
Morphological and dietary differences between
individuals are weakly but positively correlated
within a population of threespine stickleback

Daniel I. Bolnick and Jeffrey S. Paull

Section of Integrative Biology, University of Texas at Austin, Austin, Texas, USA

STATEMENT

I (DIB) hereby retract this paper. Its Figures 3 and 4 are fundamentally incorrect. Anyone 
reading or citing this paper in the future should be aware that a more appropriate title 
would have been: "Morphological and dietary differences between individuals are NOT 
correlated within a population of threespine stickleback".

Figure 3 purports to demonstrate the core point of the paper (i.e., based on stomach 
contents, morphologically divergent individuals are also divergent ecologically). But the 
Mantel Test-derived P-values testing the trends in Figure 3 are wrong. I misinterpreted 
the R output by using the lower-tail P-values for the correlation. The correct P-values are 
1 minus the values reported in Figure 3 and Figure 4. None of the correct P’s are 
significant.

I thank Tony Wilson (CUNY Brooklyn) for bringing this error to my attention. 
Although the other results reported in the paper remain correct, the trends in Figures 3 
and 4 constitute its core message. I apologize for the error. 

Once I made my original data and R code available to Tony Wilson, we were able to 
trace the cause of the discrepancy between my analyses and his. This should serve as a 
caveat, especially for beginning statistical programmers — as I was in 2008 when 
beginning to learn R for the paper in question here. Programmers should save all code 
used for statistical programming.

Correspondence: D.I. Bolnick, Section of Integrative Biology, University of Texas at Austin, One 
University Station C0930, Austin, TX 78712, USA. e-mail: danbolnick@austin.utexas.edu
Consult the copyright statement on the inside front cover for non-commercial copying policies.

Evolutionary Ecology Research, 2009, 11: 1217–1233

© 2016 Daniel I. Bolnick

RETRACTION



Morphological and dietary differences between
individuals are weakly but positively correlated
within a population of threespine stickleback

Daniel I. Bolnick and Jeffrey S. Paull

Section of Integrative Biology, University of Texas at Austin, Austin, Texas, USA

ABSTRACT

Background: Many theoretical models of speciation and niche evolution assume that the
ecological similarity between conspecific individuals depends on their phenotypic similarity.
Thus, competition between individuals is expected to depend on their phenotypic similarity.
Theoretical models often assume that this intraspecific competition function is Gaussian.

Questions: Are morphological similarity and diet similarity positively correlated? If so, is this
relationship non-linear?

Data: Stomach contents, stable isotope ratios (δ13C and δ
15N), and trophic morphology

(standard length, gape width, body width, gill raker number, and gill raker length) for 265
threespine sticklebacks (Gasterosteus aculeatus) from a single population from a lake in British
Columbia.

Analysis: We calculated the diet similarity and morphological similarity between all pairs of
individuals in our sample. We examined the correlation between diet and morphological
similarity, and tested whether the relationship exhibits any non-linearity.

Conclusions: Similarity in trophic morphology is correlated with dietary similarity between
individuals. However, both body size and trophic morphology explained remarkably small
percentages of the variance in diet overlap. Also, we found no evidence of curvature in the
intraspecific competition function.

Keywords: adaptive dynamics, Gasterosteus aculeatus, individual specialization, niche evolution,
niche variation.

INTRODUCTION

Many animal species exhibit substantial within-population variation in resource use arising
from variation in age (Polis, 1984), sex (Shine, 1989), or phenotype (Smith and Skulason, 1996; Bolnick et al.,

2003). The latter source of niche variation has often been overlooked because individuals’
deviation from mean population resource use is frequently assumed to be sampling error. In
fact, when biologists have examined among-individual variation more closely, they have
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found that many species that are thought to be trophic generalists are actually collections of
relatively specialized individuals (Bolnick et al., 2003).

Individual specialization is a fundamental precondition for niche evolution. If selection is
to act on resource use behaviours in a population, those behaviours must vary among
individuals. If that selection is to drive evolutionary change, this niche variation must also
reflect heritable trait variation. Consequently, among-individual niche variation has been a
central feature of empirical studies of niche evolution (Van Valen, 1965; Grant et al., 1976; Lister, 1976;

Grant and Price, 1981) and associated theory (Roughgarden, 1972; Slatkin, 1979; Taper and Case, 1985).
Many models of niche evolution assume that individuals can be arrayed along a

unidimensional phenotypic axis (e.g. body size). Prey are also assumed to be phenotypically
variable, and an individual consumer’s phenotype determines the set of prey that it is able to
use. As a result, morphologically divergent individuals may share few if any prey, and thus
compete less intensely than morphologically similar individuals (Roughgarden, 1972; Slatkin, 1979;

Taper and Case, 1985; Burger and Gimelfarb, 1999; Dieckmann and Doebeli, 1999; Ackermann and Doebeli, 2004). This
relationship between morphological similarity and competition is represented by an
intraspecific competition function (ICF). Most often, the ICF is modelled as a Gaussian
curve (MacArthur and Levins, 1967), in which the intensity of competition (αz,z�) between any pair
of individuals with phenotypes z and z� declines as a function of the difference in their trait
values (Fig. 1A):

αz,z� ∼ exp� − (z − z�)2

σ
2
c

�. (1)

Note that this function represents the competitive effect between any two individuals. The
actual strength of competition experienced by any individual is the sum of the competitive

Fig. 1. (A) Intraspecific competition functions (ICF) describe the competitive effect of one individual
on another, as a function of the morphological difference between individuals. We illustrate three such
functions, including the most common assumption of a Gaussian curve (thicker line), as well as the
box-like function presented in Bapestini et al. (2009) (thin line), and a straight line (dashed). (B) An
empirical prediction derived from the ICFs shown in (A). The diet similarity function (DSF) relates
the diet overlap between individuals to the phenotypic difference between them. In this paper, we
present estimates of the slope and shape of the DSF, to test the prediction that the DSF (and, by
extension, the ICF) is negative and curved.

Bolnick and Paull1218



effects of all other members of the population. That is, the ICF represents the potential for
competition between various phenotypes, but the actual impact of competition must also
incorporate the relative abundance of the competing phenotypes.

The Gaussian ICF was originally proposed by Robert MacArthur (MacArthur and Levins, 1967;

MacArthur, 1970), based on several assumptions. Most importantly, individuals were assumed to
use a Gaussian-distributed subset of resources arrayed along a univariate axis. The
resources, in turn, were assumed (1) to be ordered along a continuous axis, (2) not to
interact with each other, (3) to be nutritionally equivalent, (4) equally abundant, and (5)
never go extinct. Consumers were assumed to exhibit linear functional responses with prey
density. Relaxing these assumptions can have large effects on the shape of the ICF, leading
to potentially very different evolutionary and ecological dynamics (Schoener, 1976; Abrams, 1980;

Abrams et al., 2008a). Nevertheless, Gaussian ICFs have persisted as the standard method for
modelling phenotype-dependent competition (Dieckmann et al., 2004; Otto and Day, 2007).

The Gaussian ICF has featured most prominently in models of adaptive diversification.
When the ICF is steep (small σc in equation 1), the level of competition experienced by an
individual depends only on the abundance of phenotypically very similar individuals. As a
result, individuals with rare phenotypes have relatively few competitors and so attain higher
fitness than phenotypically average conspecifics (Roughgarden, 1972; Bürger, 2005; Doebeli et al.,

2007). Intraspecific competition can thus promote disruptive selection, a result that has
been empirically demonstrated in a few natural systems (Bolnick, 2004; Pfennig et al., 2007; Svanback and

Persson, 2009). Theory suggests that this disruptive selection can provide the driving force for a
number of possible forms of evolutionary diversification, including increased quantitative
genetic variation (Roughgarden, 1972), sexual dimorphism (Bolnick and Doebeli, 2003), sympatric
speciation (Burger et al., 2006; Doebeli et al., 2007), and adaptive radiation (Bolnick, 2006). However, even
minor deviations from Gaussian ICFs can change the shape of the fitness landscape and
thereby alter the likelihood of evolutionary diversification (Gyllenberg and Meszena, 2005; Doebeli et

al., 2007; Pigolotti et al., 2007; Abrams et al., 2008b; Leimar et al., 2008; Baptestini et al., 2009).
Given the centrality of the ICF in evolutionary ecology models, it is surprising that

empirical measures of the ICF are rare. Roughgarden (1972) provided an estimate of
the ICF among four different size classes of Anolis roquet, based on overlap of prey size
distributions. Diet similarity between size classes declined as a negative exponential
function of their size difference. Since then, no further studies have directly measured the
slope or shape of the ICF, as far as we are aware.

There are two primary reasons for the paucity of empirical estimates of ICFs. First, many
ecologists take it for granted that phenotypic distance influences competitive interactions.
Patterns such as ecological character displacement (Dayan and Simberloff, 2005) and phylogenetic
overdispersion (Webb et al., 2002) strongly suggest that competition declines with phenotypic
distance between species. It is a simple and intuitive extrapolation to assume that this trend
holds among variable conspecific individuals as well.

Second and perhaps more importantly, ICFs are very difficult to measure precisely.
The ideal experiment would entail placing pairs of individuals with different degrees of
morphological divergence into a natural setting where resource dynamics occur in response
to predation pressure. The ICF could then be measured by relating a focal individual’s
lifetime fitness to the magnitude of morphological divergence from its competitor (Fig. 1A).
We are not aware of any experiment that has achieved this standard for the kinds of
quantitative traits commonly used in evolutionary theory, nor are we able to do so here.
Perhaps the closest experiment we are aware of is a study of growth rates in a trophically
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polymorphic cichlid, in which individuals were paired with the same or a different
ecomorph (Swanson et al., 2003). A similar study has examined growth in spadefoot toads,
pairing either the same or different morphs for competition (Martin and Pfennig, 2009).

A more feasible but less precise approach is to measure the diet overlap between
individuals as a function of the phenotypic distance between them (hereafter, the diet
similarity function, or DSF) (Fig. 1B). Such data are readily obtainable for many
organisms, making it possible to obtain comparable estimates of ICFs from many taxa. The
drawback is that diet similarity is an imperfect measure of actual competitive effects. The
competition coefficient between phenotypes does depend on diet similarity, but is also
affected by consumption rates, resource dynamics, and the rate at which different pheno-
types translate energetic income into offspring (Abrams et al., 2008a). Nonetheless, estimates of
the DSF remain informative because the slope and curvature of the ICF is at least partially
dependent on the slope and curvature of the DSF. In particular, the Gaussian ICF was
originally justified by the assumption that the DSF is Gaussian (MacArthur and Levins, 1967).

Here, we describe the DSF from a panmictic population of threespine stickleback
(Gasterosteus aculeatus). Stickleback are known from previous studies to exhibit substantial
niche variation within lake populations, arising from variation in both quantitative
morphological traits and foraging behaviour (Robinson, 2000; Svanbäck and Bolnick, 2007; Araújo et al.,

2008; D.I. Bolnick et al., unpublished manuscript). This niche variation drives disruptive selection
(Bolnick and Lau, 2008), and serves as a basis for weak assortative mating (Snowberg and Bolnick, 2008).
However, although these previous studies have established that diet is correlated with
morphology within a population, there have been no estimates of the slope or shape of the
diet similarity function. Here, our goals are to (1) test whether the DSF has significant
slope and (2) determine the curvature of the DSF if any. In doing so, we hope to provide
indirect insight into the shape of the ICF commonly invoked in theoretical models of
niche evolution.

MATERIALS AND METHODS

Specimen collection

In June 2007, we sampled 265 individual threespine stickleback (Gasterosteus aculeatus)
from Roberts Lake on Vancouver Island, British Columbia. This population contains
panmictic and phenotypically unimodal stickleback. Microsatellite loci conform to Hardy-
Weinberg expectations (Caldera and Bolnick, 2008), and all morphological traits examined are
normally distributed. Ten traps were placed at each of five sites around the lake, with similar
depths and substrates.

Fish were trapped in littoral habitats (1–4 m deep, where all stickleback ecotypes come to
nest), using minnow traps left in the water for up to 3 h. Within a given site, the 10 traps
were within 10 m of each other to minimize the contribution of spatial variation.
Individuals were captured on a single afternoon to minimize the contribution of temporal
variation to any observed among-individual diet variation.

Based on experiments in which we held stickleback in traps for various lengths of time,
we have previously found that estimates of diet are unaffected by trapping, as long as fish
are removed from traps in less than 6 h (R. Svanbäck and D.I. Bolnick, unpublished results).
Consequently, our trapping duration (3 h) was conservative and provides an accurate
measure of individuals’ diets.
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Data collection

Captured specimens were euthanized in an overdose of MS-222 anaesthetic, and frozen in
liquid nitrogen for transport back to the University of Texas at Austin. Individuals were
thawed, weighed, photographed, sexed, and measured for several morphological characters
frequently associated with diet variation in stickleback [standard length, gape width, body
width, gill raker number, and gill raker length, following Bolnick (2004)]. Stomach contents
were removed, enumerated, and identified to the lowest feasible taxonomic level. Nine
individuals had empty stomachs, and were omitted from subsequent analyses of stomach
content similarity but still used for isotopic analyses.

Ten milligrams of caudal muscle tissue was removed for each individual, oven-dried at
50�C, and 1 mg of dry tissue was submitted to the University of California at Davis Stable
Isotope facility to quantify δ

13C and δ
15N stable isotope ratios. Isotopes measure

individuals’ long-term diets, and so can be used as a measure of persistent niche variation
(Matthews and Mazumder, 2004; Araújo et al., 2007; Newsome et al., 2007). δ13C isotope ratios vary among
primary producers, particularly between littoral and pelagic algae, and are retained with
only minor fractionation in the tissues of primary and higher-level consumers (Post, 2002).
δ

15N ratios are fractionated during assimilation by consumers, and so are enriched at higher
trophic levels (Post, 2002). These isotopes turn over slowly in muscle tissue, so can be used as a
measure of mean diet over the course of several months (Guelinckz et al., 2006; MacNeil et al., 2006).

Do morphologically divergent individuals have less similar stomach contents?

Using counts of prey items in stomachs, we calculated the pairwise diet similarity (PSi j)
between each pair of individuals i and j:

PSi j = �
k

min(pik, pjk), (2)

where pik and pjk are the proportions of the kth prey type in individual i’s and j’s diet,
respectively (Schoener, 1968; Bolnick et al., 2002). We rely on prey counts rather than biomass because
we are evaluating among-individual variation in prey-capture decisions, which are
represented by the number of prey of various kinds, rather than the relative biomass of
alternate prey. Proportional similarity ranges from zero, when the paired individuals share
no prey taxa in common, up to 1.0, when individuals consume the same prey in identical
proportions. PSi j was calculated using a software package, Indspec.R, written by D.I.
Bolnick for the R statistical environment (R Development Core Team, 2007) and available from the
authors on request. Unless otherwise noted, all analyses were conducted in R.

The average PSi j across all individuals provides a measure of overall pairwise niche
similarity among individuals in the population (Bolnick et al., 2002; Araújo et al., 2008). The
observed mean PSi j can be tested against a null distribution representing the expected value
if individuals were drawn randomly from a shared diet distribution. To obtain a null
distribution, individuals were reassigned prey items drawn from a multinomial distribution
with probabilities based on the mean population diet, and a null mean PSi j was calculated.
Significant diet variation occurs when the observed mean similarity is less than 5%
of 10,000 such null mean values. This Monte Carlo test was implemented in Indspec.R.
Analyses were conducted on both raw prey counts, and on counts of functional categories,
lumping ecologically similar prey taxa into groups such as benthic invertebrates, pelagic
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macroinvertebrates, and zooplankton. Results were analogous with both methods, so we
present analyses of the raw data.

We used two approaches to measure morphological distance between each pair of
individuals. First, we carried out a principal component analysis (PCA) on correlations
among log-transformed morphological measurements (standard length, gape width, body
width, gill raker length). Gill raker number was also included but not log-transformed, as it
was already normally distributed. Retaining individuals’ scores for the principal component
axes (PC1 to PC5), we calculated the pairwise distance between individuals along each axis.
Because PC1 is effectively a measure of body size, while PC2–PC5 represent size-corrected
shape axes, this approach allows us to distinguish size versus shape contributions to diet
variation. Qualitatively similar results were obtained by size-correcting individual traits, but
the PCA approach provides independent axes of morphological and size variation.

We also digitized 24 landmarks on each individual’s photograph using the software
tpsDIG2 (Rohlf, 2008). These landmarks were superimposed using tpsRelw (Rohlf, 2005), and
the aligned coordinates were saved. Among-individual differences in these coordinates
represent shape variation, as the alignment process removes size differences. We then
calculated the multivariate Euclidian distance between each pair of individuals’ aligned
coordinates to obtain a measure of pairwise body shape difference.

Finally, we tested for a negative slope of the DSF, by calculating a correlation between
diet similarity (PSi j) and morphological distance between individuals. Specifically, we
estimated the matrix correlation between elements of the pairwise diet similarity matrix
(PSi j) and the morphological distance matrix (separately for PC1, PC2, PC3, PC4, or
aligned shape coordinates). The statistical significance of this correlation was assessed by
1000 replicate permutations in a Mantel test. These Mantel tests were carried out for all 265
individuals. To evaluate the contribution of spatial heterogeneity, we re-ran the analysis
separately for each collection location within the lake. We then used a t-test to evaluate
whether correlations between diet and morphological contrasts were consistently negative
across all sites. To test whether our results are a simple by-product of ecological and
morphological sexual dimorphism, we also partitioned the data set by sex and re-ran all
analyses within males and females separately.

The correlation analysis tests for an overall slope to the DSF, but not curvature. We used
a Bayesian Additive Regression Tree (bart package in R) to estimate a non-parametric curve
with confidence intervals along the curve, and to test for statistically significant deviations
from non-linearity.

For future comparative studies, it may be helpful to have a standardized measure of the
DSF slope. To attain this measure, we divided the morphological distance matrix by its
standard deviation. We then obtained least squares estimates of the intercept and slope of
the linear relationship between PSi j and morphological difference, and divided the slope by
the intercept. This rescaled slope represents the percent decline in diet similarity (relative to
phenotypically identical individuals), per standard deviation of morphological difference.

Do morphologically divergent individuals have more divergent
stable isotope signatures?

Stomach contents are subject to substantial stochastic sampling effects, as individuals’ diets
are inferred from prey captured only in approximately the previous 6 h. Given this short
sampling period, stomach contents may not be representative of an individual’s diet and
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can introduce considerable noise to the data. Carbon and nitrogen stable isotopes provide a
longer-term measure of an individual’s average diet over the previous months (Newsome et al.,

2007). We therefore calculated the pairwise Euclidian isotopic distance between individuals in
δ

13C and δ15N space, as a measure of diet difference. Note that isotopic distance is inversely
related to diet similarity. Hence, the DSF (Fig. 1B) predicts a positive relationship between
pairwise isotopic distance and morphological distance (PC1 through PC4, and aligned
shape coordinates). We tested this prediction using Mantel tests, as described above for diet
similarity. We also predicted that isotopic distance should decrease as a function of PSi j,
because increasing diet similarity (higher PSi j) should lead to more similar isotopes (lower
Euclidian distance).

RESULTS

Diet variation among individuals

Pairwise stomach content similarity between individuals ranged from zero (the modal
value) up to 1.0, and averaged 0.229 (Fig. 2A). The average diet similarity of 0.229 was
low compared with most previously published values (Bolnick et al., 2003). This strong niche
variation is statistically significant (P < 0.0001), as the observed mean PSi j was lower than
all 10,000 null values of mean PSi j obtained via Monte Carlo re-sampling from a single
population diet distribution (null PSi j values averaged 0.606 ± 0.006; mean ± ..). For
comparison, Fig. 2B presents the distribution of individuals’ PSi j values from one iteration
of creating re-sampled diets for all individuals. Statistically significant individual special-
ization was also observed within each of the five spatial locations where fish were collected,
and within both males and females.

Niche variation within the population was corroborated by stable isotope analyses. δ13C
and δ

15N stable isotope ratios were highly variable among wild-caught fish (standard
deviations for δ13C = 2.258 and δ15N = 0.505). For comparison, laboratory-reared fish fed
identical diets exhibited an order of magnitude smaller variation commensurate with
measurement error [standard deviations among laboratory-reared fish are 0.1772 and 0.052
for C and N respectively (Snowberg and Bolnick, 2008)]. The high isotopic variation of wild-caught
fish suggests that the diet variation observed in stomach contents is likely to be sustained
over many months. Isotopes suggest that the vast majority of among-individual diet
variation is not due to spatial heterogeneity or sex. For example, within-sex standard
deviations in nitrogen and carbon isotopes comprise 95% and 99% of the total isotopic
standard deviations, respectively. Similarly, variation among individuals within spatial
sites explains over 90% of the lake-wide isotopic standard deviation (D.I. Bolnick and J.S. Paull,

in preparation).

Do morphologically divergent individuals have less similar stomach contents?

Diet similarity (PSi j) is negatively correlated with several different measures of pairwise
morphological distance (Fig. 3). Principal component 1 (PC1) can be interpreted as a
measure of size, with even loadings of all length measurements (Table 1). This size variation
is within-cohort, as we sampled adult fish that rarely survive to a second breeding season.
Pairwise diet similarity declines linearly with size difference between individuals (r = −0.057,
P < 0.001) (Fig. 3A). As a result, individuals with maximally divergent PC1 have, on
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average, 25% lower PSi j than individuals of identical size (Table 2). Although this is an
appreciable decrease in diet overlap, there is considerable noise in the relationship between
diet and morphological overlap. A correlation coefficient of 0.057 means that size is only
able to explain about 0.3% of the total variance in diet similarity among individuals.
As in all of the following analyses, the slight downward curvature in a non-parametric
curve fit (Bayesian Additive Regression Tree) is not statistically distinguishable from a
straight line.

We observed similar significant but weak declines in diet similarity for several body shape
measures (Fig. 3B–D). PC2 is almost exclusively correlated with gill raker number, and was
weakly associated with diet similarity (r = −0.035, P = 0.036). PC3 strongly reflects gill raker
length, and showed the strongest association with diet similarity (r = −0.096, P < 0.001).
Maximally divergent individuals along PC3 had nearly half as much pairwise diet overlap
as individuals with identical gill raker lengths (Table 2). These results are consistent with

Fig. 2. (A) Histogram of the observed pairwise diet similarity (PSi j) between all pairs of individuals,
with the mean similarity indicated by a thick vertical line. (B) For comparison, a histogram of null
pairwise diet similarities between all pairs of individuals, from a single Monte Carlo re-sampling
iteration. Mean null pairwise similarity from this run is indicated by a thick vertical line.
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Fig. 3. Diet similarity function, measured as the pairwise stomach content similarity between
individuals (PSi j) as a function of morphological distance between individuals. (A) PC1 is a measure
of body size. (B) PC2 is dominated by gill raker number. (C) PC3 is dominated by gill raker length. (D)
Euclidian distance for aligned landmark coordinates. For each panel, a thick line presents a non-
parametric curve fit using the Bayesian Additive Regression Tree, and a thin line presents the linear
least squares line. Correlation coefficients and Mantel test P-values are provided for each panel.
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prior data showing that gill raker length tends to be the trait that is most strongly associated
with diet in single-species populations of stickleback (Bolnick, 2004; Bolnick et al., 2008; Bolnick and Lau,

2008). PC4 reflects body depth and gape width, but was not correlated with diet similarity
between individuals (r = −0.017, P = 0.238). PC5 also had no significant effect (not shown).
Finally, diet similarity was negatively correlated with Euclidian distances between aligned
landmark-based body shape measures (r = −0.065, P = 0.005). As with body size, Bayesian
Additive Regression Tree analysis found no statistically significant support for curvature to
the DSF for any of the shape traits.

When we repeated these analyses on data from each of the five collection localities within
Roberts Lake, we found equivalent trends. For all sites, correlations between PSi j and
morphological distance were negative for PC1, PC2, PC3, and landmark distances, but not
for PC4 (P < 0.05 for all t-tests evaluating whether correlation coefficients across the five
sites are consistently negative). Consequently, we conclude that our results are not simply a
result of among-site variation in morphology and diets. We also found negative correlations
between PSi j and morphological distance separately within each sex, although none
of these correlations were significant in males. This discrepancy may simply reflect lower
sample sizes for males (N = 101) than for females (N = 163).

Table 1. Principal component axis loadings of morphological traits.

Trait PC1 PC2 PC3 PC4

Standard length 0.473 −0.067 0.145 −0.045
Body depth 0.453 −0.091 0.331 0.498
Gape width 0.454 −0.013 −0.021 −0.816
Gill raker length 0.355 0.067 0.901 0.236
Gill raker number 0.100 0.986 0.123 0.031
Eigenvalues 2.04 0.987 0.752 0.441
Percent variation 69.4 16.3 9.5 3.2

Table 2. Least squares estimates of the intercept and slope relating diet similarity to each measure of
morphological distance between individuals

Intercept Slope
Standardized

slope

Percent decline in PSi j

over observed range
of phenotypes

PC1 0.2479 −0.0116 −0.047 25.0
PC2 0.2409 −0.0071 −0.029 20.3
PC3 0.2573 −0.0195 −0.076 46.9
Landmark distances 0.2869 −0.0132 −0.046 43.2

Note: Morphological distances are univariate (PC1–PC3) or multivariate Euclidian distances, standardized to unit
standard deviations for comparison across studies. The intercept represents the mean pairwise similarity (PSi j)
for morphologically identical individuals. The slope is the decline in PSi j for a unit standard deviation of
morphological distance. The standardized slope divides the actual slope by the intercept, to represent the
proportional decline in PSi j per standard deviation of morphological distance. The last column represents
the expected percent decline in PSi j for the most morphologically different members in the population.
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Do morphologically divergent individuals have more divergent
stable isotope signatures?

We predicted that individuals with very similar diets (high PSi j) would be isotopically
similar, whereas individuals with low diet similarity would be isotopically distant. This
expectation was confirmed by a significant but weak negative correlation between PSi j and
pairwise isotopic distance (r = −0.045, P = 0.030). This trend was driven largely by δ

13C
isotope ratios (r = −0.043, P = 0.025) rather than δ15N (r = −0.018, P = 0.114). Again, spatial
heterogeneity was not a confounding influence, as negative correlations were found in all
sites (−0.119, −0.086, −0.096, −0.03, −0.02). Although there were significant between-sex
differences in isotopes (MANOVA: P < 0.001) and in diet (MANOVA arcsin-square-root-
transformed proportions of prey: P = 0.03), we nevertheless observed negative matrix
correlations between PSi j and isotopic distance within each sex (P = 0.101 and 0.046 for
males and females, respectively).

Using isotopic distance as a measure of diet dissimilarity, we found the predicted positive
relationships with morphological distance for several traits (Fig. 4). Individuals with
divergent sizes, and divergent size-adjusted gill raker lengths, tend to be weakly but
significantly more distant in isotope space (PC1: r = 0.038, P = 0.035; PC3: r = 0.0614,
P = 0.024). PC2, PC4, and landmark distances were not significantly correlated with
isotopic distance (PC2: r = 0.014, P = 0.313; PC4: r = 0.0434, P = 0.065; landmarks:
r = −0.014, P = 0.364). Again, we found no statistical support for curvature to these trends.
Examining each sample location separately, we found inconsistent evidence for associations
between isotopic and morphological distances. Matrix correlations were only significant for
one sample site (only for PC3), and using t-tests we found no significant tendency for
positive slopes across sites. We also found no significant isotope–morphology linkage when
examining each sex separately. Hence, spatial and/or between-sex variation may be driving
the population-wide estimate of the isotopic DSF (Fig. 4).

DISCUSSION

Theoretical models of niche evolution, character displacement, and adaptive speciation
routinely assume that competition is strongest between morphologically identical indi-
viduals (Roughgarden, 1972; Slatkin, 1979, 1980, 1984; Dieckmann and Doebeli, 1999; Bürger, 2002; Ackermann and

Doebeli, 2004; Doebeli et al., 2007). However, direct measurements of the intraspecific competition
function (ICF) are lacking. We estimated a closely related function, the diet similarity func-
tion (DSF), that can be expected to approximate the ICF under certain assumptions (Abrams

et al., 2008a). Both stomach content and isotopic data confirm that the DSF is monotonically
decreasing: diet similarity declines with morphological distance between individuals. The
isotopic data may be influenced by among-site or among-sex variation, whereas the diet
data suggest that the decreasing DSF holds even when controlling for sex and location. We
therefore conclude that morphological variation may weakly mitigate the impact of
intraspecific competition, because individuals do not compete equally with all conspecific
individuals. Given the widespread incidence of intra-population niche variation (Bolnick et al.,

2003), similar trends may hold in many species.
Although we found significant relationships between diet similarity and morphological

distance, the correlation coefficients are exceedingly small. The measured morphological
traits actually explain relatively little of the observed diet variation. A linear model with diet
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similarity as a function of all PC axes together and their interactions explained a total of
2% of the variation in PSi j (r

2 = 0.021; or 0.012 for pairwise isotopic distances). This low
explanatory power is due to extensive diet variation even among morphologically identical

Fig. 4. Diet dissimilarity function, measured as the pairwise isotopic distance between individuals, as
a function of morphological distance between individuals, for principal component axes 1 through 3
(panels A–C), and Euclidian distance for aligned landmark coordinates (D). For each panel, a thick
line presents a non-parametric Bayesian Additive Regression Tree curve, and a thin line presents the
linear least squares line. Correlation coefficients and Mantel test P-values are provided for each panel.
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individuals: PSi j intercepts are approximately 0.25 in Fig. 3. This low intercept indicates that
even phenotypically identical individuals share only about 25% of their diet distribution.
The large residual variation among individuals is unlikely to reflect stochastic sampling
effects, because it exceeds what would be expected based on individuals randomly sampling
from shared diet distributions (Monte Carlo results: mean null PSi j ∼ 0.606). We speculate
that unmeasured morphological, physiological, or behavioural traits contribute to diet
variation among individuals that, in the present study, appear to be morphologically
identical. Supporting this notion, experiments on stickleback have shown that foraging
behaviour (not measured here) plays a large part in driving among-individual diet
differences (Svanbäck and Bolnick, 2007). For example, we recently conducted a longitudinal
survey of sticklebacks’ microhabitat use during foraging, recording an average of 165
feeding observations on each of 25 individuals in a constrained area of a lake (D.I. Bolnick et al.,

in review). We found persistent among-individual differences in microhabitat use (strikes
directed at benthic mud, mid-water, surface, rocks, logs, vegetation) that were only weakly
reflected in stable isotope or diet. This weak relationship between microhabitat use and diet
or isotopes may explain the shockingly weak (but significant) relationship between isotopic
and diet pairwise comparisons found in the present study. Furthermore, our longitudinal
study revealed that habitat use variation was surprisingly tightly correlated with
morphology, including some biomechanically significant characters not normally studied in
stickleback (jaw lever ratios, jaw protrusion distance). Hence, it is possible that stronger diet
similarity functions (DSFs) could be revealed using habitat use data, or using additional
phenotypic characters. Another possibility is that the slope of the DSF (or the scatter of the
data around the line) is temporally variable. Indeed, it was recently shown that increased
intraspecific competition leads to a stronger diet–morphology correlation (Svanbäck and

Bolnick, 2007), which would tend to increase the DSF slope. Theories of frequency-
dependent intraspecific competition have yet to incorporate such environment-dependent
competition functions.

We also found a shockingly weak (but significant) negative correlation between diet
similarity and pairwise isotopic distance. This result confirms the general assumption
among ecologists (Newsome et al., 2007) that individuals with similar diets will be isotopically
similar (low isotopic distance). However, the correlation is so weak (r = −0.045) that it
raises some questions about the utility of one or both approaches for studying within-
population diet variation. Both types of data have important limitations. Isotope ratios fail
to distinguish consumers that eat different taxa of isotopically similar prey. Also, by
integrating over months (in the case of muscle tissue), isotope ratios may fail to reflect
current feeding behaviours. In contrast, stomach contents are a measure of very recent
feeding that is very sensitive to stochastic variation in prey encounter rates and recent
microhabitat use. The low correlation between isotopes and stomach contents is probably
in part a result of the separation of time-scales for the two types of data. If foragers
are currently feeding on different prey than they used over the preceding months, the
relationship between stomach contents and isotopes will be weak or absent. If this is the
explanation for our low correlation, then it will be important for ecologists to collect both
forms of data that yield inferences about complementary time-scales.

Despite the low correlation between morphology and diet, the net effect of
morphological differences can be substantial. Depending on the trait that is being
examined, on average pairwise diet similarity declines by 20% to 47% across the range
of observed phenotypes (Table 2). For example, individuals with the most divergent gill
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raker lengths have on average 46.9% lower diet similarity than individuals with identical gill
raker lengths. However, given the extensive variation among morphologically indistinguish-
able individuals, this 47% decline is still small relative to the substantial noise in both the
diet and isotopic data. Nevertheless, declining diet similarity function may be sufficient
to drive frequency-dependent competition. Our results show that individuals are likely to
compete most strongly with phenotypically similar than with dissimilar conspecifics.
When individuals compete unequally with various members of their population, common
phenotypes may be subject to disproportionately intense competition, leading to disruptive
selection (Slatkin, 1979; Bürger, 2002; Doebeli et al., 2007; Abrams et al., 2008b). Such density-dependent
disruptive selection has been documented in stickleback (Bolnick, 2004; Bolnick and Lau, 2008).
However, the focal population for this study (Roberts Lake) is not one of the lakes where we
have previously found disruptive selection (Bolnick and Lau, 2008). Thus, it is possible that we
chose to evaluate DSF in a population with particularly weak diet variation.

Another important caveat about this study is that we chose to sample stickleback on a
single day. Doing so allows us to exclude temporal heterogeneity in prey availability as
a cause of diet variation among sampled individuals, but comes at a cost. We are unable
to address how the diet similarity function observed here may change seasonally with
changing prey availability. Previous experiments have shown that the correlation between
morphology and diet (related to the diet similarity function) changes as a function of prey
availability (Svanbäck and Bolnick, 2007). To address this weakness, we would have had to
obtain large samples from each of multiple time points. This would have been impractical
given both the expense of stable isotope analysis, and the time required for detailed stomach
content analyses and morphometrics. We therefore leave it to a future study to evaluate how
the diet similarity function might fluctuate over time.

Most adaptive dynamic and quantitative genetic models of niche evolution use a Gaussian
intraspecific competition function (MacArthur and Levins, 1967; Dieckmann et al., 2004; Otto and Day, 2007).
Recently, a number of adaptive dynamics models have shown that evolutionary dynamics
are sensitive to the curvature and shape of the ICF. Non-Gaussian curves can alter whether
competition drives stabilizing, directional, or disruptive selection (Doebeli et al., 2007; Abrams et al.,

2008b; Leimar et al., 2008; Baptestini et al., 2009), and consequently can affect the likelihood of
sympatric speciation (Doebeli et al., 2007). The only previous estimate of an intraspecific
competition function found a negative exponential function to be the best fit (Roughgarden,

1972). In contrast, we found no significant curvature to the declining relationship between
diet similarity and phenotypic distance (for any of the relationships in Fig. 3 or 4). With the
caveat that we examined a single time point of a single population, we suggest that our
results call into question the Gaussian curvature of the ICF, and thus the predictions of
existing adaptive dynamic models. We emphasize, however, that it is risky to extrapolate
from the DSF measured here to the ICF used in theoretical models. However, the original
justification for a Gaussian curvature of the ICF was based on an assumed Gaussian
curvature of the DSF. Our results contradict this assumption, and also do not support more
box-like functions that have recently been considered (Baptestini et al., 2009). We believe that
evolutionary ecology models of intraspecific competition should begin to evaluate a wider
range of intraspecific competition functions. In particular, they need to begin to evaluate
the possibility that the ICF is very weak and/or noisy, is linear instead of curved, and may
depend on multivariate combinations of phenotypes. At first glance, it is likely that the
noisy and weak diet similarity function will simply lead to weaker frequency-dependent
selection. As a result, evolutionary diversification may be appreciably slower. In contrast,
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the lack of curvature in the diet similarity function may fundamentally change the form of
non-linear selection (disruptive vs. stabilizing).

In conclusion, our results confirm the common assumption that diet similarity is a
monotonically declining function of morphological distance. However, we conclude that
this relationship is remarkably weak, and shows no sign of appreciable curvature contrary
to standard assumptions. To the extent that the diet similarity function (DSF) measured
here reflects the intraspecific competition function (ICF) used in adaptive dynamics models
of niche evolution, our result suggests that previous models have relied on biologically
unrealistic competition functions. However, we require additional estimates of the DSF or
ICF slope and curvature from other species to identify general and empirically justified
functions for adaptive dynamics models of evolutionary diversification and intraspecific
competition.
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