ORIGINAL ARTICLE

doi:10.1111/evo0.12706

Closely related species of birds differ more
in body size when their ranges overlap—in
warm, but not cool, climates

Emma Bothwell,"? Robert Montgomerie," Stephen C. Lougheed, and Paul R. Martin'-3
"Department of Biology, Queen’s University, Kingston, Ontario, Canada K7L 3N6
2Department of Integrative Biology, University of Guelph, Guelph, Ontario, Canada N1G 2W1

3E-mail: pm45@queensu.ca

Received June 3, 2014
Accepted June 3, 2015

Differences in body size are widely thought to allow closely related species to coexist in sympatry, but body size also varies as
an adaptive response to climate. Here, we use a sister lineage approach to test the prediction that body size differences between
closely related species of birds worldwide are greater for species whose ranges are sympatric rather than allopatric. We further test
if body size differences among sympatric versus allopatric species vary with geography, evolutionary distance, and environmental
temperatures. We find greater differences in size among sympatric compared with allopatric lineages, but only in closely related
species that live where mean annual temperatures are above 25°C. These size differences in warm environments declined with the
evolutionary distance between sister lineages. In species living in cooler regions, closely related allopatric and sympatric species
did not differ significantly in size, suggesting either that colder temperatures constrain the evolutionary divergence of size in
sympatry, or that the biotic selective pressures favoring size differences in sympatry are weaker in colder environments. Our
results are consistent with suggestions by Wallace, Darwin, and Dobzhansky that climatic selective pressures are more important

in cooler environments (e.g., high elevations and latitudes) whereas biotic selective pressures dominate in warm environments
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(e.g., lowland tropics).

KEY WORDS: Abiotic selective pressures, biotic selective pressures, body mass, competition, latitude, range overlap.

Evolutionarily young species whose geographic ranges overlap
(i.e., occur in sympatry) encounter a significant challenge—they
share many ecological traits and preferences through recent com-
mon ancestry, and yet must partition resources to survive and
reproduce (Violle et al. 2011). One solution to this challenge
is the evolution of differences in key ecological traits that al-
low closely related species to partition resources when they live
together (Brown and Wilson 1956; Grant 1972; Schluter 2000;
Dayan and Simberloff 2005). In animals, body size has long been
considered one such trait (Hutchinson 1959; Peters 1983; Bonner
2006), influencing the diversity of usable prey, the risk of pre-
dation, caloric requirements, life history strategies, behavior, and
physiological tolerances, among many other traits (Peters 1983;
Vézina 1985; Schmidt-Nielsen 1984; Bonner 2006; Dial et al.
2008). Divergence in body size might thus allow closely related
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species to partition resources in diverse ways, reducing the fitness
costs of living in sympatry (Brown and Wilson 1956; Hutchinson
1959). As a result, studies of ecologically similar, closely related
species often find greater differences in body size in sympatry
relative to allopatry (reviewed by Dayan and Simberloft 2005).
While divergence in body size may allow closely related
species to coexist, the evolution of body size is also influenced
by climate—a selective pressure shared by species living in
sympatry. The trend to larger size in colder environments is found
both within species and among closely related species of birds
and mammals (Ashton et al. 2000; Ashton 2002; Meiri and Dayan
2003; Olson et al. 2009; Clauss et al. 2013). Body sizes of some
birds and mammals also decline as climates warm over time (Van
Buskirk et al. 2010; Gardner et al. 2011; Sheridan and Bickford
2011), further supporting a link between temperature and size.
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The selective benefit of larger size in colder climates is thought to
involve relative heat loss, with the lower surface-area-to-volume
ratios in larger organisms allowing homeotherms to retain
relatively more heat energy as a proportion of their total energy
budgets (Bergmann 1848; Meiri and Dayan 2003; Clauss et al.
2013). Other factors may also favor larger sizes in colder climates
(Blackburn et al. 1999)—for example, enabling organisms to
withstand the longer periods of limited food availability that
characterize some cold environments (Lindsey 1966; Calder
1974; Lindstedt and Boyce 1985; Ashton 2002).

Shared climate favoring body size convergence, and the eco-
logical interactions favoring divergence, thus present opposing
selective pressures acting upon closely related species living in
sympatry. The relative importance of these conflicting selective
pressures should vary both geographically and over evolutionary
time. For example, the relative importance of competition versus
climate has long been thought to vary with both elevation and
latitude—with biotic interactions suggested to be more important
in warmer regions (Darwin 1859; Wallace 1878; Dobzhansky
1950; Schemske et al. 2009). If shared climate favors conver-
gence in body size among sympatric species, then we might ex-
pect stronger selection for convergence at higher latitudes and
elevations, where climatic selective pressures are more prevalent.
Similarly, the relative importance of competition favoring diver-
gence versus local adaptation favoring convergence may vary
with the evolutionary distance between species (i.e., the amount
of time since two species shared a common ancestor). As species
diverge in body size due to competition, those species are likely
to accumulate differences in other ecologically relevant traits
(e.g., Richman and Price 1992; Schluter 2000) that could poten-
tially reduce the costs of sharing similar body sizes in the same
environment.

Here, we provide a test of the hypothesis that similar body
sizes directly or indirectly entail fitness costs for closely related
species living in sympatry, and that those costs vary with geog-
raphy, climate, and evolutionary time. To test our hypotheses, we
used a simple but powerful method for isolating the importance
of sympatry on the evolution of traits, proposed by Mohamed
Noor (1997) in work on Drosophila. Noor’s method focuses on
sister species—or closely related lineages—that differ in their
geographic overlap with a third, more distant, but still close, rel-
ative (Fig. 1). This sister lineage approach allows us to control
for evolutionary time—the focal sister lineages (lineages B and
C; Fig. 1) have, by definition, been evolving from their common
ancestor for exactly the same amount of time. Similarly, both sis-
ter lineages (B and C) have been evolving from the third more
distant lineage (A) for the same amount of time, thus facilitating
comparisons of trait evolution between species occurring in sym-
patry (A-B) and allopatry (A—C) (Fig. 1; see also Martin et al.
2015).

1702 EVOLUTION JULY 2015

o
O wm >

Brotogeris
parakeets

Figure 1. An example of methods (following Noor 1997) using
the genus Brotogeris. Lineages B and C are sister lineages whose
ranges are mainly allopatric (overlap less than 10%), but differ
in their overlap with a more distant congener, lineage A. Thus,
the geographic range of B overlaps with the range of A, whereas
the range of C does not. If similar body sizes in sympatry are
costly, then we predicted that differences between the sympatric
lineages (A and B) would exceed those between the allopatric
lineages (A and Q). If similar body sizes in sympatry are benefi-
cial, then we predicted that the difference between the allopatric
lineages (A and C) would exceed that of the sympatric lineages
(A and B). In this example, lineage A is B. sanctithomae, lineage B
is B. versicolurus, and lineage C is B. chiriri.

The Noor method has several distinct advantages. First, it ob-
viates a recent concern that error associated with estimates of time
since sharing a common ancestor creates spurious relationships
between sympatry and trait divergence in statistical models that
include time, sympatry, and trait divergence (Hudson and Price
2014). Such models are the basis of most comparative studies
of the effects of sympatry (e.g., Davies et al. 2007; Martin et al.
2010). The Noor method also helps to control for ecology and
phylogeny by testing the importance of sympatry versus allopatry
within clades of ecologically similar, closely related species, and
includes divergence in allopatry as a benchmark for comparison
within every clade. Although such control may be unnecessary for
species within ecological guilds (e.g., Davies et al. 2007), our anal-
ysis includes diverse groups (e.g., pheasants, spoonbills, parrots,
hummingbirds, hornbills, woodpeckers, tanagers, and finches),
and thus comparisons of trait evolution between sympatry and al-
lopatry within closely related clades could be important. Although
the Noor method does not compare sympatric sister species
(Fig. 1), most sister species of birds have allopatric ranges
(e.g., Hudson and Price 2014) and thus can be uninformative
in the study of the effects of secondary sympatry. In contrast,
the sympatric lineages in our study represent the youngest
co-occurring lineages within each clade—exactly the lineages
that we would expect to interact ecologically because of their
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shared traits and preferences through recent common ancestry
(Violle et al. 2011). We might also expect that these relatively
young species would experience and respond to climatic selective
pressures in similar ways due to their close evolutionary relations
and ecological similarities, such that local adaptation to climate
might be expected to favor similar evolutionary solutions. The
Noor method also has advantages over evolutionary models
of trait evolution in that it makes no assumptions about either
lineage birth—death rates or particular models of trait evolution
(e.g., there is no assumption about equivalent, stochastic change
over time across all lineages). Given the diversity of our focal
species, particularly with respect to life histories and generation
times, avoiding these assumptions could be important.

A major disadvantage of the Noor method is the restrictive
biogeographic and phylogenetic criteria that limit the number of
comparisons that can be made. Indeed, from the approximately
10,000 extant species of birds, we found only 64 independent
comparisons that met our criteria. These comparisons, however,
represent 64 phylogenetically independent contrasts of closely
related bird species living in sympatry versus allopatry (Fig. 1),
involving 211 species, representing 11 orders and 36 families
worldwide. The dataset also includes 6% of the genera of the
world’s birds that have at least three species per genus (Gill and
Donsker 2010-2012), as required for our analysis. Our analy-
sis includes a reasonable sampling of tropical clades (N = 47
comparisons) including some of the most diverse avian radiations
(e.g., genera Turdus, Tangara). Ultimately, every method for test-
ing the association between potential selective pressures and trait
evolution has advantages and disadvantages. The Noor method
provides a robust approach that complements other popular meth-
ods for evolutionary discovery (e.g., Davies et al. 2007; Harmon
et al. 2008; Lawson and Weir 2014).

Using Noor’s method, we predicted that if closely related
species of birds living in sympatry incur costs from having sim-
ilar body sizes, then we should find greater divergence between
closely related species whose ranges overlap (lineages A-B) com-
pared with closely related species whose ranges do not overlap
(lineages A—C). Simultaneously, we tested the prediction that the
relationship between sympatry and differences in body size varies
with the time since those lineages shared a common ancestor, with
the geographic context of that sympatry (continent and latitude),
and with the average environmental temperature across the range
of each clade.

Materials and Methods

CHOICE OF SPECIES

We searched a recent taxonomy of the world’s birds (Gill and
Donsker 2010-2012) to find genera that had three or more species
with available data on body size where >80% of the species

in that genus had been included within a published molecular
phylogeny (see Appendix S1 for sources). We chose 80% as a
cutoff because we wanted to avoid genera whose phylogenetic re-
lationships were potentially biased by a large proportion of miss-
ing species. Focal genera also had to meet three biogeographic
criteria (Fig. 1; following Martin et al. 2015) (1) that lineages B
and C are mostly allopatric, overlapping less than 10% of their
ranges, (2) that lineages A and B are mostly sympatric, with at
least 50% of the range of B overlapped by A, and (3) that lineages
A and C are mostly allopatric, with less than 10% of the range of
C overlapped by A. For migratory species, both the breeding and
wintering ranges (scored separately) had to meet our three criteria
because interactions on the wintering range may also have influ-
enced body size evolution. In cases where we included genera
where all species were not included in molecular phylogenies,
we ensured that missing species did not differentially overlap our
focal lineages (B and C), potentially biasing our results. We also
required that lineage A was the youngest lineage overlapping lin-
eage B, allowing us to focus on the most closely related species
that were sympatric. We selected a cutoff of 50% range overlap
to define sympatric species because we felt that species would be
less likely to influence each other’s body size evolution if fewer
than half of their populations co-occurred with the other species.
We selected a cutoff of 10% range overlap as a maximum for
our allopatric species because we felt that species with <10%
overlap would be unlikely to influence each other’s body size
evolution, and a cutoff of 10% (rather than zero) allowed us to

include additional comparisons, thus increasing our sample size.

BODY MASS

We used body mass as an index of body size, following many
previous studies (e.g., Peters 1983). We compiled body mass
data from the literature (mostly Dunning 2008), supplemented
with unpublished data from museum collections and ornitholo-
gists who kindly shared their data. We preferentially used body
mass data collected in the areas of sympatry for species A and B
and allopatry for species C. In cases where a lineage was repre-
sented by more than one species, we used the average mass of the
species in that lineage for analyses. We excluded mass data for
immature birds, and used the average of male and female body
masses in analyses when the data were distinguished by sex. See
Appendix S1 for more details on our methods.

GEOGRAPHIC RANGES

We assessed the degree of range overlap among species us-
ing ranges from BirdLife International and NatureServe (2011).
We measured range size and overlap using ArcGIS 10.1 (ESRI,
Redlands, CA; see online Supporting Information, Appendix S1
for details). Our measure of range overlap does not provide a
direct index of species interactions because species could use
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different habitats—or be active at different times of day—and
thus never encounter each other. Such a scenario (i.e., sympa-
try without historical or current interactions between the species)
would be a source of error in our study, and would reduce the like-
lihood of finding a difference between allopatric and sympatric
species. However, habitat partitioning could also be one of the
mechanisms by which species diverge, if competitive interactions
among species favor occupying different habitats in sympatry,
that in turn favor the evolution of different body sizes. Data from
other studies that include many of our focal, sympatric species
suggest that they do encounter each other and interact, and thus
are not completely segregated within their sympatric ranges (e.g.,
Pierpoint 1986; Lebbin 2008; Freshwater et al. 2014).

PREDICTOR VARIABLES

We evaluated 10 predictor variables in our statistical models to
examine how differences in body size in sympatry and allopa-
try varied with genetic distance and geography, and to control
for potentially confounding factors (details and justifications in
Appendix S1; see Fig. 1 for definitions of lineages A—C). These
10 predictor variables (including potentially confounding factors)
are (1) mean Tamura—Nei genetic distance (mtDNA) between lin-
eages A and BC, (2) mean Tamura—Nei genetic distance (mtDNA)
between lineages B and C, (3) maximum number of congeners
(besides A) that overlapped B or C where [(area of range over-
lap)/(range size of B or C) > 0.50], (4) relative sympatry of A
[(area of range overlap of A and B)/(range size of A)], (5) relative
sympatry of B [(area of range overlap of A and B)/(range size
of B)], (6) mean latitude of the clade (mean of the area-weighted
centroid of the ranges for lineages A-C), (7) continental area
that included the range of lineage B (Africa, Australia, Eura-
sia, North America, South America; definitions follow Martin
and Tewksbury 2008), (8) average annual environmental temper-
ature (hereafter, environmental temperature) encountered by each
clade (mean of the average temperatures experienced by lineages
A—C, based on intersections of ranges with climate data from New
et al. 2002), (9) relative difference in environmental temperatures
between lineages A and B compared with A and C {In [(absolute
value (environmental temperature for lineage A — environmental
temperature for lineage B))/(absolute value (environmental tem-
perature for lineage A — environmental temperature for lineage
C))1}, and (10) geographic distance between the centroids of the
ranges of lineages A and C. See Supporting Information Methods
(Appendix S1) for details on how these variables were calculated.

STATISTICAL METHODS

We tested our prediction that body masses should be more dif-
ferent in sympatry compared with allopatry using generalized
linear models in R (version 3.1.2; R Core Team 2014). We
calculated the response variable as the natural log of the ratio
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of body mass differences between lineages A and B to that of
lineages A and C for each phylogenetically independent compar-
ison: response = In{[absolute value (mass of lineage A — mass of
lineage B)]/[absolute value (mass of lineage A — mass of lineage
O)]}. Values of this response variable above zero indicate greater
differences in body mass in sympatry, whereas values below zero
indicate greater differences in body mass in allopatry.

In each model, we included initially the 10 predictor variables
described above, with no interaction terms. Continuous variables
were standardized by subtracting the mean from each observation
and dividing the result by 2 SDs, using the rescale command in the
arm package (version 1.7-07; Gelman et al. 2013). We checked the
fit to normality of each covariate using Shapiro-Wilk tests, and
transformed all variables that were significantly different from
normal (for details, see Appendix S1 and R code archived in
Dryad, http://dx.doi.org/10.5061/dryad.v5h5f).

The relationship between environmental temperature and
our response variable suggested a threshold response, with
distinct patterns above and below 24-26°C. Thus, we ran a
piecewise regression analysis following Lemoine (2012) and
Crawley (2013) (R code for this analysis is archived in Dryad,
http://dx.doi.org/10.5061/dryad.v5h5f) to identify the breakpoint
in the relationship between temperature and the response
variable. The breakpoint was approximately 25°C, and thus we
subsequently treated temperature as a bivariate predictor variable
(warm > 25°C, cool < 25°C).

After running the full model, we checked model fit by plotting
residuals against predicted values and then separately against each
predictor, using Bartlett’s tests to look for significant differences
in residual variance among predictors, and Shapiro—Wilk tests to
identify significant deviations of the residuals from a normal dis-
tribution. We then compared the performance of models with all
possible combinations of predictors using the dredge command
in the MuMIn package (version 1.13.4; Barton 2015). We present
results for the best-fitting model (lowest corrected Akaike Infor-
mation Criterion, AICc; Table 1), and include the results from all
top models (delta AICc < 2) in Table S1. We checked the fit of
our best-fitting model in the same way that we checked model
fit for the full model. The intercept tests whether body masses
were more different between species in sympatry (intercept > 0)
or allopatry (intercept < 0).

Although our comparisons between allopatric and sympatric
lineages were phylogenetically independent, our results could
have been influenced by the phylogenetic relationships among our
comparisons, for example, if different clades of birds show differ-
ent patterns of body size evolution in sympatry versus allopatry. To
address this issue, we ran a Bayesian phylogenetic mixed effects
model using MCMCglmm (version 2.21; Hadfield 2014) with the
same predictor and response variables as our best-fitting model
from above, but with the phylogenetic relationships between our
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Table 1. Results of our best-fitting statistical model (lowest AlCc) testing the prediction that body mass differences are larger (intercept

> 0) or smaller (intercept < 0) among sympatric lineages compared to allopatric lineages.

Generalized linear model Estimate SE t daf P
Intercept? 1.536 0.356 4.32 63 <0.0001
Genetic distance between lineages B and C3 —0.770 0.372 —2.07 63 0.043
Average temperature of lineage ABC* —1.746 0.418 —4.17 63 <0.0001
Bayesian phylogenetic Lower Upper Effective

mixed effects model' Estimate 95% CI° 95% CI’ sample size P
Phylogeny (random effect) 0.088 0.0002 0.429 1000

Intercept? 1.524 0.760 2.348 979 0.002
Genetic distance between lineages B and C? —0.780 —1.461 —0.107 764 0.032
Average temperature of lineage ABC* —1.728 —2.584 —0.895 1000 <0.001

The Bayesian phylogenetic mixed effects model controlled for the significant effects of phylogenetic relationships among our comparisons. N = 64 phyloge-

netically independent comparisons.

TResponse variable = In[(absolute value (mass of lineage A — mass of lineage B))/(absolute value (mass of lineage A — mass of lineage C))]; continuous

predictors were standardized prior to analysis, see Methods.

2Intercept > 0 indicates larger differences in body mass among sympatric, compared with allopatric, lineages at warm temperatures (above 25°C).

3Tamura-Nei genetic distances based on mitochondrial sequences.

4Categorical (warm > 25°C, cold < 25°C); estimates are for cold temperatures relative to warm temperatures.

5Cl = confidence interval.

comparisons entered as a random factor. We downloaded 1000
phylogenetic trees for our focal comparisons from Jetz et al.
(2012; http://birdtree.org) based on the Hackett sequence-based
dataset, and calculated a maximum clade credibility tree using
TreeAnnotator (version 1.8.1; Drummond et al. 2012) with pos-
terior probability limit = 0, burnin = 0 trees, and node heights =
mean heights. For this model, we followed the methods and model
checks of Cornwallis et al. (2010) and Horvathova et al. (2012).
Our main analysis tested the predictions of our central hy-
pothesis by examining the relative differences in body mass be-
tween sympatric versus allopatric lineages. Because the results of
this analysis could be caused by changes in sympatric lineages,
allopatric lineages, or both, we ran additional tests to estimate the
contribution of both sympatric (lineage B) and allopatric (lineage
C) lineages to the significant differences that we found in our
main analysis. To do this, we calculated the absolute values of the
differences in body mass between lineages A and B, and A and C,
both standardized for body mass of the lineage, as: mass differ-
ence = [absolute value (mass of lineage A — mass of lineage B or
C)]/(average mass of lineages A—C). We evaluated a linear mixed-
effects model with the nlme package (version 3.1-120; Pinheiro
et al. 2015) following Zuur et al. (2009), with body mass differ-
ence as the response variable, and the differences between lineage
A and B (sympatric) and between A and C (allopatric) entered sep-
arately. Sympatry (yes or no), environmental temperature, genetic
distance between lineages B and C, and interactions between sym-
patry and both temperature and genetic distance between lineages
B and C were entered as predictors, because they were included

in our best-fitting model from the main analysis (Table 1). We in-
cluded the environmental temperature experienced by lineage B
or C as the predictor—as opposed to the average of temperatures
experienced by lineages A—C (in the main analysis)—to allow us
to assess the importance of temperature experienced by allopatric
and sympatric lineages separately. See Appendix S1 for details of
our methods.

Results

Within the 64 clades that we analyzed, body size differences be-
tween closely related lineages of birds living in sympatry were
greater than among those living in allopatry (Fig. 2, Table 1). This
body size difference between sympatric and allopatric lineages
declined with genetic distance between sister taxa (i.e., lineages
B and C; Fig. 2A), and occurred only when the average temper-
ature experienced across the geographic range of the clade was
above 25°C (Fig. 2B, Table 1; piecewise regression breakpoint =
25.34°C; Appendix S1). The declines in body size differences
between sympatric and allopatric lineages with increased genetic
distance (Fig. 2A) were due to the increasing divergence of al-
lopatric lineages from lineage A over evolutionary time, with
differences among sympatric lineages remaining stable (Table 2,
Fig. 3A). Controlling for phylogeny did not alter our results sub-
stantially, even though the phylogenetic relationships among our
comparisons had some effect on our results (Table 1).

The greater divergence of sympatric species relative to
allopatric species (Fig. 2B) was the result of greater divergence
among sympatric rather than allopatric lineages for ranges
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Figure 2. Variation in the body mass differences between sympatric versus allopatric congeners of birds. Sympatric lineages show
greater differences in their mass compared with allopatric lineages (panels A, B), but these differences declined with the genetic
distance between sister lineages B and C (panel A), and were only evident in clades that live in warmer environments, where average
environmental temperatures exceeded 25°C (panel B). Y-axis values are In [(absolute value of the difference in mass between sympatric
lineages A and B)/(absolute value of the difference in mass between allopatric lineages A and C)]. Y-axis values above zero indicate

greater differences among sympatric lineages, whereas values below zero indicate greater differences among allopatric lineages. We
identified the breakpoint at 25°C in panel (B) using a piecewise regression analysis. In panel (A), a genetic distance of 0.02 represents a
divergence time of approximately 1 million years before present (Weir and Schluter 2008). In panel (B), the x-axis is the environmental
temperature (°C) across the range of the focal species, averaged across lineages A-C.

experiencing warmer temperatures (Table 2, Fig. 3B). Body
size differences between sympatric and allopatric species within
clades did not vary significantly (1) among continents, (2) with
the overlap of nonfocal congeners, (3) with the amount of overlap
with lineage A, or (4) with the relative difference in average
environmental temperature experienced by lineages in sympatry
(A-B) versus allopatry (A—C). The best-fitting model (lowest
AlICc; Table 1) did not include (1) genetic distance between
lineages A and BC, (2) the degree of range overlap with lineage
B, (3) latitude, or (4) the geographic distance between lineages
A and C, though they were included in other top models (i.e.,
those with delta AICc < 2; Table S1). In those other models,
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the greater difference in body size in sympatry compared with
allopatry declined with (1) the genetic distance between lineages
A and BC, (2) latitude, and (3) the degree to which lineage
B was sympatric with A, but increased with the geographic
distance between lineages A and C (Table S1). All but one of
the top models showed a negative relationship for the genetic
distance between lineages A and BC, or between lineages B and
C, suggesting that one or the other of these factors was important
for the evolutionary divergence of size in sympatry (Table S1).
All top models had significant intercepts and signifi-
cant effects of temperature (Tables 1 and S1). The greater
divergence of sympatric species relative to allopatric species
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Table 2. Results of a supplementary test of the contribution of change in sympatry versus allopatry to our main result (Table 1).

Linear mixed effects model' Estimate SE t df P

Genetic distance? effect in sympatry —0.130 0.549 —0.24 62 0.81
Genetic distance? effect in allopatry 1.314 0.547 2.40 62 0.02
Temperature effect® in sympatry —0.105 0.049 —2.14 60 0.04
Temperature effect® in allopatry 0.056 0.050 1.12 60 0.27

N = 64 phylogenetically independent comparisons.

TResponse variable = (absolute value (mass of lineage A — mass of lineage B or C))/(average mass of lineages A-C), intercept = warm (above 25°C).

2Tamura-Nei genetic distances based on mitochondrial sequences.

3 Average environmental temperature of lineage B or C as a bivariate predictor (warm > 25°C, cold < 25°C).

declined with latitude (Fig. 4A), but this relationship was not
retained in our best-fitting model that included environmental
temperature (Table 1). Sympatric species pairs in cool tropical
environments (e.g., high elevations) did not show greater differ-
ences in mass relative to allopatric species pairs, a pattern similar
to that among higher latitude taxa, and distinct from the greater
divergence of body size among sympatric lineages in the warm
tropics (Fig. 4B).

Discussion
In regions where the mean annual temperature is above 25°C,
closely related species of birds living in sympatry differed more
in their body masses than closely related species living in al-
lopatry (Table 1, Fig. 2). These results support the hypothesis
that closely related species suffer fitness costs when they share
similar body sizes in sympatry, in warm environments. Although
we did not measure fitness directly, our results suggest that se-
lection acts on body size in sympatry, implying a fitness cost
when sympatric species are closely related and have similar body
sizes. Such fitness costs could include exploitative or interference
competition for limited resources, negative interactions through
shared predators or parasites, or factors that favor the divergence
of other traits that secondarily affect body size, such as habi-
tat use. Costs of similar body sizes in sympatry could also arise
from reproductive interference (e.g., hybridization) or agonistic
interactions independent of ecological overlap (e.g., misdirected
aggression) if body size plays an important role in species recog-
nition (Grether et al. 2009; Pfennig and Pfennig 2012). Our results
are consistent with both ecological sorting, where contemporary
differences in body size allowed species to expand their ranges
into sympatry, and character displacement, where divergent evo-
lution of body size occurs after species become sympatric (Grant
and Abbott 1980; Case et al. 1983; Case and Sidell 1983; Losos
1990; Schluter 2000). In either case, different body sizes of sym-
patric sister lineages in warm environments indicate that body
sizes diverged recently.

Indeed, the difference in body mass between sympatric com-
pared with allopatric congeners in warm environments declined

with increasing genetic distance between sister lineages (B and
C—and possibly between lineages A and BC, which was signif-
icant in some top models; Table S1). The decline with genetic
distance did not reflect changes in body size differences in sym-
patry (Fig. 3A, Table 2)—standardized differences in body mass
between closely related sympatric species were consistent across
the window of evolutionary time that our study encompassed
(approximately 67 million years based on a molecular clock cal-
ibration by Weir and Schluter 2008; Fig. 3A, Table 2). Instead,
the decline reflected an increased divergence in body mass within
allopatric species pairs (Fig. 3A, Table 2), a pattern expected if
closely related allopatric species diverged gradually over evolu-
tionary time, perhaps adapting to different environmental selective
pressures in allopatry.

In species whose ranges are in regions where the mean annual
temperatures are below 25°C, body size differences within clades
were similar for species pairs occurring in sympatry compared
with allopatry, even at tropical latitudes (Fig. 4). This finding is
consistent with either (1) weaker biotic pressures favoring the
divergence of body size in cooler environments, or (2) similar bi-
otic pressures favoring the divergence of body size across thermal
environments, but with climatic pressures favoring convergence
and overwhelming biotic pressures when temperatures are cooler.
These alternatives may interact, especially if climate dampens
biotic selective pressures by reducing population or species den-
sities in colder environments (cf. Cardillo 2002; Olson et al. 2009;
Schemske et al. 2009).

Our results are also consistent with other mechanisms, where
cooler environments covary with other causal factors. For exam-
ple, limited genetic variation could constrain adaptive, divergent
evolution in body size in cooler environments, such as those at
high latitudes (e.g., Hughes and Hughes 2007) with a history of
glaciation, recolonization, and founder events. Although high lati-
tude populations show reduced genetic variation for some genetic
markers (Hughes and Hughes 2007; Eckert et al. 2008; Adams
and Hadly 2013), we have not seen evidence for similar patterns
in cool tropical environments (e.g., high elevation tropics; cf.
Fig. 4B), suggesting that limited genetic variation is not
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Figure 3. Changes in the relative differences in body mass between sympatric and allopatric species (Figure 2) in the same clade were
primarily caused by increasing divergence in body size among allopatric lineages with increasing genetic distance (panel A; Table 2),
but greater divergence among sympatric relative to allopatric lineages at warm temperatures (panel B; Table 2). Y-axis values are the
differences in body mass (g) between sympatric lineages (A and B) or allopatric lineages (A and C), divided by the mean body mass for the
clade (lineages A-C) to standardize differences across clades. In panel (A), the genetic distance is calculated between lineages B and C. A
genetic distance of 0.02 represents a divergence time of approximately 1 million years before present (Weir and Schluter 2008). In panel
(B), the x-axis is the average environmental temperature (°C) across the range of lineage B (sympatric lineage) or lineage C (allopatric

lineage).

responsible for this pattern. Rates of evolution may also accelerate
in warm and productive environments, even in homeotherms such
as birds (Gillman et al. 2012), and this could facilitate more rapid
divergence of body size in warm than in cool environments. This
mechanism would predict body size divergence in sympatry to
occur in cool environments, but it would take longer to achieve—
a pattern that we did not find. Importantly, the DNA sequence
divergence of taxa living in warm versus cold regions in our study
was similar (average Tamura—Nei genetic distance of mtDNA se-
quence for sister lineages B and C: warm clades = 0.044, cold
clades = 0.059, glm, r = 1.78, df = 63,62, P = 0.08), and these
estimates of mtDNA divergence should incorporate differences in
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the rates of molecular evolution associated with climate (Gillman
et al. 2012).

Although our results reveal some interesting patterns, we are
well aware of the limitations of this study. Our sample size, for
example, is relatively small, and may limit our ability to measure
the effects of some of our predictor variables. Also, body mass
data are scarce for many tropical species, and thus our values
for tropical species could be biased by sampling error. Moreover,
we have no direct evidence that the sympatric species we studied
actually interact with each other, either historically or presently,
although a variety of studies suggest that many do (e.g., Pierpoint
1986; Lebbin 2008; Freshwater et al. 2014). We also explored only
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Figure 4. The difference in body size between sympatric compared with allopatric lineages within clades declined with latitude
(panel A), reflecting greater differences among sympatric compared with allopatric lineages in the warm tropics, but not the cool
tropics (panel B). Once temperature was added to the best-fitting model, latitude was no longer a significant predictor (Table 1), al-
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ical clades had average range centroids at higher latitudes. Clades in warm environments were those whose average environmental
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In(x) + b. Box plots in panel (B) show medians (center line), the interquartile range as a box, values within 1.5 x interquartile range as
whiskers, and all data that lie outside the whiskers as circles.

one trait (body size) in our study, leaving open the possibility that
other traits play more important roles in ecological divergence
(e.g., Grant and Grant 2006) or thermoregulation (e.g., Tattersall
et al. 2009; Greenberg et al. 2012) in different environments.

GEOGRAPHIC VARIATION IN THE IMPORTANCE OF
CLIMATIC VERSUS BIOTIC SELECTIVE PRESSURES
Both Darwin (1859) and Wallace (1878) suggested that cli-
mate exerts stronger selective pressures in cold environments,
whereas biotic selective pressures prevail in warm regions (see

also Dobzhansky 1950). A more recent review provides further
support for these broad patterns (Schemske et al. 2009). Our re-
sults are consistent with these ideas because the patterns of body
size divergence that we found suggest that closely related species
of birds exert a relatively stronger (biotic) selective pressure on
each other in warmer environments, compared with cooler ones,
at least with respect to body size. The pattern in environments
above 25°C further suggests that the divergence of body sizes
in sympatry relative to allopatry may increase whenever average
environmental temperatures rise above 25°C (Fig. 2B).
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We do not as yet understand why 25°C appears to be a
threshold for divergence in body size in sympatry. Perhaps 25°C
represents a threshold temperature below which body size adap-
tation to climate trumps adaptation to competitive interactions.
Birds indeed show threshold responses to ambient temperature
variation, with a plateau in metabolic energy expenditure within
their thermal neutral zones, and an abrupt increase in metabolic
energy expenditure above and below this zone, at the maximum
(Ty.) and minimum (7)) critical temperatures, respectively
(Peters 1983; Dawson and Whittow 2000).

All birds typically maintain their daytime body temperatures
(Ty) within a narrow range (37.0-42.5°C; Dawson and Whittow
2000). The minimum critical temperature—the measure most
relevant to our study—however, varies as a function of body mass,
generally by the equation T} = T;, — 34.18W?!%° where Ty, is body
temperature and W is mass in kilograms (Peters 1983). If we in-
clude body mass (averaged across lineages ABC) in an interaction
term with environmental temperature in our best-fitting model, the
model performs better (i.e., lower AICc)—body mass did not pre-
dict the difference in mass between allopatry and sympatry (calcu-
lated as the In ratio) below 25°C, but shows a significant negative
correlation above 25°C (slope = —0.56 £+ 0.26 SE, P = 0.04)
(R code, archived in Dryad, http://dx.doi.org/10.5061/dryad.
v5h5f). Inserting an estimate of 7). into the model, however,
did not improve model performance, and the relationship with
body size and Tj. is opposite to what we would expect if T
constrains divergence. Other hypotheses could also explain the
threshold patterns with temperature that we describe here, such
as interactions between diversity, productivity, and temperature.

Although the mechanism remains unknown, the dependence
of body size divergence in sympatry on average environmental
temperature appears to underlie both a latitudinal decline in body
size divergence in sympatry (Fig. 4A) and a lack of body size
divergence among sympatric tropical taxa in cooler environments,
such as those in high elevation habitats (Fig. 4B). The reduced
influence of species interactions on body size evolution at higher
latitudes is also consistent with recent evidence showing that
environmental temperature has accelerated body size divergence
among closely related bird species at high compared to low
latitudes (Lawson and Weir 2014).

The greater differences in body mass among sympatric con-
geners in warm environments that we have discovered provide
new evidence for the costs of sharing similar traits in sympatry
for ecologically similar species. These results are consistent with
a broad array of studies documenting both greater differences in
body mass among sympatric compared with allopatric species
that are closely related, and greater body size divergence than
expected by chance among co-occurring species that use similar
resources (reviewed by Dayan and Simberloff 2005). Previous
work has also documented a positive relationship between the
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degree of sympatry and body size divergence among sister species
of mammalian carnivores, but the variation in sympatry was better
explained by differences in carnassial tooth morphology (Davies
et al. 2007), suggesting that selection may not have acted directly
on body size in this case. The possibility remains that the body
size divergence among sympatric species that we describe here
is caused by selection acting on correlated traits. Nonetheless,
the greater divergence in warm environments suggests that in-
teractions among closely related species play a more important
role in the evolution of traits in warm compared to cool envi-
ronments, with potentially important consequences for rates of
species formation, community assembly and evolution, and gra-
dients in biodiversity (Dobzhansky 1950; Schemske 2002; 2009;
Mittelbach et al. 2007; Schemske et al. 2009).
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Appendix S1. Detailed methods and supplementary results.

Supplemental Methods

Phylogenies

We used the phylogenetic relationships described in these references: Francolinus
(Forcina et al. 2012), Lophura (Randi et al. 2001), Ciconia (Slikas 1997), Platalea
(Chesser et al. 2010), Calidris (Gibson and Baker 2012), Psittacula (Kundu et al.
2012), Brotogeris (Ribas et al. 2009), Amazona (Russello and Amato 2004),
Heliangelus (Martin et al. 2015; see also Para et al. 2010), Pharomachrus (Martin et
al. 2015), Corythornis [Alcedo] (Moyle et al. 2007; Melo and Fuchs 2008), Todus
(Overton and Rhoads 2004), Tockus (Gonzalez et al. 2013), Rhyticeros (Gonzalez et
al. 2013), Bycanistes (Gonzalez et al. 2013), Megalaima (den Tex and Leonard 2013),
Picoides (Weibel and Moore 2002), Veniliornis (Moore et al. 2006), Campephilus
(Fleischer et al. 2006), Ochetorhynchus (Chesser et al. 2007), Cinclodes (Freitas et al.
2012), Dendrocincla (Weir et al. 2009), Dendrocolaptes (Weir et al. 2009),
Xiphorhynchus (Aleixo 2002), Cercomacra (Gémez et al. 2010), Pteroptochos
(Chesser 1999), Anairetes (DuBay and Witt 2012), Malurus (Driskell etal. 2011),
Acanthiza (Nicholls et al. 2000; Gardner et al. 2010), Oriolus (Jgnsson et al. 2010),
Tachycineta (Cerasale et al. 2012; Dor et al. 2012), Petrochelidon (Sheldon et al.
2005), Acrocephalus (Fregin et al. 2009), Xanthomixis [Bernieria] (Moyle and Marks
2006), Orthotomus (Sheldon et al. 2012), Sylvia (Voelker and Light 2011), Regulus
(Pachert et al. 2003), Campylorhynchus (Barker 2007; Vazquez-Miranda et al. 2009),

Toxostoma (Zink et al. 1999), Mino (Martin et al. 2015), Lamprotornis (Lovette and
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Rubenstein 2007), Turdus (Voelker et al. 2007), Monticola (Zuccon and Ericson
2010), Bradornis (Sangster et al. 2010), Chloropsis (Moltesen et al. 2012), Loxia
(Martin et al. 2015), Icterus (Jacobsen et al. 2010; Omland et al. 1999), Quiscalus
(Powell et al. 2008), Peucaea (DaCosta et al. 2009), Melozone [Pipilo] (DaCosta et al.
2009), Paroaria (Sedano and Burns 2010; we did not follow Davalos and
Porzecanski 2009 because they incorporated phenotypic characters), Ramphocelus
(Burns and Racicot 2009), Chlorochrysa (Sedano and Burns 2010), Tangara (Sedano
and Burns 2010), Cyanerpes (Martin et al. 2015), Diglossa (Mauck and Burns 2009),

Cardinalis (Figs. 1 and 2 in Klicka et al. 2007).

Mass

We compiled data on body mass from Dunning (2008) and various articles,
handbooks, and online databases and museum collections. We preferentially used
masses that were collected in areas of sympatry (lineages A and B) or allopatry
(lineage C). If we could not find these data from preferred areas of sympatry or
allopatry, we used data that were collected as close as possible to the desired areas.
We took the average mass of males and females for use in analyses; for species with

no sex-specific data, we took the average of all masses available.

Genetic Distance
We calculated the genetic distance between (i) lineages B and C, and (ii) lineages A
and BC (Figure 1) using mitochondrial DNA sequences obtained from Genbank

(accession numbers below). We preferentially used cytochrome-b sequences (52
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comparisons) because this gene had previously been used for clock calibrations in
birds (Weir and Schluter 2008). When the cytochrome-b sequence was not available
(12 comparisons), we used ND2 (9 comparisons), COI (2 comparisons), and COII (1
comparison). We aligned sequences with the homologous gene from the chicken
(Gallus; Desjardins and Morais 1990) using Clustal X (v. 2.0.10; Larkin et al. 2007),
visually inspected them using MacClade (v. 4.08; Maddison and Maddison 2005),
removed sequences that did not readily align with the relevant gene from the
chicken, and measured genetic distance using MEGA (v. 5.0; Tamura et al. 2011). We
calculated between-group mean Tamura-Nei genetic distances (B-C and A-BC)
because this measure corrects for multiple substitutions at one site, incorporates
differences in substitution rates between nucleotides, and does not assume equal
nucleotide frequencies (Tamura and Nei 1993). We included transitions and
transversions as well as all codon positions, assumed uniform rates among sites and
homogeneous patterns among lineages, and used pairwise deletion to address gaps
or missing data (Tamura et al. 2011).

The Genbank accession numbers for sequences used to calculate genetic
distance in our study are: Francolinus (cytb; FR691632, EU165707, NC_011817,
AF013762), Lophura (cytb; AF314644, AF314640, AF314638, AF534558, AF534557,
NC_012895, AF314643, EU417810), Ciconia (cytb; NC_002196, NC_002197,
DQ485896, AY567910, AY567909, U70822, AB026193, AB026818), Platalea (cytb;
GU346979, GU346980, GU346984, GU346985, GU346986, GU346987), Calidris
(cytb; FJ499023, EF373131, EF373143, AY156160), Psittacula (cytb; GQ996495,

GQ996496, GQ996502, KC439289, KC876665, KC876664, KC876663, KC876662,
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KC876661, GQ996500, GQ996510, AY220107, AY220109, GQ996508, GQ996501),
Brotogeris (cytb; F]652902, F]652901, F]652900, F]652899, F]652898, F]652897,
F]652896, F]652895, F]652859, F]652858, F]652857, F]652856, F]652854,
F]652853, F]652852, F]652851, F]652850, AF370777, AF370776), Amazona
ochrocephala-dufresniana-rhodocorytha (COI; AY301458, AY301439, AY301451),
Amazona autumnalis-viridigenalis-finschi (cytb; AY283456, AY283455, AY283453,
AY283452, AY283451, AY283461); Amazona vinacea-pretrei-tucumana (COI;
AY301459, AY301457, AY301462), Amazona agilis-collaria-leucocephala/ventralis/
vittata (cytb; AY283489, AY283493, AY283494, AY283490, AY283488, AY283487,
AY283484, AY283483, AY283482, AY283481, AY283480, AY283479, AY283478,
AY283477,AY283476,U89178, AY283486, AY283474, AY283473, AY283491,
AY283485), Heliangelus (ND2; AY830489, GU166849, EU042556, GU167230),
Pharomachrus (ND2; EU603916, EU603915, EU603917, AY625219, AY625218),
Corythornis [Alcedo] (ND2; AY998900, AY998899, AY998898, AY998897, AY998896,
AY998895, DQ640780, AY998917, AY998918, GQ861188, EF585384, EF585383,
EF585375, EF585374, DQ111834, EF585381, EF585380), Todus (cytb; AF441615,
AF441616, AF441617, AF441618, AF441619, AF441620, AF441621, AF441622,
AF441623, AF441624, AF441625, AF441626, AF441627, AF441628, AF441629,
UB89186, AF407450), Tockus (cytb; KC754875, AF346931, AF346930, AF346933,
AF346932, KC754885), Rhyticeros (cytb; GU257914, KC754858, KC754856,
KC754854, KC754851, KC754852, KC754861, KC754859, GU257915), Bycanistes
(cytb; KC754809, KC754810, KC754806, KC754812, AF346923, AF346922,

AF346921, AF346920, AF346919), Megalaima (sequence was not available from
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Genbank - genetic distance was estimated from den Tex and Leonard 2013), Picoides
(cytb; AF389305, AF389304, AF425070, AF425067, AF425064, AF425058,
AF425055, AF425052, AF425049, AF425046, AF389331, AF389330, AY863147,
AY701066), Veniliornis (cytb; AY927220, AY927219, AY927209, AY942893,
AF389337), Campephilus (cytb; DQ521895, DQ521894, AY940798), Ochetorhynchus
(cytb; GQ140082, GQ140078, GQ140074), Cinclodes (ND2; JF975144, JF975145,
JF975154), Dendrocincla (cytb; GU215186, GU215182, GU215181, GU215184,
GU215180,GU215179, GU215178, GU215177, AY442986, AY442985, AY065713),
Dendrocolaptes (cytb; GU215187, JF276383, JF276381, JF276384, JF276382,
JF276385, AY442991, AY089817, EF212896, EF212895), Xiphorhynchus (cytb;
AY504924, AY504912, AY504891, AY504880, AY089804, AY089820, EF190607,
AY089831), Cercomacra (cytb; HM637182, DQ294490, HM637188, GU215217,
HM637187, HM637186, EF639940, EF639941, GU215216, GU215218, GU215219,
GU215220), Pteroptochos (COIl; AF111826, AF111825, AF111824, AF111821,
AF111820, AF111819, AF111818), Anairetes (cytb; JX273112, ]X273111, JX273110,
JX273109,]X273108, ]X273107, ]X273106, ]X273115, JX273114), Malurus (NDZ2;
GU825874, EU144238, EF621357, AY488326, JF967669), Acanthiza (cytb;
AF129236, AF129235, AF129234, AF129233, AF129232), Oriolus (ND2; GQ901764,
GQ901767,GQ901775), Tachycineta (cytb; GU460236, AY052451, AY052449,
AY052450), Petrochelidon (cytb; AY825985, AY825983, AY825984), Acrocephalus
(cytb; AJ004244, AJ004243, AJ004242, A]J004291, A]004290, A]J004292, HQ608855,
AJ004258, AJ004257), Xanthomixis [Bernieria] (cytb; AF199388, AF199389,

AF199391, HQ706181), Orthotomus (NDZ; JX006125, JN826602, HQ011062,
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HQ011061, HQ011060, HQ011059, DQ871379, JX006112, JX006111, JX006133,
JX006132, JX006131), Sylvia (cytb; AJ534533, AJ534531, AJ534532), Regulus (cytb;
AY894876, AY894877, AY894878, AY894882, AY894883, AY894884, AY894886,
AY894887, AY894888), Campylorhynchus (cytb; DQ004889, DQ004888, DQ004884,
DQ004882), Toxostoma (cytb; AF130235, AF130237, DQ241266, DQ241262,
DQ241251), Mino (ND2; DQ466868, DQ469044, DQ469045, DQ469047, DQ469048,
DQ469049, DQ469050, EF468160, EF468161, DQ469046), Lamprotornis (ND2;
EF468238, EF468240, EF468124, EF468122, EF468121, AY329425), Turdus (cytb;
EU154627, DQ910956, EU154623, DQ910951, EU154634, DQ910960, EU154628,
DQ910957, EU154616, DQ910945, DQ910949, EU154620, EU154625, DQ910954,
EU154604, DQ910936, EU154659, EU154658, DQ910984), Monticola (cytb;
GU237084, GU237083, EF434526, EF434525, GU237099, EF434509, EF434508,
EF434527), Bradornis (cytb; AY329450, AY329463, HM633325, HM633395),
Chloropsis (cytb; JX445233, JX445234, ]X445235, |X445236, JX445202, ]X445201,
JX445200, ]X445199, JX445198, [X445228, |X445227, ]X445226), Loxia (cytb;
AF171660, AF171661, AF171655, AF342878, AF171663, AF171662, AF171658,
AF171657, AY495386), Icterus (cytb; AF089033, AF099301, AF099300, AF089030,
AF310064, AF099304), Quiscalus (cytb; AF089056, GU215210, FJ389570,
AF089054, GU215209, GU215208, GU215211, F]389558), Peucaea (cytb; FJ547265,
FJ547264, F]547263, F]547266), Melozone (cytb; AF314644, EU325776, F|547262,
EF529937), Paroaria (cytb; EU647990, EU647989, EU647988, F]715681, F]715672,
FJ715671, F]715670, FJ715664, F]715663, F]715662), Ramphocelus (cytb; F|799881,

EF529964,U15721,U15723, GU215320, AF310048), Chlorochrysa (cytb; AY383094,
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AY383095, EU647981), Tangara (cytb; AY383156, AY383145, AY383144,
AY383121, AY383125), Cyanerpes (cytb; GU215303, GU215298, GU215296,
AF006225, AY190167, GU215302), Diglossa (cytb; EU647907, EU647906,
EU647901, EU647899, EU647896, EU647895, EU647893, AF310050), Cardinalis

(cytb; EU325777, EF530009, EF530008, EF530007).

Overlapping Non-focal Congeners

Our study tests the importance of sympatry among closely related lineages for the
evolution of body size. However, other non-focal and closely related species may
overlap the ranges of our focal lineages, thus influencing their patterns of evolution
and potentially obscuring the interactions between focal lineages (e.g., Martin et al.
2015). The potential bias of non-focal, closely related species should be particularly
acute when these species differentially overlap either lineage B or C. Closely related
species that overlap lineage A should cause A to diverge from both B and C, and thus
not overly bias our results. Similarly, closely related species that overlap both B and
C, or A, B and C could cause these lineages to evolve, but should not overly bias our
results.

We considered a non-focal congener to be sympatric with B or C if:
[(geographic area of overlap of the ranges of the non-focal species and lineage B, in
km?)/(geographic range size of lineage B, in km?)] > 0.50, or if [(geographic area of
overlap of the ranges of the non-focal species and lineage C, in km?)/(geographic
range size of lineage C, in km?)] > 0.50. We summed the number of non-focal

congeners that were sympatric with either B or C for each phylogenetically
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independent comparison, and used this number as a predictor in our statistical
models. For example, if congener X overlaps B, and congeners Y and Z overlap C,
then the value = 3. In a supplementary analysis, we also tested if separating the
number of non-focal congeners that were sympatric with lineage B versus C affected

our main result (see Statistical Methods below for details, and Table S2 for results).

Degree of Sympatry

We measured the degree of range overlap between A and B from the perspective of
both lineage A and lineage B, and included both of these measures as predictors in
our statistical models. We predicted that an increase in overlap of lineage B on
lineage A would cause lineage A to diverge from both lineage B and C, thus reducing
the likelihood of divergence between B and C. We predicted that an increase in
overlap of lineage A on lineage B would increase the potential for divergent
evolution in lineage B because more populations of lineage B would be subject to
selection by lineage A. Overlap of lineage A was measured as: [(geographic area of
overlap of the ranges of lineages A and B, in km?)/(geographic range size of lineage
A, in km?)]. Overlap of species B was measured as: [(geographic area of overlap of
the ranges of lineages A and B, in km?)/(geographic range size of lineage B, in km?)].
For lineages with different breeding and wintering ranges (as defined by BirdLife
International and NatureServe 2011), we calculated overlap for breeding and
wintering ranges separately, and then took the average for use as a predictor in our

statistical models.
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Mean Latitude

We measured the mean centroid (area-weighted mean) latitude of the ranges of
lineages A, B and C using ArcGIS 10.1. We then calculated the average latitude of
lineages A, B and C for each phylogenetically independent comparison, and used this
value as a predictor in our statistical models. We calculated the mean latitude as:
average{[absolute value (latitude of lineage A)], [absolute value (latitude of lineage
B)], [absolute value (latitude of lineage C)]}. For lineages with different breeding
and wintering ranges, we calculated the average latitude of the breeding and
wintering ranges of lineages A, B and C separately, and then took the average
latitude of the breeding and wintering ranges. We included latitude in our models to

test if the influence of sympatry varied with latitude.

Continent

We tested for an effect of geographic variation by recording the continent that held
the majority of the breeding range of lineage B, and including continent as a
predictor in our statistical models. We focused on lineage B because this lineage was
most likely to evolve due to interactions in sympatry (with lineage A), and thus was
most informative for the assessment of geographic variation. We lumped Central
America and the Caribbean with North America, and considered Europe and Asia
together, following Martin and Tewksbury (2008). Sample sizes (number of
phylogenetically independent comparisons) for the various continents were: Africa
(n =7), Australia (n = 5), Eurasia (n = 14), North America (n = 13), South America (n

= 25).
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Temperature

We estimated environmental temperatures for focal clades using high-resolution
(10 minute latitude x 10 minute longitude) terrestrial climate data (New et al. 2002).
In ArcGIS (v. 10.1), we intersected the ranges of each focal lineage with average
monthly temperature data from New et al. (2002). We then calculated the average
temperature across all 10 x 10 minute blocks that overlapped the focal ranges
across all 12 months of the year. For migratory species with distinct breeding and
wintering ranges (11 of 211 species), we calculated the mean temperatures on the
breeding and wintering ranges only for the months typically spent on those ranges.
We then calculated the mean temperature for the lineage as the mean of the
breeding and wintering range temperatures. For migratory species that had part of
their range used for both breeding and wintering (i.e., occupied all year round; 14 of
211 species), we first calculated the mean temperature across all 12 months for
areas of the range occupied year round. We then calculated the temperature for the
exclusive breeding range as: [(temperature for the breeding-only range x area of the
breeding-only range)+(temperature of the range occupied all year x area of the
range occupied all year)]/[(area of the breeding-only range) + (area of the range
occupied all year)]. We calculated the temperature for the wintering range as:
[(temperature for the wintering-only range x area of the wintering-only
range)+(temperature of the range occupied all year x area of the range occupied all

year)]/[(area of the wintering-only range) + (area of the range occupied all year)].
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We then took the average of temperatures for breeding and wintering as in the
other migratory species.

We estimated the months during which breeding and wintering ranges were
occupied by each lineage using Poole (2013), the online Handbook of the Birds of
the World (http://www.hbw.com), Higgins et al. (2006), and Cramp (1977, 1983,
1992). For migratory species, we calculated an alternative measure for
environmental temperature that weighted the temperatures for the breeding and
wintering ranges by the number of months that these ranges were occupied. We
used these values in the analysis to test whether these different measures of
temperature influenced our results (see Supplemental Results below). Once we had
calculated the average temperature for each lineage, we averaged the temperatures
across lineages A, B and C for each phylogenetically independent comparison for use
in our statistical models.

We also calculated the relative difference in temperatures for sympatric
lineages (A versus B) compared with allopatric lineages (A versus C) as: In
{[absolute value (temperature of lineage A - temperature of lineage B)]/[absolute
value (temperature of lineage A - temperature of lineage C)]}. We included the
relative difference in temperatures between sympatric and allopatric clades in our
analysis because a greater difference in temperature could have resulted in a

greater divergence in body size among lineages.

Geographic Distance among Allopatric Lineages
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We estimated the distance between the (allopatric) ranges of lineages C and A by
measuring the distance (in km) between their centroids (latitude, longitude), using
an online calculator (http://www.csgnetwork.com/gpsdistcalc.html). For lineages
with different breeding and wintering ranges, we took the average of the distances

between the centroids of their breeding and wintering ranges.

Statistical Methods

We transformed variables that were significantly different from normal, as
appropriate. We converted highly skewed variables from continuous to categorical
if transformations failed to improve their distributions. We then plotted the
response variables against each of the predictor variables to identify the nature of
each relationship (e.g., linear, logarithmic). After transformations, eight of our
predictor variables were continuous, but no pairs of variables were highly
correlated: the average of the absolute values of r from Pearson correlations was
0.17 (N= 28 pairwise comparisons), while the maximum value was 0.62 between the
genetic distance of lineages B and C, and the genetic distance of lineages A and BC.
The relationship between environmental temperature and the response variable
suggested a threshold response, with distinct patterns above and below 24-26°C.
Thus, we ran a piecewise regression analysis following Lemoine (2012) and Crawley
(2013) (R code for this analysis is archived in Dryad,
http://dx.doi.org/10.5061/dryad.v5h5f). The piecewise regression analysis
identified 25.34°C as the breakpoint, so we converted temperature into a categorical

variable (warm > 25°C, cold < 25°C). We then standardized our continuous predictor
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variables by subtracting the mean and dividing by two standard deviations, using
the R package arm version 1.7-07 (Gelman et al. 2014). Standardization allowed us
to compare the effects of predictor variables that were measured on different scales.

We ran initial generalized least squares models using the nime package (v.
3.1-120; Pinheiro et al. 2015) including all predictor variables but no interaction
terms. We did not include interactions because we did not have a priori hypotheses
about how these factors would interact to influence differences in body mass in
sympatry relative to allopatry. We examined the performance of the full model by
plotting standardized residuals against fitted values and all predictors, by testing for
differences in the variance of residuals for each predictor using Bartlett's tests, and
by testing if the distribution of residuals differed from normality using a Shapiro-
Wilk test (see Zuur et al. 2009 for details). Different continents showed significantly
different variances, so we compared our model with a model that specified
heterogeneity in variance structure for different continents, following Zuur et al.
(2009). The new model did not perform as well (assessed using AIC scores) as the
simpler model without specified variance structures, so we report results from the
simpler model.

We tested all possible combinations of predictor variables in a generalized
linear model using the dredge command in the R package MuMIn (v. 1.13.4; Barton
2015), and ranked these models using AIC adjusted for small sample sizes (AICc).
We identified the best-fitting model as the model with the lowest AICc, and top
models as all models with delta AICc < 2. We then checked the performance of the

best-fitting model the same way that we checked the performance of the full model,
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but also examined normal quantile-quantile plots, predicted values versus the
square root of the standard deviance residuals, and Cook's distances. All Cook's
distances were less than 0.5, suggesting that no datum was particularly influential
on our results (Zuur et al. 2009). We report results from our best-fitting model
(lowest AICc score; Table 1), and from all of our top models (delta AICc < 2; Table
S1). The R code for these analyses is archived along with the dataset in Dryad,
http://dx.doi.org/10.5061/dryad.v5h5f.

We also ran additional analyses to test whether different ways of measuring
our predictor variables had any influence on our main results. Specifically, we tested
if separating the number of non-focal congeners that were sympatric with lineage B
versus C, and if weighting temperatures by time spent on the breeding versus
wintering grounds for migratory species, affected our main result. The results of
these analyses are presented in the Supplemental Results below.

After running our main analysis, we ran another linear mixed-effects model
using the R package nime (v. 3.1-120; Pinheiro et al. 2015) to assess the contribution
of changes in allopatric versus sympatric lineages to the significant relationships
from our main analysis (where temperature and genetic distance between lineages
B and C were important in our best-fitting model). We included the environmental
temperature of lineage B or C as the predictor variable, as opposed to the average
temperature of lineages A, B and C (in the main analysis), to allow us to assess the
importance of temperature of allopatric and sympatric lineages separately. We
checked and transformed variables as in the main analysis, and then ran our full

model, with sympatry (yes or no), temperature (warm > 25°C, or cold < 25°C), and
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genetic distance between lineages B and C as predictors, and Sympatry*temperature
and Sympatry*genetic distance of BC as interactions, corresponding to our main
analysis. We compared models with different random effects using AIC, and selected
the best model as the model with the lowest AIC value. The linear mixed-effects
model with ‘comparison’ as a random factor performed best given the data. Once we
had selected the best model with respect to random effects, we checked the model
fit to the data using the same methods as for the main analysis. We report the effects
of genetic distance between lineages B and C and temperature for sympatric and
allopatric lineages separately. The R code for these analyses is archived along with

the dataset in Dryad, http://dx.doi.org/10.5061/dryad.v5h5f.

Supplemental Results

We report the results of all of our top models (AAICc <2) from our main analysis in
Table S1. We also report the results of all of our top models (AAICc <2) from an
additional analysis that separated the number of nonfocal congeners that
overlapped either lineage B or C in the analysis (Table S2). The supplemental
analysis that used average environmental temperatures for migratory birds
weighted by the number of months they spent in breeding versus wintering ranges
yielded identical results to the main analysis (Tables 1, S1; R code archived in Dryad,
http://dx.doi.org/10.5061/dryad.v5h5f). The relationship between average
environmental temperature and body mass divergence again showed a threshold

response at the same breakpoint (25.34°C), and our comparisons separated into the
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same "warm" and "cold" groups as in the analysis with non-weighted temperatures.
The weighted relative difference in temperature between sympatric and allopatric
lineages was not present in any of the top models (AAICc<2), as in the original
analysis.

Without temperature in the best-fitting model (Table 1), the pseudo R? value
dropped from 0.305 to 0.107, the intercept was no longer significant (effect size =
0.25+0.20 SE, P=0.21), and the effect of genetic distance of lineages B and C

remained (effect size =-1.11+0.41 SE, P=0.008).
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Supplementary Results

Table S1. Main analysis. Comparison of predictor variables in our top models’ (delta AICc < 2). Blanks indicate predictor variables that were not
important in the model. Four predictor variables are not included in this table because they were not important in any of the top models: Overlap by
nonfocal congeners, Overlap of lineage A, Continent of lineage B, Difference in temperature between AB/AC. N = 64 phylogenetically independent

comparisons.
Genetic Genetic
Model Intercept®  distance distance Overlap  Absolute Average Geographic df logLik AICc delta weight Pseudo®
of
ranking between between lineage latitude of temperature distance b/t AlCc R?
lineages A lineages B lineage of lineage lineage A &
&BC® &C® B ABC ABC* C
1 1.536 -0.770 -1.746 4 -11266 234.0 0.00 0.184 0.305
2 1.325 -0.696 -0.581 -1.457 5 -111.62 234.3 0.27 0.161 0.328
3 1.307 -0.758 -0.752 -1.433 0.519 6 -110.63 2347 0.74 0.127 0.348
4 1.377 -0.597 -0.672 -1.529 5 -112.02 2351 1.07 0.108 0.319
5 1.637 -0.612 -1.882 4 -113.41 2355 1.50 0.087 0.289
6 1.363 -0.670 -0.852 -1.510 0.527 6 -111.02 2355 1.52 0.086 0.340
7 1.409 -0.689 -1.573 4 -113.42 2355 1.52 0.086 0.289
8 1.564 -0.822 -1.783 0.322 5 -112.27 2356 1.57 0.084 0.314
9 1.624 -0.710 -0.306 -1.865 5 -112.34 2357 1.71 0.078 0.312

! response variable = In[(absolute value (mass of lineage A — mass of lineage B))/(absolute value (mass of lineage A — mass of lineage C))]

2 intercept > 0 indicates larger differences in body mass among sympatric, compared with allopatric, lineages at warm temperatures (above 25°C)

® Tamura-Nei genetic distances for mitochondrial sequence

* categorical (warm > 25°C, cold < 25°C); estimates are for cold temperatures relative to warm temperatures

® pseudo R? = 1 - (sum((y-predict(model))*)/sum((y-mean(y))?))
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Table S2. Supplemental analysis. Comparison of predictor variables in our top models’ (delta AICc < 2) when the number of non-focal congeners that
were sympatric with lineage B versus C were separated in the model. Blanks indicate predictor variables that were not important in the model. Four
predictor variables are not included in this table because they were not important in any of the top models: Overlap of B by nonfocal congeners,
Overlap of lineage A, Continent of lineage B, Difference in temperature between AB/AC. N = 64 phylogenetically independent comparisons.

Genetic Genetic Overlap of
Model Intercept®  distance distance C Overlap  Absolute Average Geographic df logLik AlICc delta weight
ranking between between by nonfocal Iinge]:ge Iatlétéde temperature  distance b/t AlCc
lineages lineages lineage of lineage lineage A &
A & BC® B&C®  congeners® B ABC ABC® C
1 1.536 -0.770 -1.746 4 -112.66 234.0 0.00 0.159
2 1.325 -0.696 -0.581 -1.457 5 -111.62 2343 0.27 0.139
3 1.307 -0.758 -0.752 -1.433 0.519 6 -110.63 234.7 0.74 0.109
4 1.377 -0.597 -0.672 -1.529 5 -112.02 2351 1.07 0.093
5 1.637 -0.612 -1.882 4 -11341 2355 150 0.075
6 1.363 -0.670 -0.852 -1.510 0.527 6 -111.02 2355 1.52 0.074
7 1.409 -0.689 -1.573 4 -11342 2355 1.52 0.074
8 1.564 -0.822 -1.783 0.322 5 -112.27 2356 1.57 0.072
9 1.601 -0.762 -0.357 -1.727 5 -112.31 2357 1.65 0.069
10 1.386 -0.682 -0.421 -0.621 -1.416 6 -111.11 2357 1.70 0.068
11 1.624 -0.710 -0.306 -1.865 5 -112.34 2357 1.71 0.068

! response variable = In[(absolute value (mass of lineage A — mass of lineage B))/(absolute value (mass of lineage A — mass of lineage C))]

2 intercept > 0 indicates larger differences in body mass among sympatric, compared with allopatric, lineages at warm temperatures (above 25°C)
® Tamura-Nei genetic distances for mitochondrial sequence

4 categorical (yes or no); estimates are for overlap of nonfocal congeners relative to no overlap of nonfocal congeners

* categorical (warm > 25°C, cold < 25°C); estimates are for cold temperatures relative to warm temperatures



Figure S1. Histogram showing the genetic distance between sister lineages B and C.
A genetic distance of 0.02 represents a divergence time of approximately 1 million

years before present (Weir and Schluter 2008).
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Figure S2. Histogram showing the genetic distance values between lineages A and
BC. A genetic distance of 0.02 represents a divergence time of approximately 1

million years before present (Weir and Schluter 2008).
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Figure S3. Phylogenetic relationships among the focal comparisons in our study.
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al. 2012 (http://birdtree.org). See Methods for details and R code for Newick format.
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