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Abstract: The question, “why do areas vary in species richness?” has been important throughout the history
of ecology. It is difficult to answer definitively because we have so many (at least 120) plausible hypotheses.
This abundance of hypotheses has led to a number of attempts to classify them. Unfortunately, richness
hypotheses often defy such categorization. Instead of placing species richness hypotheses into categories, I
suggest an alternative approach: to treat species richness hypotheses as violations of the assumptions of Gause’s
Competitive Exclusion Principle. This is a very similar approach to the pedagogy of population genetics:
evolution occurs if and only if at least one assumption of the Hardy-Weinberg principle is violated. The
classification of hypotheses advocated here treats interspecific competition as a central organizing concept in
community theory. However, it does not treat competition as an organizing concept in communities: indeed,
the relaxation or disruption of competition is considered to be the status quo in the majority of communities.

INTRODUCTION

MACARTHUR’s (1965) seminal paper on diversity begins with the simple sentence, “Patterns
of species diversity exist”. Ecologists have attempted to understand why communities vary
in the number of coexisting species ever since ecology became a self-conscious discipline
almost a century ago (MCINTOSH 1985, KINGSLAND 1991). It is both impressive and humbling
that a symposium on coexistence is needed in 1992.

The problem at hand is answering the question “why do so many species coexist?” or
almost equivalently, “what causes variation in species richness?” We cannot dismiss such
questions by saying variation in richness is random, because in the majority of cases it clearly
is not. Direct tests of variation in species richness often demonstrate substantial deviations
from randomness (PALMER 1987, 1990, WILSON et al. 1987). More importantly, as is pointed
out by numerous ecology textbooks (e.g. RICKLEFS 1979, BEGON et al. 1990, SMITH 1990),
species richness is predictably related to important environmental gradients, such as altitude
(TERBORGH 1977), area (GLEASON 1925), biomass (GRIME 1973), body size (MAY 1988),
depth for aquatic organisms (REx 1981), disturbance (CONNELL 1978), fertilization
(SILVERTOWN 1980), habitat diversity (HARMAN 1972), island characteristics (MACARTHUR
& WILSON 1967), latitude (CONNELL & ORIAS 1964), soil pH or cations (PEET & CHRISTENSEN
1980), precipitation (BROWN & DAVIDSON 1977), predation (LUBCHENCO 1978), successional
time (AUCLAIR & GOFF 1971), and zonation along lake shores (NILSSON & WILSON 1991).
As PIANKA (1966) pointed out, *... any species diversity gradient might be a suitable study
system” for exploring variation in the degree of coexistence.
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SPECIES RICHNESS HYPOTHESES

Throughout the history of science, unexplained scientific phenomena have been
accompanied by a small set of plausible hypotheses (BUTTERFIELD 1957). Indeed, most
ecological phenomena fit this mold; it is rare to find an ecological paper which cites more
than half a dozen hypotheses to account for the patterns observed. The science of coexistence
is an exception. Attempts to explain coexistence, variation in species richness, and/or diversity
gradients have resulted in a proliferation of hypotheses. Tab. 1 (see Appendix) lists 120
hypotheses which have been proposed to account for variation in species richness. Despite
the length of the list, it is merely the result of a cursory overview of the literature. An
exhaustive investigation would undoubtedly yield a much longer list. The number of
hypotheses to explain richness patterns is so overwhelming that some authors (e.g. PAGEL et
al. 1991) are almost apologetic about introducing new ones.

It must be admitted that many of the listed hypotheses are synonyms or near-synonyms.
For example, the spatial mass effect and the seed reimmigration concept are synonyms
(although the latter is clearly only relevant for higher plants). Also, habitat diversity,
environmental heterogeneity, and spatial variability are essentially equivalent. Some
hypotheses are special cases of other hypotheses; e.g. the niche dimensions hypothesis can
be considered (under certain circumstances) a special case of the environmental heterogeneity
hypothesis. Some hypotheses are only relevant for particular systems; the Keystone Granivory
Hypothesis obviously does not pertain to snails grazing on algae. Hypotheses predicting the
diversity of phytophagous insects in relation to plant chemistry (e.g. those proposed by JONES
& LAWTON 1991) can be considered special cases of other hypotheses. However, lumping
hypotheses together can be semantically difficult. For example, while many authors treat
“habitat heterogeneity” as synonymous with “habitat diversity”, NILSSON et al. (1988) argue
that the two are distinctly different. Even if the same name is used, different authors often
have subtly different interpretations of a hypothesis.

Classification of hypotheses

Even after combining synonyms and removing special cases, Tab. 1 (see Appendix) remains
a formidablie list. If the philosopher of science POPPER (1935) was correct in stating that
science only progresses through the falsification of hypotheses, we must sadly conclude that
the study of coexistence has not progressed far. The majority of hypotheses seem quite
plausible for at least a limited set of conditions. It is unlikely that many of them can be
completely and universally falsified.

A number of authors have attempted to solve the apparent dilemma of an overabundance
of hypotheses by categorizing hypotheses in various ways (Tab. 2). Repeated classifications
may appear to be wasted effort, yet each of the treatments listed in Tab. 2 offer distinctly
different (yet largely complementary) ways of looking at the same phenomena, hence enriching
our understanding of coexistence.

Nevertheless, there are inherent drawbacks to such classification schemes. This is because
many hypotheses do not fit neatly into categories, as is evidenced by subtle (and not so subtle)
discrepancies in past attempts. Examples of this lack of fit are given below.
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Table 2. Classifications of hypotheses explaining variation in species richness, along with key features of the
classification.

AARSSEN (1992) Influence of genetics on coexistence, and vice versa

AUERBACH & SHMIDA (1987) Spatial scale ofoperation

BROWN (1988) Good review for animals

CONNELL (1978) First review to distinguish equilibrium and nonequilibrium hypotheses

CONNELL & ORIAS (1966) Relates hypotheses to energy flow and stability

DIAMOND (1988) The “QQID” approach: resource Quality, Quantity, Interactions, and
Dynamics

GILLER (1984) Each hypothesis is related to species saturation, niche width, and
resource diversity in a manner true to MACARTHUR (1965).

WILSON (1990) Good “synonymy” of hypotheses. This is also the only review I am
aware of which relates hypotheses to patterns observed in a given
region.

Other classifiers and listers of hypotheses include HUTCHINSON (1959), SIMPSON (1964), PIANKA (1966),
SANDERS (1968), PONTIN (1982), CRAWLEY (1986), BENGTSSON et al. (1994), and numerous textbooks.

Classification problems with the resource ratio hypothesis

TILMAN’s (1982, 1985) resource ratio hypothesis predicts that more species coexist at low
levels of resources because the plants perceive the environment as inherently more spatially
variable than they do at high resource levels. Thus, paradoxically, the environmental variability
hypothesis can operate even if regions do not vary in the magnitude of emvironmental
variability. The resource ratio hypothesis is an equilibrium hypothesis, since it assumes that
resource use is in equilibrium with resource supply. Nevertheless, the model attempts to
explain successional change in two very different ways, without divorcing itself from its
equilibrium foundation: (a) redefining disturbance as the supply rate of open space allows us
to predict equilibrium coexistence at spatial scales much larger than the disturbed patch
(TiLMAN 1982, Ch. 8), and (b) by assuming that resource levels change at a much slower rate
than species equilibrate with these resources, species are in equilibrium with a “successional
trajectory” within a patch (Ch. 9). Apparently, the resource ratio hypothesis ignores situations
between these two extremes. Nevertheless, the different uses of the resource ratio hypothesis
with respect to disturbance make it impossible to classify.

Classification problems with the intermediate disturbance hypothesis

The intermediate disturbance hypothesis (IDH) (CONNELL 1978, HUSTON 1979, 1985,
PETRATITIS et al. 1989) predicts highest diversity at intermediate “levels” of disturbance, where
the “level” can refer to the intensity, frequency, size, or time since disturbance. The IDH is
hard to classify because it is actually a set of different interconnected hypotheses which
potentially fit into many categories.

The IDH predicts high richness at intermediate times following disturbance. The reasoning
behind this is that few colonizing species are present at early stages of succession, and
competitive exclusion precludes many species coexisting late in succession. The high richness
at intermediate times can be due to two (not necessarily conflicting) processes: high species
overlap because early successional species persist in the presence of late successional species



514 M.W. Paimer

(temporal mass effect) and the fact that competitive exclusion has not yet had time to drive
subordinate species to extinction (nonequilibrium coexistence).

Changing the disturbance regime may also have complex effects on the interpretation of
the IDH (Fig. 1). Landscapes with infrequent disturbance consist mostly of old patches, and
hence environmental heterogeneity is low. Landscapes with very frequent disturbance consist
of only young patches, also generating very low heterogeneity. However, landscapes with
intermediate frequency of disturbance will tend to have patches of many different ages, and
hence many different environments. At the landscape scale, high richness at intermediate
disturbance frequency can be caused by the environmental variability hypothesis. On the
patch scale, highest richness is also expected at intermediate disturbance frequency. This is
because patches at intermediate frequency are more likely to be surrounded by patches with
different characteristics. Hence, the spatial mass effect will be strongest in landscapes with
intermediate frequency disturbance.

Intermediate intensity of disturbance can also promote high richness in multiple ways. A
moderately intense disturbance can enhance richness temporarily through nonequilibrium
coexistence, whereas a severe disturbance would cause extinction. However, the environmental
variability hypothesis may also be operating: For example, a forest with 50% of the trees
uprooted by windstorm will have a much wider array of microhabitats available, and hence
higher richness, than comparable forests with near 0% or near 100% of the trees uprooted.
CoLLINS (1992) segregates this kind of phenomenon from the IDH and considers it the
“disturbance heterogeneity model”.

Categorization problems due to conceptual problems

A number of hypotheses are hard to classify because they depend on ecological concepts
which are open to various interpretations. For example, many hypotheses (e.g. fundamental
niche differentiation, habitat differentiation, habitat diversity hypothesis, niche breadth, niche
dimensions, niche diversification, niche overlap, etc.) depend on varying concepts of niche
and habitat. If we follow ODUM’s (1959) distinction of the habitat as an organism’s address
and the niche as the organism’s profession, then plants and other sedentary organisms don’t
fit easily into these categories. What plants do is so inseparable from where they are, that
niche differentiation and habitat specificity are practically synonymous. WHITTAKER et al.’s
(1973) distinctions between niche, habitat, and ecotope are promising, but still rely on an
ambiguous definition of community. Perhaps the only distinction that can be made, albeit
arbitrarily, is that niche differentiation occurs within sites, and habitat specificity occurs among
sites, with the spatial bounds of a “site” being left up to the observer.

Other classification problems

Categorization of hypotheses might also be difficult because changing spatial scale can
cause the same phenomenon to be explained by different hypotheses. For example, species
can coexist temporarily within a disturbed patch (i.e. nonequilibrium coexistence). However,
species can coexist permanently on the scale of many patches if there is a constant disturbance
regime. This constitutes a prime example of niche or habitat differentiation if disturbed
conditions are viewed as a resource for some species but not others.

Hypotheses have also been classified according to whether the mechanisms operate on
evolutionary or ecological time (ZOBEL 1992). However, evolutionary change can occur in
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Intermediate frequency

Fig. 1. Three hypothetical landscapes with constant disturbance regimes of varying disturbance frequency.

time periods short enough to be considered “ecological”. The distinction between origin of
species richness and maintenance of species richness (JANZEN 1970, BROWN 1988) is likewise
arbitrary: taxa must be maintained in the community and/or landscape throughout the
speciation process. Also, the “origin” of species on islands or habitat islands is from an
external “species pool” - but this pool cannot exist indefinitely unless it is maintained.

Another commonly made distinction between determinants of richness is whether processes
are local or regional (RICKLEFS 1987, CORNELL & LAWTON 1992). This approach does not
appreciate the fractal nature of landscapes (BURROUGH 1981, PALMER 1988, 1992, MILNE
1991, WILLIAMSON & LAWTON 1990), which implies that there is a continuum between
“localness” and “regionalness”. Since richness gradients exist over a wide range of spatial
scales (see PALMER 1990b), explanations must be targeted at a wide range of scales, without
assuming any scales to be “local” or “regional”. No matter what the spatial scale, a duality
exists: richness is determined by processes both inside and outside the community.

The difficulty in classifying richness hypotheses has been recognized for some time.
SANDERS (1968) recognizes the ambiguity in PIANKA's (1966) treatment by stating “most of
the hypotheses contain elements of more than one grouping”. Indeed, Pianka admitted the
ambiguities in the initial paper. BROWN (1988) suggested that different hypotheses are not
strictly comparable because they aim at different levels of explanation.

To summarize, hypotheses explaining variation in richness do not always fit neatly into
categories, and synonymy among hypotheses is not always straightforward to decipher. It
may be impossible to produce a classification scheme without ambiguities; indeed, according
to Godel’s theorem it is fundamentally impossible to create any formal classification which
is simultaneously complete and correct (HOFSTADTER 1980). I suggest a method to deal with
the plethora of hypotheses which is fundamentally different, and that is to paraliel one of the
most successful paradigms of population genetics, that of the Hardy-Weinberg equilibrium.
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Table 3. The Hardy-Weinberg Principle of Genetic Equilibrium (HARDY 1908); this version is modified after
JENKINS (1979).

The Principle:
Given a population of sexually reproducing organisms, the proportions of alleles, genotypes, and
phenotypes will not change through time. That is, evolution will not occur.

Conditions of the Principle:

(1) The population size is infinite

(2) There is no net mutation of alleles

(3) Mating is random (i.e. there is no sexual selection)

(4) All genotypes (and hence phenotypes) must be equally viable, fertile, and fecund (i.e. there is no
natural selection)

(5) The gametes must be equally capable of forming zygotes (i.e. there is no meiotic drive or gamete
selection)

(6) There is no immigration

(7) There is no emigration

Corollary:

The amount and/or rate of evolution is positively related to the degree to which the above conditions fail.

The Hardy-Weinberg Principle as a model

Population genetics attempts to explain how and why populations evolve (i.e., allele
frequencies change). Ironically, geneticists place at the very center of their theory the
Hardy-Weinberg Principle (HWP), which states that populations will tend not to evolve
(Tab. 3). However, we know for a fact that populations do evolve. Thus, in any particular
case of an evolving population, at least one of these conditions must be violated. For example,
genetic drift will cause evolution if populations are finite {violation of condition (1)], and
natural selection will cause evolution if there is differential reproduction and/or survival of
phenotypes [violation of condition (4)]. Furthermore, the amount of evolution is related to
the degree to which these conditions are violated. Very small populations are expected to have
more pronounced genetic drift than large (but finite) populations, and strong selection pressure
will result in a more rapid change in allele frequency than will weak selection pressure.

This simple formulation of evolution has allowed geneticists to separate the relative
importance of different evolutionary forces, as well as to examine their interactions. It has
done this in a way a simple categorization of hypotheses could not.

I propose that community ecologists treat coexistence in an analogous way: mixtures of
species will tend toward monocultures if and only if the conditions of the Competitive
Exclusion Principle hold.

The Competitive Exclusion Principle

The Competitive Exclusion Principle (CEP) has been a part of ecology for over a century,
but it was GAUSE (1937) who placed the principle as a central organizing concept in community
ecology (KINGSLAND 1991). Over the years, the principle has been given a variety of names
and a variety of definitions, depending on the perspectives of the authors, and the terminology
and ideas in vogue at the time (Tab. 4). However, all definitions are consistent in stating that
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competition will prevent indefinite coexistence unless species differ.

Tab. 5 presents the reformulation of the CEP after the HWP model. It begins with the
statement that competition will result in complete dominance of one species, but then is
followed by a number of conditions. Since we know that species coexist, and that frequently
many species coexist, we know that the conditions must be violated in nature. Most of the
hypotheses listed in Tab. 1 can be considered cases where the conditions in Tab. 5 are broken
or modified, as indicated by the superscripts. Since as previously explained, authors interpret
the same hypotheses in subtly different ways, I expect some disagreement with the
superscripts.

The idea behind Tab. 5 is not unique to this paper. HUTCHINSON (1957) stated that the CEP
“... is true except in cases where there are good reasons not to expect it to be true.” CRAWLEY
(1986) considers species rich systems to violations of the conditions of the CEP. However,
neither Hutchinson nor Crawley formally circumscribe what the violations of the CEP are.

Violations of conditions of the CEP

Condition (1) states that time has been sufficient to allow exclusion. The concept of
nonequilibrium coexistence is an example of the violation of this condition. A steady-state
“climax” rarely occurs because disturbance and/or climatic variability is too rapid to allow
complete competitive exclusion. The Niche Overlap Hypothesis implies that for some reason,
species in species-rich communities are able to overlap more in their resource requirements
than species in species-poor communities. This “reason” can be insufficient time for
competitive exclusion. Communities which have not yet reached equilibrium will tend to
have higher species richness than those which have.

Species can also coexist if the environment varies temporally [violating condition (2)], as
predicted by the gradual climate change, spatiotemporal heterogeneity, temporal variability,
and time partitioning hypotheses. Communities with high temporal variability will tend to
have more species than temporally stable communities. Temporal heterogeneity can be
allogenic (e.g. gradual climate change) or autogenic (e.g. shifting competitive hierarchy).
Some explanations involving temporal variability (e.g. ecological time hypothesis,
evolutionary time hypothesis, glacial extinction hypothesis) are not actually violations of
condition (2), but rather with the premise of the CEP: for historical reasons, the initial suite
of species varies in size.

Probably the most common reason for variation in richness is that condition (3) is violated.
A spatially varying environment allows species with different requirements to coexist
(environmental heterogeneity, habitat diversity, spatial variability). Having dissimilar
environments in close proximity also allows the persistence of species which would normally
be outcompeted (spatial mass effect, seed re-immigration concept). Spatial variation in the
environment is such an obvious and incontrovertible cause for coexistence that observers
often restrict their investigations to “apparently homogeneous” regions. Unfortunately, the
environment in “apparently homogenous” regions is often quite variable at small spatial scales
(cf. PALMER 1990a, LECHOWICZ & BELL 1991), and it may be in principle impossible to
factor out the effects of environmental microheterogeneity in the field (PALMER & DIXON
1990).

Condition (4) is violated when species differ in their resource requirements to the degree
that they are limited by different resources (resource ratio hypotheses, niche diversification
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Table 4. Selected definitions of the Competitive Exclusion Principle (also known as Gause’s Rule, Gause’s
Law, Gause's Hypothesis, Gause's Principle, Volterra-Gause Principle, Grinnell’s Axiom, and Volterra-Lotka
Law).

“It is, of course, axiomatic that no two species regularly established in a single fauna have precisely the
same niche relationships” (GRINNELL 1917)

“The steady state of a mixed population consisting of two species occupying an identical “ecological niche”
will be the pure population of one of them, of the better adapted for the particular set of conditions” (GAUSE
1937)

“Two species with the same niche requirements cannot form steady state populations in the same region”
(HUTCHINSON & DEEVEY 1949)

“multiple, sympatric occupation of a niche cannot long endure” (SIMPSON 1964)

“only one species population can have the same set of biological characteristics and responses to physical
parameters, and so be associated with the one particular ecological niche, and vice versa” (BOUGHEY 1973)

“The elimination of one species by another as a result of interspecific competition” (ODUM 1975)

“Two or more species cannot coexist on a single resource that is scarce relative to the demand for it”
(RICKLEFS 1976)

“Two species with the same ecology cannot coexist” (HARPER 1977)

“complete competitors cannot coexist indefinitely” (GILLER 1984)

“one niche, one species” (BARBOUR, BURK & PITTS 1987)

*“Two species cannot occupy the same niche” (BREWER 1988)

“If two competing species coexist in a stable environment then they do so as a result of differentiatiori of
their realized niches; but if there is no such differentiation, or if it is precluded by the habitat, then one competing
species will eliminate or exclude the other” (BEGON et al. 1990).

hypothesis). In Lotka-Volterra competition models (WILSON & BOSSERT 1971), this is
equivalent to the competition coefficients being less than 1 (the impact of interspecific
competition is less than that of intraspecific competition). Likewise, in de Wit replacement
series models (HARPER 1977), condition (4) is violated when the relative yield total is greater
than 1; i.e. when organisms in polyculture are more able to fully utilize resources than the
same species in monoculture. This can be labeled the “Jack Spratt phenomenon” after the
old nursery rhyme:

Jack Spratt would eat no fat;

His wife would eat no lean.

And so, between the two of them,
They kept the platter clean.

Species richness will tend to be high in regions in which species tend to be limited by
different resources.

Violation of condition (5) is equivalent to stating that species richness is regulated. In
general, a community with an advantage to rarity will have more species than a community
with no such advantage (e.g. compensatory mortality hypothesis). A special case of violating
condition (5) is when seedlings of species other than the canopy tree have a disproportionate
advantage (e.g. Janzen-Connell, alternation of species, and reciprocal replacement
hypotheses). Condition (5) can be violated in subtle ways. For example, indefinite coexistence
is possible if the inferior competitor has high variation in individual growth rates (HARA
1993). It is likely that this is the dominant mechanism of coexistence in species-rich grasslands
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Table 5. A reformulation of the Competitive Exclusion Principle.

The Principle:
Given a suite of species, interspecific competition will result in the exclusion of all but one species.

Conditions of the Principle:
(1) Time has been sufficient to allow exclusion
(2) The environment is temporally constant
(3) The environment has no spatial variation
(4) Growth is limited by one resource
(5) Rarer species are not disproportionately favored in terms of survivorship, reproduction, or growth
(6) Species have the opportunity to compete
(7) There is no immigration

Corollary:
The greater the degree to which these conditions are broken, the greater the number of species which
can coexist.

which are regularly mowed, grazed, or burnt - but it remains to be demonstrated that the
biomass of common or dominant species is disproportionately removed (i.e. the tall poppy
hypothesis). Preliminary results from simulations by the author (unpubl.) indicate that the
correlation between abundance and proportion of the biomass removed need not be particularly
strong in order to guarantee the coexistence of a large number of species.

Condition (6) is violated if the geometry of the environment precludes competition. If new
sites are made available stochastically, are spatially disjunct, and the first colonists will be
the indefinite occupants, then high richness will be permitted due to lottery establishment. If
a barrier exists between two virtually identical pieces of habitat, ecological equivalency will
allow coexistence of potential competitors because the species are not permitted to be actual
competitors. Communities with a large number of such barriers are likely to have more species
coexisting than those with fewer barriers (LEVIN 1974).

Condition (7) is very similar to condition (6) of the HWP (Tab. 3). Species richness will
be enhanced by continual immigration of new species, even if long-term coexistence is
impossible. Communities with much immigration will tend to be richer in species than those
without much immigration. Condition (7) is violated by hypotheses related to island
biogeography theory and the mass effect.

Factors qualifying conditions of the CEP

A number of explanations brought forward to explain coexistence are not directly violations
of the CEP, but are better described as modifiers of the conditions. Most of these involve
condition (1) - and modify the rate of competitive exclusion. For example, HUSTON’s (1979)
version of the intermediate disturbance hypothesis describes how high richness is expected
in unproductive regions because competitive exclusion is much slower than in more productive
regions. HART (1990) and TAYLOR et al. (1990) speculate that elevated rates of competitive
exclusion coupled with reduced species pools favor low diversity vegetation.

Increasing the similarity among species’ resource requirements will tend to slow down
exclusion [and hence modify condition (1)]; it takes a longer time for the competitively
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superior species to achieve dominance if it is almost evenly matched by other species. For
example, long-term coexistence has been predicted in systems where different plant species
arc infected by the same mycorrhizal symbiont, thereby increasing similarity of nutrient
requirements (JANOS 1983, CONNELL & LOWMAN 1989). AARSSEN (1983) speculates that
natural selection might actually cause species to converge in resource requirements, hence
delaying competitive exclusion. However, such a process is unlikely because models of
population genetics (e.g. MILLIGAN 1985) predict that species will almost always diverge in
requirements. In addition, genetic convergence in resource use has yet to be convincingly
demonstrated in the field (LUESCHER & JACQUARD 1991).

Increasing the spatial scale of study will generally result in retarding dynamics (DEANGELIS
& WATERHOUSE 1987) and hence in delaying competitive exclusion. Increasing spatial scale
will also, on average, increase environmental heterogeneity. Thus hypotheses relating area to
richness are potentially modifications of more than one condition of the CEP. The aggregation
hypothesis also modifies more than one condition: ATKINSON & SHORROCKS (1981)
demonstrate that aggregation within a species will tend to slow down competitive exclusion
rates [condition (1)], and spatially aggregated species have less opportunity to compete than
well-dispersed species [condition (6)].

Disturbance, predation, and Gause’s Principle

Disturbance is commonly thought of as an event which prevents competitive exclusion.
Then why is it not included in Tab. 5? This is because it can be considered to affect communities
through the factors already listed. By continually resetting the successional clock, it can
violate condition (1). It can create spatial and temporal variation, thus violating conditions
(2) and (3). Even a fairly simple disturbance such as mowing affects common species
disproportionately (GRIME et al. 1987) and hence violates condition (5). Disturbance may
also create isolated “patches” which allow ecological equivalency or lottery competition to
occur, violating condition (6). The reformulation of Gause’s principle makes it clear that
moderate disturbance can enhance richness in numerous ways. Predation is a factor which
plays a role similar to disturbance in communities, and likewise can be considered a violation
of various conditions, depending on its mode of action.

Simplification of Table 5

If resources are defined very broadly, conditions (2) and (3) can be merged with condition
(4). That is, if “cool, wet microsites” is a resource, or “the time period immediately after a
fire” is a resource, then 2-4 can be joined. Disturbance theory often considers “patches”,
which are defined spatially and temporally, as resources (e.g. TILMAN 1982).

Gause's Principle and the niche

One distinction between the reformulation in Tab. 5 and most previous definitions (Tab. 4)
is that it does not rely on a rigorous concept of the niche. The Hutchinsonian niche (HUTCHINSON
1957) is perhaps the most useful definition, yet it is still wrought with ambiguity (c.f. discussion
above, WHITTAKER et al. 1973, PONTIN 1982, SMITH 1990). This ambiguity is aptly described
by SMITH (1990): “Niche is one of those nebulous terms in ecology, its meaning colored by
various interpretations that equate it with habitat, functional roles, food habitats and
morphological traits... it means an organism’s place in the environment - or does it?” Given
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the difficulty with niche concepts, it is best to avoid building an ecological theory around
them.

Limitations of the approach

Not all of the hypotheses in Tab. 1 can be considered a violation of conditions of the CEP.
For example, the sampling artifact hypothesis predicts higher species richness where there
are more individuals present, simply because the number of individuals places an upper limit
on the potential number of species. Also, as previously mentioned, hypotheses which predict
different sizes of the species pool (e.g. evolutionary time hypothesis, glacial extinction
hypothesis) are violations of the premise, not the conditions, of the CEP.

Another apparent limitation of the approach is that many hypotheses are complex
interactions of forces. For example, the resource ratio hypothesis predicts coexistence as a
result of violating conditions (3) and (4). However, this is also a limitation of the HWP: any
actual case of evolution is most likely a violation of more than one condition of Tab. 3.

The CEP predicts that competitive exclusion will result in a low-diversity system. This
assumes that competitive relationships among species are fairly direct, and that higher-level
indirect interactions among species are fairly weak. However, STONE & ROBERTs (1991) and
WILSON (1992) have argued that indirect interactions often allow species to gain advantage
from the presence of competitors in a community context. This might allow high-richness
communities because of (not in spite of) strong competition. If such situations are common,
then any approach relating species richness to the CEP is suspect.

There is a major difference between the CEP and the HWP which cautions against
overextending the analogy. The HWP predicts that change will not take place if none of the
conditions are violated, but the CEP predicts that change will occur. The purpose of the
analogy proposed here is not to “map” the CEP onto the HWP, but to argue that the CEP can
be structured in a way which has been pedagogically and organizationally useful in another
discipline.

Equilibrium and the CEP

The CEP is often viewed as the central organizing concept in an equilibrium view of
ecology. Over the past several decades, however, there has been an increasing appreciation
that many, if not most, communities are not in equilibrium. This awareness is symbolized in
a 1990 Ecological Society of America symposium entitled “The shift from an equilibrium to
a non-equilibrium paradigm in ecology” (MURDOCH 1991). The title is derived from the ideas
of KUHN (1970), who argues that scientific revolutions occur in times of paradigm shifts (that
is, changes in world view). It is difficult to envision what a nonequilibrium paradigm could
be like. This is probably because “nonequilibrium paradigm” is an oxymoron: nonequilibrium
is a concept which only makes sense in the context of equilibrium, and therefore cannot be
treated as an independent field of study, even if equilibrium conditions never exist (see
KOETSIER et al. 1990). Perhaps the realization that nonequilibrium conditions are pervasive
should not be considered a paradigm shift, but merely a shift in emphasis, part of what Kuhn
considers “normal science” as opposed to “revolutionary science”. Alternatively, we can view
changes in ecology as a shifting of metaphors, as BOTKIN (1990) puts it, from the community
as an organism, to the community as a machine, to something quite different, without
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profoundly changing our models of coexistence.

CONCLUSION

I propose modelling the CEP after the HWP of population genetics. Although the
Hardy-Weinberg equilibrium probably never exists, the principle has played a formative role
in evolutionary theory. Likewise, I treat competitive exclusion as a central organizing concept
in community ecology, though the relaxation. disruption, or prevention of interspecific
competition is probably the status quo in most communities.

CODA

Itis unlikely that the huge mass of competing hypotheses, paradigms, classification schemes,
etc. will be resolved any time soon. The study of coexistence is truly unique in the complexity
of the proposed hypotheses and their interrelationships. GENTRY (1988) pointed out that many
experts on species richness, faced with such complexity, have been forced to change their
views substantially, though in quite diverse directions. In the midst of this chaos, we can take
comfort by remembering another uniqueness of the coexistence problem: it is probably the
only scientific endeavor which has a patron saint, Santa Rosalia (HUTCHINSON 1959).

Acknowledgments: I wish to thank the organizers of the Lippmaa Symposium for inviting me to present this
paper, and for their warm hospitality. I also thank the United States National Academy of Sciences for providing
support for travel to Estonia. This paper profited from discussions with Bob Peet, Eddy van der Maarel, and
Kristjan and Martin Zobel. I thank three anonymous reviewers for their comments.

REFERENCES

AARSSEN L.W. (1983): Ecological combining ability and competitive combining ability in plants: toward a
general evolutionary theory of coexistence in systems of competition. - Am. Nat. 122: 707-731.

AARSSEN L.W. (1992): Causes and consequences of variation in competitive ability in plant communities. -
J. Veg. Sci. 3: 165-174.

ABUGOV R. (1982): Species diversity and the phasing of disturbance. - Ecology 63: 289-293.

ADAMS J M. & WOODWARD EI. (1989): Patterns in tree species richness as a test of the glacial extinction
hypothesis. - Nature 339: 699-701.

ATKINSON W.D. & SHORROCKS B. (1981): Competition on a divided an ephemeral resource: a simulation
model. - J. Anim. Ecol. 50: 461-471.

AUCLARR AN. & GOFF F.G. (1971): Diversity relations of upland forests in the western Great Lakes area. -
Am. Nat. 205: 499-528.

AUERBACH M. & SHMIDA A. (1987): Spatial scale and the determinants of plant species richness. - Tr. Ecol.
Evol. 2: 238-242.

BARBOUR M.G., BURK J.H. & PITTs W.D. (1987): Terrestrial plant ecology. - Benjamin Cummings, Menlo
Park.

BEGON M., HARPER J.L. & TOWNSEND C.R. (1990): Ecology: individuals, populations, and communities. -
Blackwell Scientific, Boston.

BENGTSSON J., FAGERSTROM T. & RYDIN H. (1994): Competition and coexistence in plant communities. -
Tr. Ecol. Evol. 9: 246-250.

BOTKIN D.B. (1990): Discordant Harmonies: a new ecology for the twenty-first century. - Oxford University
Press, New York.

BOUGHEY A.S. (1973): Ecology of populations. - MacMillan, New York.

BREWER R. (1988): The science of ecology. - Saunders College Publications, Philadelphia.

BROWN J.H. (1988): Species diversity. - In: MYERS A.A. & GILLER PS. [eds.]: Analytical biogeography,



Unification of richness hypotheses 523

Chapman and Hall, New York, pp. 57-89.

BROWN J.H. & DAVIDSON D.W. (1977): Competition between seed-eating rodents and ants in desert ecosystems.
- Science 196: 880-882.

BROWN J.H. & KODRIC-BROWN A. (1977): Turnover rates in insular biogeography: effect of immigration on
extinction. - Ecology 58: 445-449.

BURROUGH P.A. (1981): Fractal dimensions of landscapes and other environmental data. - Nature 294: 240-242.

BUSH E.O., AHO J M. & KENNEDY C.R. (1990): Ecological versus phylogenetic determinants of helminth
parasite community richness. - Evol. Ecol. 4: 1-20.

BUTTERFIELD H. (1957): The origins of modern science. - Collier Books, New York.

CAsE T.J. (1991): Invasion resistance, species build-up and community collapse in metapoputation models
with interspecies competition. - Biol. J. Linn. Soc. 42: 239-266.

COLEMAN B.D., MARES M.A., WILLIG M.R. & HSIEH Y.-H. (1982): Randomness, area, and species richness.
- Ecology 63: 1121-1133.

COLLIER B.D., CoX G.W., JOHNSON A.W. & MILLER P.C. (1973): Dynamic ecology. - Prentice-Hall, Englewood
Cliffs.

COLLINS S.L. (1992): Fire frequency and community heterogeneity in tallgrass prairie vegetation. - Ecology
73: 2001-2006.

CONDIT R., HUBBELL S.P. & FOSTER R.B. (1992): Recruitment near conspecific adults and the maintenance
of tree and shrub diversity in a neotropical forest. - Am. Nat. 140: 261-286.

CONNELL J.H. (1978): Diversity in tropical rain forests and coral reefs. - Science 199: 1302-1309.

CONNELL J.H. & LOWMAN M.D. (1989): Low-diversity tropical rain forests: some possible mechanisms for
their existence. - Am. Nat. 134: 88-119.

CONNELL J.H. & ORIAS E. (1964): The ecological regulation of species diversity. - Am. Nat. 98: 399-414.

CORNELL H.V. & LAWTON J.H. (1992): Species interactions, local and regional processes, and limits to the
richness of ecological communities: a theoretical perspective. - J. Anim. Ecol. 61: 1-12.

CousINSs S.H. (1989): Species richness and the energy theory. - Nature 340: 350-351.

CRAWLEY M.J. (1986): The structure of plant communities. - In: CRAWLEY M.J. [ed.]: Plant Ecology, Blackwell,
Oxford, pp. 1-50.

CURRIE D.J. (1991): Energy and large-scale patterns of animal- and plant- species richness. - Am. Nat.
137: 27-49.

DEANGELIS D.L. & WATERHOUSE J.C. (1987): Equilibrium and nonequilibrium concepts in ecological models.
- Ecol. Mon. 57: 1-21.

DIAMOND J. (1988): Factors controlling species diversity: overview and synthesis. - Ann. Miss. Bot. Gard.
75: 117-129.

DOBZHANSKY T. (1950): Evolution in the tropics. - Am. Sci. 38: 209-221.

FAGERSTROM T. (1988): Lotteries in communities of sessile organisms. - Tr. Ecol. Evol. 3: 303-306.

FoXx I.F. (1977): Alternation and coexistence of tree species. - Am. Nat. 111: 69-89.

GAUSE G.F. (1937): Experimental populations of microscopic organisms. - Ecology 18: 173-179.

GENTRY A.H. (1988): Changes in plant community diversity and floristic composition on environmental and
geographical gradients. - Ann. Miss. Bot. Gard. 75: 1-34.

GILLER P.S. (1984): Community structure and the niche. - Chapman and Hall, London.

GLEASON H.A. (1925): Species and area. - Ecology 6: 66-74.

GRIME J.P. (1973): Control of species density in herbaceous vegetation. - J. Env. Manage. 1: 151-167.

GRIME ].P, MACKEY JM.L, HILLIER S.H. & READ D.J. (1987): Floristic diversity in a model system using
experimental microcosms. - Nature 328: 420-422.

GRINNELL J. (1917): The niche-relationships of the California Thrasher. - Auk 34: 427-433.

GRUBB P. (1977): The maintenance of species richness in plant communities: the importance of the regeneration
niche. - Biol. Rev. 52: 107-145.

HAIRSTON N.G., ALLAN J.D., COLWELL R K., FUTUYMA D.J., HOWELL J., LUBIN M.D., MATHIAS J. & VAN
DER MEER J.H. (1968): The relationship between species diversity and stability: an experimental approach
with protozoa and bacteria. - Ecology 49: 1091-1101.

HARA T. (1993): Effects of variation in individual growth on plant species coexistence. - J. Veg: Sci. 4: 409-416.

HARDY G.H. (1908): Mendelian proportions in a mixed population. - Science 28: 49-50.



524 M.W. Paimer

HARMAN W.N. (1972): Benthic substrates: their effect on freshwater molluscs. - Ecology 53: 271-272.

HARPER J.L. (1977): Population biology of plants. - Academic Press, London.

HART T.B. (1990): Monospecific dominance in tropical rain forests. - Tr. Ecol. Evol. 5: 6-11.

HAUKISALMI V. & HENTTONEN H. (1993): Coexistence in helminths of the bank vole Clethrionomys glareolus.
I1. Intestinal distribution and interspecific interactions. - J. Anim. Ecol. 62: 230-238.

HAWKINS B.A., SHAW M.R. & ASKEW R.R. (1992): Relations among assemblage size, host specialization,
and climatic variability in North American parasitoid communities. - Am. Nat. 139: 58-79.

HEATWOLE H. (1991): Factors affecting the number of species of plants on islands of the Great Barrier Reef,
Australia. - J. Biogeogr. 18: 213-221.

HOFSTADTER D.R. (1980): Gédel, Escher, Bach: an eternal golden braid. - Random House, New York.

HOLT R.D. (1992): A neglected facet of island biogeography: the role of internal spatial dynamics in area
effects. - Theor. Popul. Biol. 41: 354-371.

HUSTON M. (1979): A general hypothesis of species diversity. - Am. Nat. 113: 81-101.

HUSTON M.A. (1985): Patterns of species diversity on coral reefs. - Ann. Rev. Ecol. Syst. 16: 149-177.

HUTCHINSON G.E. (1958): Concluding remarks. - Cold Spring Harbor Symp. Quant. Biol. 22: 415-427.

HUTCHINSON G.E. (1959): Homage to Santa Rosalia, or, why are there so many kinds of animals? - Am. Nat.
93: 145-159.

HUTCHINSON G.E. & DEEVEY E.S. (1949): Ecological studies on populations. - Surv. Biol. Prog. 1: 325-359.

JANOS D.P. (1983): Tropical mycorrhizas, nutrient cycles and plant growth. - In: SUTTON S.L., WHITMORE
T.C. & CHADWICK A C. [eds.]: Tropical rain forest: ecology and management, Blackwell Scientific, Oxford,
pp. 327-345.

JANZEN D.H. (1970): Herbivores and the number of trec species in tropical forests. - Am. Nat. 104: 501-528.

JENKINS J.B. (1979): Genetics. - Houghton Mifflin Company, Boston.

JONES C.G. & LAWTON J.H. (1991): Plant chemistry and insect species richness of British umbellifers. -
J. Anim. Ecol. 60: 767-777.

KELLY B.J., WILSON J.B. & MARK A F. (1989): Causes of the species-area relation: a study of islands in Lake
Manapouri, New Zealand. - J. Ecol. 77: 1021-1028.

KINGSLAND S.E. (1991): Defining ecology as a science. - In: REAL L.A. & BROWN J.H. [eds.]: Foundations
of ecology, University of Chicago Press, Chicago, pp. 1-13.

KOETSIER P, DEY P, MLADENKA G. & CHECK J. (1990): Rejecting ecological theory - a cautionary note. -
Bull. Ecol. Soc. Am. 71: 229-230.

KOHYAMA T. (1993): Size-structured tree populations in gap-dynamic forests - the forest architecture hypothesis
for the stable coexistence of species. - J. Ecol. 81: 131-143.

KUHN T.S. (1970): The structure of scientific revolutions. - University of Chicago Press, Chicago.

LATHAM R.E. (1992): Co-occurring tree species change rank in seedling performance with resources varied
experimentally. - Ecology 73: 2129-2144,

LATHAM R.E. & RICKLEFs R.E. (1993): Global patterns of tree species richness in moist forests: energy-diversity
theory does not account for variation in species richness. - Oikos 67: 325-333.

LAVOREL S. & LEBRETON J.D. (1992): Evidence for lottery recruitment in Mediterranean old fields. - J. Veg.
Sci. 3: 91-100.

LECHOWICZ M. & BELL G. (1991): The ecology and genetics of fitness in forest plants. II. Microspatial
heterogeneity of the edaphic environment. - J. Ecol. 79: 687-696.

LEVIN S.A. (1974): Dispersion and population interactions. - Am. Nat. 108: 207-228.

LOREAU M. (1992): Time scale of resource dynamics and coexistence through time partitioning. - Theor. Popul.
Biol. 41: 401-412.

LUBCHENCO J. (1978): Plant species diversity in a marine intertidal community: importance of herbivore food
preference and algal competitive abilities. - Am. Nat. 112: 23-39.

LUESCHER A. & JACQUARD P. (1991): Coevolution between interspecific plant competitors? - Tr. Ecol. Evol.
6: 355-358.

MACARTHUR R.H. (1965): Pattern of species diversity. - Biol. Rev. 40: 510-533.

MACARTHUR RH. & LEVINS R. (1967): The limiting similarity, convergence, and divergence of coexisting
species. - Am. Nat. 101: 377-385.

MACARTHUR R.H. & WILSON E.O. (1967): The theory of island biogeography. - Princeton University Press,



Unification of richness hypotheses 525

Princeton.

MAY R.M. (1988): How many species are there on Earth? - Science 241: 1441-1449.

MCINTOSH R.P. (1985): The background of ecology. - Cambridge University Press, Cambridge.

MILLIGAN B.G. (1985): Evolutionary divergence and character displacement in two phenotypically-variable,
competing species. - Evol. 39: 1207-1222.

MILNE B.T. (1991): Lessons from applying fractal models to landscape pattemns. - In: TURNER M.G. & GARDNER
R.H. [eds.]: Quantitative methods in landscape ecology, Springer-Verlag, Berlin, pp. 199-235.

MILNE B.T. & FORMAN R.T.T. (1986): Peninsulas in Maine: woody plant diversity, distance, and environmental
patterns. - Ecology 67: 967-974.

MOHLER C.L. (1990): Co-occurrence of oak subgenera: implications for niche differentiation. - Bull. Torr. Bot.
Club 117: 247-255.

MURDOCH W.W. (1991): Equilibrium and non-equilibrium paradigms. - Bull. Ecol. Soc. Am. 72: 49-51.

NILSSON C. & WILSON S.D. (1991): Convergence in plant community structure along disparate gradients: are
lakeshores inverted mountainsides? - Am. Nat. 137: 774-790.

NILSSON C., GRELSSON G., DYNESIUS M., JOHANSSON M.E. & SPERENS U. (1991): Small rivers behave like
large rivers: effects of postglacial history on plant species richness along riverbanks. - J. Biogeogr.
18: 533-541.

NILSSON S.G., BENGTSSON J. & As S. (1988): Habitat diversity or area per se? Species richness of woody
plants, carabid beetles, and land snails on islands. - J. Anim. Ecol. 57: 685-704.

Noss R.F. (1991): Effects of edge and internal patchiness on avian habitat use in an old-growth Florida
hammock. - Nat. Areas J. 11: 34-47.

ODUM EP. (1959): Fundamentals of ecology. - Saunders, Philadelphia.

ODUM E.P. (1975): Ecology. - Holt, Rinehart and Winston, New York.

OSBORNE L.L. & WILEY M.J. (1992): Influence of tributary spatial position on the structure of warmwater
fish communities. - Can. J. Fish. Aquat. Sci. 49: 671-681.

PAGEL M.D., MAY RM. & COLLEE AR. (1991): Ecological aspects of the geographical distribution and
diversity of mammalian species. - Am. Nat. 137: 791-815.

PAINE R.T. (1966): Food web complexity and species diversity. - Am. Nat. 100: 65-75.

PALMER M.W. (1987): Variability in species richness within Minnesota oldfields: a use of the variance test. -
Vegetatio 70: 61-64.

PALMER M.W. (1988): Fractal geometry: a tool for describing spatial patterns of plant communities. - Vegetatio
75: 91-102.

PALMER M.W. (1990a): Spatial scale and pattems of species-environment relationships in hardwood forests
of the North Carolina piedmont. - Coenoses 5: 79-87.

PALMER M.W. (1990b): Spatial scale and patterns of vegetation, flora and species richness in hardwood forests
of the North Carolina piedmont. - Coenoses 5: 89-96.

PALMER M.W. (1991): Patterns of species richness among North Carolina hardwood forests: tests of two
hypotheses. - J. Veg. Sci. 2: 361-366.

PALMER M.W. (1992): The coexistence of species in fractal landscapes. - Am. Nat. 139: 375-397.

PALMER M.W. & DIXON PM. (1990): Small scale environmental variability and the analysis of species
distributions along gradients. - J. Veg. Sci. 1: 57-65.

PEET R.K. & CHRISTENSEN N.L. (1980): Hardwood forest vegetation of the North Carolina Piedmont. - Veroff.
Geobot. Inst. ETH Stift. Riibel, Ziirich 69: 14-39.

PETRAITIS P.S., LATHAM R E. & NIESENBAUM R.A. (1989): The maintenance of species diversity by disturbance.
- Quart. Rev. Biol. 64: 393-418.

PIANKA E.R. (1966): Latitudinal gradients in species diversity: a review of concepts. - Am. Nat. 100: 33-46.

PIANKA E.R. (1973): The structure of lizard communities. - Ann. Rev. Ecol. Syst. 4: 53-74.

PICKETT S.T.A. (1980): Non-equilibrium coexistence of plants. - Bull. Torr. Bot. Club 107: 238-248.

PIMENTEL D. (1968): Population regulation and genetic feedback. - Science 159: 1432-1437.

PIMM S.L. (1991): The balance of nature? - The University of Chicago Press, Chicago.

PONTIN A.J. (1982): Competition and coexistence of species. - Pitman, London.

POPPER K. (1935): Logik der Forschung: Zur Erkenntnistheorie der modernen Naturwissenschaft. - Springer,
Wien.



526 M.W. Palmer

QUINN LF. & HARRISON S.P. (1988): Effects of habitat fragmentation and isolation on species richness: evidence
from biogeographic pattemns. - Oecologia 75: 132-140.

REAL R, VARGAS J M. & ANTNEZ A. (1993): Environmental influences on local amphibian diversity: the role
of floods on river basins. - Biodivers. Conserv. 2: 376-399.

REBELE F. (1992): Colonization and early succession on anthropogenic soils. - J. Veg. Sci. 3: 201-208.

REX M.A. (1981): Community structure in the deep sea benthos. - Ann. Rev. Ecol. Syst. 12: 331-353.

RICKLEFs R.E. (1976): The economy of nature. - Chiron Press, Portland.

RICKLEFs R.E. (1979): Ecology. - Chiron Press, New York.

RICKLEFs RE. (1987): Community diversity: relative roles of local and regional processes. - Science
235: 167-171.

ROBINSON G.R. & QUINN J.F. (1988): Extinction, turnover and species diversity in an experimentally fragmented
California annual grassland. - Oecologia 76: 71-82.

SAMSON D.A., PHILIPPI T.E. & DAVIDSON D.W. (1992): Granivory and competition as determinants of annual
plant diversity in the Chihuahuan desert. - Oikos 65: 61-80.

SANDERS H.L. (1968): Marine benthic diversity: a comparative study. - Am. Nat. 102: 243-282.

SCHOENER A. (1988): Experimental island biogeography. - In: MYERS A A. & GILLER P.S. [eds.): Analytical
Biogeography, Chapman and Hall, New York, pp. 483-512.

ScHurp E.W. (1992): The Janzen-Connell model for tropical tree diversity: population implications and the
importance of spatial scale. - Am. Nat. 140: 526-530.

SCHWARTZ M.W. (1988): Species diversity pattems in woody flora on three North American peninsulas. -
J. Biogeogr. 15: 759-774.

SHMIDA A. & ELLNER S. (1984): Coexistence of plant species with similar niches. - Vegetatio 58: 29-55.

SHMIDA A. & WILSON M.V. (1985): Biological determinants of species diversity. - J. Biogeogr. 12: 1-21.

SILVERTOWN J. (1980): The dynamics of a grassland ecosystem: botanical equilibrium in the park grass
experiment. - J. Appl. Ecol. 17: 491-504.

SIMPSON G.G. (1964): Species density of North American recent mammals. - Syst. Zool. 13: 57-73.

SMITH R.L. (1990): Ecology and field biology. - Harper & Row, New York.

STEVENS G.C. (1992): The elevational gradient in altitudinal range: an extension of Rapoport’s latitudinal rule
to altitude. - Am. Nat. 140: 893-911.

STONE L. & ROBERTS A. (1991): Conditions for a species to gain advantage from the presence of competitors.
- Ecology 72: 1964-1972.

SZENTKIRALYI F. & KOZAR E (1991): How many species are there in apple insect communities? Testing the
resource diversity and intermediate disturbance hypotheses. - Ecol. Ent. 16: 491-504.

TANGNEY R.S., WILSON J.B. & MARK A.F. (1990): Bryophyte island biogeography: a study in Lake Manapouri,
New Zealand. - Oikos 59: 21-26.

TAYLOR D.R., AARSSEN L.W. & LOEHLE C. (1990): On the relationship between r/K selection and environmental
carrying capacity: a new habitat templet for plant life history strategies. - Oikos 58: 239-250.

TERBORGH J. (1977): Bird species diversity on an Andean elevational gradient. - Ecology 58: 1007-1019.

TILMAN D. (1982): Resource competition and community structure. - Princeton University Press, Princeton,
New Jersey.

TILMAN D. (1985): The resource ratio hypothesis of succession. - Am. Nat. 125: 827-852.

TSCHARNTKE T. (1992): Cascade effects among four trophic levels: bird predation on galls affect
density-dependent parasitism. - Ecology 73: 1689-1698.

WARNER R.R. & CHESSON P.L. (1985): Coexistence mediated by recruitment fluctuations: a field guide to the
storage effect. - Am. Nat. 125: 769-787.

WHITTAKER R.H. (1965): Dominance and diversity in land plant communities. - Science 147: 250-260.

WHITTAKER R H., LEVIN S.A. & ROOT R.B. (1973): Niche, habitat, and biotope. - Am. Nat. 107: 321-338.

WILLIAMSON M.H. & LAWTON J.H. (1990): Fractal geometry of ecological habitats. - In: BELL S.S. [ed.}:
Habitat structure, Chapman and Hall, London, pp. 69-86.

WILSON D.S. (1992): Complex interactions in metacommunities, with implications for biodiversity and higher
levels of selection. - Ecology 73: 1984-2000.

WILSON E.O. & BOSSERT W.H. (1971): A primer of population biology. - Sinauer Associates, Sunderland.

WILSON J.B. (1990): Mechanisms of species coexistence: twelve explanations for Hutchinson’s paradox of the



Unification of richness hypotheses 527

plankton: evidence from New Zealand plant communities. - N.Z. J. Ecol. 13: 17-42.

WILSON J.B., GITAY H. & AGNEW A.D.Q. (1987): Does niche limitation exist? - Funct. Ecol. 1: 391-397.

Woobs K.D. (1979): Reciprocal replacement and the maintenance of codominance in a beech-maple forest.
- Oikos 33: 31-39.

ZIMMERMAN J.L. (1992): Density-independent factors affecting the avian diversity of the tallgrass prairie
community. - Wilson Bull. 104: 85-94.

ZOBEL M. (1992): Plant species coexistence - the role of historical, evolutionary and ecological factors. - Oikos
65: 314-320.



528 M.W. Palmer

APPENDIX

Table 1. Hypotheses explaining coexistence or variation in species richness. The citations are examples of
studies using the hypotheses by name; however, they do not necessarily represent proponents, nor the originators
of the terms. Superscripts refer to the condition(s) of the competitive exclusion principle (Tab. 5) which is
(are) broken or modified; “P” refers to a violation of the premise of the principle, and “?” means it is not clear
which conditions are involved.

Aggregation (Hypothesis) (WILSON 1990, ATKINSON & SHORROCKS 1981)!*6
Alterate Life-History Strategies (SHMIDA & ELLNER 1984)
Alternation of Species (FOX 1977)

Area (per se) Hypothesis/ Effects (NILSSON et al. 1988, HoLT 1992)
Balanced Competition Theory (ZOBEL 1992)

Biochemical Barrier Hypothesis (JONH & LAWTON l99|)

Cascade Effects (TSCHARNTKE l992)

Circular (Competitive) Networks Hypothesis (WILSON 1990, AARSSEN 1992)
Climatic Stability (Variation) Hypothesis (Theory) (SANDERS 1968)
Common Chemistry Hypothesis (JONES & LAWTON l99l)

Compensatory Mortality Hypothesis (CONNELL 1978, GILLER 1984)
Competition Hypothesis/Theory (SANDERS 1968, GILLER 1984)

Competitive Combining Ability Hypothesis (AARSSEN 1983)!

Complete Equality Hypothesis (AARS?EN 1992)

Complex Interactions (WILSON 1992)°

Consumer Strategies (DIAMOND I988F)

C-S-R Model (TAYLOR et al. 1990)

Cyclic Regeneration Hypothesis (SHMIDA & ELLNER 1984)
Cyclic Succession Hypothesis (WILSON 1990)

Distance effect (WILSON & BOSSERT 1971, SCHOENER |988)

Distance from Coast Model (NILSSON et al. 1991)

Disturbance Heterogeneity Model (COl LINS 1992)* 23

Disturbance Phasing (ABUGOV 1982) 23

Diverse Defence Hypothesis (JONES & LAWTON |99l)

Diversity-Stability Hypothesis (HAIRSTON et al. 1968)

Dynamic Equilibrium Hypothesis (HUSTON 1979, SMITH 1990)

Ecological Combining Ability Hypothesis (AARSSEN 1983)*

Ecological Equivalency Hypothesis (SHMIDA & WILSON I985)

Ecological Time Hypothesis (COLLIER ct al. 1973, GILLER 1984)

Edge Effect (SMITH 1990, Noss 1991)*7

Enemy Escape Hypothesis (JONES & LAWTON 1991)°

Energy Theory (COUSINS 1989, CURRIE 1991, LATHAM & RICKLEFS 1993)™
(Environmental) Favourability (Favourableness) Hypothesis (GILLER 1984, BROWN 1988)°
Environmental Harshness (Hypothesis) (BEGON et al. 1990)

Environmental Heterogeneity (Variability) Hypothesis (AARSEN 1992, GILLER 1984, PALMER 1991y}
Environmental Stability Hypothesis (COLLIER et al. I973)

Environment-Distance Hypothesis (MILNE & FORMAN l986§3 7

Equal Chance Hypothesis (CONNELL 1978, WILSON 1990)

Equilibrium Hypothesis (BROWN 1988, KELLY et al. l989)

Evolutionary Time Hypothesis (GILLER 1984, SMITH 1990)

Favourableness-Severity Hypothesis (REAL et al. 1993)

Forest Architecture Hypothesis (KOHYAMA I993)

Fundamental Niche Differentiation (LATHAM 1992)

Gaussian Coexistence Hypothesis (AARSSEN 1983)

Genetic Feedback (PIMENTEL I968)

1.3.6,P

2,345

P34
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Glacial Extinction Hypothesis (ADAMS & WOODWARD 1989)

Global Biological Constraints (PALMER 1992)

Gradual (Climate) Change Hypothesis (CONNELL 1978, GILLER 1984)

Habitat Area Hypothesis (PALMER 1992) 16

Habitat Change Model (SCHWARTZ 1988)

Habitat Differentiation (WHITTAKER 1965)

Habitat Dlvcrsny (Complexity, Heterogeneity) Hypothesis (TERBORGH 1977, SHMIDA & WILSON 1985, BROWN
1988)

Historical Effects (QUINN & HARRISON 1988)"2'p

Immigration-Extinction Hypothesis (OSBORNE & WILEY 1992)

Incidence Function Hypothesis (KELLY et al. l989)

Initial Patch Composition Hypothesis (WILSON 1990)°

Intermediate - Timescale Disturbance Hypothesis (WILSON 1990)l 2

Intermediate Disturbance Hypothes:s (CONNELL 1978, HUSTON 1979)" 2347

Internal Storage Effect (HOLT |992)

Janzen-Connell Hypothesis (CONDIT et al. 1992, SCHUP‘P 1992)

Keystone Predators/Granivory (SAMSON et al. 1992)

Life History Differences Hypothesis (WILSON 1990)

Limiting Similarity (MACARTHUR & LEVINS 1967)*

Lottery (Establishment) (Hypothesis) (FAGERSTROM 1988, AARSEN 1992, LAVOREL & LEBRETON 1992)

(MacArthur-Wilson) Island Biogeography Theory (Many Hypotheses) (MACARTHUR & WILSON 1967) 12367p

Musical Chairs Model (CRAWLEY 1986)

Mycorrhiza Hypothesis (CONNELL & LOWMAN 1989)

Niche Breadth (BROWN 1988)*

Niche Dimensions (Hypothesis) (PIANKA 1973)

Niche Diversification/ Differentiation/ Segregation/ Separation (Hypothesis) (WHITTAKER 1965, CONNELL
1978, CRAWLEY 1986, WILSON 1990, HAUKISALM! & HENTTONEN 1993)™

Niche Heterogeneity (CORNELL & LAWTON l992)

Niche Overlap (Hypothesis) (PIANKA |973)

Niche Relations (Hypothesis) (SHMIDA & Wll..SON I985)

Nonequilibrium coexistence (PICKETT 1980)

Pest (Predator) Pressure Hypothesis (WILSON 1990)

Predation Hypothesis (Theory) (PAINE 1966 SANDERS 1968)

Priority Effects (QUINN & HARRISON 1988)°

Probability Refuge (HAUKISALMI & HENTTONEN 1993)°

Productivity Hypothesis/Theory (SANDERS 1968, BROWN l988)

Random Placement Hypothesis (KELLY et al. 1989)

Rapoport-Rescue Hypothesis (STEVENS 1992)

Reciprocal Replacement (WOODS 1979)°

Refuges (CRAWLEY 1986)°

Regeneration Niche Hypothesis (GRUBB 1977, MOHLER 1990)2’34

Rescue effect (BROWN & KODRIC-BROWN 1977, STEVENS 1992)’

Resource-Fragmentation Hypothesis (HAWKINS et al. 1992)3 6

Resource Heterogeneity (Diversity) Hypothesis (TSCHARNTKE 1992, SZENTKIRALY! & KOZAR 1991)

Resource Partitioning (CRAWLEY l986)4

Resource Quality (DIAMOND 1988)

Resource Ratio Hypothesis (TILMAN 1985)

Resource Richness - Species Richness H,)'pothesm (MLMAN 1985)

River Size Model (NILSSON et al. 1991)°

Sampling Artifact Hypothesis (PALMER 1991)

Sawration Hypothesis (ZIMMERMAN 1992)"

Scale Model (NILSSON et al. 1991)

Seed Re-immigration Concept (ZOBEL ]992)
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Selective Herbivory (CRAWLEY 1986)°

Shifting Competitive Hierarchy (LATHAM 1992)?

Simpson Hypothesis (MILNE & FORMAN 1986)

Small Island Effect (HEATWOLE 1991, KELLY et al. 1989)"%7
Small Island Habitat Hypothesis (TANGNEY et al. 1990, KELLY et al 1989)°
(Spatial) Mass Effect Hypothesis (WILSON 1990, PALMER 1992)%7
Spatial Variability (Heterogeneity) Hypothesis (GILLER l984 BBGON et al. 1990)
Spatictemporal Heterogeneity (CORNELL & LAWTON 1992)
Species-Interactive Theory of Island Biogeography (CASE 1991)
Species-Pool Hypotheses (TAYLOR et al. 1990, R.F.BELE l992)
Species Themselves as Niches (DIAMOND 1988)

Stability-Time Hypothesis (SANDERS 1968)

Stabilizing Coevolution Hypothesm (WILSON 1990)*

Stepping Stone Effect (HOLT 1992)’

Storage Effect (Hypothesis) (WARNER & CHESSON 1985)
Structural Heterogeneity Hypothesis (TF.RBORGH 1977)
Subdivision Effects (ROBINSON & QUINN 1988)

Supersaturation Effect (DIAMOND 1988)

Tall Poppy Hypothesis (PIMM 1991)

Temporal Mass Effect (Hypothesis) (SHMIDA & ELLNER 1984)>7
Temporal Variability (Hypothesis) (DIAMOND 1988)

Theory of Random Placement (COLEMAN et al. I982)

Time Hypothesis (BUSH et al. 1990)

Time Partitioning (LOREAU 1992)

3



