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Abstract

The role of competition in forbidding similar species from co-occurring has long been
debated. A difficulty in identifying this repulsion of similar species is that similar species
shate similar environmental requitements and hence show an attraction to communities
where these requirements are met. To disentangle these opposing patterns, we use
phylogenetic relatedness as an objective metric of species similarities. Studying 11
sunfishes (Centrarchidae) from 890 lakes, we first show no phylogenetic pattern in the
raw community data. We then regressed sunfish presence/absence against seven
environmental variables and show that lakes with similar water clarity and latitude likely
contain closely related species. After statistically removing the environmental effects,
phylogenetic repulsion was apparent, with closely related sunfishes less likely to
co-occur. Thus, both phylogenetic attraction, driven by environmental filtering, and
phylogenetic repulsion, possibly caused by competition, simultaneously occur and

obscure one another in the overall phylogenetic structure of sunfish communities.
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INTRODUCTION

Whether there are that explain the
composition of ecological communities has been vigor-

assembly rules

ously, and sometimes acrimoniously, debated by ecologists
(Gotelli & Graves 1996; Weiher & Keddy 1999). The most
influential of these rules was proposed by Diamond:
ecologically similar species exclude each other from the
same communities through competition, leading to for-
bidden combinations of species (Diamond 1975). Despite
considerable criticism of Diamond’s original analyses and
data set (Connor & Simberloff 1979; Hatvey ez al. 1983;
Strong ef al. 1984), recent analyses show empirical support
for this assembly rule (Gotelli & McCabe 2002), although
additional concerns about possible non-competitive pro-
cesses leading to similar patterns have been raised (Ulrich
2004).

There ate two general types of difficulties in testing an
assembly rule involving competitive exclusion. First, statis-
tical tests for assembly rules can be weak. Statistical tests
require a metric that identify species having relatively low

co-occurrences in communities; the statistical tests simulta-
neously identify these species and test whether these species
co-occurrences represent statistically significant outliers
under whatever null hypothesis is employed (Gotelli &
McCabe 2002). An alternative approach is to form an a priori
hypothesis about which species are likely to have low
co-occurrence based on their similarity. There has been
growing interest in searching for phylogenetic patterns in
the composition of communities; because phylogenetically
closely related species are more likely to be ecologically
similar, ecological determinants of community composition
should be reflected in phylogenetic patterns (Elton 1946;
Losos 1996; Webb ez al. 2002; Cavender-Bares ¢f al. 2004).
Applying this to Diamonzd’s assembly rule, forbidden
combinations of species should most likely be phylogenet-
ically closely related. Of course, phylogenies only provide
hypotheses about ecological similarity, phylogenetic similat-
ity may not correlate with the trait(s) most important for
coexistence and convergent evolution could override this
hypothesized association. Nonetheless, phylogenies give
objective, a priori hypotheses about species similarities that
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can give an explicit probe into assembly rules and lead to
stronger statistical tests.

A second difficulty in testing Diamond’s assembly rule is
that ecologically similar species might not only experience
greater interspecific competition that limits co-occurrence,
but might also share the same ecological requirements and
therefore be more likely to co-occur in those communities
where the requitements are met. In fish communities, for
example, phylogenetically related species might share traits
that confer tolerance to acidic conditions, leading to
communities in acidic lakes made up of groups of
phylogenetically related species (Helmus e a/ 2007). Thus,
the final composition of communities might reflect the
combined effects of competitive interactions that limit co-
occurrence of similar species and environmental filters that
select for similar species.

Here, we address patterns of community structure that
may arise when similar species are either more or less likely
to co-occut, using phylogenetic relatedness as a measure of
species similarity. In order to discuss the possible patterns
that involve phylogenetic relatedness in the species compo-
sition of communities, we refine a lexicon already used to
describe the possible patterns (Webb e# a/. 2002; Cavender-
Bares & Wilczek 2003; Cavender-Bates ef al. 2004). We
define phylogenetic attraction as the pattern in which the
species in a community are likely to contain greater
phylogenetic relatedness than expected by chance, and we
define phylogenetic trepulsion as the opposite pattern
(Cavender-Bares & Wilczek 2003). These definitions are
contingent on exactly what is meant by ‘chance’, since there
can be multiple null hypotheses that define specifically what
makes a community random. Nonetheless, for a given null
hypothesis these definitions can lead to explicit measures of
phylogenetic attraction and repulsion. In the literature,
phylogenetic attraction and repulsion are sometimes used
synonymously with the terms phylogenetic underdispersion
(or clustering) and phylogenetic overdispersion (e.g. Webb
et al. 2002; Vamosi & Vamosi 2007). We make the
distinction that communities ate phylogenetically underdis-
persed when phylogenetic attraction dominates repulsion, or
phylogenetically overdispersed when the reverse is true.
Thus, both phylogenetic attraction and repulsion can occur
simultaneously, but a set of communities cannot be both
phylogenetically underdispersed and overdispersed.

Although our ultimate goal was to understand assembly
rules, we do not think that this can be done using only the
patterns of species presence/absence from communities;
testing assembly rules must ultimately involve testing the
hypothesized mechanisms that drive community composi-
tion. In the current literature, a dichotomy is often made
between environmental filtering in which environmental
factors select for phylogenetically related species in the same
community, and competitive exclusion in which phyloge-
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netically related species do not occur in the same commu-
nities (e.g. Webb ez a/ 2002; Horner-Devine & Bohannan
2006; Lovette & Hochachka 2006; Slingsby & Verboom
2006). Here, we use phylogenetic attraction and repulsion to
refer to the patterns without any implied processes such as
environmental filtering or competitive exclusion; and when
we do infer a process, we make it explicit.

To separate the simultaneous patterns of phylogenetic
attraction and repulsion, it is necessary to have more
information about the communities than simply species
composition. For example, to investigate whether there is
phylogenetic attraction driven by related species that
respond similatly to the same environmental factors,
information is needed about the environment in which
multiple communities reside. If the co-occurrence of related
species is predicted by a specific environmental factor say
pH, then this factor drives a component of phylogenetic
attraction. Note that in contrast to the idea of environmen-
tal filtering, which is invoked to explain the presence of
related species in the same communities, here we explicitly
associate the presence/absence of species with specific,
measured environmental variables. Not only does this make
the role of specific environmental factors explicit, it also
redirects attention from the composition of communities
per se to the presence/absence of individual species among
communities in different environments.

To investigate patterns of phylogenetic attraction and
repulsion, we assembled data on the presence/absence of 11
sunfish species in 890 lakes in Wisconsin, USA. While we
have data on all the fish species found in these lakes, we
selected the sunfish family Centrarchidae because the
majority of lakes in Wisconsin contain sunfishes, the
geographic ranges of these species overlap in Wisconsin, a
robust molecular phylogeny with fossil-calibrated branch
lengths is available for sunfishes, and previous work has
shown that phylogenetic relatedness is closely associated
with ecologically important sunfish traits (Becker 1983;
Wainwright 1996; Near e al. 2003, 2005; Collar ez al. 2005).
Similarly, while we focus only on the phylogenetic structure
of a small pool of species, the methodology that we develop
here should be applicable for any pool size given that the
phylogeny and community data are reasonably good, that
there is variation in environments among communities, and
that there is enough species distribution data to calculate
how most individual species respond to environmental
variation.

To lay out the logic of our analyses, it is useful to outline
our main results upfront. We begin with a standard null
model analysis to look for phylogenetic structure using only
data on the species composition of communities. We found
that on average communities are neither phylogenetically
overdispersed nor underdispersed. Then we performed
logistic regression for the presence/absence of each species
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from lakes against seven environmental variables, each of
which has a statistically significant effect on the pres-
ence/absence of at least one species. The logistic regression
coefficients from these analyses give the sensitivity of
species presence/absence to each of the seven environmen-
tal variables. For two environmental variables, water clarity
and latitude, closely related species had similat sensitivities,
thereby implicating these environmental variables in driving
phylogenetic attraction in community composition. We then
investigated the co-occurrence of species after accounting
for their shared responses to environmental variables; this
revealed phylogenetic repulsion, with closely related species
less likely to co-occur in lakes shating the same environ-
mental characteristics. In combination, these analyses
demonstrate that phylogenetic attraction (driven by water
clarity and latitude) and phylogenetic repulsion both occur,
but they offset each other to mask any overall phylogenetic
structute in the sunfish communities.

METHODS
Sunfish and environmental data sets

We analysed data giving the presence/absence of sunfish
species for 890 lakes in Wisconsin, USA, from the United
States Geological Survey Great Lakes Aquatic GAP project.
This data set was assembled from fish surveys performed
between 1965 and 2004 primarily by the Wisconsin
Department of Natural Resources. Surveys were conducted
during the ice-free season by electrofishing, netting or a
combination of both, and were intended to assess whole-
lake fish community composition. When a lake was sampled
more than once, we used only the first survey date. All
sampling was intensive enough to give accurate reports of
the presence/absence of even uncommon species. No
pattern was found between sunfish species richness or
phylogenetic species variability (PSV; see description below)
and sampling method or date. Thus, we assumed that the
sampling was adequately uniform across the lakes for the
purposes of our analyses.

We obtained environmental variables for the surveyed
lakes from the Wisconsin Department of Natural Resources
(K. Webster, unpublished data) including lake area, maxi-
mum depth, latitude, longitude, water conductivity, water
clarity (Secchi depth measured in summer) and winterkill (a
categorical variable of whether fish mortality occurs in a lake
because of lake freezing). These environmental variables
have been shown to affect fish community composition and
correlate with fish species richness in Wisconsin lakes (Rahel
1984; Kratz e al. 1997; Jackson ef al 2001; Hrabik ez al.
2005; Helmus ez al. 2007).

We used the fossil-calibrated sunfish phylogeny of Near
et al. (2005) to construct a phylogeny of the 11 species found

in Wisconsin (their Fig. 7). This phylogeny was converted
into a phylogenetic covariance mattix Coo1 describing the
anticipated covariances between species in values of a single
trait under ‘Brownian motion’ evolution (Felsenstein 1985;
Garland ez /. 1993). Although we do not assume that only a
single trait dictates the co-occurrence of species in
communities, this covariance matrix gives a way to translate
a phylogeny into a statistical measure of phylogenetic
relatedness (Gatland & Ives 2000; Blomberg ef al. 2003;
Helmus ez al. 2007; Ives et al. 2007).

Null model tests for phylogenetic community structure

We first tested for phylogenetic structure in the composition
of sunfish communities without including environmental
information, as is performed in many studies (e.g. Webb
20005 Slingsby & Verboom 2006; Swenson e# al. 2006). We
calculated PSV of each sunfish community containing at
least two species (Helmus ez a/ 2007). We used this metric,
as opposed to other metrics (e.g. Webb 2000; Hardy &
Senterre 2007), because it has advantageous statistical
properties when used in particular permutation tests for
phylogenetic structure (Helmus ez a/. 2007). When PSV
equals one, all of the species in the community are
phylogenetically unrelated, indicating maximum PSV. As
PSV  approaches zero, average phylogenetic relatedness
increases and PSV decreases.

We used permutation tests to determine whether the
observed average PSV wvalue across all lake communi-
ties,PSV s, was different from that expected under two
different null hypotheses. Null hypothesis 1 assumes that
communities consist of random draws of species from the
species pool of 11 sunfish. Therefore, there is no
phylogenetic structure in either species prevalence (the
number of lakes containing the species) or community
composition (the co-occurrence of species after accounting
for any differences in prevalence). Null hypothesis 2
assumes that communities are assembled by selecting
species from the species pool in proportion to their
prevalence among lakes. Null hypothesis 2 will only be
rejected if phylogenetically related species are more or less
likely to co-occur within lakes after accounting for
differences in prevalence (Helmus ez /. 2007). We permuted
the sunfish presence/absence data under each null hypo-
thesis to create 10 000 permutation data sets. For each
permutation data set, we computed PSV to generate a null
distribution for PSV . Note, this null model analysis, as
well as all subsequent analyses, treat the phylogeny as fixed;
however, if there are multiple phylogenetic hypotheses for a
given data set then the analyses we describe can be
performed for each tree and the conclusions of the analyses
among trees be compared for similarity. Programs in R code
to perform the null model analyses can be downloaded as
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supplementary material and MATLAB code is available as
supplementary material with Helmus e a/. (2007).

Environmentally determined phylogenetic attraction

Phylogenetic attraction refers to the pattern in which
phylogenetically related species are more likely to occur in
the same community; this pattern may be driven by the
propensity for closely related species to respond similatly to
environmental variation. To identify environmental varia-
bles that affect the presence/absence of the 11 sunfish
species, we performed logistic multiple regression with
seven environmental vatiables (lake area, maximum depth,
conductivity, water clarity, winterkill, latitude and longitude)
as independent variables. The logistic regression had the
form

10g1t(0(Xé)) = b() —+ b1X11k + ...+ bjxj.,k (1)

where 0(x;) is a 11 X 1 vector of the probabilities that each
of the 11 species occurs in lake £(£ =1, ... ,K),X/Jg is the
value of the jth environmental variable for lake
k(j=1,...,7) and b; is a 11 X 1 vector of regression
coefficients for each of the 11 species in response to envi-
ronmental variable ;. For each of the environmental
variables, we then asked whether closely related species
are more likely to respond to environmental variation
among lakes in the same way. Addressing this question
identifies which, if any, of the seven environmental variables
filter species according to phylogeny, thereby generating
phylogenetic attraction. We treated the regression coeffi-
cients as species traits and tested for phylogenetic signal in
the seven sets of coefficients. Because even non-statistically
significant coefficients represent traits, we did not set them
to zero, but instead performed tests for phylogenetic signal
using the standard errors in the estimates of the coefficients
as measurement error (Ives e# al. 2007).
For each environmental variable /, we fit the model

b, = p1+e¢+m;, (2)

where ﬁ/ is the expected value of the logistic regression
coefficient for b;, 1is an 11 X 1 vector of ones, ¢; is a vector
of error terms and #; is the vector of estimated errors of the
coefficients for x; (i.e. measurement error). If closely related
species respond in a similar manner to an environmental
variable, the pattern of correlation in values of & will reflect
phylogenetic relatedness. Specifically, if b, evolves under
Brownian motion evolution, then the covariance matrix
E {sjs//} = O'ZCpool, where the apostrophe denotes trans-
pose, 6> scales the overall phylogenetically inherited vari-
ance (Garland & Ives 2000), and Cpool is the phylogenetic
correlation matrix for the 11 species. In contrast, if there is
no phylogenetic signal, values of b, are independent among
species, and E{S/(f:;} = 0’1, where I is the identity

© 2007 Blackwell Publishing Ltd/CNRS

matrix. We conducted a statistical test for phylogenetic
signal by comparing the fit of the model given by eqn 2
using Cpool from the true phylogeny to the fit when
assuming there is no phylogenetic signal. We fit the models
using restricted maximum likelihood (REML), so the best-
fitting model is that with the higher REML log likelihood
(Ives et al. 2007). For those environmental variables for
which the true phylogeny model fit the data better, we
summarized the phylogenetic signal among the regression
coefficients with the K* metric developed by Blomberg 7 /.
(2003) incorporating standard errors (Ives ef al. 2007). A K*
value close to 1 implies that the observed phylogenetic
signal in species regression coefficients is that expected
under Brownian motion evolution.

Note that the methods we developed above have a similar
purpose as the methods of Ackerly eral (2006) and
Silvertown e# al. (2006) developed to measure phylogenetic
signal in species’ B niches (i.e. the habitats where a species is
found). Our general methodology is given in much more
detail in Ives ez al (2007) and programs written in MATLAB
code to perform these analyses are available from T. Garland
upon request (E-mail: tgatland@ucr.edu).

Phylogenetic repulsion

Phylogenetic repulsion refers to the pattern in which
phylogenetically related species are less likely to occur in
the same community. To compute the correlation in the
presence/absence of species from a lake while factoring out
the effect of environmental variables, we computed pairwise
correlations between species 4 and 7 among the K = 890
lakes as

N 1 S (V3= 0s(x0)) (Y= 05 (xaz))
Sk ; (00 (30.) (105 (0.)) 0 (0) (1= 0, (0.)))
(3)

where Y, is the presence/absence of species 4 for lake 4,

and 0,(x.4) is the probability of occurrence estimated
from logistic regression (eqn 2) using values of the
environmental variables for lake £, X, ¢. This formula uses
the well known relationship that the variance of a binomial
process with mean 0 is 0(1—0). Because for each lake the
expectation for the presence/absence of each species is
computed using the given environmental variables, eqn 3
gives the correlation in species occurrences after account-
ing for the effects of these environmental variables.
Conversely, if environmental variables are not included,
values of 0, are simply the prevalence of species 4, and
eqn 3 gives the simple correlation between species
occurrences. In other words, eqn 3 can be considered
the pairwise correlation between the residuals from the
logistic regressions of species /4 and 7z If instead we used
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linear models with normal errors (e.g. if there were data on
species abundances within each lake), then eqn 3 can be
replaced with the simple pairwise correlation between the
linear model residuals of species 4 and

To determine whether the presence/absence of species
from lakes after factoring out the effect of environmental
variables depended on their phylogenetic similarity, we
estimated the strength of association (i.e. correlation)
between 7,; and the phylogenetic relatedness among
species given by the phylogenetic correlation matrix
Cpool- Then we computed 7,; without including the
environmental variables and compared these without-
environment values of 7,, to the with-environment values
of r,;, to demonstrate the opposition between environ-
mentally determined phylogenetic attraction and phylo-
genetic repulsion. Because three species occurred in very
few lakes (11 or less), patterns of co-occurrences for
these species provide little information; therefore, we
analysed phylogenetic repulsion only for the remaining
eight species that occurred in 42 or more lakes. For
statistical inference, we performed permutation tests under
null hypothesis 2 that lake communities are made up of
species selected randomly but in proportion to their
prevalence in the species pool, thus any phylogenetic
pattern in the observed species prevalence does not affect
these tests. For each of 10 000 permutation data sets, we
performed logistic regressions (eqn 1) to compute 0;(xa ¢)
and 7, and then computed the correlation between 7,
values and the phylogenetic relatedness contained in Cpool-
Programs in MATLAB code that perform these analyses can
be downloaded as supplementary material.

RESULTS
Null model tests for phylogenetic community structure

The sunfish fauna of Wisconsin contains five pairs of closely
related species, and in each pair there is one species of lower
prevalence than the other species (Fig. 1). This pattern is
statistically confirmed with our analysis using the metric of
PSV that summarizes the degree of relatedness among
species in a community. For the sunfish communities, the
statistical test under null hypothesis 1 indicates that
communities ate composed of relatively untelated species
(PSV s = 0.8286; PSV,,.;n = 0.7833, p,u1<<0.001). Thus,
under this null model the sunfish communities ate phylo-
genetically overdispersed. However, the statistical test under
null hypothesis 2 shows that the phylogenetic overdispersion
in sunfish communities shown by null 1 can be explained
solely by the phylogenetic pattern in species prevalence
(PSV 2 = 0.8271, pum >0.05). Therefore, there is no
evidence for either phylogenetic attraction or repulsion in the
overall pattern of community composition.

Prevalence

400 800

Phylogeny

An

P rupestri:
,— Pomoxis annularis
Pomoxis nig I
Micropterus dolomieu
{ Micropterus salmoides

Lepomis megalotis

Lepomis gibbosus
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Lepomis macrochirus
Lepomis gulosus

Lepomis cyanellus

Figure 1 Phylogeny and prevalence of sunfish (Centrarchidae)
species found in the lake communities of Wisconsin (890 lakes).
Phylogeny adapted from Near ez al. (2005).

Environmentally determined phylogenetic attraction

While all seven environmental vatiables explain statistically
significant amounts of vatiation in the presence/absence for
at least one species, only water clarity (Secchi depth) and
latitude show evidence of phylogenetic signal (Table 1). This
is not due to collineatity between these two variables: they
are not correlated (» = 0.03). The K* values for water clarity
and latitude are close to 1, 1.24 and 0.91, respectively; thus,
the sunfish phylogeny adequately describes the phylogenetic
signal in how species’ presence/absence is affected by these
environmental variables (Blomberg e a/. 2003; Ives ef al.
2007).

Phylogenetic repulsion

When ignoring environmental variables, the correlations in
species occurrences, 7;; (eqn 3), are not statistically
associated with phylogenetic relatedness under null model
2 (Fig. 2a). This result is consistent with tests based on PSV
that show that the sunfish phylogenetic composition is
explained solely by differences among species prevalence.
When environmental variables are included in the calcula-
tion of occurrence correlations, 7, ;, phylogenetic repulsion is
evident, with the correlation between values of 7,; and the
phylogenetic relatedness in Cpool equal to —0.40 (Fig. 2b);
this correlation is statistically significant under null hypo-
thesis 2 (P < 0.02). Although there is phylogenetic repul-
sion, with closely related species having lower occurrence
correlations, the average occurrence correlation is 0.08,
indicating that sunfishes overall ate clustered among lakes
(Fig. 2b).

The apparent increase in phylogenetic repulsion with the
inclusion of environmental variables (Fig. 2b) is because
there is a greater decrease in occurrence correlations 7,,; for
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Table 1 Tests for phylogenetic signal in the effects of seven environmental variables on the presence/absence of sunfish species
Phylogenetic cortrelation, Cpool No phylogenetic correlation
Environmental
variable B o’ REML LL B o’ REML LL
Area 0.08 0.03 =572 0.05 0.03 —-5.05
Maximum depth 0.14 0.08 —8.33 0.11 0.07 =738
Conductivity 0.08 0.02 -2.19 0.07 0.03 -2.18
Water clarity* 0.09 0.02 —-2.89 0.11 0.02 —4.10
Winterkill 0.19 0.01 -2.99 0.18 0.02 —2.65
Latitude* -0.29 0.27 -12.28 —0.42 0.31 -12.84
Longitude —-0.21 0.14 —-9.08 —-0.25 0.12 —8.48

Phylogenetic signal was assessed by fitting eqn 2 using either Cpoo1 OF assuminggno phylogenetic correlation between species.
B, estimate of the logistic regression coefficient of an environmental vatiable; 67, estimated scalar of the overall phylogenetically inherited

variance.

*Environmental variables for which the model using Cpo01 resulted in better fit (higher REML log likelihood).

closely related sunfishes than for less related sunfishes.
Figure 2c¢ shows the change in values of 7,; when
environmental variables are included and shows greater
decreases for closely related species (P < 0.002, null
hypothesis 2). This gives strong evidence for phylogenetic
repulsion. Thus, the phylogenetic attraction generated by
common responses of closely related species to the same
environmental factors mask the effect of phylogenetic
repulsion of closely related species from lakes with the same
environmental characteristics.

DISCUSSION

Our permutation analyses with a metric of phylogenetic
relatedness, PSV, show no statistical evidence for sunfish
phylogenetic community structure beyond that explained by
the prevalence of species in the species pool (Fig. 1). Given
our data set, we are not able to confidently explain the
overdispersed biogeographic pattern in species prevalence
(i.e. less related species are more prevalent), and more work
needs to be performed on Centrarchidae speciation and
biogeography (e.g. Near ef al. 2003). Regardless, closely
related sunfishes respond similatly to environmental varti-
ation in water clarity and latitude (Table 1), and this causes a
pattern of phylogenetic attraction. After factoring out the
effects of these environmental variables, an undetlying
pattern of phylogenetic repulsion emerges (Fig. 2). Thus,
standard null model analyses that test for phylogenetic
patterns in community composition may result in false
negatives if other data, such as environmental variation
across communities, are not taken into account.

Both water clarity and latitude are known to affect the
distribution of sunfish species, and it is not surprising that
they generate phylogenetic signals. Water clarity varies
greatly across lakes (Peckham & Lillesand 20006); and, for
example, the largemouth and smallmouth bass (Micropterus
salmoides and M. dolomieni) occur more frequently in clear-
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water lakes (Heimstra ez a/ 1969; Becker 1983). Lake latitude
correlates with average water temperature, and species
sensitivities to water temperature may have phylogenetic
signal. For example, within the state of Wisconsin,
warmouth (Lepomis gulosus) and green sunfish (L. ¢yanellus)
have similar temperature preferences (Becker 1983). The
other five environmental variables we tested did not show
phylogenetic signal, but in logistic regression they all had
statistically significant effects on the presence/absence of
some species. The absence of a phylogenetic signal in these
five variables might be due to the small number of species
we investigated; Blomberg ez a/. (2003) found that statistical
power for detecting phylogenetic signal dropped rapidly for
analyses involving less than 20 species.

After removing the phylogenetic attraction caused by the
environmental factors, we found phylogenetic repulsion —
closely related species occurred together less often than
unrelated species. What are the possible causes of this
pattern? Phylogenetic repulsion is typically interpreted as
evidence for competitive exclusion among ecologically
similar species (e.g. Lovette & Hochachka 2006; Slingsby
& Verboom 2006). An important aspect of sunfish ecology
is differences in feeding morphology, and there is phylo-
genetic signal in sunfish feeding morphology (Wainwright
1996; Collar ez al. 2005). For example, pumpkinseed (Leponzis
gibbosus) and its sister species, redear sunfish (L. microlophus),
are the only two sunfishes that have enlarged jaw muscles
and bones that allows them to crush and eat snails
(Wainwright 1996 and refs therein). No study has explicitly
tested whether interspecific competition among sunfishes
increases with phylogenetic relatedness, but much work
shows that sunfishes compete (e.g. Werner & Hall 1976;
Werner 1977; Werner et al. 1977; George & Hadley 1979;
Mittelbach 1984, 1988; Arendt & Wilson 1999). TFor
example, when green sunfish, bluegill (Lepomis macrochirus)
and pumpkinseed occur singly within lakes, each forages on
the same, energetically preferred prey that occur in vegetated
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Figure 2 Sunfish species pairwise phylogenetic correlations from
Cpool (Phylogeny in Fig. 1) vs. the pairwise correlations of species
occurrences, 7;; (eqn 3), computed (a) without- and (b) with-
environmental variables. When including environmental variables
(b), thete is a stronger pattern of phylogenetic repulsion. This
strong pattern occurs because the occurrence correlations between
phylogenetically related species are more likely to decline once
environmental variables are included. The changes in occurrence
correlations when environmental variables included are given in (c).
Associations shown in each panel are summarized by correlation
coefficients, and statistical significance determined from permuta-
tion tests; * and ** indicate significant negative associations at the
P <0.02 and 0.002 levels (see Methods).

areas. When the three species occur in the same lake, only
green sunfish feed on the optimal prey, while bluegill shift to
feed on open-water prey (e.g. zooplankton) and pumpkin-
seed shift to feed on benthic prey (e.g. small mayflies,
Werner & Hall 1976, 1977, 1979). Similarly, when large-
mouth bass and smallmouth bass co-occur, the two species
spatially and temporally partition resources (Hodgson e al.
1997; Olson & Young 2003; Olson ez al. 2003), yet when
individuals are small, largemouth bass has been shown to
out-compete smallmouth bass in tank competition studies
(Winemiller & Taylor 1987). As there is ample evidence that
sunfish species compete, and phylogenetic relatedness and
ecological similarity are correlated, it is likely that compet-

itive exclusion plays at least some role in the phylogenetic
repulsion observed in our sunfish communities.

Phylogenetic repulsion can also be driven by environmen-
tal factors if phylogenetically dissimilar species have become
ecologically similar through evolutionary convergence (e.g.
Cavender-Bares ¢ /. 2004). Although we have no evidence
for this possibility, it is difficult to discount, because it is
impossible to identify all possible environmental variables
that might affect sunfish community composition. Addition-
ally, sunfish are sport fish that have been introduced into
many of Wisconsin’s lakes (Becker 1983) and this might
somehow introduce phylogenetic patterns through the
selection of species for introduction into specific lakes. Even
after accounting for the two environmental variables that had
phylogenetic signals (water clarity and latitude), unrelated
species (with phylogenetic correlations of 0) tended to co-
occur in the same lakes, leading to an average occutrence
correlation of roughly 0.1 (Fig. 2b). This means that sunfishes
tend to be found with other sunfishes regardless of
phylogenetic relatedness. This pattern may exist if sunfishes
are in general good dispersers (possibly with dispersal
increased because of human introductions), if sunfishes
generally facilitate sunfish coexistence, and/or if there are
environmental variables that filter for sunfishes as a whole.
This last point may be addressed by comparing the sunfish
results to those using our methods on a larger species pool
(e.g. all Perciformes or all fishes in the lakes) with, if available,
additional environmental data. Consequently, using our
methods on species pools that vary in phylogenetic scale is a
possible way to infer species’ B niches (Acketly ez a/ 2006;
Silvertown ef al. 2006). Although the observational and
experimental evidence that closely related sunfishes compete
provides an argument for competition driving the phylo-
genetic repulsion we found (Fig. 2b); we cannot exclude other
possible explanations involving unmeasured environmental
variables or human interventions.

If we had only focused on the average relatedness of
species in the sunfish communities (i.e. our PSV null
hypothesis analyses), we would have concluded that there is
no evidence for either phylogenetic attraction or phylo-
genetic repulsion. Instead, by taking a species perspective
(i.e. regressing species presence/absence on environmental
variables), we showed there to be evidence for both
patterns. Thus, we have given an example in which
communities simultaneously show phylogenetic attraction
and repulsion, and in so doing we have presented a set of
methods that can be used to separate these two opposing
patterns in phylogenetic community structure.

ACKNOWLEDGEMENTS

We thank Jocelyn Behm, Meghan Duffy, Tucker Gilman,
Jason Harmon and three anonymous referees who provided

© 2007 Blackwell Publishing Ltd/CNRS



924 M. R. Helmus et al.

Letter

useful comments on eatlier versions of this manuscript.
Funding was provided by NSF grant DEB-041670 to ARI
and MRH was funded through an NSF Biocomplexity grant
(PI: S.R. Carpenter).

REFERENCES

Ackerly, D.D., Schwilk, D.W. & Webb, C.O. (20006). Niche evo-
lution and adaptive radiation: testing the order of trait diver-
gence. Erology, 87, S50-S61.

Arendt, ].D. & Wilson, D.S. (1999). Countergradient selection for
rapid growth in pumpkinseed sunfish: disentangling ecological
and evolutionary effects. Eeology, 80, 2793-2798.

Becker, G. (1983). Fishes of Wisconsin. University of Wisconsin
Press, Madison.

Blomberg, S.P., Garland, T.J. & Ives, A.R. (2003). Testing for
phylogenetic signal in comparative data: behavioral traits are
more labile. Evolution, 57, 7T17-745.

Cavender-Bares, J. & Wilczek, A. (2003). Integrating micro- and
macroevolutionary processes in community ecology. Erology, 84,
592-597.

Cavender-Bares, J., Ackerly, D.D., Baum, D.A. & Bazzaz, F.A.
(2004). Phylogenetic overdispersion in Floridian oak communi-
ties. Am. Nat., 163, 823-843.

Collar, D.C., Near, T.J. & Wainwright, P.C. (2005). Comparative
analysis of morphological diversity: does disparity accumulate at
the same rate in two lineages of centrarchid fishes? Ewvolution, 59,
1783-1794.

Connor, E.F. & Simberloff, D. (1979). The assembly of species
communities-chance or competition. Ecology, 60, 1132-1140.
Diamond, J.M. (1975). Assembly of species communities. In:
Ecology and Evolution of Communities (eds Cody, M.L. & Diamond,
J.M.). Belknap Press of Harvard University Press, Cambridge,

MA, pp. 342-444.

Elton, C. (1946). Competition and the structure of ecological
communities. /. Anim. Ecol., 15, 54-68.

Felsenstein, J. (1985). Phylogenies and the comparative method.
Am. Nat., 125, 1-15.

Garland, T. & Ives, A.R. (2000). Using the past to predict the
present: confidence intervals for regression equations in phylo-
genetic comparative methods. Am. Nat., 155, 346-364.

Gatland, T., Dickerman, A.W., Janis, C.M. & Jones, J.A. (1993).
Phylogenetic analysis of covariance by computer-simulation. Sysz.
Biol., 42, 265-292.

George, E.L. & Hadley, W.F. (1979). Food and habitat partitioning
between rock bass (Ambloplites rupestris) and smallmouth bass
(Micropterus dolomieni) young of the year. Trans. Am. Fish. Soc., 108,
253-261.

Gotelli, N.J. & Graves, G.R. (1996). Null Models in Ecology.
Smithsonian Institution Press, Herndon, VA.

Gotelli, N.J. & McCabe, D.J. (2002). Species co-occurrence: a
meta-analysis of J.M. Diamond’s assembly rules model. Eeology,
83, 2091-2096.

Hardy, O.J. & Senterre, B. (2007). Characterizing the phylogenetic
structure of communities by an additive partitioning of phylo-
genetic diversity. /. Eeol, 95, 493-506.

Harvey, P.H., Colwell, RK, Silvertown, J.W. & May, R.M.
(1983). Null models in ecology. Annu. Rev. Ecol. Syst., 14,
189-211.

© 2007 Blackwell Publishing Ltd/CNRS

Heimstra, N.W., Damkot, D.K. & Benson, N.G. (1969). Some
effects of silt turbidity on behavior of juvenile largemouth bass
and green sunfish. U.S. Bur. Sport Fish. Wildl. Tech. Paper, 20, 3-9.

Helmus, M.R., Bland, T.J., Williams, C.K. & Ives, A.R. (2007).
Phylogenetic measures of biodiversity. Am. Nat., 169, E68—E83.

Hodgson, J.R., He, X., Schindler, D.E. & Kitchell, J.F. (1997). Diet
overlap in a piscivore community. Eeol. Freshw. Fish., 6, 144-149.

Horner-Devine, M.C. & Bohannan, B.J.M. (2006). Phylogenetic
clustering and overdispersion in bacterial communities. Ecology,
87, S100-S108.

Hrabik, T.R., Greenfield, B.K., Lewis, D.B., Pollard, A.L., Wilson,
KA. & Kratz, T.K. (2005). Landscape scale variation in taxo-
nomic diversity in four groups of aquatic organisms: the influ-
ence of physical, chemical and biological properties. Ecosystenss,
8, 301-317.

Ives, AR., Midford, P.E. & Gatland, T. (2007). Within-species
variation and measurement error in phylogenetic comparative
methods. $yst. Biol., 56, 252-270.

Jackson, D., Peres-Neto, P. & Olden, J. (2001). What controls who
is where in freshwater fish communities — the roles of biotic,
abiotic, and spatial factors. Can. J. Fish. Agnat. Sci., 58, 157-170.

Kratz, T.K., Webster, K.E., Bowser, C.J., Maguson, ].]. & Benson,
B.J. (1997). The influence of landscape position on lakes in
northern Wisconsin. Freshw. Biol., 37, 209-217.

Losos, J.B. (1996). Phylogenetic perspectives on community ecol-
ogy. Ecology, 77, 1344-1354.

Lovette, 1.]. & Hochachka, W.M. (2006). Simultaneous effects of
phylogenetic niche consetvatism and competition on avian
community structure. Feology, 87, S14-S28.

Mittelbach, G.G. (1984). Predation and resource partitioning in
two sunfishes (Centrarchidae). Erology, 65, 499-513.

Mittelbach, G.G. (1988). Competition among refuging sunfishes
and effects of fish density on littoral zone invertebrates. Ecology,
69, 614-623.

Near, T.J., Kassler, T.W., Koppelman, J.B., Dillman, C.B. & Phi-
lipp, D.P. (2003). Speciation in North American black basses,
Micropterus (Actinopterygii: Centrarchidae). Evolution, 57, 1610—
1621.

Near, TJ., Bolnick, D.I. & Wainwright, P.C. (2005). Fossil cali-
brations and molecular divergence time estimates in centrarchid
fishes (Teleostei: Centrarchidae). Evolution, 59, 1768-1782.

Olson, M.H. & Young, B.P. (2003). Patterns of diet and growth in
co-occurring populations of largemouth bass and smallmouth
bass. Trans. Am. Fish. Soc., 132, 1207-1213.

Olson, M.H., Young, B.P. & Blinkoff, K.D. (2003). Mechanisms
underlying habitat use of juvenile largemouth bass and small-
mouth bass. Trans. Am. Fish. Soc., 132, 398—405.

Peckham, S.D. & Lillesand, T.M. (20006). Detection of spatial and
temporal trends in Wisconsin lake water clarity using landsat-
derived estimates of Secchi depth. Lake Reservoir Manage., 22,
331-341.

Rahel, F.J. (1984). Factors structuring fish assemblages along a bog
lake successional gradient. Ecology, 65, 1276-1289.

Silvertown, J., Dodd, M., Gowing, D., Lawson, C. & McConway,
K. (2006). Phylogeny and the hierarchical organization of plant
diversity. Erology, 87, S39-549.

Slingsby, J.A. & Verboom, G.A. (2006). Phylogenetic relatedness
limits co-occurrence at fine spatial scales: evidence from the
schoenoid sedges (Cyperaceae: Schoeneae) of the Cape Floristic
Region, South Aftica. Am. Nat., 168, 14-27.



Letter

Phylogenetic structure in sunfish communities 925

Strong, D.R., Simberloff, D., Abele, L.G. & Thistle, A.B. (1984).
Ecological Communities: Conceptual Issues and the Evidence. Princeton
University Press, Princeton, NJ, USA.

Swenson, N.G., Enquist, B.J., Pither, J., Thompson, J. & Zimm-
erman, J.K. (2006). The problem and promise of scale
dependency in community phylogenetics. Ecology, 87, 2418—
2424.

Ulrich, W. (2004). Species co-occurrences and neutral models:
reassessing J. M. Diamond’s assembly rules. Ozkos, 107, 603—-609.

Vamosi, J.C. & Vamosi, S.M. (2007). Body size, rarity, and phy-
logenetic community structure: insights from diving beetle
assemblages of Alberta. Divers. Distrib., 13, 1-10.

Wainwright, P.C. (1996). Ecological explanation through functional
morphoogy: the feeding biology of sunfishes. Ecology, 77, 1336—
1343.

Webb, C.O. (2000). Exploring the phylogenetic structure of eco-
logical communities: an example for rain forest trees. .A. Nat.,
156, 145-155.

Webb, C.O., Acketly, D.D., McPeek, M.A. & Donoghue, M.J.
(2002). Phylogenies and community ecology. Awnnu. Rev. Ecol.
Eol. Syst., 33, 475-505.

Weiher, E. & Keddy, P. (1999). Ecological Assembly Rules: Perspectives,
Advances, Retreats. Cambridge University Press, Cambridge.

Werner, E.E. (1977). Species packing and niche complementarity in
three sunfishes. Aw. Nat., 111, 553-578.

Werner, E.E. & Hall, D.J. (1976). Niche shifts in sunfishes:
experimental evidence and significance. Science, 191, 404—406.
Werner, E.E. & Hall, D.J. (1977). Competition and habitat shift in

2 sunfishes (Centrarchidae). Erology, 58, 869—876.

Werner, EE. & Hall, D.J. (1979). Foraging efficiency and habitat
switching in competing sunfishes. Ecology, 60, 256-264.

Werner, E.E., Hall, D.J., Laughlin, D.R., Wagner, D.]., Wilsmann,
L.A. & Funk, F.C. (1977). Habitat partitioning in a freshwater
fish community. /. Fish. Res. Board Canada, 34, 360-370.

Winemiller, K.O. & Taylor, D.H. (1987). Predatory behavior and
competition among laboratory-housed largemouth and small-
mouth bass. Am. Midland Nat., 117, 148-166.

SUPPLEMENTARY MATERIAL

The following supplementary material is available for this
article:

PSV Null Model R and Matlab Code (WinRAR ZIP
archive)

Logistic Regression and Correlations Data and Matlab
Code (WinRAR ZIP archive)

This material is available as part of the online article from:
http://www.blackwell-synergy.com/doi/full /10.1111 /}.1461-
0248.2007.01083.x

Please note: Blackwell Publishing are not responsible for the
content or functionality of any supplementary materials
supplied by the authors. Any queries (other than missing
material) should be directed to the corresponding author for
the article.

Editor, Michael Hochberg
Manuscript received 30 April 2007
First decision made 28 May 2007
Manuscript accepted 11 June 2007

© 2007 Blackwell Publishing Ltd/CNRS



