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Many explanations for diversity patterns have been proposed, and there have been
several recent reviews of the subject (Pianka 1966, 1974; Ricklefs1973; Pielou 1975).
High diversity has been attributed both to intense competition which forces niche
restriction (Dobzhansky 1950; MacArthur and Wilson 1967) and reduced competi-
tion resulting from predation (Paine 1966; Harper 1969; Janzen 1970; Connell 1975).
Diversity has been positively correlated with productivity (Connell and Orias 1964;
Pianka 1966; MacArthur 1969) and negatively correlated with productivity (Y ount
1956; Margalef 1969). The question is far from settled.

This paper develops an approach to the problem of species diversity based on the
nonequilibrium interactions of competing populations. Under nonequilibrium con-
ditions, differences in diversity are strongly influenced by variations in the rates of
competitive displacement between communities, and such factors as relative com-
petitive abilities, niche partitioning, etc., may not be particularly important. This
approach deals primarily with the maintenance of diversity, as opposed to the
generation of diversity. While most of the current diversity hypotheses have some
relation to the evolutionary origin of diversity, thiswill not be emphasized here.

COMPETITION AND DIVERSITY

Current ecological theory depends heavily on the concept of competitive exclusion
and the assumption that communities exist at competitive equilibrium. There has
been considerable recent discussion of the assumptions and general validity of the
competitive exclusion principle (Ayala 1969; Gilpin and Justice 1972; Koch 1974a,
1974h; Pielou 1975; Arrnstrong and McGehee 1976a, 1976b; McGehee and Arm-
strong 1977). However, the genera conclusion still seems valid that when the very
limiting assumptions of the hypothesis are met (competition occurs in a stable
uniform environment for precisely the same limiting resource at the same time, and
equilibrium is achieved), competitive exclusion must occur and one species will
eliminate the other. Complete exclusion has been obtained in the laboratory (Gause
1934; Crombie 1947), but it seems likely that complete exclusion rarely occurs in
nature (Hutchinson 1961; Miller 1967).

While the assumption of equilibrium has made possible the development of arich
body of mathematical theory, it is not necessarily valid to apply the insights gained
from equilibrium solutions to natural communities. Since competitive equilibrium

requires that the rates of change of all competitors be zero, and since fluctuationsin
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the physica environment, predation, and other factors are constantly changing
population sizes and the nature of competitive interactions, it seems likely that
competitive equilibrium must occur rarely, if at al. There is growing evidence that
many natural systems are not at competitive equilibrium (Hack and Goodlett 1960;
Loucks 1970; Richerson et al. 1970; Auclair and Goff 1971; Grubb 1977; Opler et al.
1977; Sale 1977; Wiens 1977; Connell 1978).

Models based on equilibrium concepts have not proved particularly useful. Many
attempts have been made to measure niche breadths (see Miller 1969; Soule and
Stewart 1970) and determine coefficients of competition for populations of birds,
mammals, and desert reptiles, but none of this has brought us much closer to a real
understanding of what controls diversity in natural communities. The elusive quality
of competition results from the constantly changing intensity and focusof competi-
tive interactions. Species may compete for an endless array of resources, but do not
compete at all times for all possible resources. In general, competition will be for
specific limiting resources, which may change through time and space, as well as
through a species' life history stages (Ayala1971; Ayala and Campbell 1974; Wilbur
et al. 1974; Wiens 1977). Cases may even arise in which competition at one stage or
place has no effect on the ultimate population size because limiting competition
occurs at another stage, place, or time (Fretwell 1972). The size and composition of
competitive guilds may change frequently and radically as various resources change
in availability, and shifts between limiting resources may result in major changes in
the perceived environmental heterogeneity. In addition, genetic changes may be
constantly occurring within populations which will change their competitive interac-
tions (Krebs 1971; Hebert 1974a, 1974b) and even differencesin age may drastically
alter the direction of interactions (Ayala1971). Constant competitive coefficients
may well be meaningless except in uniform stable environments which never exist in
nature.

However, even if competitive equilibrium is never achieved, we would still expect
the immediate outcome of competition to be expressed by the increase and eventual
predominance of one competitor, with a concomitant decrease in the other. The same
effect should be observed whether we are looking at the interaction of two species or
many species. Increasing intensity of competition should result in a decrease in
species evenness and eventually species number (on an ecological, not necessarily an
evolutionary timescale). Thus, it seems reasonable to relate competition inversely to
diversity. Intense competition should result in low diversity among the competing
species, and high diversity might be expected where there is weak competition
(Levins 1968; Vandermeer 1970).

AN ALTERNATIVE HYPOTHESIS

| suggest that the most profitable approach to diversity is not through comparing
competitive abilities, but through comparingthe rates at which differences in
competitive abilities are expressed. This may be thought of asthe rate of approach to
competitive equilibrium, or perhaps better as the rate of competitive displacement.
One species may be a much "better" competitor, but if all competing species are
increasing at a very low rate, it will be slow to predominate. Similarly, if one speciesis
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only a dlightly better competitor, we would still expect it to predominate fairly
quickly in asituation of rapidly increasing populations. If all competing speciesin a
community have relatively low rates of increase, the rate of competitive displacement
for that community would be lower than in asituation where all rates were increased
(either by a constant proportion, or with the highest rates being increased most). A
reduced rate of competitive displacement allows a longer period of coexistence
among competitors, and thus the maintenance of diversity.

When competitive equilibrium is prevented by fluctuating conditions, population
reductions, or other factors, diversity among competitors should be strongly
influenced by the rate of competitive displacement. Diversity should be high for
communities with a low rate of competitive displacement, sincethey will generaly be
far from competitive equilibrium, and lower for communities with a high rate, since
they will tend to approach competitive equilibrium more closely. The various
measures of diversity and the difficulties involved in dealing with them have been
adeguately discussed elsewhere (Hurlbert 1971; Peet 1974). For the purposes of this
discussion, "diversity" includes both the concepts of species richness and species
evenness, and need not be defined further.

The primary assumptions involved in this approach to diversity follow.

1. Most natural communitiesexist in a state of nonequilibrium where competitive
equilibrium is prevented by such factorsas periodic population reductions and other
forms of density-independent mortality, certain types of predation or herbivory, and
fluctuations in the physical and biotic environment. Competition occurs and diver-
sity would be reduced by exclusion at equilibrium, but equilibrium is rarely achieved.

2. In a community of competing species under a specific set of conditions, the
different species will have different population growth rates. The population growth
rate is the population specificintrinsic rate of increase, or the per capitarate at which
a particular population of a species is capable of increasing in numbers and biomass
under specific environmental conditions. This rate is an environmentally regulated
potential rate of increase, not an instantaneous rate, and is determined by the
interaction of environmental variables, such as energy or nutrient availability, with
the genetically determined maximum potential rate for the species. This growth rate
includes both the factors of physical increasein size of individuals and actual increase
in numbers of individuals, either or both of which may be important depending on
the biology of the organisms being considered. In general, this rate of increase will be
inversely correlated with the maximum size of the population, or the carrying
capacity, but this relationship is not essential for the model.

3. Changes in certain environmental variables will affect al competing popula
tions in basicaly the same way; that is, the population growth rates of al may be
increased or decreased by changes in such factors as energy or nutrient availability.
In cases in which the carrying capacity is affected by the environmental changes, it
should increase or decrease with the growth rate.

Under nonequilibrium conditions, a dynamic balance between rate of competitive
displacement and the forces that prevent equilibrium can be established that alows
the continued coexistence of speciesthat would be extinct at competitive equilibrium.
When a community of competitors exists under conditions of rapid population
growth, the dominant species (which may have a high growth rate or high carrying
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Fic. 1.—Two dynamically different approaches to an equilibrium where only the high K
species survives. The only parameters which vary between simulations are the r values.

capacity, depending on the conditions and time scale being considered) would be
expected to predominate more rapidly than under conditions where the population
growth rates of all species were lower. According to this approach, conditions that
increase the growth rates of competing species should generaly result in decreased
diversity, and any conditions which reduce those rates should maintain or allow an
increase of diversity. This model is supported by severa lines of reasoning.

TIME-SCALE EFFECTS

The intuitively attractive Lotka-Volterra competition equations form the basisfor
most of the equilibrium theory of community structure; however, while they have
been exhaustively analyzed at equilibrium, their dynamic behavior has been largely
ignored. The nonequilibrium behavior of these equations simply illustrates the basic
features of the model | am proposing.

Equilibrium solutions are independent of the rate of approach to competitive
equilibrium (MacArthur and Wilson 1967; Ricklefs 1973; Pielou 1974; or any recent
ecology text), and independent o the pattern of interactions prior to reaching
equilibrium, athough the relative rates of increase of competitors can determine
whether or not they will coexist at equilibrium (Strobeck 1973; Vandermeer 1975).
There may be more than onedynamically distinct way to reach the same equilibrium
(fig. 1). If competitive equilibrium is prevented by predation or any disturbance
which reduces population sizes, the actual outcome of competition may be com-
pletely different from that predicted by the equilibrium solution (fig. 2). The
nonequilibrium outcome clearly depends on the timing and the magnitude of the
population reductions, and on the nature of the competitive interactions, particularly
their rate of approach to competitive equilibrium. The frequency of disturbance and
the rate of competitive displacement might be expected to reach a dynamic equilib-
rium, distinct from competitive equilibrium, at which the number of coexisting
competitors would remain relatively stable.

Computer simulations of the dynamic behavior of these equations confirm intui-
tive expectations. Competitive equilibrium may be prevented (and diversity main-
tained through prevention of competitive exclusion) by periodic population
reductions and certain types of predation. *Population reduction” as used in this
discussion refersto density-independent, species-independent reductions which affect
the entire community being considered, e.g., al populations reduced by half. Thisis



GENERAL HYPOTHESIS OF DIVERSITY 85

{a)

Biomass

Time

Fic. 2.—Effect of nonequilibrium conditions on the outcome of competition. (a)Simulation in
which competitive equilibrium is reached, with survival of only the high K species, (b) Simulation
in which competitive equilibrium is prevented by periodic density independent population
reductions. Here the low K-high r species predominates and the high K species eventually
becomes extinct.

the most conservative type of reduction, and any density-dependent effectswhich
reduce the most abundant competitor more than others (compensatory mortality)
will obviously have an even stronger effect in maintaining diversity. This observation
has been made by Paine (1966) and many others.

In simulations with intrinsic rates of increase (r) held constant, the frequency of
population reduction has a major effect on the maintenance of diversity. At low to
intermediate rates of increase, diversity ismaintained at intermediate frequenciesand
magnitudes of reduction (fig. 3b). Diversity is reduced at high frequencies by
reduction or extinction of populations unable to recover from the disturbances (fig.
3c),and at low frequencies by competitive displacement and eventually exclusion (fig.
3a). The resulting relationship of disturbanceand diversity (fig.4) has been predicted
and observed by others (Loucks1970; Dayton 1971; Grime 1973; Koch 1974a; Horn
1975; Connell 1978). Not surprisingly, under nonequilibrium conditions variation in
the parameters K and a has much less effect on the outcome of competition than at
equilibrium.

The intrinsic rate of increase (population growth rate described previously) hasa
major effect on the maintenance of diversity at a particular frequency of population
reduction. This can be seen as a change of the population growth time scale, without
a corresponding change of the reduction periodicity. Under conditions of low to
intermediate frequency of population reduction (i.e.,all populations have sufficient
time to recover from the reduction), low values of r among a group of competitors
allow a longer period of survival for speciesthat would be extinct at equilibrium than
do high r values. An increase in the r values o competitors (either with al being
increased proportionately, e.g., doubled, or with a greater increase in the higher r
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Fic. 3.—Effect of frequency of population reduction on maintenance of diversity, based on
computer simulations of Lotka-V olterra competition equationsfor Sx species. Valuesfor r's, K's,
and ds areidentical in al three simulations; all population reductions are .5. (a) No reduction;
diversity is reduced as the system approaches competitive equilibrium. (b)Periodic reductions;
diversity ismaintained for longer timethan in a. (c) High frequency of reductions (5 times greater
than b); diversity is reduced as low r populations are unable to recover.

values) results in a decrease in diversity in nearly all cases (fig. 5a, b). The major
exception is situations where thereis high diversity at equilibrium. It should be noted
that coexistence at equilibrium requires a very particular balance of parameters
(Strobeck 1973; Pielou 1974; Vandermeer 1975), and that exclusion could be
expected to result in most cases.

Since diversity will inevitably be low where organisms cannot grow (r = O), there
will be a range o extremely low growth rates (perhaps due to severe nutrient or
energy limitations, or other extreme conditions) where diversity will be low. Never-
theless, the model clearly predicts that diversity will be highest at low growth rates,
and decrease monotonically as r values increase. This suggests that the relationship
between growth rate and diversity has a* break point™ at very low growth rates (fig.
6) where a dight increase in growth rates will result in arapid increasein diversity,
which will then decrease as growth rates rise.

The population growth rates of competitorsin a community will have somesort of
distribution over the range found in that community. The discussion so far has
considered mainly those situations in which the mean growth rate changed and the
distribution remained the same. However, the distribution itself may also change as
the mean changes. Just asthe variance of thedistribution of K, a,and r may affect the
equilibrium outcome of competition (Vandermeer 1970, 1975),variancein K, a,and r
will affect the rate of displacement in a nonequilibrium situation. The influence of
variance in r will have the greatest effect far from equilibrium, and the effect of K and
a will increase as equilibrium is approached. These effects may be either compensa-
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FiG. 4.— Predicted relationship of diversity and frequency of population reduction; the
magnitude or intensity of reduction (i.e.,whether populations are reduced by .1,.5, or .9) hasthe
same relationship to diversity.
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Fic. 5.—Effect d growth rate on maintenance of diversity under noneguilibrium conditions.
All parameters are identical in both simulations, except that al r values are doubled in b;
Diversity is reduced more rapidly at higher r values.
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FiG. 6.—Predicted relationship o diversity and growth ratesin nonequilibrium systemswith a
low to intermediate frequency of population reductions.
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tory or depensatory. If al K's and «’s are similar, a high variance in r will result in
much more rapid competitive displacement than a low variance, since the high r
species can quickly suppress their slowly growing competitors. Likewisg, if al r's are
similar, there will be a longer period of coexistence when the variance of K is low
than when it ishigh. It is reasonable to expect that the relative variance (coefficient of
variation) of r and K will increase under extreme conditions, e.g.,few organisms may
be able to survive in the presence of toxic compounds or extremely low nutrient
availability; rapidly growing plants show a greater response to fertilization than
slowly growing species. Thisincreased variance will tend to reduce diversity both in
cases of competitive displacement and lowered diversity due to frequent
disturbances.

COMPENSATORY EFFECTS AT LOW GROWTH RATES

Low population growth rates should generally be associated with low densities of
individuals. Thiswill betrueif both carrying capacity and growth rates are limited by
the same resource, such as nutrients or energy. A population may have alow density
with a high growth rate if it has a high turnover resulting from predation or some
other form of mortality. Low growth rates can only result in high densities over
relatively long periods of time under conditions of low mortality.

Low population densities may further increase diversity by increasing the effec-
tiveness of mechanisms which allow coexistence. Low density may reduce the
frequency o competitive interactionsand change their nature as well. When popula-
tions are maintained at low densities by some limiting factor, the intensity of their
competitive interactions for other factors should be reduced, since these other factors
are nonlimiting. One plant may be a better competitor for space than another, but if
both o them occur at such low densities that they do not compete for space, the
competitive difference will not be expressed and both will continue to coexist. Also,
small environmental differences, both temporal and spatial, that would be
insignificant at high population densities, may provide sufficient heterogeneity to
avoid competition at low densities. For example, subtle differences in substrate
preference may be more effective at separating species at low densities than at high
densities, when populations would overflow onto less preferred areas. While some
factors, such as the inefficiency of predation at low densities, may act to reduce
diversity in some cases, probably the net result of low density would be more likely to
augment the effect of mechanisms that maintain diversity than to decrease their
effect.

Long periods of time with a low rate o competitive displacement will allow
environmental fluctuations to further reduce the rate of displacement by altering
competitive interactions. One species may be the best competitor under certain
conditions of temperature or precipitation, while under dightly different conditions
another species may be better (e.g., Titman 1976). Such reversals of competitive
dominance can obviously allow coexistence, as can frequency-dependent competitive
differences (Ayala and Campbell 1974; Koch 1974a, 1974b). These factors will only
be effective when reversal of competitive dominance occurs prior to competitive
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exclusion, which requires low rates of competitive displacement, or population
reductions which maintain diversity.

THE DYNAMIC EQUILIBRIUM

Diversity may be maintained by periodic population reductions or a low rate of
competitive displacement. The effect of each of these factorsis clearly dependent on
the other, and they may be expected to interact and reach some sort of dynamic
equilibrium, at which point the diversity o a community may remain relatively
constant over time. The frequency and intensity of population reduction in a
particular community are assumed to have some mean over time; e.g., fires, hurri-
canes, treefalls, or spruce budworm outbreaks occur with some predictabl e frequency
over asufficiently long time period. Likewise, the level of population growth rates of
competitors in a community is assumed to remain relatively constant over time,
depending on local conditions of energy, nutrients, temperature, etc. An increasein
the frequency of population reduction can have an effect similar to a corresponding
decrease in the population growth rates, and if both the frequency o reduction and
growth rates increase or decrease together, the dynamic balance could remain
essentially unchanged. The level of diversity at dynamic equilibrium will vary in its
response to changesin growth rates or reduction frequency in different parts of the
ranges of these parameters.

Diversity may be reduced either by competitive displacement (and eventually
exclusion) or by a high frequency of population reduction which does not allow some
competitors to recover between disturbances. Organisms must have some minimum
growth rate to recover from population reduction and avoid extinction, and this
minimum rate must rise as the frequency of reduction increases. This suggests that at
high frequencies of population reduction an increase in growth rates can actually
increase diversity, in contrast to the effect at lower frequencies of reduction. The level
of diversity at dynamicequilibrium can be represented as a three-dimensional surface
determined by theinteraction of rate of displacement and frequency (and/or magni-
tude) of population reduction (fig. 7).

This graphic representation simply illustrates the changesin diversity which may
be expected under different conditions. Under conditions where the growth rates of
competitors are low (low rate of competitive displacement, fig. 7, transect A),
diversity will be low at very low frequencies of disturbance, since this will alow a
time period long enough for a close approach to competitive equilibrium. An
increase in the frequency sufficient to prevent competitive equilibrium will alow
maximum diversity, and the diversity will then decrease as the frequency rises and
some competitors are unable to recover. When the growth rates of all competitors
are high (high rate of displacement, fig. 7, transect B), diversity will be low at low
frequencies of population reduction due to the rapid approach to competitive
equilibrium. Diversity will increase as an increasing frequency of disturbance keeps
the community further from equilibrium, and diversity may then drop if the
frequency becomes sufficiently high that some populations cannot recover. At a low
frequency of population reduction (fig. 7, transect C), diversity will be zero where
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FiG. 7.—Generalized contour map of the dynamic equilibria between the rate of competitive
displacement and the frequency (or magnitude) of population reduction; diversity is on the axis
perpendicular to the page, and is represented by the contour lines, with the highest diversity
within the inner ellipsoid (in the upper Ieft corner). The dotted-line transects demonstrate the
predicted changes in diversity when one parameter is held constant and the other varied.

growth rates are zero, and low at extremely low growth rates which are not sufficient
for recovery and survival of most species. Diversity should increase rapidly with
increasing growth rates (the break point) and reach a maximum at low growth rates
where the rate of competitive displacement will be low. Further increase in growth
rates will increase the rate of competitivedisplacement, resulting in lower diversity of
dynamic equilibria at high growth rates. Finally, at high frequencies of population
reduction (fig. 7, transect D), increasing growth rates will alow recovery from
disturbances; diversity will increase as growth rates rise, then decrease at sufficiently
high growth rates that the system begins to approach competitive equilibrium.

Diversity should be highest at low to intermediate growth rates and frequencies of
reduction, since both of these factors allow prolonged coexistence and provide
sufficient time for various compensatory factors, such as fluctuating environmental
conditions, to be effective. Extinctions should be less likely under conditions where
population changes are gradual than when they are rapid and extreme.

The dynamic bal ance between frequency of reduction and rate of displacement will
behave differently in different systems, depending on the relative variability of these
two parameters in the type of community being considered and wherein the range of
each parameter the communities lie. Some types of communities will have a great
range in the mean growth rates of competitors between different communities, but
only a narrow range of disturbance frequencies. I n these cases, variation in growth
rates should be most important in determining diversity patterns. In other communi-
ties, the frequency of population reduction will vary more and have a greater effect
on diversity differences than growth rates. If the communities are characterized by
high frequencies of population reduction, increasing growth rates should increase
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diversity, whereas if the frequency of reduction is low, the result will be just the
opposite.

The growth rates of a single species vary widely in nature, depending on local
conditions. Forest conditions can result in a five- or tenfold difference in the
vegetative growth rates of rainforest trees (Richards 1952; Schulz 1960),and mussel
growth rates vary over five orders of magnitude between southern California and
northern Washington (Paine, personal communication). Since the effect of frequency
of population reduction is well known (Loucks 1970; Grime 1973; Horn 1975;
Connell 1978),the rest of this paper will concentrate on the effect of growth rates.

GENERAL PREDICTIONS

According to the dynamic equilibrium model, a major determinant of diversity in
nonequilibrium (referring to competitive equilibrium) situations is the level of
population growth rates of competitors. At low to intermediate frequencies of
population reduction, low growth rates allow the maintenance of diversity by
slowing the approach to competitive equilibrium and enhancing the effect of factors
that tend to prevent competitive exclusion.

1. Situations in which competing organisms have high population growth rates
will have lower diversity than equivalent situations in which the organisms havelow
growth rates, unless some species are being eliminated by a high frequency of
population reduction. Although it is not aways possible to measure population
growth rates, any factors which are closely correlated with growth rates should show
the same relationship to diversity.

2. Low availability of basic nutrients (asopposed to an extreme deficiency or toxic
excess) would be expected to reduce growth rates in communities of organisms
requiring these nutrients and result in higher diversity than in asimilar situation with
high nutrient availability. Increasing the nutrient availability of any environment
should tend to reduce diversity, unless diversity is already low due to a nutrient
deficiency or a high frequency of population reductions.

3. Since low productivity (biomass/biomass/time) and low density are often the
result of low population growth rates, it would be expected that communities with
low productivities or densities would have higher diversity than similar communities
with high productivity or density.

This approach differs from previous hypotheses in that it provides a simple and
intuitive mechanism by which quantitative environmental differences may affect
community structure. Diversity is determined not so much by the relative competi-
tive abilities of the competing species as by the influence of the environment on the
net outcome of their interactions. This hypothesis may be applied to diversity
variation in terrestrial and aquatic plant and animal communities on a latitudinal
gradient as well as a regional level.

RELATIONSHIP TO OTHER HYPOTHESES

Nearly all diversity hypotheses attempt to explain (and derive support from their
apparent explanation of) the temperate-tropical increase in diversity. One problem
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is that factors such as environmental predictability and stability, productivity, and
intensity of competition or predation are difficult to define, measure, and comparein
a biologically meaningful way. In addition, these hypotheses may claim credit for
changes in diversity which are better ascribed to other causes. For example,
productivity may be invoked to explain thefact that grasslandshave fewer species of
birds than shrublands, which have fewer species than forests, but this change is also
correlated with an increasein structural complexity, which has been demonstrated to
increase diversity.

The environmental heterogeneity hypothesis is the only diversity hypothesis
supported by convincing evidence, with the exception of some cases of predation
(Paine 1966; Connell 1975). There are sound reasons to expect that increased
heterogeneity should increase diversity (Levin 1974) and habitat structural complex-
ity has been correlated with diversity in birds (MacArthur 1957, 1964, 1965;
MacArthur and MacArthur 1961; MacArthur et al. 1966; Cody 1968; Karr 1968;
1975; Recher 1969; Karr and Roth 1971), in chydorid cladocera (Whiteside and
Harmsworth 1967),in plankton (Richerson et al. 1970),in marine gastropods (K ohn
1967, 1968), in small mammals (Rozenzweig and Winakur 1966), and in lizards
(Pianka 1967). In most of these cases the heterogeneity is based on the physica
structure of the plant community serving as the substrate for animals. There issome
suggestion that the species diversity of the plants themselves may be important, at
least for insects (Murdoch et al. 1972),and thereisstrong evidencefor a coevolution-
ary relationship between the chemical diversity of plants and insect diversity (Ehrlich
and Raven 1964; Feeny 1975).

As successful as environmental heterogeneity seems to be in explaining certain
patterns of diversity, it is still an extrinsic factor, imposed on the organisms whose
diversity is being examined. The complexity and diversity of plants may explain part
of thediversity of animals, but thisstill leaves us with the problem of plant diversity.

Much of the tropical increase in diversity of birds, mammals, insects, and other
organisms may be explained by the increased structural complexity and tree species
diversity of tropical forests (Richards 1952). However, the high diversity of tropical
trees is apparently not explained by edaphic heterogeneity, which shows little
relation to treedistribution in tropical forests (Hewetson 1956; Kwan and Whitmore
1970; Webb et al. 1972). Any heterogeneity or niche partitioning argument isfurther
complicated by the convergence of many charactersin tropical trees (Richards1952).
Many diversity gradients in aquatic systems have no apparent relation to structural
complexity either (Yount 1956; Williams 1964). Any hypothesis which attempts to
explain patterns of diversity must deal with diversity gradients which have no
component of structural heterogeneity.

Paine (1966) outlined the basic premise of the predation hypothesis, "'local species
diversity is directly related to the efficiency with which predators prevent the
monopolization of the major environmental requisites by one species.” Thisisclearly
related to the dynamic equilibrium hypothesis, since predation has the effect of
reducing population sizes and hence preventing equilibrium. Predation per se does
not have a predictable effect on diversity. Predation can actually reduce diversity if
the predator eats certain prey to the exclusion of all others, or if it eats virtually
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everything (Jones 1933; Milton 1940, 1947; Jones and Kain 1967; Kitching and
Ebling 1961; Southward 1964; Paine and Vadas 1969; Menge and Sutherland 1976).
However, the predator which always selects the most abundant prey will inevitably
increase diversity, and most o the numerous examples of predation increasing
diversity are probably of this type (Connell 1961, 1970, 1971, 1975; Paine 1966;
Harper 1969; Paine and Vadas 1969; Janzen 1970; Dayton and Hessler 1972; Porter
1972; Menge and Sutherland 1976).

The predator need not be selective, however. Any type of density-independent
mortality applied to a community will tend to prevent competitive exclusion
(Hutchinson 1948) and result in higher diversity. An excellent example of thisisgiven
by Milton (1940, 1947) who found that mowing pastures for hay increased or
maintained the diversity of grasses and forbs in the face of other influences. Charles
Darwin (1859, p. 78) made basically the same observation and Harper (1969) cites
numerous examples from Great Britain in which diversity o grassesand herbs was
reduced when rabbits were prevented from grazing.

The "intermediate disturbance" hypothesis (Grime 1973; Connell 1978) s related
to the predation hypothesis, but both are simply population reductions which
prevent competitive equilibrium and as such represent only haf of the dynamic
equilibrium. There is clearly some frequency of disturbance at whichdiversity will be
greatest, but the intermediate frequency can be anywhere in the enttire range of
frequencies depending on the rate of competitive displacement (fig. 7). Specifically,
the intermediate disturbance frequency for any community will be that frequency at
which the community can be maintained as far from competitive equilibrium as
possible, while allowing the greatest number of speciesto recover from the reduction.
Neither disturbance and predation alone, nor growth rates alone, determine the leve
o diversity in a community. Community structure is best understood as a dynamic
equilibrium.

The environmental stability, predictability, and productivity hypotheses are
closdly related, since these parameters increase together from temperate to tropical
regions (Connell and Orias 1964; Pielou 1975). Predictability and stability in
particular are defined in a variety of ways and are difficult to measure, especially on
the evolutionary time scale where they are usually invoked. There has been no
demonstration that either of these factors regulates diversity. Slobodkin and Sanders
(1969) and Pielou (1975) suggest that unpredictable and severe environments have
low diversity, based on the argument that unpredictability forces organismsto have
broader niches which allow fewer species to be "packed in," as well as causing a
greater chance of extinction for marginal populations. However, they present no
evidence that cannot be explained just as easily by other hypotheses, e.g., predation
(Menge and Sutherland 1976).

A comment might be made here about harsh or restrictive environments. While
there are many situations which can barely support lifeand show alow diversity, this
not a satisfactory explanation for all examples of low diversity. Environmental stress
or harshnessis difficult to define and evaluate, particularly sincetheinevitable result
o natural selection isto minimize the effect of such stress on an organism. If stressis
defined as a high frequency of population reduction or conditions resulting in
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extremely low growth rates, low diversity under such conditions is completely
compatible with the dynamic equilibrium model, although low diversity can occur
under very different conditions.

There are numerous examples o low diversity communities in stable environ-
ments, such as the coastal redwoods (Whittaker 1966), tropical cativo (Prioira
copaifera) forests (Holdridge et al. 1971),and freshwater marshes. In general, these
environments have high productivities which suggest rapid population growth rates,
and both o the forests exist for long periods of time with little or no disturbance.
Under these conditions, the dynamic equilibrium model predictslow diversity, while
the productivity, stability, and predictability hypotheses predict high diversity.

Examples aso exist of communities with high diversity in environments that seem
to be severe, unpredictable, or unstable, such as the Sonoran Desert (Whittaker and
Niering 1965),some benthic marine communities (Paine 1966),and diatomsin rivers
(Patrick 1963). The sclerophyll shrub communities of southern Africa, Australia, and
New Caledonia may have a higher diversity than some rain forests (Richards 1969).
All of these environments have low population densities and low productivities,
suggesting a low rate of competitive displacement. Nonequilibrium conditions are
maintained in the sclerophyll shrub communities by periodic fires,and it islikely that
the other communities never reach competitive equilibrium either. These are
precisely the conditions in which the dynamic equilibrium hypothesis predicts high
diversity but the other hypotheses predict low diversity.

The productivity hypothesis (Connell and Orias 1964) has been generaly rejected
(Margalef 1969; Pielou 1975) because of the numerous examples of an inverse
relationship between productivity and diversity (Swingle 1946; Yount 1956; Wil-
liams 1964; Whiteside and Harmsworth 1967; McNaughton 1968). This relationship
has been called "the paradox o enrichment” and has been discussed for predator-
prey (Rosensweig 1971) and competitive (Riebesell 1974) systems. If the interacting
species are not equally affected by enrichment, the system may be destabilized and
some of the species reduced or eliminated. This approach has been primarily an
equilibrium one and has not considered the effects of rate of displacement. The
inverse relationship between diversity and productivity is predicted by the dynamic
equilibrium hypothesis, since high productivity generally reflects high population
growth rates. Even the apparent correlation of high forest diversity and productivity
in the tropics is no longer convincing since Willson (1973) has demonstrated that
production per day of growing season is no higher in tropical than in temperate
forests.

ADDITIONAL EVIDENCE

Aquatic systems are particularly suitable for examining the basic determinants of
diversity, since variations in habitat complexity and environmental fluctuations can
be minimized. The diversity of diatoms and algae responds dramatically to changes
in water quality, particularly enrichment (increased nutrient availability). Natural
"clean" rivers generally have low total population densities with high species
diversity (Patrick 1963; Williams 1964). However, when these rivers are enriched by
land runoff or pollution, the population densities become very high and diversities
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much lower (Patten 1962; Williams 1964). It was found that no particular species
invariably predominates in enriched situations, but rather that different species are
responsible for the high densities in different situations (Williams 1964). The high
density and low diversity are apparently not the result of any species being more
"pollution tolerant" than other species, but are merely the result o differencesin
growth rates under conditions of rapid growth.

Similar patterns are found in marine systems. Open oceans, particularly in the
tropics, show a low productivity (Russell-Hunter 1970; Bunt 1975; Crisp 1975) and
low density of individuals (Hentschel and Wattenberg 1930), but a high species
diversity (Russell-Hunter 1970). Areas of high nutrient availability, such as upwel-
lings, lagoons, and shallow coastal areas tend to have high productivity (Russell
1934; Bunt 1975) with a high density of organisms (Hentschel and Wattenberg 1930;
Russell-Hunter 1970) and a low species diversity (Russell 1934; Dakin and Colefax
1940; Russell-Hunter 1970; Sanders 1969).

One striking temperate-tropical gradient is the increase in diversity o marine
plankton from temperate to tropical waters. This is the inverse of the wel-
documented decrease in productivity of tropical oceans (Steemann-Nielson 1954;
Harvey 1955). The density of calanoid copepods varies on a regular latitudinal
gradient from nearly 3000/m? in the North Bering Sea, to about 100/m?* in the open
tropical ocean. However, the number of species variesin the opposite manner. The
dense northern population is composed of only about 10 species, whereas the diffuse
southern population is composed of about 80 species (Brodskji, quoted in Fischer
1960).

Detailed information about marine benthic gastropod diversity is provided by Rex
(1973, 1976). Changes in diversity are not only related to depth, but also to the
density of individuals, which is believed to closdly reflect local productivity (Sanders
et al. 1965) and is probably related to growth rates. Numerous studies show a
pronounced decrease o density of the total benthic faunafrom the continental shelf
to the abyssal depths (Sanders et al. 1965; Sanders and Hessler 1969). Gastropod
diversity is low on the continental shelf, rises at greater depths (lower density of
individuals), and finally drops at extremely low densities on the abyssal plain. This
pattern has been explained by instability on the continental shelf decreasing diver-
sity, stability and predation increasing diversity on the slope, and limiting producti-
vity reducing diversity in the abyss (Rex 1976). However, this complex scheme may
not be necessary, sincethe pattern correlates well with the predictions of thedynamic
equilibrium model, including the breakpoint at low densities. The earlier conclusions
that "the effect of abundance of food is minor and is easily masked by differencesin
both short- and long-term 'climatic' stability" (Hessler and Sanders 1967),is based
on the predictions of the productivity hypothesis, which are opposite to those of
dynamic equilibrium.

A fina comparative study of diversity in aquatic systems is the work of Yount
(1956) at Silver Springs, Florida. Silver Springs was selected because o its unusually
constant conditions, and two stations were chosen based on apparent differencesin
productivity. One station was near the main boil of the spring under conditions of
high light intensity, and the other wasin a side pool under vegetation which cut out
most of the light. Slides were suspended in the water at each station and the density
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and composition of the diatom populationsobserved through time. Productivity was
determined using the quantity of chlorophyll produced on slides at each station asa
measure of primary productivity, and, asexpected, the production of chlorophyll was
higher at the central site than in the side pool. Succession took place on theslidesin
the course of the experiment, illustrating the effect of differences in the rate of
competitive displacement. The high productivity station reached an "apparent
climax" much more rapidly than did the low productivity station. Densities of
individuals were much higher and the species diversity much lower at the high
productivity station.

Few appropriate data, which include measures of population growth rates,
schedules of age-specific fecundity and mortality, and measures of productivity,
nutrient availability, and diversity for each community, are presently available for
comparative testing of this model in terrestrial systems. Patterns consistent with this
hypothesis might be expected to appear in life history strategies, since these strategies
reflect constraints imposed by the environment on organisms both on a phenotypic
and a genetic level (Wilbur et al. 1974). Organisms in high diversity communities
would be expected to have life histories reflecting lower population growth than
similar organisms in low diversity communities. An apparent example of thisis given
by MacArthur (1972). Small birds in temperate areas generally lay four to five eggs
per clutch, while small tropical birds average two eggs per clutch. The apparent
correlation of this with the burst of high food abundance in the temperate spring, a
phenomenon not found in the tropics, is strengthened by the fact that birds
dependent on outbreaks of superabundant food have even larger clutches. As might
be expected from these differences, diversity among these birds is higher in the
tropics.

An example of the effect of nutrient availability on the composition of terrestrial
plant communities is found in the work of Milton (1940, 1947). In a series of
experiments lasting 16 yr, the effects of varying types of fertilizer applications and
different schedules and intensities of grazing and mowing were observed on the yield
and botanical composition of pasturesin central Wales. Theimportant result hereis
that application of fertilizer increased the rate at which changes in botanical
composition occurred and resulted in a decrease in the number of species present,
with the eventual dominance of one or two species of grass. It is significant that the
original diversity was maintained for a long period when the fertilized fields were
periodically mowed for hay, which suggests that the dynamic equilibrium level of
diversity remained essentially unchanged when both growth rates and the frequency
of population reduction were increased.

Similar results have been obtained in many other experimentsinvolving fertiliza-
tion of terrestrial plants (Lawes et al. 1882; Davies and Jones 1932; Murphy 1960;
Willis 1963; Thurston 1969; Jeffrey 1971; Stephenson 1973; Bazzaz and Harper
1976).

The dynamic equilibrium model may explain at least part of the temperate-
tropical increase in tree diversity, since reduced soil nutrients and increased rates of
respiration may result in lower population growth rates in the tropics. This hypoth-
esis is potentially applicable to the increase in diversity found in successions where
nutrient availability is decreased or growth rates are reduced through the course of
succession.
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This model also has significant evolutionary implications, since the survival and
accumulation of new varieties or species should be favored in situations where the
rates of increase of all competitors are low and competitive equilibrium is prevented.
Under such conditions, speciation may require only simple reproductive isolating
mechanisms, and extensive niche differentiation may not be necessary for survival.

SUMMARY

A new hypothesis, based on differences in the rates at which populations of
competing species approach competitive equilibrium (reduction or exclusion of some
species), is proposed to explain patterns of species diversity. The hypothesis assumes
that most communities exist in a state of nonequilibrium where competitive equilib-
rium is prevented by periodic population reductions and environmental fluctuations.
When competitive equilibrium is prevented, a dynamic balance may be established
between the rate of competitive displacement and the frequency of population
reduction, which resultsin a stable level of diversity. Under conditions of infrequent
reductions, an increase in the population growth rates of competitors generaly
resultsin decreased diversity. This model clarifies an underlying pattern of variation
in diversity and points out the common elements of previous hypotheses. Rather
than arguing that either competition, predation, or productivity control diversity, it
demonstrates that all of these may contributeto the same basic mechanism. In doing
S0, it not only explains the correlations of the other hypotheses with patterns of
diversity, but also explains the exceptions that these hypotheses could not explain.
This hypothesis may be applied to variations of diversity both on a latitudinal
gradient and within specific regions.
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