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Character displacement is typically identified by comparing phenotypic differences in sympatry and allopatry. Recently, however,

Goldberg and Lande (2006) pointed out that when phenotypic characters vary along an environmental gradient, the standard ap-

proach may fail to identify sympatric character divergence. Here we present a general analytical procedure for identifying sympatric

character divergence while accounting for phenotypic changes that covary with environmental variables. Our approach uses resid-

ual randomization from a generalized linear model, and allows the statistical comparison of sympatric phenotypic divergence to

allopatric phenotypic divergence while accounting for phenotypic variation along a gradient. Through simulation we demonstrate

that our approach correctly identifies patterns of sympatric character divergence when they are present, and does not identify such

patterns when they are not. Our analytical approach complements and extends the suggestions of Goldberg and Lande (2006),

by allowing a full statistical assessment of the varied patterns of character displacement along environmental gradients, or while

accounting for other covariates and sources of variation.

KEY WORDS: Character displacement, environmental gradient, generalized linear model, phenotypic change, residual

randomization.

The competitive interactions of similar species have long been
considered important for the evolution of phenotypic diversity.
Competition may generate divergent selection, resulting in the
evolution of phenotypic character shifts, or character displace-
ment (Brown and Wilson 1956). Here, competition for limiting
resources accentuates phenotypic differences between species in
sympatry (Adams and Rohlf 2000; Losos 2000; Schluter 2000;
Grant and Grant 2006). In the absence of alternative explanations,
this pattern provides strong support of an evolutionary response
to interspecific competition (Grant 1975; Schluter and McPhail
1992; Taper and Case 1992). Recent evidence suggests that char-
acter displacement may be widespread (Schluter 2000), and may
be an important factor in determining community composition
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(Dayan and Simberloff 2005) as well as a major cause of adaptive
diversification (Schluter 2000; Pfennig and Murphy 2003; Pfennig
and Pfennig 2005).

Character displacement is most frequently identified by com-
paring sympatric differences to allopatric differences and deter-
mining whether phenotypic differences in sympatry are greater
than differences among allopatric populations (see, e.g., Dayan
and Simberloff 1994; Melville 2002; Adams 2004). However,
Goldberg and Lande (2006) recently pointed out that this ap-
proach correctly identifies character divergence in the absence of
significant associations of species’ phenotypes with environmen-
tal gradients (Fig. 1A). If the optimum phenotype varies along an
environmental gradient, then allopatric differences may be greater
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Figure 1. Phenotypic differences between two competing species in sympatry and allopatry; (A) and (B) redrawn after Goldberg and
Lande (2006). Three scenarios are presented: (A) the phenotype does not vary across space; (B) the phenotype spatially varies along an
environmental gradient; and (C) the phenotype varies spatially along an environmental gradient, but the covariation pattern differs in
allopatry and sympatry. In the latter two cases, the phenotypic differences in allopatry exceed those in sympatry, obscuring the pattern

of character divergence.

than sympatric differences, even though character displacement
is occurring (Fig. 1B, 1C). In such cases, character divergence is
obscured by phenotypic variation associated with an environmen-
tal gradient, and the standard approach fails to accurately describe
the actual amount of character divergence.

Goldberg and Lande (2006) recommended that observational
studies of character displacement include careful spatial sampling,
and when relatively smooth phenotypic clines are identified, the
degree of change in the mean phenotype in allopatry and sym-
patry should be quantitatively compared. This approach is useful
for comparing slopes of phenotypic change along environmental
gradients between sympatry and allopatry (e.g., Fig. 1C). How-
ever, greater mean phenotypic differences in sympatry relative to
allopatry can also be observed along an environmental gradient,
even if slopes of phenotypic change along a gradient are similar
(Fig. 1B). To identify such patterns, an analytical method is re-
quired that directly compares allopatric and sympatric phenotypic
divergence while accounting for covariation of phenotype and en-
vironmental variables along an environmental gradient. In this
note, we describe a general analytical procedure for identifying
sympatric character divergence while accounting for phenotypic
changes that covary with environmental variables. The approach
is general, and may also be used for assessing patterns of charac-
ter displacement when the phenotype covaries with other factors,
such as body size and age. Finally, in the absence of a spatial—
environmental gradient, our procedure reduces to the familiar form
of comparing allopatric to sympatric phenotypic differences.

ASSESSING CHARACTER DIVERGENCE

In many empirical studies of character displacement, phenotypic
variation is first examined using the linear model Y =Xp + ¢;
where Y is the matrix of phenotypic data, X is a design ma-
trix describing the model effects of species identity, commu-
nity types (allopatry and sympatry), and their interaction, f§ is
a matrix of partial regression coefficients, and € is a matrix of
residuals. Two-factor analysis of variance (ANOVA) or multi-
variate analysis of variance (MANOVA) statistically evaluates
effects described by B for inference of phenotypic variation in
species differences, community type differences (allopatry and
sympatry), and their interaction. A significant interaction identi-
fies species-specific phenotypic changes from allopatry to sym-
patry, which may reflect a pattern of character displacement. To
directly test this hypothesis, phenotypic differences are calculated
between means of sympatric populations and between means of
allopatric populations, and these values are statistically compared,
frequently through a randomization procedure (e.g., Schluter and
McPhail 1992; Adams and Rohlf 2000). For example, for mul-
tivariate phenotypic measures, the Euclidean distances between
species-community phenotypic means are calculated in sympa-
try (Dsymp) and in allopatry (D), and the test statistic (Dgymp
— Dyj0) is evaluated to determine whether the observed sym-
patric phenotypic divergence is greater than expected from chance,
frequently by randomly shuffling individuals across species-
community type treatments and recalculating the test statistic (e.g.,
Adams 2004).

EVOLUTION MARCH 2007 511



D. C. ADAMS AND M. L. COLLYER

Although the procedure described above provides a straight-
forward test of sympatric character displacement, it does not al-
low the incorporation of environmental gradients or other covari-
ates. Because such factors may obscure the signature of charac-
ter displacement, the above procedure may fail to identify cases
of sympatric character divergence. A useful alternative formula-
tion, in which residual phenotypic values from a simplified (re-
duced) model are shuffled, rather than the original specimen val-
ues themselves, allows main effects (i.e., species and community
type differences) to be held constant. For this “residual random-
ization” approach (ter Braak 1992; Gonzalez and Manly 1998),
least squares means are estimated from a generalized linear model
that contains the main effects of species and community type, but
not the species X community type interaction (spatial noninde-
pendence among sampling locations can also be incorporated: see
Appendix). Residuals from this model are then randomly assigned
to least squares means calculated from the model to reconstruct
“random” phenotypic values. These values are subsequently used
to calculate random sympatric and allopatric differences, from
which the significance of observed values can be inferred. With
this approach, the observed sympatric character displacement can
be statistically evaluated, but with the desirable property that non-
targeted sources of variation, such as species differences and com-
munity type differences, are held constant throughout the proce-
dure (Collyer and Adams 2007). Statistical details of the approach
are found in Appendix.

Another important advantage of this approach is that spatial
data and other variables which covary with phenotype can also be
incorporated, analogous to analysis of covariance (see Appendix).
Including the environmental variables allows phenotypic changes
along a gradient to be accounted for while a direct test of sympatric
character displacement is performed using residual randomiza-
tion. With this analytical framework, phenotypic changes along
the gradient no longer obscure the patterns between species in
allopatry and sympatry, and sympatric and allopatric phenotypic
divergences can be compared accounting for potential confound-
ing factors.

SIMULATION EXAMPLES

To illustrate the utility of our approach, we simulated three phe-
notypic variables for two species, plus one environmental variable
along a spatial gradient for three different scenarios. For simplic-
ity, we assume that locations along the spatial gradient are equally
spaced and the spatial correlation of responses between sample lo-
cations is constant. The environmental variable was also assumed
to have a linear increase along the spatial gradient. In the first
simulation (Fig. 2A), phenotypic values for both species varied
along the gradient, but there was no additional character shift in
sympatry (i.e., no character displacement). In the second simu-
lation (Fig. 2B), phenotypic values for both species varied along
the gradient, and both species exhibited equally large additional
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Figure 2. Simulated models and data for three phenotypic variables (V1-V3) across a gradient. Solid and open circles represent allopatric
and sympatric population means, respectively. In all simulations, the mean phenotype changes monotonically along the gradient (shown
as a grey arrow in the models). Differences in simulation models correspond to: (A) no character divergence; (B) symmetric character
divergence; and (C) asymmetric character divergence. Panels (D)-(F) represent simulated specimens for each population (lines representing

character shifts are included for illustrative purposes only).
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character shifts in sympatry (i.e., symmetric character displace-
ment). In the third simulation (Fig. 2C), phenotypic values for both
species varied along the gradient, but only one species exhibited
an additional character shift in sympatry (i.e., asymmetric charac-
ter displacement). Each simulation contained three allopatric and
three sympatric populations for each species, whose population
means were equally spaced along the gradient. Three measured
traits represented the phenotype of each individual. Twenty indi-
viduals were generated from each population mean using isotropic
error (Fig. 2D-F).

Two sets of analyses were performed on each simulated
dataset. First, the “standard” analyses of character displacement
were performed, which included a two-factor MANOVA and a di-
rect randomization test of sympatric versus allopatric phenotypic
divergence (Dgymp — Dailo), using the “residual randomization”
method (reduced model lacked the interaction term). These anal-
yses did not include information about the spatial-environmental
gradient, and were thus “gradient naive” analyses. Second, a “gra-
dient informed” analysis was performed, where the two-factor
MANOVA included gradient information as a covariate. In ad-
dition, the direct test of sympatric versus allopatric divergence
(Dsymp
a model that included the gradient covariate. For all resampling

— Dyj0) Was based on randomization of residuals from

tests, significance levels were assessed using 10,000 iterations
(9999 random values plus the observed).

SIMULATION RESULTS
Using the standard analysis, phenotypic differences between
species were identified for all simulated scenarios, and differ-

ences between community types were only found for the asym-
metric scenario (Table 1). Further, in all scenarios, a significant
interaction between species and community type was revealed,
implying that species-specific phenotypic changes were present
(Table 1). However, for the first scenario, no phenotypic change
was modeled, implying that the naive analysis incorrectly iden-
tified an effect that was not present. This result illustrates that
exclusion of the environmental gradient in the analysis can lead
to erroneous conclusions about character displacement, by iden-
tifying significant effects that are really not present. This result
supports Goldberg and Lande’s (2006) suggestion that when pos-
sible, gradient information should be included.

In contrast, when the environmental gradient was incorpo-
rated, both phenotypic differences between species and pheno-
typic change along the gradient were identified for all scenarios
(Table 1). In addition, differences in community types were iden-
tified in only the asymmetric scenario, and a significant species
X community type interaction was revealed in both the symmet-
ric and asymmetric divergence scenarios, but not in the gradient
only scenario (Table 1). These outcomes are reasonable, as sym-
metric species’ phenotypic shifts in sympatry would not cause a
change in the average sympatric phenotype (because interaction
effects are in fact opposite) from the average allopatric phenotype.
However, an asymmetric shift (i.e., phenotypic shift of only one
species) results in a displacement of the average sympatric pheno-
type from the average allopatric phenotype. Therefore, when the
environmental gradient was included as a covariate, all significant
effects were correctly identified, and those effects that were not
incorporated in the simulation model were correctly found to have
no discernable effect on phenotypic variation.

Table 1. Wilks’ A and associated P-values for multivariate analyses of variance (ANOVA) performed on simulated datasets. Additional

direct tests of phenotypic divergence between sympatric and allopatric populations (Dsymp—Daji0) are also shown. Bold values indicate
that significant effects that differ from what was simulated were statistically identified.

Factor df No shift Symmetric shift Asymmetric shift
A P A P A P

Species 1 0.0207 <0.0001 0.0300 <0.0001 0.0800 <0.0001
Community 1 1.0000 0.3633 1.0000 0.9568 0.1300 <0.0001
Species x community 1 0.2000 <0.0001 0.0300 <0.0001 0.0900 <0.0001
Error 236

(Dsymp — Dalo) —12.46 0.0001! —9.64 0.0001 —11.58 0.0001
Gradient 1 0.0012 <0.0001 0.0016 <0.0001 0.0017 <0.0001
Species 1 0.0277 <0.0001 0.0161 <0.0001 0.0624 <0.0001
Community 1 1.0000 0.3580 1.0000 0.7929 0.1130 <0.0001
Species x community 1 1.0000 0.4764 0.1157 <0.0001 0.3573 <0.0001
Error 235

(Dsymp—Dao) —0.064 0.4580 3.895 <0.0001 1.774 <0.0001

1p.values of direct tests are empirically derived from a permutation procedure. These values represent two-tailed considerations.
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Even more revealing were results from direct tests of
sympatric versus allopatric divergence. In all cases, when the
environmental gradient was ignored, highly significant (Dgypp —
D 10) statistics were attained, but in the wrong direction (Table 1).
That is, in all cases, the phenotypic differences in allopatry were
significantly greater than differences in sympatry. This result is
consistent with those of Goldberg and Lande (2006). In con-
trast, when the gradient was included as a covariate, a signifi-
cant (Dgymp — Dayo) statistic was found for the symmetric and
asymmetric character divergence scenarios, but was not signifi-
cant for the case where no additional character shift was included
in the model (Table 1). Thus, for direct allopatry—sympatry com-
parisons, our approach incorporating the environmental gradient
as a covariate correctly identified character displacement when it
was present, and correctly identified no character displacement
when it was not present.

Discussion

Observational studies of character displacement provide impor-
tant insights into the evolutionary responses of competing species.
Recently, Goldberg and Lande (2006) pointed out that when phe-
notypic characters vary along an environmental gradient, the stan-
dard approach of comparing sympatric differences to allopatric
differences may fail to identify sympatric character divergence.
They recommended that such observational studies include spa-
tial information on the locations of the samples, and when possi-
ble, comparisons of the slopes of change in the mean phenotype
in allopatry and sympatry. In this study, we presented a general
analytical procedure for identifying sympatric character diver-
gence while accounting for phenotypic changes along an envi-
ronmental gradient. Our approach uses residual randomization
from a reduced generalized linear model, and allows the statisti-
cal comparison of sympatric phenotypic divergence to allopatric
phenotypic divergence while accounting for phenotypic covari-
ation along a gradient. Through simulation we demonstrate that
our approach correctly identifies patterns of sympatric character
divergence when they are present, and does not identify patterns
when they are not.

One important aspect of our approach is that it is a simple
extension of analytical methods commonly used in studies of char-
acter displacement. Therefore, there is no conceptual change in
how one considers patterns of character displacement; rather, the
linear model used is simply parameterized with or without envi-
ronmental covariates. As such, when covariates are not included,
our procedure reduces to the standard allopatry—sympatry com-
parison. On the other hand, if phenotypic values covary with an
environmental variable, or multiple variables, they can be eas-
ily incorporated in the model. In addition, our approach is not
restricted to accounting for environmental gradients, but can be
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used to account for any nontargeted sources of variation, such as
age, or the presence of a third potentially competing species at
some localities. Therefore, the analytical procedure is truly gen-
eral, as patterns of character displacement can be evaluated for
simple ecological scenarios (with only two species in allopatry
and sympatry), or considerably more complicated designs (e.g.,
where the phenotype covaries along a gradient, and where addi-
tional competitors are present at each location).

Finally, we note that our procedure can also be used to ex-
amine changes in the slopes of the gradient, as recommended by
Goldberg and Lande (2006). For this, species x community type
x gradient interactions are included in the original (full) model
calculations, but are removed from the reduced model. Residuals
from this reduced model can then be used to evaluate differences
in the slopes for each species x community type x gradient com-
bination. Therefore, our analytical approach complements and ex-
tends the suggestions of Goldberg and Lande (2006), by allowing
a full statistical assessment of other patterns of character displace-
ment along environmental gradients, or while accounting for other
covariates and sources of variation.

ACKNOWLEDGMENTS
We thank two anonymous reviewers for their helpful comments and sug-
gestions. This work was sponsored in part by National Science Foundation
grant DEB-0446758 to DCA.

LITERATURE CITED

Adams, D. C. 2004. Character displacement via aggressive interference in
Appalachian salamanders. Ecology 85:2664-2670.

Adams, D. C., and F. J. Rohlf. 2000. Ecological character displacement in
Plethodon: biomechanical differences found from a geometric morpho-
metric study. Proc. Natl. Acad. Sci. USA 97:4106-4111.

Brown, W. L., and E. O. Wilson. 1956. Character displacement. Syst. Zool.
5:49-64.

Collyer, M. L., and D. C. Adams. 2007. Analysis of two-state multivariate
phenotypic change in environmental studies. Ecology 88:683-692.
Dalthorp, D. 2004. The generalized linear model for spatial data: assessing the
effects of environmental covariates on population density in the field.

Entomol. Exp. Appl. 111: 117-131.

Dayan, T., and D. Simberloff. 1994. Character displacement, sexual dimor-
phism, and morphological variation among British and Irish mustelids.
Ecology 75:1063-1073.

.2005. Ecology and community-wide character displacement: the next
generation. Ecol. Lett. 8:875-894.

Goldberg, E. E., and R. Lande. 2006. Ecological and reproductive character

displacement on an environmental gradient. Evolution 60:1344—-1357.

Gonzalez, L. and B. F. J. Manly. 1998. Analysis of variance by randomization
with small data sets. Environmetrics 9:53-65.

Gotway, C. A., and W. W. Stroup. 1997. A generalized linear model approach
to spatial data analysis and prediction. J. Ag. Biol. Environ. Stat. 2:
157-178.

Grant, P. R. 1975. The classical case of character displacement. Evol. Biol.
8:237-337.

Grant, P. R., and B. R. Grant. 2006. Evolution of character displacement in
Darwin’s finches. Science 313:224-226.



ENVIRONMENTAL GRADIENTS AND OTHER COVARIATES

Losos, J. B. 2000. Ecological character displacement and the study of adapta-
tion. Proc. Natl. Acad. Sci. USA 97:5693-5695.

Melville, J. 2002. Competition and character displacement in two species of
scincid lizards. Ecol. Lett. 5:386-393.

Pfennig, D. W., and P. J. Murphy. 2003. A test of alternative hypotheses
for character divergence between coexisting species. Ecology 84:1288—
1297.

Pfennig, K. S., and D. W. Pfennig. 2005. Character displacement as the “best of
a bad situation”: fitness trade-offs resulting from selection to minimize
resource and mate competition. Evolution 59:2200-2208.

Schluter, D. 2000. The ecology of adaptive radiation. Oxford series in ecology
and evolution. Oxford Univ. Press, New York.

Schluter, D., and J. D. McPhail. 1992. Ecological character displacement and
speciation in sticklebacks. Am. Nat. 140:85-108.

Taper, M. L., and T. J. Case. 1992. Coevolution among competitors. Oxf. Surv.
Evol. Biol. 8:63-109.

ter Braak, C. J. F. 1992. Permutation versus bootstrap significance tests in
multiple regression and ANOVA. Pp. 79-86 in K. H. Jockel, ed. Boot-
strapping and related techniques. Springer, Berlin.

Associate Editor: D. Pfennig

Appendix

STATISTICAL DETAILS

Phenotypic variation, Y, can be expressed by a generalized lin-
ear model,Y = Xp + &; where X is an n x k design matrix
describing the k model effects for n objects, § is a k x p ma-
trix of partial regression coefficients for p response variables, and
€ is the n x p matrix of residuals. For a typical character dis-
placement study, X takes the form of a two-factor MANOVA,
with species, community type (allopatry and sympatry) as main
effects, and includes their interaction (we represent this as the
design matrix for the full model, Xy). Parameter estimates are
solved as f3; = XX f)‘lX[fY, where ¢ and —1 correspond to
matrix transpose and inverse, respectively; and the least-squares

means are estimated (Y = E[Y|X £ [§ r1. Itis likely that incorpo-
rating information about an environmental gradient in the analysis
means that responses will be spatially correlated (samples will be
more similar in proximate locations than distal ones). It is there-
fore useful to use a generalized least squares (GLS) estimator
of B Brcrs) = (X’fE_le)_lX}E_IY, where ¥ is an n x
n covariance matrix that describes the spatial covariance among
observations (Gotway and Stroup 1997; Dalthorp 2004).

The observed phenotypic divergence in sympatry and allopa-
try are then calculated as the Euclidean distances between least
squares means for the proper species-community type treatments
(D; = (AY,;AY")!/?), where AY; = Y;; — Yy, for species j and
k in the ith community type. The difference between sympatric
and allopatric phenotypic divergences is determined as (Dgymp —
Djio)-

To evaluate the significance of this value, a residual random-
ization is performed. First, the interaction term is removed, result-
ing in the reduced model, X,. The reduced model is solved, and
predicted values (?r = X,ﬁ,) and residuals (g,) are determined.
Residuals (e,) are randomized and are added to predicted values
to produce random values (Y* = Y, + €’) such that nontargeted
effects are held constant. The value (Dgymp — Daio) is determined
and the process is repeated many times to compare the observed
value to a distribution of random values.

To incorporate an environmental gradient (i.e., environmental
variables that vary along a spatial gradient), the above procedure
is identical, except that additional covariates are included in both
the full (X;) and reduced (X,) models. Thus, these models exam-
ine patterns of sympatric and allopatric phenotypic divergence,
while accounting for variation of phenotype along an environ-
mental gradient. By including other variables (e.g., size or age
covariate) in the design matrices, more complicated designs can
also be examined.
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