soule
and Piper, 1992) (Fig. 1C).

A more immediate incentive is to add crops and/
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or livestock to provide integration efficiencies. These
efficiencies include the increase in yield of one crop
following another, the savings in nutrient inputs, or
the reduction in pest control costs (Table I).

TABLE I

Michigan Maize, Soybean, and Wheat Rotation Efficiencies

System, advantages

Maize after beans
30 kg/ha nitrogen credit
No rootworm scouting or control costs
6—10% yield advantage

Maize after soybeans dry beans wheat (Michigan, 2nd, 3rd year of
rotation)

No nitrogen credit (since maize follows wheat)
No rootworm control costs

Window for perennial weed control (either mechanical or
chemical)

Greater than 10% yield advantage (because of the preceding
bean/wheat sequence)

Maize after wheat plus frost-seeded clover

40 kg/ha nitrogen credit (60-70 kg N/ha with pre-sidedress
nitrogen test)

No rootworm control costs
At least 15% yield advantage

30-50% yield advantage if the farm is organic, where maize-
after-maize is not advisable
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An increasing amount of information on the effi-
clencies of specific technologies for integration is be-
coming available in the scientific literature. The reduc-
tion in input requirements is often a key part. There is
less direct research information on the relationship of
many of these practices on environmental loading. An
exception is the wealth of data on reduced soil erosion
as a result of reduced or zero tillage. Currently, the
predictive models of loss of pesticides, nutrients, or
crop or animal residues are rudimentary. Direct mea-
surements of loss from alternative rotations and use of
cover crops are very difficult, expensive, and location
specific. These rotation and cover crop practices are
widely acknowledged as being fundamental to sus-
tainability. Their efficiencies are being quantified with
respect to yield, input reduction, and soil quality and
the prevention of soil loss. Michigan data show, for
instance, that wheat in rotation loses less than 20 kg
N/ha per year via groundwater leaching. Well-fertilized
continuous corn averages 50 kg N/ha per year. Most
U.S. farmers use at least a two-crop rotation.

Animal integration in crop systems is declining in
the United States. Poultry and turkeys are increasingly
produced in specialized production facilities not located
on the farms where their feed is produced. They are
usually located in areas where agricultural land is avail-
able for manure application, often on a contract “dis-
posal” basis. The level of crop or animal diversity that
is appropriate on a farm to balance the market forces
for specialization with the need for biological efficiency
and ecosystem maintenance is very situation specific.
As enterprise integration increases with an effective
level of appropriate enterprises and their effective man-
agement (Fig. 2, technology T,), agricultural output
can be maintained at a much higher level for a given
amount of ecosystem disturbance. In other words, sus-
tainable agriculture can maintain productivity at a
much lower level of ecosystem disturbance. Very large-
scale operations tend to have less diversity, in part
because of the greater difficulty of managing diverse
enterprises. Crop and animal management requires nu-
merous and often frequent decisions to be made as
conditions change that are often stimulated by visual,
difficult to measure changes. The frequent presence and
sensitivity of the manager, the experience in production
management, and the ability to make decisions place
limits on the scale of highly diversified operations. Ev-
ery farm owner experiences this tension.

On a global scale, under conditions of high popula-
tion density, small farms, and the need for producing
a wide array of products in often marginal production
environments, a very diverse type of farm enterprise
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agricultural production and ecosystem maintenance. ED, environ-
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1993).

mix is common. Trees become a very important part
of farm productivity in the higher rainfall areas where
they are a part of the native vegetation. Animals are
more often than not a part of the enterprise because
they consume crop residues and add significantly to
overall productivity (Fig. 3). In most developing coun-
tries there is very little area of undisturbed forest, and

Agrisilvo Silvopastoral

Systems

Annual or

Perennial Crops |Agropastoral
Systems

Cattle Raising

FIGURE 3 Combinations of enterprises in mixed farming systems
(redrawn from Serrio and Homma, 1993).

in only a few in which large tracts of land remain is
there cattle only on farms. In the humid tropics the
mixture of crops, trees, and animals (agrisilvo-pastoral
systems) represent the great majority of farms. Where
human population is relatively high (>300-500 per-
sons per square kilometer) in rural areas, if there is
poverty combined with modest levels of rainfall (less
than 1000 mm per year) and/or cool temperatures for
part of the year, fuel for cooking and heating becomes
a problem, Resource degradation and loss of production
potential often occur as the standing stocks of carbon
(particularly in trees) and eventually the soil carbon
stocks are reduced as crop and animal residues are
burned. The system rapidly loses crop nutrient holding
and recycling capacity, and its ability to intercept and
retain rainfall decreases.

The immigrant Japanese farms of the Brazilian area
are an interesting example of high diversity, mainte-
nance of a high-standing stock of carbon, and extremely
high market value on a small land area (Fig. 4). This
is similar in many ways to Indonesian agroforestry sys-
tems in Central Sumatra. Most developing country
mixed farms have a larger portion of cash grain crops.

V. CONCLUSIONS

Our global food and fiber production systems are under-
going an enormous transformation, driven by rapid ad-
vances in the sciences of biotechnology, engineering,
and food processing and chemistry. The increasing cen-
tralization in the manufacture of agricultural inputs and
in the collection and processing of food is causing huge
economic and social change. Many social and political
values are being challenged. The global marketplace
forces for product uniformity and the geographical con-
centration of its production are driving farmers toward
a level of specialization that results in their farms having
much less diversity of crop and animal enterprises on
the landscape than that desirable for the maintenance
of many ecosystem services. Markets have not yet ma-
tured to adequately value these services, especially those
that affect environmental quality, nor in most places
have governments established disincentives in order to
protect them. The greatest challenge to sustainability,
with its many economic, environmental, and social di-
mensions, is the lack of public awareness, vision, and
will to implement necessary changes. In some cases,
research is needed to clarify the value of alternative
strategies and to provide additional options for sustain-
able management.



FIGURE 4 Land use on a representative Nippo-Brazilian farm. 1,
Cacao, erythrina; 2, household area; 3, coconut, citrus, mangosteen,
and graviola; 4, cacao, erythrina, andiroba, and Brazil nut; 5, second-
ary forest regeneration; 6, cacao, vanilla, palheteira, and freij6; 7,
cacao and parica; 8, rubber trees; 9, rubber trees, black pepper, and
cacao; 10, rubber trees and passion fruit; 11, black pepper and cacao;
12, cacao, banana, and Cecropia sp.; 13, black pepper and cupuacu,;
14, black pepper; 15, passion fruit and cupuagu; 16, pasture grasses;
17, black pepper and clearing (reproduced with permission from
Subler and Uhl, 1990).

For the present, and in the aggregate, the world has
enough food. In many if not most cases it is not being
produced sustainably, i.e., in a manner that is economi-
cally viable, environmentally benign, and socially ac-
ceptable to many who are affected by its production.
On the other hand, new research is showing that sus-
tainable cropping systems can be designed to operate
effectively, using ecological knowledge to substitute for
some of the management options now provided by ex-
ternal inputs, and in a way that has a less adverse
environmental and social impact than conventional
management.
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GLOSSARY

agroecosystem A simplified natural ecosystem sub-
jected to exploitation for purposes of food and fi-
ber production.

biodiversity Diversity of microbial, animal, and plant
species in an ecosystem that performs distinct eco-
logical functions and services.

ethnoecology Study of the various forms of traditional
environmental knowledge that are characteristic of
specific ethnic groups and that translate into natural
resource management.

polyculture Intensive growing of two or more crops
either simultaneously or in sequence on the same
piece of land.
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sustainable agriculture Form of agriculture that is en-
vironmentally sound, culturally sensitive, socially
acceptable, and economically viable.

traditional agriculture Indigenous form of ecologically
based agriculture resulting from the coevolution of
local cultural and environmental systems.

TRADITIONAL AGRICULTURE IS AN INDIGENOUS
FORM OF FARMING that results from the coevolution
of local cultural and environmental systems. It exhibits
a high level of ecological rationale expressed through
the intensive use of local knowledge and natural re-
sources, including the management of agrobiodiversity
in the form of diversified agricultural systems.

I. INTRODUCTION

One of the salient features of traditional farming systems
throughout the developing world is their high degree
of biodiversity. These traditional systems have emerged
over centuries of cultural and biological evolution and
represent the accumulated experiences of indigenous
farmers interacting with the environment without ac-
cess to external inputs, capital, or modern scientific
knowledge (Chang, 1977; Grigg, 1974). Using inventive
self-reliance, experiential knowledge, and locally avail-
able resources, traditional farmers have often developed
farming systems that generate sustained yields (Har-
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wood, 1979). In Latin America alone, more than two
and a half million hectares are under traditional agricul-
ture in the form of raised fields, polycultures, and agro-
forestry systems, documenting the successful adapta-
tion of these farming practices to difficult environments
(Alderi, 1991).

Many of these traditional agroecosystems, still found
throughout the Andes, Meso-America, and the lowland
tropics, constitute major in situ repositories of both
crop and wild plant germplasm. From an agroecological
perspective, these agroecosystems can be seen as a con-
tinuum of integrated farming units and natural or semi-
natural ecosystems where plant gathering and crop
production are actively pursued. Plant resources are
directly dependent on management by human groups;
thus, both species and genetic diversity have evolved
in part under the influence of farming practices shaped
by particular cultures and the forms of sophisticated
knowledge they represent (Nabhan, 1983).

Perhaps the key to understanding how traditional
farmers maintain, preserve, and manage biodiversity is
to recognize the complexity of their production sys-
tems. Today, it is widely accepted that indigenous
knowledge is a powerful resource in its own right and
complementary to knowledge available from Western
scientific sources. Therefore, in studying such systems,
it is not possible to separate the study of agricultural
biodiversity from the study of the culture that nur-
tures it.

This article explains the features of the biodiversity
inherent in traditional agroecosystems, and the ways
in which farmers apply local knowledge to manage
such biodiversity to satisfy subsistence needs and to
obtain ecological services. Traditional agriculture is
rapidly disappearing in the face of major social, politi-
cal, and economic changes. The conservation and
management of this agrobiodiversity will be possible
only if they are linked to the preservation of the
cultural diversity and economic viability of the local
farming populations.

II. BIODIVERSITY FEATURES OF
TRADITIONAL AGROECOSYSTEMS

Traditional farming systems commonly support a high
degree of plant diversity in the form of polycultures
and/or agroforestry patterns (Chang, 1977; Clawson,
1985). This strategy of minimizing risk by planting
several species and varieties of crops stabilizes yields
over the long term, promotes diet diversity, and maxi-

mizes returns even with low levels of technology and
limited resources (Harwood, 1979). Such biodiverse
farms are endowed with nutrient-enriching plants, in-
sect predators, pollinators, nitrogen-fixing and nitro-
gen-decomposing bacteria, and a variety of other or-
ganisms that perform various beneficial ecological
functions.

Traditional multiple-cropping systems provide as
much as 15-20 percent of the world food supply
(Francis, 1986). Polycultures constitute at least 80
percent of the cultivated area in West Africa and
predominate in other parts of Africa as well (Norman,
1979). At the same time, much of the production of
staple crops in the Latin American tropics occurs in
polycultures. More than 40 percent of the cassava,
60 percent of the maize, and 80 percent of the beans
in the region grow in mixtures with each other or
other crops (Francis, 1986). Polycultures are also very
common in parts of Asia where upland rice, sorghum,
millet, maize, and irrigated wheat are the staple crops.
Lowland (flooded) rice is generally grown as a mono-
culture, but in some areas of Southeast Asia farmers
build raised beds to produce dryland crops amid
strips of rice (Beets, 1982).

Tropical agroecosystems composed of agricultural
and fallow fields, complex home gardens, and agro-
forestry plots commonly contain well over 100 plant
species per field, and these are used as construction
materials, firewood, tools, medicines, livestock feed,
and human food. Examples include multiple-use agro-
forestry systems managed by the Huastecs and Lacon-
dones in Mexico, the Bora and Kayapé Indians in
the Amazon River basin, and many other ethnic groups
who incorporate trees into their production systems
(Wilken, 1977).

In the Latin American tropics, home gardens are a
highly efficient form of land use, incorporating a variety
of crops with different growth habits. The result is a
structure similar to that of tropical forests, with diverse
species and a layered physical configuration (Denevan
et al., 1984). In Mexico, for example, Huastec Indians
manage a number of fields, gardens, and forest plots
that may harbor a total of about 300 species. Small
areas around their houses commonly average 80-125
useful plant species, mostly native and medicinal plants.
Huastec management of the noncrop vegetation in these
complex farm systems has influenced the evolution of
individual plants and the distribution and composition
of the crop and noncrop communities.

In these “forestlike” agricultural systems, nutrient
cycles are tight and closed. In traditional shaded coffee
plantations (where Inga and Erythrina are common tree



species), the total nitrogen input from the decomposi-
tion of shade tree leaves, as well as from litter and
symbiotic fixation, can be well over ten times higher
than the net nitrogen output in the coffee harvest, which
usually averages 20 kg/ha/yr. Clearly, the system amply
compensates for the nitrogen loss by harvest with a
subsidy from the shade trees. In Mexico, farmers en-
courage the growth of native leguminous trees in culti-
vated fields (Wilken, 1977). From Puebla and Tehuacan
south through Oaxaca, farms with light to moderately
dense stands of mesquite (Prosopis spp.), guaje (Leu-
caena esculenta), and guamuchil (Pithecellobium spp.)
are a familiar sight. Stand density varies from fields
with only a few trees to virtual forests with crops planted
beneath them. A slightly different practice is found near
Ostuncalco, Guatemala, where rigorously pruned sauco
(Sambucus mexicana) stumps dot maize and potato
fields. Sauco leaves and small branches are removed
annually, scattered around individual crop plants, and
then chopped and interred with broad hoes. Local farm-
ers claim that crop quality and yields in the sandy
volcanic soils of this region depend on the annual appli-
cation of this method (Wilken, 1977).

Many traditional agroecosystems are located in
centers of crop diversity, and thus contain populations
of variable and adapted landraces as well as wild and
weedy relatives of crops (Harlan, 1976). Clawson
(1985) described several systems in which tropical
farmers plant multiple varieties of each crop; this
practice supports both intraspecific and interspecific
diversity, and also enhances harvest security. For
example, in the Andes, farmers cultivate as many as
50 potato varieties in their fields (Brush, 1982).
Similarly, in Thailand and Indonesia, farmers maintain
a diversity of rice varieties adapted to a wide range of
environmental conditions, and they regularly exchange
seeds with each other (Grigg, 1974). The resulting
genetic diversity heightens resistance to diseases that
attack particular strains of the crop and enables farm-
ers to exploit different microclimates and to derive
multiple nutritional and other uses from the genetic
variation among the species.

Many plants within or around traditional cropping
systems are wild or weedy relatives of crop plants. In
fact, many farmers “sponsor” certain weeds in or around
their fields that may have positive effects on soil and
crops, or that serve as food, medicines, ceremonial
items, teas, soil improvers, or pest repellents. In the
Mexican Sierras, the Tarahumara Indians depend on
edible weed seedlings or “quelites” (e.g., Amaranthus,
Chenopodium, Brassica) in the early season from April
through July, a critical period before crops mature from
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August through October. Weeds also serve as alterna-
tive food supplies in seasons when maize or other crops
are destroyed by frequent hail storms (Bye, 81). In
barley fields, it is common for Tlaxcalan farmers to
maintain Solanum mozinianum at levels up to 4500
plants/ha; this yields about 1300 kg of fruit, a significant
contribution to agricultural subsistence (Altieri and
Trujillo, 1987).

Farmers also derive other benefits from weeds, such
as increased gene flow between crops and their relatives.
In Mexico, when the wind pollinates maize, natural
crosses occur with wild teosinte growing in the field
borders, resulting in hybrid plants. Certain weeds are
used directly to enhance the biological control of insect
pests, as many flowering weeds attract predators and
parasites of pests to their pollen and nectar. Other farm-
ers allow weeds such as goosegrass (Eleusine indica)
in bean fields to repel Empoasca leafhoppers, or wild
Lupinus as a trap plant for the pestiferous scarab beetle
(Macrodactylus sp.), which otherwise would attack corn
(Altieri, 1993).

However, diversity is maintained not only within a
cultivated area. Many farmers maintain natural vegeta-
tion adjacent to their fields, and thus obtain a significant
portion of their subsistence requirements through gath-
ering, fishing, and hunting in habitats that surround
their agricultural plots. For the Purhepecha Indians
who live around Lake Patzcuaro in Mexico, gathering
is part of a complex subsistence pattern that is based
on multiple uses of their natural resources. These peo-
ple use at least 224 species of native and naturalized
vascular plants for dietary, medicinal, household, and
fuel needs (Caballero and Mapes, 1985).

Depending on the level of biodiversity of closely
adjacent ecosystems, farmers accrue a variety of ecologi-
cal services from surrounding natural vegetation. For
example, in western Guatemala, the indigenous flora
of the higher-elevation forests provide valuable native
plants that serve as a source of organic matter to fertilize
marginal soils, for each year farmers collect leaf litter
from nearby forests and spread it over intensively
cropped vegetable plots to improve tilth and water re-
tention. Some farmers may apply as much as 40 metric
tons of litter per hectare each year; rough calculations
indicate that a hectare of cropped land requires the
litter production of 10 ha of regularly harvested forest
(Wilken, 1977).

Clearly, traditional agricultural production com-
monly encompasses the multiple uses of both natural
and artificial ecosystems, where crop production plots
and adjacent habitats are often integrated into a single
agroecosystem.
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[II. THE COMPLEX NATURE OF
TRADITIONAL FARMERS KNOWLEDGE

Ethnoecology is the study of the natural world knowl-
edge systems of indigenous ethnic people. This knowl-
edge has many dimensions, including linguistics, bot-
any, zoology, craft skills, and agriculture, and is derived
from the direct interaction between humans and their
environment. In such a system, cognition and percep-
tion select the most adaptive and useful environmental
information, and this “successful” knowledge is pre-
served from generation to generation through oral or
experimental means. Indigenous peoples’ knowledge
about soils, climates, vegetation, animals, and ecosys-
tems usually results in multidimensional productive
strategies (i.e., the use of multiple ecosystems with mul-
tiple species), and these strategies generate (within cer-
tain ecological and technical limits) the food self-suffi-
ciency of farmers in a region (Netting, 1993).

Captivated by the ecological intricacies of these tradi-
tional agricultural systems, many scientists are now
beginning to show interest in them. As scientists search
for ways to remedy the deficiencies of modern agricul-
ture, they recognize that indigenous farmers’ knowledge
may hold vital information for the future of world agri-
culture. After centuries of cultural and biological evolu-
tion, these farmers have developed locally adapted,
complex farming systems that have helped them to
sustainably manage a variety of environments and to
meet their subsistence needs, without depending on
modern agricultural technologies.

For many agricultural scientists, four aspects of these
traditional knowledge systems are relevant: knowledge
of the environment, folk taxonomies, knowledge of
farming practices, and the experimental nature of tradi-
tional knowledge (Altieri, 1987).

A. Knowledge of the Environment

Indigenous knowledge about the physical environment
is often very detailed. Many farmers have developed
traditional calendars to control the scheduling of ag-
ricultural activities, and many sow according to the
phase of the moon, believing that there are lunar phases
of rainfall. They also cope with climatic seasonality by
utilizing weather indicators based on the phenologies
of local vegetation.

Soil types, degrees of soil fertility, and land-use cate-
gories are also discriminated in detail. Soil types are
commonly distinguished by color, texture, and some-
times taste. Shifting cultivators usually classify their

soils based on vegetation cover. In general, peasants
identify soil types based on the nature of the peasant’s
relationship to the land (Williams and Ortiz-Solario,
1981). Aztec soil classification systems were very com-
plex, recognizing more than two dozen soil types identi-
fied by origin, color, texture, smell, consistency, and
organic content. These soils were also ranked according
to agricultural potential, which was used in both land-
value evaluations and rural census. Today, Andean
peasants in Coporaque, Peru, recognize four main soil
classes, where each class has specific characteristics
matching the most adequate cropping system (Brush,
1982).

B. Biological Folk Taxonomies

Many complex knowledge systems that are used by
indigenous people to group together plants and animals
have been well documented (Berlin et al., 1973). The
traditional name of a plant or animal usually reveals
that organism’s taxonomic status, and researchers have
found that, in general, there is a good correlation be-
tween folk taxa and scientific taxa.

The classification of animals, especially insects and
birds, is widespread among indigenous farmers. Insects
and related arthropods have major roles as crop pests,
as causes of disease, as food, and as medicinal products,
in addition to their importance in local myth and folk-
lore. In many regions of the world, agricultural pests
are tolerated because they also constitute agricultural
products; that is, traditional agriculturalists may con-
sume plants and animals that would otherwise be con-
sidered pests (Brokensha et al., 1980).

Ethnobotanies are the most commonly documented
folk taxonomies (Alcorn, 1984). The ethnobotanical
knowledge of certain campesinos in Mexico is so elabo-
rate that the Tzeltal, Purepecha, and Yucatan Mayans
can recognize more than 1200, 900, and 500 plant
species, respectively (Toledo et al., 1985). Similarly,
ko bushwomen in Botswana were able to identify 206
out of 211 plants collected by researchers (Chambers,
1983), while Hanunoo swidden cultivators in the Phil-
ippines could distinguish over 1600 plant species
(Grigg, 1974).

C. Knowledge of Farming Practices

As more scientific research is conducted, many of the
traditional farming practices once regarded as primitive
or misguided are being recognized as sophisticated and
appropriate. For example, when confronted with spe-
cific problems of slope, flooding, drought, pests, dis-



eases, or low soil fertility, small farmers throughout
the world have developed unique management systems
aimed at overcoming these constraints (Klee, 1980).
In general, traditional agriculturalists have adjusted to
environmental constraints by concentrating on a few
characteristics and processes that incorporate the fol-
lowing structural and functional elements (Gliessman,
1998; Altieri and Anderson, 1986):

a. They combine high species numbers and struc-
tural diversity in time and space (through both
vertical and horizontal organization of crops).

b. They exploit the full range of microenvironments
(which differ in soil, water, temperature, altitude,
slope, fertility, etc.) within a field or region.

c. They maintain closed cycles of materials and
wastes through effective recycling practices.

d. They rely on the complexity of biological interde-
pendencies, resulting in some degree of biological
pest suppression.

e. They rely on local resources plus human and ani-
mal energy, thereby using low levels of technology
input.

f. They rely on local varieties of crops and incorpo-
rate the use of wild plants and animals. Production
is usually for local consumption. The level of in-
come is low; thus the influence of noneconomic
factors on decision making is substantial.

D. The Experimental Nature of
Traditional Knowledge

The strength of traditional people’s knowledge is that
itis based not only on acute observation but also on trial
and error and experimental learning. The experimental
approach is very apparent in the selection of seed vari-
eties for specific environments, but it is also implicit
in the testing of new cultivation methods to overcome
particular biological or socioeconomic constraints. In
fact, Chambers (1983) argued that farmers often
achieve a richness of observation and a fineness of dis-
crimination that would be accessible to Western scien-
tists only through long and detailed measurement
and computation.

Yet only recently has some of this traditional knowl-
edge been described and documented by researchers.
The evidence suggests that the finest discrimination
develops in communities where the environments have
great physical and biological diversity and/or in com-
munities living near the margins of survival (Cham-
bers, 1983). Also, older community members possess
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greater, more detailed knowledge than younger mem-
bers (Klee, 1980).

IV. THE ECOLOGICAL SERVICES
OF BIODIVERSITY IN
TRADITIONAL AGROECOSYSTEMS

In traditional agroecosystems, complex and diversified
cropping systems are vital because the interactions
among crops, animals, insects, and trees result in bene-
ficial synergisms that optimize soil fertility, pest control,
and productivity (Altieri, 1995; Harwood, 1979; Rich-
ards, 1985). Among the ecological services are the fol-
lowing.

1. By interplanting, farmers take advantage of the
capacity of cropping systems to reuse their own stored
nutrients. The tendency of some crops to deplete the
soil is counteracted by interplanting other crops that
enrich the soil with organic matter. Soil nitrogen, for
example, can be increased by incorporating legumes in
the crop mixture, and phosphorus assimilation can be
enhanced by growing crops with mycorrhizal associa-
tions.

2. The complex structure of traditional agroecosys-
tems minimizes crop loss to insect pests through a
variety of biological mechanisms. The intercropping of
diverse plant species provides habitats for the natural
enemies of insect pests as well as alternative host plants
for pests. For example, a crop may be planted as a
diversionary host to protect other more susceptible or
more economically valuable crops from serious damage.
The diversity of crops grown simultaneously in polycul-
tures helps prevent the buildup of pests on the compara-
tively isolated plants of each species. Where shifting
cultivation is practiced, the clearing of small plots from
secondary forest vegetation also permits the easy migra-
tion of natural pest predators from the surrounding
forest.

3. Increasing the species and/or genetic diversity of
cropping systems is a key strategy to minimize losses
from plant diseases and nematodes (types of round-
worms that are among the most widespread and damag-
ing of agricultural pests). The mixing of different crop
species or varieties can delay the onset of diseases,
reduce the spread of disease-carrying spores, and mod-
ify environmental conditions such as humidity, light,
temperature, and air movement so that they are less
favorable to the spread of certain diseases.
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4. Many intercropping systems prevent competition
from weeds, chiefly because the large leaf areas of their
complex canopies prevent sufficient sunlight from
reaching sensitive weed species. In general, the extent
to which weeds present a problem depends on the type
of crops and the proportion of the different species
grown, their density, where they are planted, the fertil-
ity of the soil, and management practices. Weed sup-
pression can be enhanced in intercrop systems b