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The population component of a species’ niche corresponds to the
distribution of individuals across environments within a region. As
evolutionary clades of species diversify, they presumably fill niche
space, and, consequently, the rate of increase in species numbers
slows. Total niche space and species numbers appear to be relatively
stable over long periods, and so an increase in the species richness of
one clade must be balanced by decrease in others. However, in sev-
eral analyses, the total population niche space occupied per clade is
independent of the number of species, suggesting that species in
more diverse clades overlap more in niche space. This overlap
appears to be accommodated by variation in the populations of
each species, including their absence, within suitable niche space. |
suggest that the uneven filling of niche space results from localized
outcomes of the dynamic coevolutionary interactions of popula-
tions with their pathogens or other antagonists. Furthermore, |
speculate that relationships with pathogens might constrain diver-
sification if pathogen diversity increased with host diversity and
resulted in more frequent host switching and emergent disease.
Many indirect observations are consistent with these scenarios.
However, the postulated influence of pathogens on the filling of
niche space and diversification of clades primarily highlights our
lack of knowledge concerning the space and time dimensions of
coevolutionary interactions and their influence on population dis-
tribution and species diversification.
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E ach species occupies a part of the ecological space available in
the environment, usually referred to as its “ecological niche.”
Although the niche has been difficult to define precisely, most
treatments consider conditions of the physical environment,
characteristics of resources—whether soil nutrients, plants, or
animal prey—and the traits of other interacting species (i.e.,
competitors, mutualists, predators, and pathogens) as important
axes of ecological space that are partitioned among species (1, 2).
In this essay, I distinguish individual and population niche space,
the former reflecting primarily evolutionary adaptations of indi-
viduals to exploit resources and the latter, primarily reflecting
demographic processes maintaining populations at a particular
place. Of course, the population component of the niche also is
influenced by adaptations of individuals to the range of environ-
mental conditions over space within a region.

Both components of niche space can be defined for any partic-
ular species and also for a set of species, of which those comprising
an evolutionary clade descended from a common ancestor are
most relevant here. Adaptive radiations of species fill niche space
by evolutionary diversification, yet both phylogenetic analyses (3,
4) and paleontological studies (5, 6) suggest that diversification is
constrained and that individual clades typically enjoy a limited
period of rapid radiation early in their existence. The number of
species varies widely among clades, reflecting ecological con-
straints including competitors, the positions of clades with respect
to phases of diversification and decline, and inherent variation
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among clades in the rate of diversification. Regardless of the cause,
ecologists poorly understand the way in which clades of different
size fill available niche space and whether niche filling constrains
further diversification. Although diversification also can create
niche space, evolution probably haslittle influence on the sum over
species of the population component of niche space within a
region, which is determined primarily by variation in climate and
other physical variables.

In this essay, I consider several aspects of niche filling by clades
from which one may infer that populations of species in larger
clades do not exhibit reduced average breadth of the population
niche over gradients of ecological conditions but rather fill suitable
habitat less completely. I speculate that uneven filling of pop-
ulation niche space might represent varying local outcomes of
pathogen-host coevolutionary interactions. Moreover, the diver-
sity, frequency, and/or intensity of these interactions might
increase with clade size and provide a mechanism for diversity-
dependent feedbacks on the rate of diversification. Conceivably,
periods of rapid diversification by small clades follow the acqui-
sition of genetic resistance factors by host lineages; evolutionary
responses by pathogens might subsequently constrain further
species formation and filling of niche space. Although these ideas
receive indirect support from different quarters, there is a need for
continuing local field studies on niche filling and host—pathogen
coevolutionary relationships and for phylogenetic analyses of the
history of host-pathogen associations on appropriate scales as well
as the development of suitable theory and simulation analyses to
model these processes.

The Niche Concept

Although the niche has been a key concept in the development of
ecological thinking, it defies precise definition. The niche is vari-
ously thought of as a place in the natural world, particularly a
habitat, microhabitat, or range of suitable environmental con-
ditions (7), or as the role a species plays in the ecosystem defined,
in part, by its resources and consumers (8). Interest in niche
approaches to understanding ecological communities (1) and
geographic distributions (9) has increased recently, in part as a
result of two analytical/conceptual developments. One of these
developments is ecological niche modeling, based on ecological
conditions at locations recorded for a species; this modeling can be
used to predict the distribution of a species when ranges are poorly
sampled (10-12). The modeled niche and predicted distribution
correspond to the population component of niche space.

A second conceptual development arose out of the idea of evo-
lutionary niche conservatism and the notion, dating at least to
Charles Darwin, that closely related species are similar ecologically
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and therefore likely to compete intensely for ecological resources
(13, 14). Accordingly, closely related species might exclude each
other locally, although their similar tolerances of environmental
conditions might lead to closer association when viewed at broader
environmental scales (15, 16).

Although these developments are closely allied with earlier
ideas about the niche, they also reflect the dual nature of the
niche emphasized here, pertaining partly to how individuals fit in
their local habitats and partly to the distribution of populations
over space within regions. Ecological niche modeling draws
attention to the population niche as it is distributed across spatial
environmental gradients, whereas phylogenetic community
analysis emphasizes the evolutionary diversification of individual
traits and the influence of ecological interactions on the niche
space occupied by individuals (13, 17).

Individual and Population Components of the Niche. Ecologists tra-
ditionally distinguish between fundamental and realized niches
(2, 12, 18). The first represents the combinations of conditions
and resources over which an individual or a population could
persist in the absence of competitors, predators, and pathogens.
Those other species can exclude a population from parts of the
local environment or from regions which have marginally sup-
portive conditions; the remaining distribution is the realized
niche. Species in nature rarely, if ever, fill out their fundamental
niches. Moreover, because each species is sensitive to the pres-
ence of others, the realized niche is context-dependent.

Viewed from a different perspective, the niche is seen to have
two complementary parts. The individual component reflects the
adaptations of the organism to use resources and avoid sources
of mortality. This component expresses the activities of the
individual and is defined locally, that is, within the individual’s
spatial range of activity. The population component reflects the
persistence of a species over its geographic distribution. Over
space, physical conditions of the environment and the availability
of resources change, influencing the birth and death rates of
individuals and the ability of a population to maintain itself
locally. In addition, where individuals produce offspring in excess
of the number needed to maintain a population locally, dispersal
to less favorable areas can extend the boundaries of the pop-
ulation niche—a phenomenon variously called a “mass effect”
(19), “core-satellite relationship” (20), or “source-sink rela-
tionship” (21, 22).

The distinction between the individual and population com-
ponents of the niche strikes me as important because these
components reflect different, albeit interacting, properties of
species. The individual component expresses evolutionary
adaptations of the phenotype to attributes of the habitat within
which it lives: food types, foraging substrates, escape space, and
so on. Different factors additionally influence the distributions of
populations (23). For example, regional gradients in conditions
such as precipitation and temperature (24, 25) cannot be parti-
tioned by individuals of different species within a habitat. The
partitioning of environmental space among populations within a
region is an epiphenomenon, or emergent property, expressing
the adaptations of individuals through population demography.
This population component of the niche also reflects interactions
with other species. Thus, the ability of a population to maintain
itself over a particular range of environments cannot be pre-
dicted exclusively from the adaptations of its individuals but
rather depends as much on the other species that are competing
for the same resources or using the focal species as a resource.

Lability of the Population Niche. The breadth and relative abun-
dance of population niches are sensitive to competitors and
consumers. For example, islands support fewer species than
continental assemblages and therefore have reduced interspecific
competition and predation. As a result, many island species
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exhibit “ecological release” in the form of higher local densities
and broader distributions across environments (26, 27). On
islands in the West Indies and surrounding continental areas in
the Caribbean Basin, the local relative abundance and habitat
distribution of individual species of small land birds across
matched environments varied from 2-fold to 3-fold in inverse
relationship to the 6-fold variation in number of species per area,
presumably reflecting the increasing pressure of interspecific
competition (Fig. 1) (28). The density of all populations con-
sidered together was similar across areas, regardless of species
richness (29), as one might expect from the similar biological
productivity of each of these areas.

The evolutionary lability of the population component of the
niche is apparent in nested analyses of variance that partition the
total variance in a trait into components representing differences
among species within genera, genera within families, families
within orders, and so on. Measures of population density and
geographic range size typically are most variable at low taxo-
nomic levels, primarily among species within genera, reflecting a
high degree of niche lability (30-32). For example, among non-
raptorial land birds of South America, most of the variance in
the number of zoological regions (a measure of geographic dis-
tribution over continental ranges of environmental conditions),
number of habitats occupied (referring to vegetation types), and
relative abundance resides at the level of differences between
closely related species (Fig. 2). Only the habitat stratum within
which a species is most active—ground, forest understory, mid-
level, or canopy—is conserved taxonomically; stratum partly
reflects morphological adaptations for movement over substrates
that are shared among species in higher taxa (genera and fami-
lies) (33).

Similarly, for the 250 species of trees on the 50-ha forest
dynamics plot on Barro Colorado Island, Panama (https://ctfs.
arnarb.harvard.edu/webatlas/datasets/bci/abundance/bciN100.
html), 68% of the variance in abundance (average number of
individuals per species in six 5-year censuses) resides at the
level of species within genera and 32% at the level of genera
within families, mostly representing variation among mono-
specific genera in this analysis.

General and Specific Variation in Niche Breadth. Variations in average
habitat niche breadth and local population density of birds among
regions in the Caribbean Basin represent general community-wide
differences in competition and exploitation pressure. Among species
within a region, as among birds within the continent of South America
or among trees on Barro Colorado Island, such variations reflect
specific differences in the productivity of populations influencing the
population component of niche breadth. Because most of the var-
iance occurs among congeneric species, this variation in the pop-
ulation component of the niche cannot reflect general environmental
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Fig. 1. Decrease in local abundance and habitat breadth of species
observed over nine matched habitats ranging from grassland to cloud forest
on five islands in the West Indies and two continental areas (Trinidad and
Panama) of the Caribbean Basin. [From Ricklefs (28) based on data in Cox
and Ricklefs (29) and Wunderle (109).]
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Fig. 2. Taxonomically nested analysis of variance (order, family, genus,
species) in measures of geographic range, habitat breadth, and relative
abundance. Data refer to 3,033 species of nonraptorial land birds of South
America and are from Stotz et al. (72), who reported the number of zoo-
logical regions (of 22) and number of forested (of 14) and open (of 14)
habitats occupied by each species. Abundance was assigned to one of four
ordinal categories (rare, fairly common, common, or abundant). Habitat
stratum was assigned to one of five ordinal categories (ground, understory,
midcanopy, canopy, or aerial).

conditions, to which all species are exposed, or conserved adaptations
within clades. Instead, this variation must signal particular relation-
ships of individual species to their environments—for example,
between each species and its specialized pathogens or other antago-
nists. Coevolutionary relationships between pathogens and their
hosts likely shift the balance of productivity back and forth between
host and parasite populations, a phenomenon shown experimentally
years ago by David Pimentel (34) and incorporated into the taxon
cycle concept of expanding and contracting ranges by Ricklefs and
Cox (35). I'suggest that localized coevolutionary outcomes can cause
a population to be absent from otherwise suitable environments and
furthermore that the suppressing effects of pathogens might increase
with species richness within a clade.

Evidence for highly specific and evolutionarily dynamic inter-
actions can be seen in the different susceptibilities of closely
related species to pathogens. For example, the North American
gray squirrel introduced to the British Isles harbors an endemic
viral pathogen that is fatal to the closely related native red squirrel
(36). Similarly, the native Scandinavian crayfish Astacus astacus
was decimated by a freshwater fungal pathogen introduced to
European lakes with the related North American crayfish Paci-
fastacus leniusculus, which resists the disease but effectively carries
the fungus (37). The invasive chytrid fungus Batrachochytrium
dendrobatidis, which is responsible for declines in many anuran
populations worldwide, selectively causes extinction of primarily
locally distributed species, whereas other widespread anurans
serve as reservoirs for the pathogen (38).

Local (island-specific) and independent (species-specific)
coevolutionary outcomes in host-pathogen interactions are evi-
dent in endemic biotas, as well. For example, in surveys of
hemosporidian parasites in populations of avian hosts in the
Lesser Antilles, the prevalence of a particular blood parasite
(Haemoproteus coatneyi) in a single host varies strikingly across
islands, often in inverse relationship to its prevalence in an
alternative host (39). Why could such coevolutionary interactions
not influence the abundance, and even the presence, of a species
in an otherwise suitable location? Variation in relative abundance
and in the breadth of ecological distribution among closely related
species suggests, at least, that the population component of the
niche might reflect the outcomes of coevolutionary interactions
that occur on time scales within the life span of a species.

Evolutionary Diversification and the Filling of Niche Space

Thinking about diversification is colored by adaptive radiations of
species in isolated archipelagoes (40-44), where colonists expe-
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rience few constraints from established biotas. The fossil record
reveals similar bursts of adaptive radiation following mass
extinctions or within taxa that have entered, according to Simp-
son’s (5) terminology, new “adaptive zones” following the evo-
lution of “key innovations.” Species richness and morphological
variation typically increase quickly (e.g., ref. 45), filling previously
unoccupied niche space, before a clade begins to dwindle toward
extinction (46).

These often spectacular occurrences obscure the continuing
diversification and replacement of evolutionary lineages (clades)
within apparently saturated niche space. Paleontological evi-
dence often reveals long periods of relatively constant numbers
of species and morphological variety. For example, the numbers
of species of mammals (47) and tropical forest trees (48, 49) have
varied little (probably within a factor of 2) over the 60 million
years since the early Tertiary recovery following the end-
Cretaceous extinctions.

Constrained overall diversity need not imply stasis in the sizes
of clades but rather that increases in some clades are balanced,
on average, by declines in others. Molecular phylogenetic
reconstructions of ancestral relationships within contemporary
clades frequently reveal initial phases of rapid species diversifi-
cation (4, 50-52), often in association with generation of mor-
phological disparity (45, 53, but see ref. 54). These transient
phases of evolutionary activity are followed by relative stasis in
the number of ancestral lineages (3), consistent with the general
absence of a correlation between clade size and clade age (55—
59). Apparently, ecological space on much of the earth is now
relatively filled and has been filled for a long time. By implica-
tion, niche space resists finer subdivision, and species richness
has become largely self-limiting through diversity-dependent
feedbacks on speciation and extinction (3, 6, 60-62).

Rapid diversification early in the history of modern clades,
followed by relative stasis, has several implications for under-
standing the evolutionary filling of niche space. Assuming that
overall species richness has been relatively constant, diversifica-
tion within some clades must be balanced by the shrinking of
others. Growing clades either fill niche space vacated by extinc-
tion or force other clades out of occupied niche space, causing
species extinction. Potential drivers of diversification and extinc-
tion can be extrinsic, including persistent environmental changes
that shift the spectrum of niche space and cause extinction of
species but also open new ecological opportunities. These drivers
also can be intrinsic, including stochastic variation in speciation
and extinction as well as the origin of evolutionary novelty in
lineages that subsequently diversify at the expense of others.
Adaptations that increase the occupation of niche space also
might promote diversification and drive the replacement of spe-
cies over time within the same niche space through competitive
exclusion. How such diversifying clades become self-limited is not
understood but possibly is related to the way in which clades fill
niche space.

Extrinsic and intrinsic drivers of species turnover might result in
different temporal patterns in the initiation of clade diversification.
Clumping of clade ages would suggest a role for external drivers
acting during periods of rapid environmental change. Conversely,
clades whose diversification was independently initiated by internal
drivers might exhibit random distribution of origins over time. The
origin of a particular clade can be taken as its crown age, that is, the
age of the initial lineage split in the reconstructed phylogeny. In a
global dataset of avian clades assembled by Phillimore and Price (4)
from available time-calibrated molecular phylogenies (not neces-
sarily a random sample of clades), clade ages were clumped be-
tween about 8 and 10 Mya (Fig. 3), possibly associated with the late
Miocene cooling and drying of the global climate (63). The same
climate trends evidently opened new areas of arid habitat for plant
diversification in southern Africa, as is apparent in phylogenetic
reconstructions (64).
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Fig. 3. (Left) Cumulative number of avian clades (e) compiled by Phillimore
and Price (4) as a function of clade age. (Right) Cumulative number of pri-
marily genus-level clades assembled by Weir (52) for high-elevation (O) and
low elevation (e and regression line) South American land birds. The slope of
the relationship between cumulative clades and time is the rate of clade
origination in the respective samples.

Weir (52) assembled phylogenies for mostly genus-level clades
of lowland and Andean tropical South American birds. The
crown ages of the lowland clades were distributed evenly
between 2 and 12 Mya (Fig. 3); in contrast, the majority of high-
elevation clades originated between 5 and 8 Mya, corresponding
to a period of rapid uplift of the northern Andes that also was
associated with diversification of plant clades (65-67). At least in
the case of Neotropical lowland birds, clade initiation appears
unrelated to persistent environmental change (see also ref. 3).

Whereas clades begin to diversify at intervals over time, they
also dwindle to extinction at some rate. Thus, as one goes back in
time, the cumulative number of clades with progressively older
origins should approach an equilibrium value in the same way that
the number of species on an island approaches a colonization—
extinction equilibrium (68, 69). If clades originated at rate C per
million years, and extant clades went extinct at rate E, then, at
equilibrium, the cumulative number of clades (V) would increase
with clade age () according to N = (C/E)[1 — exp(—Et)], toward a
steady-state number equal to C/E. Applied to a sample of crown
ages for clades of various higher organisms, estimates of clade
extinction rate varied between 0.040 and 0.105 per million years,
equivalent to average persistence times between about 10 and 25
million years (Fig. 4).

Although clade definition is arbitrary, most clades that are the
focus of phylogenetic studies include modest numbers (average
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Fig. 4. Increase in the cumulative number of clades with increasing age in a
sample assembled according to other criteria by McPeek and Brown (110)
and McPeek (3). Estimated rates of extinction were arthropods, 0.070 +
0.003; birds, 0.093 + 0.010; fish, 0.105 + 0.021; mammals, 0.062 + 0.014;
flowering plants (Magnoliaphyta), 0.040 + 0.009.

1268 | www.pnas.org/cgi/doi/10.1073/pnas.0913626107

23 in this sample) of closely related but distinctive species, often
belonging to a single genus. The fitted cumulative curves in Fig. 4
suggest an underlying dynamic in the appearance and dwindling
of clades over time. It is unlikely that extinctions leading to a
decrease in clade size occur at random, because the average
persistence time of a clade of size S under random extinction is
on the order of § species durations (70), a period that, typically
being more than a million years per species, is too long.
Accordingly, clade extinction would appear to be more deter-
ministic than random, resulting either from environmental
change or pressure from other competing or exploiting species.
In the latter case, clade turnover would result from evolutionary
processes intrinsic to a biota.

Species Richness and Niche Space

Niche Packing. Larger clades must occupy more niche space
overall, pack niche space more densely (either through less niche
space per individual species or greater niche overlap between
species), or utilize some combination of the two strategies.
Increased competition for resources limits population pro-
ductivity and causes a decrease in the abundance or distribution
of each population, or both, on average. Moreover, partitioning
of the individual and population components of niche space
among species, as a mechanism to reduce interspecific com-
petition, is widely thought to be a prerequisite for species
coexistence (71). This partitioning should be apparent as
reduced local density and geographic distribution of individual
populations.

Using the number of zoogeographic zones and number of
habitats occupied per species compiled by Stotz et al. (72) for the
land birds of South America, Ricklefs (59) showed that both the
average number of habitats and the average number of zoogeo-
graphic zones occupied per species were independent of the size
of family-level clades. Thus, regardless of the size of a clade,
individual species occupy population niches of the same average
breadth. With population niches of more or less constant breadth,
variation in diversity among clades could be accommodated by the
total niche space occupied by all the species in a clade. However,
of 14 types of forested habitat and 14 types of open habitats, only
0.4 and 0.8 habitats, respectively, were added to the population
niche space occupied by each clade for each 10-fold increase in
number of species (59).

These findings suggest that higher species richness within clades
results in more dense packing of population niches. Accordingly,
and assuming that clades do not overlap strongly in ecological
niche space, the populations in larger clades would bear more
competition from closely related species and exhibit lower local
density on average. I tested this prediction with censuses of
passerine birds in three local census plots (ca. 10 ha) in tropical
rainforests in Peru (73), French Guiana (74), and Panama (75)
and found no relationship between the average density of pop-
ulations and the number of co-occurring species per family (59).
The sums of the population densities within each family increased
in direct proportion to the local number of species, and these
“family” densities were highly correlated among plots, indicating
consistent patterns of niche filling by clades across tropical South
and Central America. The generality of this pattern is shown by a
similar analysis for tree species on Barro Colorado Island, which
revealed the same absence of a relationship between the number
of species in each family-level taxon and the average abundance of
each species in that taxon (Fig. 5).

This unexpected lack of diversity-dependence in the breadth
of population niches and local population density across clades
of different size might reflect increasing total within-habitat
(individual) niche space occupied as a function of clade size.
Individual trees, at least for species that reach the canopy of the
forest, occupy nonoverlapping physical space and do not obvi-
ously partition local ecological space, particularly where the
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Fig.5. Average abundances of species of trees within family-level taxa on the
50-ha forest dynamics plot on Barro Colorado Island, Panama, based on the
average number of individuals for each of 250 species in six 5-year censuses.
Families with the same number of species are separated slightly to show the
standard deviations of abundance among species. (Data from https://ctfs.
arnarb.harvard.edu/webatlas/datasets/bci/abundance/bciN100.html.) Neither
the family mean abundance (F;;54 = 0, P = 0.95) nor the SD of abundance
within families (F; 34 = 1.35, P=0.25) was related to the number of species per
family.

environment is relatively uniform (76, 77). Thus, species-rich
clades of trees probably do not command more within-habitat
niche space than species-poor clades.

In contrast, many species of bird have overlapping activity
spaces locally, and the summed within-habitat niche space used
by members of a clade could increase with the number of species
(78). Globally, the log-transformed standard deviation of mor-
phological variation within family-level clades of passerine birds
increases about 12% as rapidly as the logarithm of the number of
species (e.g., ref. 79). Thus, the volume of morphological space,
which might be regarded as a surrogate for ecological space (80,
81), increases slowly compared with species richness. Overlap
between clades can be estimated by misassignment of species to
clades using morphology-based discriminant analysis. Among 25
family-level clades of passerine birds for which I have measured
10 or more species, 629 of 1,221 species, or 52%, were correctly
placed (R. E. Ricklefs, unpublished data). The correct placement
per family averaged 60% and decreased by 25% for each 10-fold
increase in number of species. Thus, on a global basis, larger
clades occupy more morphological space and overlap with other
clades to a greater degree, but not enough to explain the
diversity-independence of local population density.

Saturation of the Population Niche Space. One explanation for
diversity-independence of population components of the niche,
at least as observed in passerine birds, is that as the number of
species increases, the filling of suitable niche space by each
population (i.e., its presence or absence in an appropriate envi-
ronment) declines. Using Breeding Bird Surveys in North
America, Hurlbert and White (31, 82) found that many species

of breeding land birds were not detected in suitable habitats
within their geographic ranges. Range occupancy was positively
correlated with mean abundance and niche breadth within the
occupied geographic area; however, all three measures might be
considered as components of niche filling.

Not all space within a geographic range provides appropriate
habitat for a species, but aspects of habitat suitability, such as
climate, can be included in assessing distributions by ecological
niche modeling, which develops predictive relationships between
the presence/absence or the abundance of species and particular
environmental variables (10, 11, 83). As in the case of range
occupancy, however, species often are absent from locations that
otherwise are judged to be appropriate (84-86). Of course, niche
models might lack critical environmental variables for a particular
species and thus fail to characterize its niche space adequately.

Another approach is to let the distributions of species across
locations indicate suitable niche space. Ordination methods
place localities in a multivariate space based on the distribution
of species across the localities (87) and presumably allow a fauna
to indicate the general suitability of sites on multiple derived
axes. One might assume that the statistically most important
longer axes represent a fauna-eye view of variation in niche
space, with the shorter axes representing preferences of a small
number of specialist species or stochastic variation in abundance.
Even with this approach, which may delineate consistently
occupied parts of the niche space, most species are sparsely
distributed within or even absent from large portions of appa-
rently suitable niche space (Fig. 6).

Coevolution and the Filling of Niche Space. What causes geographic
variation in the presence or abundance of the population of a
species in suitable niche space? Presumably, adaptations of
individuals to the physical conditions and resources of the
environment should not be a factor, because individual species
often are absent from suitable locations, as shown by the dis-
tribution of their populations elsewhere (88). Dispersal limi-
tation can result in the absence of species where they might
persist otherwise, particularly in regions with dynamic climates
(89), but probably cannot explain holes in geographic dis-
tributions over reasonably uniform regions. Allee effects (18, 90,
91) and priority effects (92, 93) also might be important. Alter-
natively, variation in the occupation or saturation of suitable
niche space might reflect the balance of locally coevolved
interactions of a population with predators and pathogens. Suf-
ficient demographic pressure, particularly from pathogens, might
drive a host population to extinction locally, creating a hole in
the suitable niche space.

The elements necessary for depopulating suitable niche space
are broadly understood: profound population impacts of emerg-
ing diseases with rapid dynamics of host—pathogen coevolution,
sometimes revealed by the release of invasive exotic species from
pathogen, predator, or herbivore pressure (94); occurrence of
localized sink populations in unsuitable habitat, with insufficient
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dispersal from productive areas to balance death and emigration
(21); and localized coevolutionary outcomes (95-99), which are
the foundation of the mosaic of coevolution (100). The temporal
and spatial dimensions of coevolutionary outcomes are poorly
understood and presumably depend on population characteristics
of the interacting species, particularly the rate of evolution com-
pared with the rate of dispersal.

Poor dispersal within a population relative to the shifting bal-
ance of host and pathogen adaptations is prerequisite to estab-
lishing a mosaic of coevolutionary outcomes. For example, the
prevalence of individual avian hemosporidian lineages can vary
strikingly within the same host species in neighboring, ecologically
similar islands in the Lesser Antilles, between which there is little
host dispersal (101) but exhibits more uniform distribution over
continental areas with less restricted host and parasite movement
(102). Virulence can shift through host and pathogen evolution
within a few generations, as in the case of the myxomatosis virus in
Australian rabbits (103), but phases of expansion and contraction
in the distributions of West Indian birds, which might reflect
coevolutionary outcomes based on the appearance of rare
mutations (35, 104), appear to occur at intervals on the order of
hundreds of thousands of years (69). Clearly, the temporal and
spatial dimensions of coevolutionary interactions causing changes
in host populations deserve further investigation.

Clade Size and Constraints on Diversification. With respect to clade
diversification, several observations require explanation: (i) the ini-
tial phase of rapid diversification apparent in many clades; (ii) sub-
sequent constraint on further increase in species richness; and
(@ii) variation in niche space and population distribution among
species within a clade. Each of these aspects can be tied speculatively
to varying outcomes of host—pathogen coevolution. Achieving
resistance to particularly important pathogens (i.e., pathogens that
constrain population size) might initiate a phase of rapid diversifi-
cation. Suppression of pathogens leading to high population pro-
ductivity, saturation of niche space, and broad geographic
distribution might increase opportunities for population subdivision
and species formation. I have argued elsewhere that specialized
pathogens might prevent secondary sympatry by sister taxa and
reduce diversification within clades (105, 106). Suppression of
pathogens would reduce this impediment to diversification. In this
case, pathogen resistance could be regarded as a key innovation.

In this scenario, rapid diversification within a clade could be
brought to an end by subsequent coevolution of pathogens, tending
to reduce host population sizes and restrict their geographic dis-
tribution. Specialized pathogens also might constrain diversifica-
tion if rates of host switching were to increase in proportion to the
diversity of hosts and their pathogens. In a more diverse clade, each
host species might be liable to invasion from a greater source pool
of pathogens endemic to a larger set of closely related host species.
Not only would diverse pathogens reduce host population size and
distribution, they also might reduce the potential for achieving
secondary sympatry and therefore slow the accumulation of local
diversity and reduce the potential for further allopatric speciation.
Localized outcomes of host—pathogen coevolutionary interactions
also could account for variation in niche space and population
distribution among closely related species—lability in the pop-
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ulation component of the niche—leading to the sporadic occupa-
tion of otherwise suitable niche space.

Although the elements of these ideas are plausible and fit what
is known about the distributions of species and the outcomes of
host—pathogen interactions, our knowledge in these areas is
insufficient to characterize the underlying mechanisms. Without
knowing which pathogens exert constraining influences on host
populations, the temporal and spatial extent of their coevolu-
tionary outcomes, the degree of host specialization, and rates of
switching between hosts, it will be difficult to evaluate these
ideas. Consideration of these hypotheses exposes how little we
know about the interactions of species in nature and the pro-
cesses that control diversification, species coexistence, and the
filling of ecological niche space. Moreover, to the extent that
specialized pathogens limit host population size, niche space will
have almost as many dimensions as the number of important
pathogens in the environment, and the important niche dimen-
sions for each species will change through time with the varying
outcomes of coevolutionary relationships.

Predictions arising from coevolutionary hypotheses for the
filling of niche space might be testable to varying degrees. More
extensive assessments of population niche filling are needed to
construct an empirical foundation. Spatial variation in coevolu-
tionary outcomes is accessible through reciprocal transplant and
reciprocal exposure experiments (e.g., refs. 107, 108). Moreover,
host population size should vary inversely with the presence of
virulent pathogens. If pathogens constrained diversification
within clades through reducing the probability of successful sec-
ondary sympatry, one also would expect species in larger clades to
exhibit a higher diversity of specialized pathogens. Possibly,
nonconstraining pathogens would exhibit similar patterns and
might serve as model systems relating parasite and host diversity.

Clearly, the ecological space for every species includes the dis-
tribution and abundance of coevolving pathogenic and mutualistic
species. Testing the ideas outlined in this essay requires that such
influences on host populations be assessed with reference to space
within regions and to their distribution within clades of hosts.
Although niche theory in the past has focused primarily on com-
petitive relationships between species and the partitioning of
ecological resources, it is possible that pathogens and other
antagonist populations reduce host/prey populations in a shifting
pattern of local coevolutionary outcomes that allow the species
within a clade to coexist within otherwise similar niche space. A
more speculative extension of this idea is that pathogen diversifi-
cation and host-switching also might constrain the diversification
of their hosts in a diversity-dependent fashion and thus limit clade
size. These possibilities present a major challenge for ecologists
and evolutionary biologists and emphasize the importance of
integrated training across fields that span microbiology and ecol-
ogy as well as the need for basic data on the distribution and
abundance of populations in the context of clade diversification
and the filling of the population component of the niche space.
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