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15 Community Diversity and Succession:
The Roles of Competition, Dispersal,
and Habitat Modification

D. Tilman

15.1 Introduction

The rapid expansion of human activities is causing unprecedented changes
in the structure, dynamics, and diversity of the earth’s ecosystems (e.g.,
Ehrlich and Ehrlich 1981; Wilson 1988; Ehrlich and Wilson 1991). Although
change is the rule in nature, the present speed of habitat destruction and
global climatic change are unlikely to have occurred ever during the 400
million years since land plants evolved (e.g., Huntly 1991). Thus, there is
little historical information that can fully- prepare us for the impacts of
anthropogenic global change. An understanding of the ways in which com-
munities respond to perturbations (e.g., see Korner, Chap. 6) and of the
mechanisms that maintain biodiversity within communities may provide
some insights into the process, as may historical information. Conservation
of biodiversity in the face of global change requires.a much fuller knowledge
of the forces that maintain diversity. -

When an ecological community is subjected to a perturbation, such as
clear-cutting, fire, flooding, drought, tilling, or the cessation of such an
activity, its subsequent dynamics of change are called succession. Succession
has long intrigued ecologists (see McIntosh 1981) because, within a given
region and soil type, successional dynamics are somewhat repeatable, and
there are broad qualitative similarities among successional sequences in a
wide range of habitats (e.g., MacMahon 1981). The study of these patterns
led to numerous explanations of successional dynamics and, thus, to con-
troversy (e.g., papers in West et al. 1981). Recent syntheses of these alter-
native explanations have shown a common logical structure (Huston and
Smith 1987; Tilman 1986, 1988, 1990). Moreover, this same logical structure
underlies theories that can explain the maintenance of biotic diversity (Levin-
1981; Tilman 1982, 1988; Petraitis et al. 1989; Tilman and Pacala 1991). In
this chapter, I first present an overview and synthesis of these concepts and -
then discuss their implications in the context of global change and the
conservation of biodiversity. | ‘ '
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15.2 Succession

All theories of succession assume that there are one or more factors that
constrain the growth and/or survival of organisms (i.e., their fitness) and
that organisms have unavoidable trade-offs in their abilities to deal with
these constraints. Given these assumptions, a change in the intensity of an
environmental constraint unavoidably leads to a change in the composition
of the community, i.e., to succession (Tilman 1990). For instance, Huston
and Smith (1987) assumed that plants competed for limiting resources, that
by so doing they changed the resource availabilities and thus changed the
criteria for competitive success, and that “physiological and energetic con-
straints prevent any species from maximizing competitive ability for all
circumstances” (p. 169), i.e., that there were unavoidable organismal trade-
offs. They then showed that “taken together, these three premises can form

the basis for a unifying approach to the study of ecological succession” (p.
169).

. 15.2.1 Environmental Constraints

An environmental constraint is any factor that influences the fitness of
organisms in a habitat. The environmental constraints on plants come from
their requirements for about 20 different essential resources (a germination
site, light, water, CO,, N, P, K, Ca, Mg, §, etc.), from their susceptibility to
herbivory, predation, and disease, and from the benefits they may receive
from mutualists such as mycorrhizal fungi or symbiotic nitrogen-fixing
bacteria. A given plant species may have different constraints in different
habitats, and different species living in the same environment may be
limited by different factors (Tilman 1977).

In order to understand the successional dynamics of a particular habitat,
it is necessary to know what the actual environmental constraints are in
that habitat. This can only be done through experimental manipulation.
For instance, at Cedar Creek Natural History Area (45°24'N, 93°12'W,
Minnesota, USA), various nutrients (N, P, K, Ca, Mg, S, trace metals, or
water) have been added singly to replicate plots in four grassland fields of
different successional ages for the past decade (Tilman 1987). These experi-
ments have shown that soil nitrogen was the main limiting soil resource,
except'in a year of extreme drought, during which water was limiting
and nitrogen was not (Tilman 1990). Other experiments in these fields
provided no evidence of light limitation and suggested that herbivory was of
secondary importance compared with soil nitrogen (Tilman 1990). Recent
studies have shown that many species are dispersal- or recruitment-limited
on a small, local spatial scale (McGinley and Tilman, unpubl. data). These
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species are able to germinate and survive if added to a locality but are

locally absent even though they occur in the general vicinity. Thus, experi-

mental studies of these successional and native grasslands have shown

that soil nitrogen, dispersal, and perhaps herbivory are the three greatest

environmental constraints on plants in this habitat.

15.2.2 Interspecific Trade-offs -

The other assumption that has been made, either implicitly or explicitly, by
all general theories of succession is that organisms have trade-offs in their
abilities to deal with environmental constraints. Thus, it is assumed that a
species that is better at dealing with one aspect of its environment, such as
nitrogen limitation, must necessarily be inferior at dealing with some other
aspect, such as dispersal limitation. In order for there to be broad, general,
and repeatable successional patterns, such trade-offs must be unavoidable.
What, though, can lead to unavoidable trade-offs?

Species differences in morphology, physiology, and/or behavior account
for their divergent abilities to deal with environmental constraints. These
differences result from allocation patterns (Cody 1966; Mooney 1972). For
instance, some plant species allocate a high proportion of their mass to their
roots. This allows them to acquire more soil resources than plants with
less root mass (Tilman and Wedin 1991a) and, thus, to be superior com-
petitors for a limiting soil nutrient (Tilman and Wedin 1991b). However, by
allocating more to the roots, these species necessarily have less to allocate
to other structures, such as leaves, stems, or seeds, and are unavoidably
inferior in their abilities to acquire light and/or to disperse seed.

Gleeson and Tilman (1992) observed a strong trade-off between root and
seed allocation in a comparison of allocation patterns across a successional
chronesequence at Cedar Creek. Similarly, a plant that allocated more
protein to enzymes involved in one physiological process, such as photo-
synthesis, would have proportionately less to allocate to another process,.
such as active nutrient uptake by roots or to herbivore defense, and would
also face unavoidable trade-offs. Comparably, an animal that allocated more
of its time to acquiring food would have less to allocate to some other
behavior, such as searching for mates. Because interspecific differences
come mainly from different patterns of allocation to morphological, physio-
logical, or behavioral traits, and because an increased allocation to one trait
necessarily causes a decrease in proportional allocation to another trait,
organisms face unavoidable trade-offs (Mooney 1972). Such trade-offs mean
that an organism that has traits that allow it to deal more effectively with
one environmental constraint should pay a price in its ability to deal with
some other constraint. Such costs and benefits lead to alternative “‘adaptive
strategies” (Solbrig, Chap. 5).
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15.2.3 Successional Theories P

Each distinct combination of environmental constraints and associated
organismal trade-offs leads to a different theory of successional dynamics.
Because there are many different potential combinations of environmental
constraints, there are potentially many different types of succession. How-
ever, the broad-scale similarities of most successions suggest that there may
be a few environmental constraints that are often of overriding importance
during succession. What might these be?

In many successions, theavailability of a soil resource, often nitrogen,
limits plant growth (Clements 1916; Crocker and Major 1955; Odum 1960;
Golley 1965; Robertson and Vitousek 1981; Tilman 1987, see also Read,
Chap. 9). Nitrogen may accumulate, especially during primary successions,
and this accumulation and its ramifications may drive the successional
sequence (Tilman 1985). Nitrogen limitation favors such plant traits as
nutrient conservation ability and high root mass (Chapin 1980; Bloom et al.
1985; Tilman and Wedin 1991a).

In other successions, the major limiting resource seems to be light
(Cooper 1923; Horn 1971; Shugart 1984; Tilman 1985). Light limitation
favors large seed size, increased stem allocation, increased leaf protein, and
maximal photosynthetic rates (Grime and Jeffrey 1965; Horn 1971; Harper
1977, Field and Mooney 1986).

In most successions, the species that eventually dominate are absent or
locally rare following the perturbation (or cessation thereof) that initiates
the succession (Pate and Hopper, Chap. 14). These species are thus poten-
tially limited by their ability to colonize the successional site, i.e., they are
recruitment-limited (Clements 1916; Drury and Nisbet 1973; Pickett 1976;
Nobel and Slatyer 1980; Gomez-Pompa and Vazquez-Yanes 1981; Tilman
1990; see, also Roughgarden 1986; Gaines and Roughgarden 1985).

These three major constraints lead to three different possible causes of
succession. These are best named after their underlying constraints and thus
can be called (1) the colonization-nutrient competition hypothesis, (2) the
colonization-light competition hypothesis, and (3) the nutrient: light ratio
hypothesis (Tilman 1990).

In addition, greater allocation to anything other than leaf area and photo-
synthetic capacity is expected to reduce the maximal growth rate (dB/Bdt,
RGRmax) of a plant (Monsi 1968; Tilman 1988; Poorter 1989; Poorter and
Remkes 1990; Poorter and Lambers 1991). Lower maximal growth rates
may be a cost of higher allocation to roots, stems, or herbivore defense.
Thus, there can be trade-offs between maximal growth rates and (a) nutrient
competitive ability, (b) light competitive ability, or (c) herbivore defense.
I will lump these and call them (4) the maximal growth rate trade-off
hypothesis of succession.

Finally, herbivores and/or pathogens may be an important constraint in
some habitats (Connell and Slatyer 1977; Walker 1981; Brown 1984; van der
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Maarel 1984; van der Maarel et al. 1985). This cduld lead to three additional
types of succession: (5) the colonization-herbivory hypothesis, (6) the
herbivory-light competition hypothesis, and (7) the herbivory-nutrient com-
petition hypothesis (Tilman 1990).

It is probable that many successions are determined by three or more
constraints, with there being a multiway trade-off. For instance, at Cedar
Creek, the long-term successional trend following abandonment of an agri-
cultural field is from weedy annuals to native prairie species to oak wood-
lands. Soil nitrogen accumulates as this occurs. This sequence seems to be
caused by limitation by colonization, nitrogen, and light, and by the trade-
offs species have in dealing with these three constraints (Tilman 1990).

Let us now consider these alternative successional hypotheses, especially
* the first four, which seem to be the most general. '

15.2.3.1 The Colonization-Nutrient Competition Hypothesis

This hypothesis applies to successions in nutrient-poor habitats in which
disturbance led to the elimination or rarity of the species that usually
dominate such a habitat. The dual constraints — a limiting soil nutrient and
dispersal — can lead to a successional sequence only if there is an inter-
specific trade-off between nutrient competitive ability and colonization
ability. The initial dominants of such a successional sequence would be the
superior colonists. Their high allocation to well-dispersed and numerous
seed and/or to vegetative spread would decrease their allocation to roots
and nutrient conservation, and thus make them poor nutrient competitors.
These superior colonists would be replaced by species that were progressively
poorer colonists but superior nutrient competitors.

Allocation-based trade-offs would define an interspecific trade-off curve
(Fig. 15.1A). Each point on this curve represents a different allocation
pattern and thus, potentially, a different species. For species A through E,
.the successional sequence would be from A to E (Fig. 15.1B). Our work
strongly suggests that this hypothesis is an important explanation for the first -
50 yeas of secondary succession at Cedar Creek. The early dominants of the
succession, Agrostis scabra and Agropyron repens (Fig. 15.1C), have a low
allocation to root and are inferior competitors for soil nitrogen (Tilman
1990; Tilman and Wedin 1991b) but are superior colonists because of
their high allocation to seed and rhizome (Tilman 1990). The later succes-
sional dominants, the native prairie grasses Schizachyrium scoparium and
Andropogon gerardi (Fig. 15.1C), are excellent competitors for nitrogen
(Tilman 1990; Tilman and Wedin 1991b), but poorer dispersers. This leads
to a trade-off between their competitive ability and their colonization rate
(Fig. 15.1D). .

Note that this hypothesis predicts that the successional process can be
immensely quickened by the addition of viable seed of late successional
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Fig. 15.1. A Curve represents a hypothetical interspecific trade-off between competitive
ability and colonization ability. Each point on this curve could represent a distinct plant
species. The five points shown are for species A, B, C, D, and E. B Species A-E will
have these qualitative successional dynamics because of their colonization-competition
trade-offs. C Successional dynamics of the dominant grass species of Cedar Creek Natural
History Area (after Tilman 1988). D The observed interdependence of competitive ability
and colonization rates for the five dominant grasses of Cedar Creek Natural History Area.
R* for nitrogen is the observed level to which monocultures of each species reduced the
concentration of dissolved ammonium and nitrate on infertile, low-nitrogen soils (see
Tilman and Wedin 1991a). Lower R* values correspond to a greater competitive ability
(Tilman and Wedin 1991b). The colonization rate is inversely related to the years each
species required to colonize newly abandoned fields at Cedar Creek Natural History Area

species. According to this hypothesis, late successional species should be
able to invade a habitat at any time. If they were added in sufficient
abundance, they would displace from the habitat all species that were
inferior competitors (but superior colonists). Clearly, if there were no inter-
specific trade-offs between colonization and competition, i.e., if the superior
competitor were also the superior colonist, this species would immediately
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become dominant, and this hypothesis would predict that there would be no

successional sequence and low biodiversity.

15.2.3.2 The Colonization-Light Competition Hypothesis

This hypothesis applies to fertile, productlve habitats in which plants com-
pete mainly for light and in which the superior light competitors are initially
rare or absent because of a major disturbance. An allocation-based trade-off
between dispersal ability and light competitive ability would lead to a
successional sequence in such a habitat. The early dominants would be
better colonists but inferior light competitors. These would be replaced by
a sequence of species that were increasingly good light competitors but
increasingly inferior colonists. '

There are many potential causes of such a trade-off, all of which may act
simultaneously. Small seed may allow a species to be a better colonist, but
larger seed may give increased competitive ability for light (e.g., Salisbury
1942; Werner and Platt 1976). A higher allocation to seed should increase
the colonization rates but could come at a cost to the allocation to stem
and/or leaf, and thus decrease competitive ability for light. The underlying
trade-off and the associated dynamics of succession are much as illustrated
in Fig. 15.1A, B, except that the abscissa (x-axis) of Fig. 15.1A would be
“light availability” rather than “nutrient availability.”

15.2.3.3 The Nutrient: Light Ratio Hypothesis

Some successions may start on a nutrient-poor soil, but nutrients may
accumulate in the soil with time. As nutrients accumulate, the plant bio-
mass increases, and light limitation becomes more important. Such patterns
have been reported during the first few hundred years of many primary
successions, with nitrogen as the limiting soil resource (e.g., Crocker and
Major 1955; Olson 1958; Robertson and Vitousek 1981), and during some
secondary successions (Inouye et al. 1987; Tilman 1985, 1990)..In other
successions, often called “retrogressive,” leaching causes the slow loss of
a relatively immobile nutrient (such as phosphate) that has a negligible
atmospheric resupply. As the soil becomes more infertile, the plant mass
decreases, and light competition becomes less important (Walker et al.
1981). In all these successions, there is a change in the relative availability or
ratio of a soil nutrient and light.

Because carbon or nitrogen allocated to roots for nutrient uptake cannot
also be allocated to stems, leaves, and photosynthetic machinery, plants
should have both intraspecific and interspecific trade-offs in their abilities to
compete for a soil resource versus light (Mooney 1972; Bloom et al. 1985;
Tilman 1982, 1986). Such trade-offs mean that each plant species is a
superior competitor at a different point on a soil nutrient to light resource
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Fig. 15.2. A Solid curves labeled A~E represent resource-dependent zero net growth
isoclines for plant species A-E (see Tilman 1982). Species A is the best nutrient
competitor but the poorest light competitor. Species E is the poorest nutrient competitor
but the best light competitor.These isoclines and their assumed rates of consumption of
these resources define habitat conditions in which either a single species is dominant or in
which a pair of species coexists, as shown. The ellipses labeled 0 through 4 represent
ranges of light and nutrient availability at five different times during succession. From
time 0 to time 4, the supply rates of soil nutrients have increased, thus leading to a
decréased availability of light. B The shift in resource supply rates (time 0 to time 4) leads
to the successional sequence illustrated

ratio gradient (Fig. 15.2A; Tilman 1980, 1982, 1985). Thus, shifts in the
relative availability of these resources should lead to comparable shifts in
species dominance, i.e., to succession (Fig. 15.2B).

15.2.3.4 Maximal Growth Rate Trade-offs

Differences in the maximal vegetative growth rates could cause a succes-
sional sequence if superior competitors for a limiting resource had slower
growth rates (Fig. 15.3A). Such a trade-off between competitive ability and
maximal growth rate is expected, as already discussed. Species of nutrient-
poor habitats, which should be superior nutrient competitors, have lower
maximal growth rates than species of productive habitats (Chapin 1980).
In this case, the successional dynamics would be the transient dynamics
of competitive displacement. The initial dominants would be the fastest-
growing species. These would be replaced by a sequence of species that
were progressively better competitors but had lower maximal growth rates
(Fig. 15.3B). Although this trade-off can lead to a successional sequence, it
requires relatively large differences in maximal growth rates (in relation to
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Fig. 15.3. A The hypothetical trade-off between competitive ability and maximal growth
rate, with points A—E representing five different species. B This trade-off leads to
successional dynamics qualitatively like those shown above

differences in competitive ability) for it to explain long-term successional
dynamics. However, it could explain some successions from rapidly growing
herbs to slowly growing canopy tree species. '

15.2.3.5 Herbivore Trade-offs

A conceptually similar set of successional hypotheses applies to habitats
in which herbivory is a major limiting factor, such as occurs during
secondary succession in productive British pastures (e.g., Brown 1984).
Trade-offs between susceptibility to herbivory and colonization rate or
between susceptibility to herbivory and competitive ability (for light or for a
nutrient) could explain succession if there were the appropriate interspecific
trade-offs in abilities to respond to these constraints. Some of these hy-
potheses would require that the intensity of herbivory change during suc-
cession (Tilman 1990).

15.2.4 Successional Dynamics and the Existing Species Pool

As these hypotheses illustrate, there are numerous alternative explanations
for successional dynamics. The dynamics of an ecosystem after a perturba-
tion are determined by the environmental constraints of the perturbed
habitat and by the trade-offs that organisms have in their abilities to deal
with these constraints. There are many different types of perturbations
summarized under the title of “global change.” These differ from those
usually considered by ecologists because they are unlikely to cease but
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may be ongoing and increasing in intensity. Global change is, in effect,
anthropogenic change in the underlying physical and chemical environment
and in the disturbance regime of a region.

Any'such sustained perturbation will cause successional dynamics. These
successions, though, will be markedly different from any previously observed
in the region because they would be caused by completely novel combina-
tions and intensities of constraints. Their end points would not converge on
the natural vegetation of the region but would represent combinations of
species that were just as novel as the combinations of global change forces.
Increased rates of atmospheric nitrogen deposition, for instance, could cause
a habitat to be more productive than previously experienced by organisms
living in that geographic region. The usual correlations between soil pH and
productivity could be disrupted by acid rain. Climatic change could cause
most plant species to be living in regions with climates to which they are not
adapted (e.g., Huntly 1991). Predator decimation, which is often one of the
first effects of habitat fragmentation and the conversion of wild habitats into
agricultural lands, could cause vast increases in herbivory. This could then
prevent a habitat from ever returning to its original, pre-existing condition.
Just this seems to have happened in England and central Europe, where
unnaturally high rates of herbivory caused by predator decimation and the
introduction of domestic grazers prevent grassland from returning to forest
(Tansley 1949; Ellenberg 1988).

Clearly, one of the major effects of global change on natural ecosystems
is that successions will occur without the benefit of a pool of species adapted
to the current climatic conditions. Of the earth’s species pool, it seems likely
that the species best adapted to the novel conditions imposed by global
climatic change will not be in the appropriate geographic region (e.g.,
Huntly 1991). As such, succession will be colonization-limited, in the
extreme. This colonization limitation will exceed any that has occurred
during recent glacial recessions (Davis 1976, 1983, 1986; Webb et al. 1983;
Huntly 1991). Thus, the plant species that achieve dominance during suc-
cession are likely to be inferior in their abilities to deal with the environ-
mental constraints compared with species adapted to the new climate.
Communities thus formed may behave much like those on islands that
have been long isolated from the mainland. They are likely to be highly
susceptible to invasion by species that ‘are better adapted to the environ-
mental and- biotic conditions. Such invasions could lead to dramatic changes
in plant composition and thus influence herbivores, predators, or mutualists,
as well as nutrient cycling and other ecosystem functions.
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15.3 Biotic Diversity

Just as all theories of succession are based on the interactions of particular
environmental constraints and organismal trade-offs, so, too, are all theories
of the maintenance of biodiversity (Tilman 1988; see, also, Hobbie, Jensen
and Chapin, this Vol.). The stable persistence of numerous species in an
environment depends on organisms that have unavoidable trade-offs in their
abilities to deal'with the constraints of the environment (Tilman 1982;
Tilman and Pacala 1991). With a little reworking, each of the theories of
succession already presented can be changed into an analogous theory of the
maintenance of diversity.

15.3.1 Spatial Heterogeneity

For instance, consider the possible effects of spatial heterogeneity in resource
supply rates on diversity. If two essential resources limit growth in an
environment, and if plants have trade-offs in their abilities to compete for
these (see Fig. 15.2), then each species will have a ratio at which .it is the
superior competitor, and various pairs of species will be able to coexist for |
particular ranges of resource supply ratios. In a spatially homogeneous
habitat, there can only be one species per limiting resource. However, if a
habitat were spatially heterogeneous, i.e., if different individual plants living
in different portions of the habitat experienced different resource supply
ratios, then this heterogeneity could allow a large number of species to
coexist (Tilman 1980, 1982). Indeed, as long as there are continuous,
unavoidable, interspecific trade-offs, it is possible to hypothesize the exist-
ence of a potentially unlimited number of species that could coexist in a
habitat with any fixed amount of spatial heterogeneity in resource supply
rates. This is because each point on a trade-off curve could correspond to
a particular plant species, and there are an unlimited number of points on
any finite line segment (where the line segment represents the habitat
heterogeneity). '

This mechanism for the maintenance of plant diversity has several other
implications (Tilman 1982; Tilman and Pacala 1991). First, it predicts that
plants should be separated along edaphic gradients in a manner consistent
with their requirements for the limiting nutrients. Second, it predicts that
the number of species coexisting in a habitat should be an increasing
function of the amount of spatial heterogeneity in the habitat. Third, it
predicts that maximal biodiversity should be found in moderately productive
habitats, because it is these habitats that have the greatest effective spatial
heterogeneity. Because species extinction would be caused by the random
walks to extinction of rare species, it predicts that the diversity of a finite
habitat or habitat fragment would also depend on its size, with larger
habitats having greater species richness. ' '
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15.3.2 Local Recruitment Limitation 4

Consider, also, a habitat in which plant species are limited by a soil nutrient
and by their ability to disperse into a local open site. Plants compete only
in their immediate neighborhood (e.g., Pacala and Silander ‘1985; Pacala
1986). Adjacent plant neighborhoods are linked via dispersal. Let us assume,
as previously discussed, that there is an interspecific trade-off between the
ability of a plant to compete in a local habitat versus its ability to disperse to
adjacent habitats. In this case, many species can be absent from neighbor-
hoods in which they are superior competitors because they are limited by
dispersal. This can allow inferior competitors that are superior colomists to
persist. A simple model of these forces leads to the surprising prediction
that this trade-off can allow the persistence of an unlimited number of
species in an infinitely large habitat (Tilman 1993). The actual number
of species that can persist in a finite habitat seems to scale linearly with the
log of habitat size and is influenced by the disturbance rate that local
neighborhoods experience, the shape of the trade-off function, and other
model parameters. In theory at least, this colonization-competition trade-off
can explain the local persistence of numerous species in a spatially homo-
geneous habitat. However, the number of coexisting species in a finite
habitat does depend on the densities of colonists. Within this model, it
is possible for a given species to displace all species which are inferior
competitors if it arrives in a density sufficiently high so that it is present in
all localities (i.e., all plant neighborhoods).

Alternative biodiversity theories can be developed from other suc-
cessional hypotheses, i.e. from other hypotheses that invoke trade-offs in
the abilities of organisms to deal with environmental constraints. In most
of these, it is possible for a large number of species to persist because of
allocation-based patterns of differentiation.

15.3.3 Succession and Biodiversity

The forces that maintain biodiversity in a habitat may thus be quite similar
to those that lead to successional dynamics. This suggests that perturbations
that lead to successions may also have major impacts on biodiversity. The
number of species that can stably coexist in a habitat depends on the
number of species that have appropriate trade-offs with respect to the en-
vironmental constraints of that habitat. Thus, if there are a large number
of similar species (i.e., that are closely spaced along the trade-off curve for
some set of constraints), there should be high biodiversity in a habitat in
which these are important constraints. Species richness should also depend
on habitat size because there is a greater probability of the extinction of rare
species in small habitats and small habitat fragments.
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It is generally assumed that the greater the spatial and temporal extent of
a habitat with a particular set of environmental constraints, the greater will
be the number of species adapted to it (Denslow 1980). If this is so, then
the novel combinations of environmental constraints associated with global
change are likely to have a devastating impact on global biodiversity. The
forces that allowed numerous species to coexist would change, and the
species living in that region would be unlikely to be differentiated with
Iespect to the new, types of constraints imposed by global change. Even if
appropriate suites of species had evolved in other geographic regions, it
seems quite unlikely that many would be able to migrate into a new region
rapidly enough to avoid extinction. This seems especially true for the species
that are superior competitors for unique combinations of constraints. These
should be the dominant ‘species in a habitat. However, they most likely
gained superior competitive ability by giving up rapid colonization rates
and are quite likely to be locally dispersal-limited and greatly limited by
dispersal on broader scales. .

The species that eventually come to dominate a habitat experiencing a
particular suite of global change perturbations will clearly depend on the
nature and intensity of these perturbations. However, this will also depend
on the traits of the available pool of potential colonists. The earth is
filled with species that have traits adapted to various natural combinations
of constraints. However, novel combinations of environmental constraints
cannot have been a major axis along which species differentiated in the past.
As such, the suite of traits that best allows a species to deal with these novel
constraints may well not exist in the region — or on earth at all. In this.case,
the eventual dominants will be the species that are their closest approxima-
tion, given the limitations of species in the species pool. Further change
would depend on the evolutionary processes of adaptation and speciation.

15.3.4  Constraints, Trade-offs, and the Conservation of Biodiversity

Changes in climate, the atmospheric deposition of limiting resources, in-
creases in herbivory, and other anthropogenic habitat modifications are thus
likely to have a major impact on the composition and diversity of the
ecosystems of the earth. One of the most likely impacts is that the species
that are best suited to a particular combination of environmental constraints
may be located far away from where those conditions come to exist. Many
of these species would be driven to extinction. The conservation of this
biodiversity would' require that propagules of these species be moved to
suitable localities. However, the appropriate way to do this depends on the
actual mechanisms that allowed these species to coexist in their previous
habitat.

For instance, let us assume that several hundred plant species are differ-
entiated in their abilities to compete for nitrogen and light (as in Fig. 15.2A).

537



340 ” D. Tilman

and that spatial heterogeneity in these limiting resources had allowed these
species to coexist stably in a habitat with a particular climate. Climatic
change then moved their suitable habitat severa] hundred kilometers toward
the pole. In this case, the simplest approach to conserving as much bio-
diversity as possible would be to add seeds or seedlings of these species at
high densities across the new habitat. The number of species thus conserved
would be an increasing function of the number of seed added per species,
because greater rates of seed addition would increase the probability that a
species would hit microsites in which it was a superior competitor.

In contrast, consider a case in which several hundred species were differ-
entiated in their ability to compete for a limiting resource versus their
dispersal abilities-and that this trade-off explained their long-term coexistence
in a habitat with a particular climate. As before, climatic change then moved
their suitable habitat several hundred kilometers toward the pole. The
appropriate method for conserving this biodiversity is quite different.
Because of the trade-off between competitive ability and dispersal ability,
there is a single species that is the best competitor in all neighborhoods. If it
were added in high density to a locality, it would competitively displace all
other plant species from that region. Indeed, if any species were added in
high density into a locality, that species would competitively displace all
other species that were poorer competitors (and that were thus better
colonists) from that region. This means that, at high rates of seed addition,
the number of coexisting species would be a declining function of the rate of
seed addition. Clearly, at very low rates of seed addition, species richness
would be an increasing function of seed addition rates. Thus, assuming that
seeds were spread uniformly over the region, there would be an optimal rate
of seed addition that maximized species richness. However, for that same
rate of seed addition, species richness would be increased even further if
seed were not applied evenly, but if the seed of each species were locally
clumped. Such clumping would increase the probability that a species
became established in a site and that a better competitor did not.

Thus, the strategy of seeding all species into a habitat at the highest
possible densities, which maximizes diversity if it is caused by spatial hetero-
geneity, could lead to the dominance of that habitat by one species and
to the exclusion of all other species if diversity were maintained by the
colonization-competition trade-off. Each set of environmental constraints
and organismal trade-offs that gives a successional pattern or allows the
coexistence of numerous species requires a different management strategy.
A management strategy that maximizes diversity in one setting may minimize
it in another. Unfortunately, at the present time, we do not know what the
actual forces are that maintain diversity in particular habitats. Thus, it is
critically important to determine, through appropriate field experiments, the
roles of various constraints and trade-offs in these processes. Such knowl-
edge is essential if we are to minimize the loss of biotic diversity that will
accompany further habitat fragmentation, climatic change, and other effects
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of anthropogenic global change. The active conservation of blodiversity in
the face of global change requires an immense increase in our knowledge
of the environmental constraints and organismal trade-offs that determine
successional dynamics and that have allowed the long-term persistence of
numerous species on Earth.

15.4 Conclusions

It seems. likely that all general, repeatable, ecological patterns, including
successional and diversity patterns, are caused by the interplay of organismal
trade-offs and environmental constraints. Thus, further advances in the
understanding of succession and the maintenance of biodiversity will require
the determination of the major constraints of environments and of the
unavoidable, allocation-based trade-offs that species face in dealing with
these constraints.
Global anthropogenic changes in climate, rates of habitat disturbance,
~nutrient loading rates and other environmental constraints will have a major
impact on the successional dynamics and the maintenance of biodiversity.
The greatest effect may be to increase vastly the importance of colonization
limitation. Species adapted to the unique combinations of environmental
constraints that result from global change may not exist or may be so distant
from a site that they are unable to colonize it. The resulting communities
would be species-poor and highly susceptible to dramatic invasion by plants,
herbivores, pathogens, and predators.
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