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There is extensive evidence that some species of ecological gen-
eralists, which use a wide diversity of resources, are in fact
heterogeneous collections of relatively specialized individuals. This
within-population variation, or ““individual specialization,” is a key
requirement for frequency-dependent interactions that may drive
a variety of types of evolutionary diversification and may influence
the population dynamics and ecological interactions of species.
Consequently, it is important to understand when individual spe-
cialization is likely to be strong or weak. The niche variation
hypothesis (NVH) suggests that populations tend to become more
generalized when they are released from interspecific competition.
This niche expansion was proposed to arise via increased variation
among individuals rather than increased individual niche breadth.
Consequently, we expect ecological generalists to exhibit stronger
individual specialization, but this correlation has been repeatedly
rejected by empiricists. The drawback with previous empirical tests
of the NVH is that they use morphological variation as a proxy
for niche variation, ignoring the role of behavior and complex
phenotype—function relationships. Here, we used diet data to
directly estimate niche variation among individuals. Consistent
with the NVH, we show that more generalized populations also
exhibit more niche variation. This trend is quite general, appearing
in all five case studies examined: three-spine stickleback, Eurasian
perch, Anolis lizards, intertidal gastropods, and a community of
neotropical frogs. Our results suggest that generalist populations
may tend to be more ecologically variable. Whether this translates
into greater genetic variation, evolvability, or ecological stability
remains to be determined.

frequency dependence | individual specialization | niche expansion

Variation is the raw material for evolution by natural selec-
tion. Consequently, evolutionary biologists have been very
interested in describing the forces that create and maintain
phenotypic variation within natural populations. In 1965, Van
Valen (1) proposed the “niche variation hypothesis” (NVH),
which suggests that “populations with wider niches are more
variable than populations with narrower niches” (2). This hy-
pothesis sought to explain the observation that bird populations
inhabiting oceanic islands tend to be more morphologically
variable than their mainland counterparts (1). Van Valen sug-
gested that island birds evolve to use a wider diversity of
resources when they are released from stabilizing selection
imposed by interspecific competitors. This increased niche
breadth (“ecological release”) could, in principle, be achieved in
two ways. First, all individuals might shift to use the full set of
available resources (Fig. la). Alternatively, each individual
might continue to use a narrow range of resources but diverge
from its conspecific competitors to minimize resource use over-
lap and competition. Increased population diet breadth is thus
achieved by greater between-individual variation (Fig. 1b). Van
Valen argued that the latter scenario might be “a major cause of
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variation in at least higher animals and plants. In other words,
much variation is probably adaptive in itself and is not part of the
genetic or phenotypic load” (1).

Although the NVH is intuitively appealing and has some
empirical support (1, 3-7), it also has been heavily criticized on
both empirical and theoretical grounds. A reanalysis of some of
the data that first inspired the NVH found that island popula-
tions of common chaffinches (Fringilla coelebs) were in fact not
more variable than their mainland counterparts (8). Other
studies have failed to find any relationship between population
diet breadth and phenotypic variance [in 7 passerine species (9);
6 species of central African birds (2); 9 species of grasshoppers
(10); 39 species of carnivorous mammals (11); as well as blue tits
(12, 13), chaffinches (14), hummingbirds (15), and mongooses
(16)]. In Anolis lizards, initially supportive evidence that jaw size
variance increased with mean jaw size (thought to impart greater
niche breadth) (17) was subsequently reinterpreted as a simple
consequence of growth trajectories (18). The NVH was further
undermined by theoretical models of niche width evolution that
found that ecological release should occur by increased within-
rather than between-individual niche diversity (19-21). This is
because generalist individuals have access to a wider range of
resources and therefore have higher fitness than more special-
ized individuals. The exception occurs when functional tradeoffs
limit the abilities of individuals to efficiently use a wide range of
prey types; in which case, individual niche breadth might remain
limited even as the population diversifies (19, 22).

One of the drawbacks of the previous tests of the NVH is their
emphasis on morphological variation. In fact, the logic under-
lying the NVH does not require that niche expansion lead to
increased morphological variation per se. Rather, any phenotypic
trait, whether morphological or behavioral, might be favored by
selection if it allows an individual to use a novel set of resources
and thus mitigate intraspecific competition (23). For instance,
the Cocos Island finches (Pinaroloxias inornata) are one of only
four resident bird species on Cocos Island, which is covered by
tropical wet forest. As expected by the NVH, the finches use a
broad array of resources and exhibit substantial niche variation
(24). However, the among-individual variation in foraging ap-
pears to be entirely behavioral, being uncorrelated with any
measured morphological traits. A more appropriate test of the
NVH, therefore, would be to examine whether among-individual
niche variation itself increases with population niche breadth.

Author contributions: D.I.B. designed research; D.I.B., R.S., M.S.A., and L.P. performed
research; D.I.B., R.S., and M.S.A. analyzed data; and D.I.B. wrote the paper.

The authors declare no conflict of interest.
Abbreviations: NVH, niche variation hypothesis; TNW, total niche width.

To whom correspondence should be addressed at: Section of Integrative Biology, One
University Station C0930, University of Texas, Austin, TX 78712. E-mail: danbolnick@
mail.utexas.edu.

© 2007 by The National Academy of Sciences of the USA

PNAS | June 12,2007 | vol. 104 | no.24 | 10075-10079

ECOLOGY




Lo L

P

1\

BN AS DN AS P

-
2
o
= a
> /
o
c
(]
=]
o
2 ™
o b

Prey size

Prey size

Fig. 1. lllustration of two alternative patterns of population niche expan-

sion. A population that uses a narrow range of prey sizes can increase its
population niche breadth (bold lines) in two ways. (a) All individual niche
breadths (thin lines) can expand resulting in no increased niche variation
among individuals. (b) Individual niche breadths can remain limited, whereas
individuals diverge from each other to increase among-individual variation.

We tested for a correlation between niche variation and niche
breadth within five disparate taxa (Table 1), by using actual
patterns of resource use rather than a morphological proxy.

Results

Within-population diet variation increased with population
niche breadth in all five taxa examined (Fig. 2). Linear regression
confirmed a significant positive slope in each case (Table 2). Diet
variation in Nucella snails was established by longitudinal ob-
servation of multiple prey capture events over time. In stickle-
back, perch, and the frogs, diet variation was inferred from
variance in stomach contents of individuals in a cross-sectional
sample. One concern with such cross-sectional samples was
whether the current diet of an individual is representative of its
long-term behavior. We addressed this concern in two ways.
First, correlations between stomach contents and morphology or
stable isotope signatures confirmed that the present diet was
representative of long-term behavior. Diet variation in stickle-
back and perch has been confirmed by both morphological

Table 1. Information about case studies used

correlations and isotopes (D.L.B., unpublished results; R.S.,
unpublished results). In frogs, diet variation has been confirmed
by stable isotope analyses (25).

Second, we tested whether the degree of diet variation could
be accounted for by individuals sampling stochastically from a
common diet distribution. Individuals can appear to be heter-
ogeneous if there is limited diet information for each individual
in a population. Small stomach size or resource competition may
constrain the number of prey recorded per individual to just a
couple of prey items; in which case, gut contents may underes-
timate the diversity of prey actually eaten. By extension, cross-
sectional diet studies will tend to overestimate the variation
among individuals. This artifact becomes more severe as the
actual diet breadth increases, because samples of diets of indi-
viduals are proportionally smaller and hence more likely to
underestimate individual niche breadth. It is therefore possible
that the positive slope in Fig. 2 arises from this sampling artifact.
We used a resampling procedure to recreate this artifact as a null
expectation for the relationship between population niche
breadth and diet variation for each of our case studies (dotted
lines in Fig. 2; see Materials and Methods). Raw data were not
published in the Anolis study (26), so the null model could not
be applied. In the remaining four case studies, the null model did
indeed predict a positive relationship between diet variation and
population niche breadth (Fig. 2). However, a generalized linear
model confirmed that the observed trends were significantly
steeper than the null model would predict in each case (Table 2),
indicating that the increase in diet variation was more than a
sampling artifact. In addition, the observed level of diet variation
was significantly greater than could be explained by random
sampling from a common diet distribution (exceptions were one
sample in perch and one sample in the frogs).

Discussion

Our results confirm that more generalized populations also tend
to be more ecologically heterogeneous. This trend appears to be
quite general, holding across a diverse set of taxa: two teleost
fishes, lizards, several species of tropical frogs, and intertidal
gastropods. It also holds at multiple scales of comparison. The
two fish studies reflect more and less generalized samples from
within single populations because of temporal variation in perch
(27) and experimentally altered population density in stickleback
(28). The Anolis data set, in contrast, reflects geographic pop-
ulations that are more or less generalized (26). The Nucella and

Groups
Common sampled,
name Latin name Type of data Description of groups used to calculate niche variation Refs.
Three-spine Gasterosteus Prey taxon counts in Fish held within each of 10 experimental enclosures 27
stickleback aculeatus stomach contents plus a wild-caught control group; enclosures were

Eurasian perch  Perca fluviatilis Prey taxon counts in

stomach contents

Whelk Nucella spp. Repeated
prey-capture
observations

Brazilian Adenomera sp., Prey taxon counts in

savannah Eleutherodactylus stomach contents
frogs sp., Leptodactylus
fuscus,

Proceratophrys sp.

Anolis lizards Anolis sagrei Prey size distribution

in stomach contents

kept at different densities and in distinct
microhabitats

Large and small age classes within a single lake, 26
sampled each year from 1992 to 2000

Two geographic populations each of N. emarginata 28, 29
and N. melones; one population of N. melones was
sampled in 2 years

One geographic population per species, divided into 30, 31
wet- and dry-season groups

Different island populations 25
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Fig.2. Correlation between diet variation among individuals (V) and the TNW
of the population (see Materials and Methods for details). The empirical results
are shown with filled circles. Crosses (and the dotted regression line) indicate the
expected trend under a null model in which diet variation arises solely by indi-
viduals randomly sampling a limited set of prey from a shared prey distribution.
Diet variation for Anolis lizards was measured based on variances of prey sizes
(BIC/TNW) rather than the Shannon-Weaver diversity index. Hence, the scale for
both diet variation and niche breadth are different from the other taxa.

frog data sets include among-species as well as temporal and
geographic variation in population niche width (25, 29-31).
Of the five case studies evaluated here, three involved popu-
lations that may reasonably be expected to have experienced
some degree of ecological release. The three-spine stickleback

and perch populations studied both have no major fish compet-
itors. Variation in total niche width (TNW) in these populations
was a result of population density differences, with larger
population niche breadth when intraspecific competition was
strong. Niche width differences among Anolis populations were
also a result of competitive release, being more generalized on
islands with fewer congeneric competitors (26). The Brazilian
frogs, by contrast, inhabit a species-rich community where
ecological release and niche variation would be unexpected.
Different levels of niche variation in the frogs are due to seasonal
variation in prey abundance rather than the number of compet-
itors (31). We hypothesize that competitive release could occur
even in this species-rich system if interspecific competition were
strong in the dry season, when prey are scarce, but weak in the
wet season, when prey may be so abundant that competing
species would have little effect. The ecological reasons for niche
width differences among Nucella samples is unknown.

Our results thus suggest that the NVH may be more widely
applicable than generally appreciated. This conclusion also implies
that foraging tradeoffs are widespread. In the absence of tradeoffs,
we would expect all individuals in a panmictic population to use
essentially the full array of available resources (19). Instead, we
observe individual niche widths remaining roughly constant within
a given study system, even as the population niche width expands.
The implication is that there are constraints on individual niche
width, most readily explained by biomechanical, cognitive, or
physiological tradeoffs that prevent individuals from efficiently by
using a diverse set of resources (23).

The patterns we describe here may have been overlooked
previously because past tests of the NVH have focused exclu-
sively on morphological variation (2, 10). However, the associ-
ation between morphological and functional variation can be
quite weak because of complex many-to-one mapping of mor-
phological structures onto biomechanical functions (32) and
because of the influence of behavioral variation (24). For
example, in three-spine stickleback, morphology has a strong and
consistent effect on diet within a given population. Individuals
with deeper bodies, larger gape, and fewer/shorter gill rakers
consumed more benthic invertebrate prey and fewer zooplank-
ton (refs. 28 and 33; M.S.A., P. R. Guimaraes, D.I.B,, R. S,
A. Pinheiro, E. G. Martins, and S. F. Reis, unpublished results).
Despite this correlation between morphology and diet within
each group of individuals, groups with greater TNW were not
more morphologically variable [regression of morphological
variance on TNW: ¢t = —1.28, P = (0.233; morphometric details
have been described previously (28)]. How, then, was the in-
creased niche breadth achieved? The answer is that, although
morphological variation was equal across the groups of stickle-
back, the correlation between diet and morphology was stronger

Table 2. Results of regression analyses relating diet variation to population TNW

Null model Test whether empirical
Empirical results results # null

Taxon Slope SE t r? Slope SE F df P
Three-spine stickleback 0.401 0.043 9.32 <0.001 0.906 0.229 0.037 9.25 1,18 0.007
Eurasian perch 0.424 0.034 12.55 <0.001 0.908 0.212 0.070 7.42 1,32 0.010
Whelk 0.331 0.042 7.84 0.004 0.953 0.209 0.017 7.13 1,6 0.037
Brazilian savannah frogs 0.217 0.027 8.05 <0.001 0.915 0.076 0.035 10.22 1,12 0.008
Anolis lizards 0.003 0.001 3.56 0.038 0.809 n/a* n/a n/a n/a n/a

The slope (with SE) is given for both the actual regression relationship and the null relationship based on sampling effects. The t, P,
and r2 values are for the empirical regression alone; the F and P values are given for the TNW source interaction term in a general linear
model comparing the slopes of the empirical and null relationships ("source”). A significant interaction term indicates that the empirical

and null slopes differ.

*n/a, not applicable. Note that the Anolis lizard relationship uses a different metric for diet variation, so it is not comparable with the
other cases. In addition, raw data are not available for the Anolis comparison, so resampling was not possible.
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in populations with higher TNW (28). Behavior thus moderates
the relationship between morphological variation and diet vari-
ation. Because morphological variation in stickleback is known
to be heritable (34, 35), this amounts to behavioral control of the
heritability of resource use. Consequently, selection acting on
resource use (36) will be most effective in high-TNW popula-
tions, in which resource use is most closely associated with a
heritable morphological trait.

Morphology-diet correlations are also well established in the
perch system, resulting from experimentally demonstrated
tradeoffs in foraging efficiency for different prey (37, 38). The
morphological variation underlying these tradeoffs is largely the
result of phenotypic plasticity following behavioral shifts in the
microhabitat use of individuals (39). However, there is a signif-
icant, if small, genetic component to the variation as well. In
Anolis, TNW is correlated with a morphological character (head
size). Because variance increases with size, it is possible that the
niche variation in the lizards is a simple consequence of growth
trajectories (18). In contrast, the frog data set exhibited no
significant morphological correlates of diet variation (31).
Hence, it is not surprising that we found no relationship between
morphological variance and TNW (P = (0.117). No morpholog-
ical measurements were taken in the snail study.

Although we cannot rule out the possibility that one or more
unmeasured morphological traits were responsible for diet vari-
ation in the frog and snail systems, it is also possible that niche
variation was purely behavioral. Such variation could nonethe-
less be heritable (40, 41), or may arise as a simple consequence
of cognitive constraints. For instance, in some species, individ-
uals can retain search images for only a few prey at a time (42,
43). Although individuals specialize on a limited subset of the
available prey, the particular prey used by an individual may be
determined randomly, as a result of chance encounters early in
the development of the consumer. Without more extensive
breeding studies, we cannot tell to what extent there is a genetic
basis to the behavioral component of variation in the case studies
examined here. Nonetheless, our results suggest an often un-
derappreciated role for behavior in driving niche variation (24,
28). We therefore emphasize that natural selection can favor
ecological character release via phenotypic or behavioral plas-
ticity, as well as the heritable morphological diversification that
has been the primary focus of the NVH in the past.

From an ecological standpoint, it may not matter whether
niche variation arises via evolutionary shifts in genetic variance,
as opposed to morphological or behavioral plasticity, or simple
cognitive constraints. In any of these cases, populations are
subdivided into groups of individuals that compete largely
among themselves and differ in their interspecific interactions.
Theory suggests that such niche variation within populations
may lead to increased carrying capacities (44) and possibly alter
the dynamics of interactions with other species. For example,
niche variation can stabilize predator-prey dynamics (45) when
predation risk is highest for individuals using a particular re-
source or microhabitat. In this case, only the subset of the prey
population that uses the risky resource will be subject to preda-
tion, creating an ecological refuge for the rest of the prey species
and thus weakening the predator—prey interaction. However, no
models to date have evaluated whether genetic versus plastic
niche variation impart different ecological dynamics.

When considering the evolutionary consequences of increased
niche variation, it becomes quite important that the variation be
heritable. Because individual specialists tend to compete with
only a subset of their population, intraspecific competition may
lead to frequency-dependent disruptive selection (36, 44). This
selection can only actuate evolutionary changes such as poly-
morphism (44, 46), sexual dimorphism (47), or speciation (48),
if the variation has a heritable basis. Of the five case studies
examined here, there is evidence for heritable variation in

10078 | www.pnas.org/cgi/doi/10.1073/pnas.0703743104

stickleback and perch. Interestingly, the more ecologically vari-
able samples in these species were not more genetically variable.
It therefore remains uncertain whether greater niche variation in
generalist populations imparts a consistently greater capacity for
future frequency-dependent evolution. However, because in-
creased diet variation in stickleback occurred via a behavioral
strengthening of the morphology-diet association (36), it is likely
that selection on morphology would be more effective in the
more generalized but variable samples. We also emphasize that
purely behavioral diet variation may also be evolvable. This is
obvious when differences in foraging behavior are genetic (40,
41), but they also can occur via cultural evolution. In sea otters
(Enhydra lutris), females teach their offspring to forage, so
behavioral variation in prey preferences among parents is trans-
mitted to the following generation (49). If some foraging pref-
erences (or diet breadths) confer higher fitness, the degree of
individual specialization could therefore change over genera-
tions, despite being nongenetic.

In conclusion, our results indicate that there is a repeated
tendency for more generalized populations to exhibit higher
niche variation, holding for a diverse set of study organisms. This
niche variation may result from behavior, morphology, or an
interaction between the two and may be heritable or plastic to
varying degrees. Although these different mechanisms have
distinct evolutionary causes and consequences, it is not known
whether they impart different population or community dynam-
ics. What is clear is that niche variation appears to be a
widespread phenomenon (23), and documenting the incidence
and degree of this variation is a first step toward understanding
its basis and implications.

Materials and Methods

Data. For four of the case studies, we analyzed raw diet data in
the form of counts of the number of each prey type consumed
by each individual. Raw data are available on request. Prey were
categorized to the lowest feasible taxonomic level (25, 29-31) or
into functional categories (27, 28). In the fifth case study
(Anolis), we used published values for niche breadth and diet
variation (26). The Nucella data set contains longitudinal rather
than cross-sectional diet data (29, 30), whereas, in three other
systems, the cross-sectional gut content variation has been
corroborated by independent lines of evidence. Specifically, in
stickleback and perch, diet differences among individuals can be
attributed to morphological variation (refs. 28 and 33; M.S.A,,
P. R. Guimaraes, D.I.B., R.S., A. Pinheiro, P. Guimaraes, E. G.
Martins, and S. F. Reis, unpublished results; D.I.B., unpublished
results) and is reflected in significant stable isotope variation
among individuals (D.L.B., unpublished results; R.S., unpub-
lished results). Such evidence rules out purely stochastic sam-
pling artifacts, such as the spatial location of individuals imme-
diately before capture for stomach content analyses. In the
Brazilian frogs, stable isotope analyses have demonstrated that
stomach contents yield roughly accurate quantitative measures
of the degree of diet variation within populations (25).

Within each case study, there were multiple groups of indi-
viduals from different species (25, 29-31), geographic popula-
tions (26, 29, 30), sampling times (25, 27,29-31), or experimental
enclosures (28). Niche breadth and the level of among-individual
diet variation were calculated for each group, which provided
individual data points for linear regressions within each study
system.

Quantifying Population Niche Breadth and Diet Variation. The TNW
of each group was quantified by using the Shannon-Weaver
diversity index, following Roughgarden (20). This index will yield
a value of 0 when the entire population uses only a single
category of prey, increasing with both the number of prey
categories and the evenness with which they are used. To

Bolnick et al.
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quantify diet variation among individuals, we calculated the
proportional similarity between the diet proportions of each
individual and the averaged population diet distribution. Pro-
portional similarity (51) is calculated as

PS; = >, min(py;, g,),

J

where p;; is the frequency of prey type j in the diet of individual
i, and g; is the frequency of the prey type in the overall diet
distribution of the population (50). The mean PS; in the popu-
lation represents the average level of diet overlap between
individuals and the population as a whole (ZS) (50). To make this
measure more intuitive, we used an index V' =1 — IS (where V/
indicates diet variation), which ranges from 0 when all individ-
uals use the full range of resources used by the population,
toward higher decimal values when individuals are more heter-
ogeneous and use smaller subsets of the population diet distri-
bution. Both TNW and V' were calculated in IndSpec1.0 (50). We
then regressed IV on TNW within each case study. We could not
calculate V' for Anolis lizards, because raw data were not
available. Instead, we used published values of the fraction of
TNW attributed to between-individual variation, between-
individual component/TNW. This measure is highly correlated
with V/, although less appropriate for the categorical data used
to evaluate the other four case studies (50).
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Null Model. For each group of individuals, we first pooled all prey
counts and determined the frequency of each prey category in
the summed population diet. Each individual, observed to have
consumed some number n of prey items, was then randomly
reassigned n items via multinomial sampling from the population
diet frequencies. The null degree of diet variation (V) was
calculated once all individuals were assigned random diets. For
each group, we carried out 1,000 such resampling estimates,
implemented in IndSpecl.0 (50). We then regressed the mean
resampled V" against the observed TNW, to evaluate the null
hypothesis that limited individual diet data also generate a
positive relationship between these measures. To evaluate
whether our observed trend can be explained by this null model
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between the slopes of the observed and simulated V" against
TNW. The regression and general linear model analyses were
performed in SYSTAT 11 (Systat Software, San Jose, CA). For
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