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Chapter 6

BIODIVERSITY AND ECOSYSTEM FUNCTIONING

David Tilman

s
e

This chapter addresses how biodiversity may influence the supply of
ecosystem goods and services. Biodiversity, or biological diversity, is the va-
riety of life at all levels of organization, from the level of genetic variation
within and among species to the level of variation within and among ecosys-
tems and biomes. For convenience or necessity, biologists have tended to
focus studies of biodiversity on the number of spécies in an ecosystem,
which is called species diversity or species richness. The rapid expansion of
human activities across the earth, and the subsequent modification of nat-
ural ecosystems into systems managed for human benefit, has led both to
dramatic increases in species extinctions and to much lower biodiversity
within managed ecosystems. This has raised numerous concerns, including
the possibility that the functioning and stability of earth’s ecosystems might
be threatened by this loss of biological diversity (Ehrlich and Ehrlich 1981,
Schulze and Mooney 1993). The goods and services provided by ecosys-
tems depend on ecosystem functioning and on the susceptibility of this
functioning to drought, floods, invasions by exotic organisms, and other dis-
turbances. Thus, there may be a link between biodiversity and the ability of
ecosystems to provide goods and services to humanity. This chapter reviews
the literature on this subject to address three major questions: (1) Does the
productivity of ecosystems depend on their biodiversity? (2) Does ecosys-
tem stability depend on biodiversity, i.e., are more diverse ecosystems more
resistant to and more able to recover from disturbances? (3) Does the long-
term sustainability of ecosystem functioning depend on ecosystem biodi-
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versity? This chapter does not address the economic valuation of biodiver-
sity, but rather lays out ecological principles relevant to calculations of val-
uation in the chapters that follow,

The idea that biodiversity influences ecosystem functioning is venerable,
apparently first suggested by Darwin (1872), who noted that ecosystem
productivity depended on biodiversity. As quoted in McNaughton (1993),
Darwin stated, “The more diversified in habits and structures the descen-
dants . . . become, the more places they will be enabled to occupy....Ifa
plot of ground be sown with one species of grass, and a similar plot be sown
with several distinct genera of grasses, a greater number of plants and a
greater weight of dry herbage can be raised in the latter than the former
case.” McNaughton (1977, 1993) and others have expanded on this diver-
sity-productivity hypothesis. Odum(1953), MacArthur (1955), and Elton
(1958) noted that the larger the number of species in an ecosystem, the
greater would be the number of interspecific interactions linking them and
determining the functioning of the ecosystem. Because of this, they hypoth-
esized that ecosystems that are more species rich should be more resistant
to perturbations and disturbances because they would contain more alter-
native pathways for the flow of energy and the internal cycling of nutrients.
As this tight internal recycling is interrupted by the loss of biodiversity,
ecosystems are thought to become more open and thus lose the nutrient
capital on which their sustained productivity had been based (e.g., Vitousek
and Hooper 1993). These three hypotheses, which are clearly interrelated,
are more fully developed below, as are the various observational and exper-
imental studies that have been used to test them. Although there are many
unanswered questions, in total this review shows that the ability of ecosys-
tems to provide a sustainable flow of goods and services to humans is likely
to be highly dependent on biodiversity, which, itself, can be sustained only
if humans alter their present course of action.

Biodiversity and Ecosystem Productivity

Humans depend on living plants for the production of food, forest products,
and many other goods essential for human life. The total of all materials pro-
duced by the growth of plants in a period of time (most often a year) is
called ecosystem primary production, or, more simply, ecosystem produc-
tivity. Ecosystem productivity has been hypothesized to be higher when
more plant species are present because differences among species in meth-
ods of resource capture should allow more diverse communities to more
fully utilize their limiting resources. For instance, some plant species have
physiologies and morphologies that allow them to grow best during cooler
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and wetter weather, whereas others grow better during hotter and drier
weather. If a cool-season and a warm-season species were to grow together,
these complementary features might lead to greater total primary produc-
tivity across the full growing season than possible when either species grew
alone. Similarly, plant species differ in the depth in the soil profile at which
they are rooted, again potentially allowing a fuller exploitation of soil re-
sources, and thus greater ecosystem productivity, in more species-rich com-
munities. Indeed, the physiologies, morphologies, and life histories of plant
species differ one from the other in a multitude of ways (e.g., Chapin 1980,
Chabot and Mooney 1985, Grime 1979) that might allow mixtures of sev-
eral species to more fully utilize limiting resources than would a monocul-
ture of any one species. Such considerations have led to the general expec-
tation that, all else being equal, plant primary productivity should be an
increasing function.of the number of plant species in a community.

Three general relations between diversity and ecosystem functioning have
been proposed (figure 6.1; Vitousek and Hooper 1993). The linear relation-
ship of curve 1 implies that each species added to or removed from an
ecosystem would have the same impact on ecosystem processes as that of
any other species. As Vitousek and Hooper noted, this seems unlikely.The
flat relationship of curve 3 means that, after one, two, or some small num-
ber of species are present, additional species would have no effect on an
ecosystem process. Such an abrupt and low limit to the effects of diversity
also seems unlikely. Vitousek and Hooper hypothesized that the most likely
response would be saturating or asymptotic, as in curve 2, because. this
means that each added species shares an increasingly great proportion of its
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Figure 6.1. Three qualitatively different potential relationships between an
ecosystem process (e.g., productivity, resistance to disturbance, resilience, etc.)
and biodiversity. Based on Vitousek and Hooper (1993).
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traits with existing species and thus does less to diversify the functioning of
the ecosystem than the initial species.

There are two major reasons biodiversity may influence ecosystem pro-
ductivity. The first may be called the sampling-competition effect. In any
given habitat, a particular plant species will be the most productive, a dif-
ferent species will be the next most productive species, etc. Because plant
species compete, the most productive species often will come to dominate a
habitat in which it is present. All else being equal, the probability of having
a highly productive species present will increase with plant diversity. This
causes total community productivity to increase, on average, with plant di-
versity, with the resulting curve looking much like curve 2 of figure 6.1
(Tilman. et al. 1997 in review). This illustrates a major effect of diversity.
The more diverse an ecosystem is,“the more likely it is to contain one or
more superior species that will come to strongly influence the functioning of
that ecosystem. Greater diversity allows a greater sampling of the full po-
tential of biodiversity, and competitive interactions magnify the differences
among species, causing productivity or some other aspect of ecosystem
functioning to increase with diversity.

The second major reason biodiversity may influence ecosystem produc-
tivity is complementary resource use by different species. Consider a terres-
trial ecosystem in which two factors—soil water and soil nitrogen—con-~
strain productivity. All plants require both water and nitrogen for survival
and growth. There will be some levels of soil water and soil nitrogen that are
so low that no plant species are able to survive. These levels are indicated by
the unshaded region of figure 6.2A. The higher levels of water and nitrogen
in the shaded region of this figure allow one or more species to survive and
grow. Any given species is only able to survive and grow in a portion of the
shaded region. Because water and nitrogen are nutritionally essential re-
sources for plants, the shape of this region is rectangular (Tilman 1982).
The range of water and nitrogen levels at which a species can survive and
grow is indicated by what is called its resource-dependent growth isocline.
The isocline for species A is shown in figure 6.2B. Species A can survive and
grow in the shaded region. Other species, which differ one from the other in
their physiologies, morphologies, and life histories, are able to occupy other
regions (figure 6.2C-F). Note that the portion of the water-nitrogen plane
shown in these figures is such that it spans the spatial and temporal ranges
of soil water and soil nitrogen in the ecosystem of interest. Note, also, that
the five species shown differ in their requirements for nitrogen and water,
and that each species has the right angle corner of its isocline touching the
line that separates the region of survival from the region of death. This line
is an interspecific tradeoff curve (Tilman 1988). The proportion of the re-
gion of growth that is covered by the shaded isocline of one or more species
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Figure 6.2. A.The shaded portion of this figure shows the concentrations of
soil nitrogen and soil water that can sustain the growth of at least one species
of plant in a habitat. This livable habitat itself is heterogeneous, with the vari-
ous points in the shaded region of the graph representing different localities
within the habitat. B-F. These shaded regions with right angle corners are re-
source-dependent growth isoclines for species A through E (see Tilman 1982).
For instance, species A can just survive for soil nitrogen and water concentra-
tions on the inside edge of its isocline, and will grow for concentrations in the
shaded region. These five species have an interspecific tradeoff in their re-
quirements for nitrogen and water, with species A having a low requirement
for nitrogen but a high requirement for water. Species E, in contrast, has a
high requirement for nitrogen and a low requirement for water. The species
were chosen to be evenly spaced along the interspecific tradeoff curve.



98 DaviD TILMAN

is approximately proportional to the productivity of an ecosystem contain-
ing those species. '

On average, monocultures of these species cover about 45 percent of the
potential available habitat (figure 6.3). Mixtures of these species provide
greater coverage (figure 6.4), with the best coverage, and thus greatest pri-
mary productivity, provided by the combination of all five species living in
the same habitat. The results for all possible combinations of these five
species, taken 0, 1, 2, 3, 4, or 5 at a time, are shown in figure 6.3. This illus-
trates two basic principles of the effects of diversity on productivity and,
perhaps, on other aspects of ecosystem functioning. First, the resulting rela-
tionship is an increasing but asymptotic function of species richness. This
occurs because, on average, each additional species is increasingly similar to
the collection of pre-existing speciesyi.e., each additional species contributes
less to the resource utilization capability of the total community. The rela-
tionship is increasing because each added species gives better coverage of
the physical conditions that constrain productivity. Second, the resulting re-
lationship is stochastic, i.e., is predicted to have variance in productivity that
depends on the actual identities of the species that co-occur at any given
level of diversity. This variance is lower at higher diversity because higher di-
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Figure 6.3. The isoclines illustrated in figure 6.2 can be used to determine
the amount of the livable habitat of figure 6.2A that is “covered” by various
combinations of 1, 2, 3, 4, or all 5 species, using the species of figure 6.2B-E
The total amount of livable habitat that is covered by all species present in a
habitat is a measure of the relative productivitiy of that plant community. This
was determined for all possible combinations of these species taken 0, 1, 2, 3,
4, and 5 at a time, with results shown above.
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versity represents a fuller sampling of the potential total community cover-
age, but this effect is clearer for cases with more species than used in figures
6.3 and 6.4.This variance, and the clear effects of particular species combi-
nations, highlights the important point that the effects of biodiversity on
ecosystem functioning come from differences among species and from in-
teractions among species. It might be possible to find a group of function-
ally similar species for which changes in diversity have minimal effects on
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Figure 6.4. Examples of habitat coverage (i.e., amount of livable portion of
graph that is covered by all species present) for two combinations of 2 species
(parts A and B), two combinations of 3 species (parts C and D), and for 4
and 5 species (parts E and F).
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productivity. Diversity, per se, is no guarantee of greater productivity, unless
the more diverse communities contain in them species with a greater range
of relevant traits. The effects of diversity will be distinguishable only in com-
parisons of communities whose compositions are an unbiased sample of the
total species pool. Thus, it is important in testing for the effects of biodiver-
sity on ecosystem functioning to assure that experimental communities of
different diversity levels are random and independent subsets of the total
species pool.

Although productivity saturates at a low level of diversity in the simple ex-
ample of figures 6.2~4, real-world complexities are likely to shift this curve
over as shown in figure 6.5. The more limiting factors in an ecosystem, and
the more-complex the ecosystem (e.g., heterogeneity in, and limitation by,
water, soil nitrogen, soil phosphorus, calcium, pH, plant diseases, insect
herbivores, changing climate, etc.), the greater will be the range of species
traits required to “cover” these conditions and to lead to near maximal pro-
ductivity (figure 6.5).

Tests

As Darwin asserted, it has long been known by agriculturalists that increases
in diversity, at least in the range of one to four or five plant species, leads to
increased primary productivity. Although it was written from a different
perspective, Harper’s (1977) synthesis and analysis of competition among
pasture plants shows just this. Using deWit replacement diagrams of com-

Productivity

Species Richness

Figure 6.5. The hypothesized relationship between productivity (and per-
haps other aspects of ecosystem functioning) and species richness for ecosys-
tems that differ in their complexity. The relationship may saturate at lower di-
versity in simple habitats but at higher richness in more complex habitats, a
possibility suggested by Chris Field.
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petitive effects, Harper found that the total “yield” (productivity) of two-
species plots was greater than that of either species alone when two species
stably coexisted. This increase in productivity measured the effect of in-
creasing species richness from one to two. Of the cases Harper reviewed, the
greatest increases in productivity came in mixtures of markedly different
species, such as a grass and a forb and especially a grass and a legume.

Trenbath (1974) performed a major analysis of agricultural experiments
in which two or more crop species were grown together. Trenbath’s analysis
of 572 different intercrop systems showed that, on average, intercrops have
about 10 percent higher yields than more traditional single-species mono-
cultures. Numerous additional studies performed since Trenbath were re-
viewed by Swift and Anderson (1993), who concluded, “The evidence
seems unequivocal that, given a number of qualifications, intercrops can be
designed which will outyield sole crops” (p. 24). A cause of some of.these
increased yields was the presence of a legume, which helped overcome one
of the most common limitations of agricultural yield, nitrogen availability.
There have been many other studies designed to understand other causes
for such effects, and these have provided a diversity of answers (Swift and
Anderson 1993). For instance, greater diversity in plant species can increase
the diversity of decomposer species and thus influence nutrient cycling and
productivity. Greater plant diversity can also provide habitat for predators
and parasites that attack herbivores or other crop pests. And, greater crop
diversity can allow more efficient utilization, spatially or seasonally, of limit-
ing resources.

There have been fewer studies of the diversity-productivity hypothesis in
natural ecosystems. Comparative studies of the effects of diversity on. pro-
ductivity are potentially confounded because it is also known that produc-
tivity affects diversity. For example, experimental manipulations of produc-
tivity lead to changes in diversity (e.g., Lawes and Gilbert 18803, 1880b;
Tilman 1987, 1994; Goldberg and Miller 1990), with increased productiv-
ity most often leading to decreased diversity. In contrast, comparative stud-
ies in natural ecosystems have often shown a unimodal relationship between
productivity and diversity (Grime 1973; Tilman 1980, 1982; Huston 1980,
1994; Tilman and Pacala 1993). This suggests that causality may occur in
both directions, i.e., diversity may influence pi'oductivity and productivity
may influence diversity. As such, comparative studies in natural ecosystems
may be illustrating the long-term total effects of both directions of causality
and may not give insight into either process alone. Experimental studies are
needed that control one process and observe its effects on the other.

I know of three such studies. In a greenhouse study, various numbers of
species were randomly drawn from a pool of 16 species to establish com-
munities that contained from 1 to 16 plant species, with 64 monocultures,
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20, 30, and 40 replicates, respectively, of the pots containing 2, 4, and 8
species, and 10 replicates of the pots containing all 16 species (Naeem et al.
1995). This study showed the expected effect of plant diversity on produc-
tivity, with average productivity increasing with diversity (figure 6.6A). The
pot-to-pot variance (standard deviation) in productivity was also lower at
higher species richness (figure 6.6B). In total, this study by Naeem et al.
supports both of the major predictions of theory. It also shows that results
observed in agricultural experiments on two-species mixtures apply to mix-
tures of uncultivated plants containing many species. In a laboratory exper-
iment, species diversity on several trophic levels (plants, decomposers, her-
bivores) was directly and simultaneously manipulated such that there were
low-, moderate- and high-diversity ecosystems (Naeem et al. 1994). The
highest diversity ecosystems had the“greatest productvity. The third study
established 147 field plots, each 3 m X 3 m, that were planted with 1, 2, 4,
6, 8, 12, or 24 prairie species (Tilman et al. 1996b). Each plot contained
species chosen by a separate random draw of the appropriate number of
species from a pool of 24 prairie species. In the second year of growth, pro-
ductivity, as measured by the total cover of all plant species in a plot, was a
significantly increasing function of species richness (figure 6.6C), remark-
ably similar to the relationships predicted for the sampling-competition ef-
fect and the resource-complementarity effect (figure 6.3).

An important application of the diversity-productivity relationship was
proposed by Bolker, Pacala, Bazzaz, Canham, and Levin (1995), Calibrated
models of forest growth predicted, for forest stands growing at elevated at-
mospheric CO, levels (i.e., levels of the near future), that forest stands con-
taining many spatially intermingled species would be at least 30 percent
more productive than stands planted to a single species. This means that
biodiversity may lead to a 30 percent increase in the amount of atmospheric
carbon dioxide removed by forests and stored in the forest ecosystem. Such
added carbon storage that may result from biodiversity could play a crucial
role in allowing global reforestation to ameliorate effects of high rates of
CO, production and thus to moderate global climate change.

In total, these studies provided broad and general support for the diver-
sity-productivity hypothesis. They illustrate that the effects of diversity are
not direct but are based on the greater range in species traits associated with
unbiased increases in diversity. They also show that each unique combina-
tion of species may have a different effect, and thus that variation in pro-
ductivity is expected within communities of equal diversity but different
compositions. This variance is reduced by higher diversity. Stated differ-
ently, the theoretical basis for the effects of diversity on primary productiv-
ity predicts that both species composition and species diversity are major
determinants of the primary productivity of plant communities. Finally, the
results suggest that genetic diversity within a single species may lead to
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greater productivity than for a genetically uniform species, which has been
found in barley and wheat (Allard and Adams 1969).This also is supported,
in a somewhat oblique way, by the greater productivity associated with hy-
brid crop varieties. Hybrid varieties are plants that have been bred to have
great heterozygosity at loci, i.e., to have great genetic variation within each
individual. The work reviewed above suggests that spatially intermingled
mixtures of different hybrid varieties could lead to even greater productiv-
ity than obtained from a single hybrid variety.

Stability and Biodiversity

All forests, croplands, grasslands, arfd other ecosystems experience natural
variations and disturbances such as droughts, heavy rains, unusually hot or
cool growing seasons, hail, and outbreaks of various pests, diseases, and
pathogens. These disturbances can greatly decrease the abilities of these
ecosystems to provide ecosystem goods and services. Many modern agri-
cultural practices, such as choice of genetic varieties, irrigation, and use of
pesticides, are necessitated because of the high susceptibility of agricultural
ecosystems, especially those planted to a single species, to such distur-
bances. Different ecosystems respond differently to disturbance. Some
ecosystems are fairly stable, which means that they are not greatly impacted
by disturbance, whereas others are less stable and can have great losses of
productivity following disturbances. Odum (1953), MacArthur (1955), and
Elton (1958) proposed that ecosystem stability depended on diversity.
These early ideas were perhaps most clearly articulated in Elton’s (1958)
book, in which he asserted that more diverse communities were less oscilla-
tory in response to environmental variation and less subject to invasion by
novel species. He cited several lines of evidence supporting this conclusion,
including the still well-supported observations that islands, which are
species poor, are more readily invaded by alien species than comparable
mainland areas, and that simplified agricultural ecosystems are more subject
to oscillation and pest invasion than diverse natural communities.

This hypothesis was explored in greater detail mathematically by Gard-
ner and Ashby (1970) and May (1973). Gardner and Ashby showed that
randomly assembled groups of species interacting with randomly chosen
strengths were markedly less stable as the number of interacting species was
increased, and that stability depended on the degree of connectance among
species. May explored this hypothesis by developing a highly structured
(i.e., nonrandom) multispecies competitive community in which he could
vary the number of competing species. He found that the dynamics of the
species became increasingly less stable as species diversity increased, and
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concluded that complexity led, in general, to lower stability. A period of
great debate followed, during which ecology gained greater mathematical
sophistication, and concepts and definitions related to diversity were clari-
fied (e.g., Pimm 1979, 1984, 1993; King and Pimm 1983). This debate was
resolved by the realization that increased diversity stabilizes the functioning
of the total ecosystem, but that diversity can destabilize the dynamics of in-
dividual species (King and Pimm 1983, Tilman 1996). This resolution was
foreshadowed by May (1974), who mused, “If we concentrate on any one
particular species our impression will be one of flux and hazard, but if we
concentrate on total community properties (such as biomass in a given
trophic level) our impression will be of pattern and steadiness.”

Pimm made an important distinction between two different components
of stability. The first he called resistance. The resistance to disturbance of an
ecosystem is a measure of the magnitude of change in the ecosystem in re-
sponse to a particular intensity of disturbance. Pimm hypothesized that
more diverse ecosystems might be more resistant to perturbation, i.e.,
change less in response to perturbation. The second component of stability
was resilience, which measures the rate of recovery from perturbation. Re-
silience is best measured as the specific rate of recovery, i.e., the rate of re-
covery divided by the magnitude of the original deviation. Again, Pimm sug-
gested that resilience might be greater at greater diversity, but Lockwood
and Pimm (1994) questioned if this was as likely to depend on diversity as
was resistance.

To understand why ecosystem stability may depend on diversity, consider
two hypothetical species that compete with each other. One species is totally
resistant to a given disturbance, and the second is totally susceptible. When
the disturbance occurs, monocultures of the first species maintain their orig-
inal biomass, whereas monocultures of the second species have their bio- .
mass fall to zero. Assuming that the two species had approximately equal
abundances before the disturbance, the average biomass across many such
areas containing just one or the other species would have fallen to half of the
average before the disturbance. What would happen in areas containing both
species? The immediate effect would be that susceptible species would be
driven to zero, and the other species would not be harmed, again leading to
an average biomass of half of pre-disturbance levels (assuming approxi-
mately equal abundances of the competing species). However, the distur-
bance-resistant species now would be living in areas from which its com-
petitors had been removed. In these areas it should be able to increase in
abundance up to its carrying capacity. This would cause biomass in all these
areas to increase approximately twofold. This compensatory increase in bio-
mass, with two species areas having double the average productivity of area
containing one species, is a measure of the maximal potential stability con-
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ferred on these two-species areas by their diversity. Clearly, there is a tem-
poral component to this, and the actual magnitude of the stabilizing effect
of diversity would depend on the time available for recovery and on the
growth rates of the resistant species.

Tests

A test of these ideas was provided by the severe drought that struck the
midwestern United States beginning in 1987 and peaking in 1988 (Tilman
and El Haddi 1992). On average, across 207 permanent Minnesotan grass-
land plots that differed in plant diversity and that had been annually sam-
pled for ecosystem productivity, plant diversity, and many other variables
starting in 1982, drought caused plant productivity to fall to less than % of
its pre-drought average. However, during the drought, the most species-
poor plots had their productivity fall to about % of their pre-drought level,
whereas the most species-rich plots had productivity fall to only about half
(figure 6.7, Tilman and Downing 1994). The ratio of productivity during
the drought to that before the drought is a direct measure of resistance to
drought. There was clear dependence of drought resistance on diversity. Al-
though there were several other factors that potentially confounded the re-
lationship in figure 6.7, thorough analyses showed that none of these
changed the highly significant dependence of drought resistance on species
diversity shown there (Tilman and Downing 1994, Tilman 1996).

Further analyses showed that compensatory increases in drought-resis-
tant species wére a major cause of greater drought resistance in more diverse
plots (Tilman 1996). Moreover, more diverse plots had less year-to-year
variation in productivity during nondrought years (Tilman 1996). Analyses
using Pimm’s rigorous definition of resilience showed that resilience tended
to increase with diversity, but this was not as consistent or strong an effect
as for drought resistance (Tilman 1996). The responses of individual plant
species were also analyzed. Unlike the response for total community plant
biomass (i.e., productivity), the abundances of individual species were
slightly, but statistically significantly, more variable year-to-year at higher di-
versity, thus supporting May’s (1973) prediction. Thus, this evidence sup-
ports the hypothesis that diversity increases the resistance of ecosystem pro-
ductivity to perturbation, but that diversity decreases the resistance of
individual species abundances to perturbation (Tilman 1996).

Many other studies of diversity-stability relationships, though less well
replicated than that just discussed, have yielded amazingly similar results. In
a study of Serengeti grasslands, McNaughton (1977) found that grasslands
with higher plant diversity recovered more rapidly after grazing by the
African buffalo. He also found that green plant biomass, both in four neigh-



6. BIODIVERSITY AND ECOSYSTEM FUNCTIONING 107

1

1/2- ”

—
— a2

1/4

e
—_—
— Sy
— R—
f———
f———

Productivity,,/Productivity,,

_]l

1/16 -

T YT T

0 5 10 15 20 25
Plant Species Richness Before Drought

Figure 6.7. Drought resistance of prairie grassland vegetation and its depen-
dence on species richness. Drought resistance was measured as the ratio of
productivity (plant biomass) during the 1988 drought divided by that in 1986
before the drought began. This ratio was calculated for each of 207 grassland
plots that contained from 1 species to 26 species. The numbers indicate how
many plots had a given level of plant species richness in 1986 (before the
drought), and each number is placed at the average productivity ratio for that
level of species richness. The vertical bars show the variation (standard error)
about each mean. .

Source: Redrawn from Tilman and Downing 1994.

boring grassland stands and in twenty-eight stands across a rainfall gradient,
was jynore resistant to climatic variations in the more diverse stands. Frank
and McNaughton (1991) found a significant effect of plant diversity on the
resistance of Yellowstone National Park grasslands to drought. Lep3 et al.
(1982) found that drought led to a lower decrease in standing crop-in a
species-rich grassland field than in a species-poor one. Several other such
studies are reviewed in McNaughton (1993). These studies, in total, demon-
strate a consistent effect of biodiversity on the resistance of ecosystem
processes, especially productivity, to perturbation.

All of these examples illustrate that biodiversity has an “insurance value”
in that it helps minimize the costs of various unpredictable events. The. pat-
tern for ecosystem resilience is less clear, with some studies showing a sig-
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nificant effect and others not revealing any significant relationship between
ecosystem resilience and diversity. Finally, both the results in Minnesota
grasslands and theory suggest that species diversity does not have a stabiliz-
ing effect on the population fluctuations of individual species. However, it
seems plausible that intraspecific genetic diversity might increase resistance
to disturbance for the abundance of an individual species.

Ecosystem Sustainability

Farming, forestry, grazing, and other human activities that harvest products
from ecosystems may lead to progressively lower ecosystem productivity, or
alternatively may be done in such a way that the productive capacity of the
ecosystem is sustained. Because degradation implies a reduction in the nat-
ural underpinnings of productivity and poses a threat to maintaining ecosys-
tem goods and services, there is growing interest in assuring ecosystem sus-
tainability.

An often articulated idea is that morphological, physiological, and other
differences among species would allow an ecosystem containing more
species to more fully exploit its limiting resources (e.g., Odum 1969; Mc-
Naughton 1977, 1993). This increased resource exploitation is a major rea-
son it'is thought that diversity may increase productivity, as discussed above.
However, there is another ramification. The more efficient utilization of lim-
iting resources should decrease their availabilities in the environment. For
soil nutrients this would minimize the amounts that could be leached
through the soil and into the groundwater. This would help conserve these
nutrients within the ecosystem (e.g., Ewel et al. 1991, Vitousek and Hooper
1993). Moreover, the litter produced by different species differs in its effects
on nutrient cycling (Vitousek et al. 1987, Wedin and Tilman 1990, Pastor et
al. 1984). It may be that more diverse plant communities would support a
more diverse decomposer community that would be better at retaining nu-
trients within the ecosystem (Vitousek and Hooper 1993, Swift and Ander-
son 1993).The best field experiment that tests these ideas is a study of trop-
ical succession that Ewel et al. (1991) performed in Costa Rica. The
researchers established plots that differed in the number of species of suc-
cessional plants and then followed the nutrient budgets of these plots. They
found that plots with low plant diversity had greater leaching losses of soil
nutrients, showing that diversity can play a significant role in the mainte-
nance of soil fertility and thus productivity (Ewel et al. 1991, Vitousek and
Hooper 1993). Similarly, Tilman et al. (1996b) observed significantly lower
leaching loss of soil nitrogen in more diverse plots in their experimental
study using prairie species. This could have a significant long-term impact
on the nutrient capital of an ecosystem and thus on the sustainability of its
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productivity, species composition, soil organic matter, etc. Ecosystems attain
a sustainable level of functioning when, on average, over periods long
enough to include their disturbance cycles, rates of loss and gain of organic
matter and nutrients are in balance. If decreased biodiversity were to lead to
greater losses of nutrients and organic matter, the long-term effect would be
lower average amounts of organic matter and limiting nutrients, which
would lead to lower fertility and productivity and likely to changes in species
abundances and community composition.

Tests

I know of no rigorous long-term field tests of the dependence of ecosystem
sustainability on ,biodiversity. The available evidence showing the. depen-
dence both of productivity and of nutrient retention on biodiversity argues
heavily for sustainability depending on biodiversity. We need long-term field
experiments in which biodiversity is controlled and effects on sustainable
ecosystem functioning are observed.

Conclusions

This review has found that many aspects of the stability, functioning, and
sustainability of ecosystems depend on biodiversity. This dependence is not
some direct or magical effect of biodiversity, but rather reflects the increased
functional roles that are possible in ecosystems that contain more species.
The current evidence shows strong dependence on biodiversity of the resis-
tance of ecosystem functioning to disturbance, indicating that more diverse
ecosystems are more stable. However, it is less clear from current studies if
ecosystem resilience similarly depends on biodiversity. In both simple agri-
cultural ecosystems and in natural ecosystems, the primary productivity of
communities increases, probably in a saturating manner, with biodiversity.
This suggests that management practices that maintain diverse forest, grass-
land, and aquatic ecosystems may help assure the sustained production of
ecosystem goods and services. However, we still have only rudimentary
knowledge of many of these processes. There have been few long-term ex-
periments. Many processes and many ecosystem types have never been ex-
plored experimentally. We need better knowledge of the number of species
required to assure the sustainability of various ecosystem functions and how
this depends on spatial patterning, spatial scale, and time. The answers to
these questions will be of great importance for managing ecosystems to
achieve sustainable flows of the goods and ecosystem services essential for
human life.






