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Abstract Sympatric species that initially overlap in
resource use are expected to partition the environment in
ways that will minimize interspecific competition. This
shift in resource use can in turn prompt evolutionary
changes in morphology. A classic example of habitat parti-
tioning and morphological differentiation are the Caribbean
Anolis lizards. Less well studied, but nevertheless strik-
ing analogues to the Anolis are the Southeast Asian Draco
lizards. Draco and Anolis have evolved independently of
each other for at least 80 million years. Their compari-
son subsequently offers a special opportunity to examine
mechanisms of phenotypic differentiation between two
ecologically diverse, but phylogenetically distinct groups.
We tested whether Draco shared ecological axes of dif-
ferentiation with Anolis (e.g., habitat use), whether this
differentiation reflected interspecific competition, and to
what extent adaptive change in morphology has occurred
along these ecological axes. Using existing data on Ano-
lis, we compared the habitat use and morphology of Draco
in a field study of allopatric and sympatric species on the
Malay Peninsula, Borneo and in the Philippines. Sympatric
Draco lizards partitioned the environment along common
resource axes to the Anolis lizards, especially in perch use.
Furthermore, the morphology of Draco was correlated with
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perch use in the same way as it was in Anolis: species that
used wider perches exhibited longer limb lengths. These
results provide an important illustration of how interspe-
cific competition can occur along common ecological axes
in different animal groups, and how natural selection along
these axes can generate the same type of adaptive change in
morphology.
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Introduction

When taxa that exploit similar ecological resources come
into contact, the ensuing competition between these taxa
can exert considerable selection pressure for one or both to
diverge in habitat use to minimize ecological competition.
This shift can lead to phenotypic differentiation among taxa
in ecologically relevant characters as each taxon becomes
adapted to its change in habitat use, a phenomenon known
as character displacement (Brown and Wilson 1956). Char-
acter displacement from interspecific competition has been
viewed as an important engine of evolutionary diversifi-
cation (Dayan and Simberloff 2005; Pfennig and Pfennig
2012; Stuart and Losos 2013). A classic example is the
adaptive radiation of the Caribbean Anolis lizards. Sym-
patric Anolis species have diverged in perch use and other
resources to minimize ecological overlap and subsequent
competition (e.g., Losos 1990b, 1992; see also Stuart and
Losos 2013). This is believed to have promoted the evolu-
tion of up to six different microhabitat specialists distinct in
morphology and behavior, termed “ecomorphs” (Williams
1983). The Anolis are an especially powerful illustration
of how ecological competition can drive morphological
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differentiation because of the level of replication exhibited
within the group: the same set of Anolis microhabitat eco-
morphs have independently evolved repeatedly on each of
the four Greater Antillean islands (Losos et al. 1998).

Shared adaptive responses to common selection pres-
sures in congeners are understandable given that closely
related species share much of their genome. That is, the
adaptive convergence of the Anolis ecomorphs on each
island has presumably been facilitated by the fact that all of
the lizards of this genus have inherited part of their genome
from the same evolutionary ancestor, which has predis-
posed these lizards to adapt in similar ways (e.g., Wood
et al. 2005). The extent to which more distantly related spe-
cies (e.g., from different families) follow the same evolu-
tionary trajectories when exposed to similar forms of selec-
tion is less clear. Increasing phylogenetic distance between
taxa tends to accentuate the signature of stochasticity in
evolutionary differentiation through processes such as
genetic drift and random mutation (Lenormand et al. 2009).
The history of past adaptations and different functional
trade-offs or genetic correlations between aspects of the
phenotype can also mean taxa from diverse phylogenetic
backgrounds respond very differently to common selection
pressures (e.g., Alfaro et al. 2005; Ord et al. 2011). In light
of these variables, any similarity in the outcome of adaptive
evolution between highly divergent, phylogenetic groups
would reveal the extent that natural selection can override
stochastic processes and historical contingencies to repeat-
edly produce similar phenotypes.

With this in mind, we examined whether similarities
in habitat use—and subsequent similarities in selection—
between two highly divergent lineages of lizard have pro-
duced the same adaptive changes in morphology, and
whether interspecific competition along the same ecologi-
cal axes has potentially played a role in diversification in
both groups. These lineages were the Southeast Asian
Draco lizards and the Greater Antillean Anolis lizards. As
alluded to above, the adaptive radiation of the Anolis liz-
ards and the relationship between interspecific competition,
habitat use and morphological evolution have been exten-
sively studied (reviewed by Losos 2009). We used these
existing data on the Anolis lizards to benchmark a field
study of the habitat use and morphology of the Draco liz-
ards. This comparison of Draco and Anolis was pertinent
for several key reasons. First, the two genera are the prod-
uct of distinct evolutionary histories. Each genus is nested
within separate, ecologically diverse families—the Agami-
dae and Iguanidae, respectively—that have not shared an
evolutionary ancestor for 80-146 million years (Townsend
et al. 2011; Daza et al. 2012; Mulcahy et al. 2012; Pyron
and Burbrink 2014). Second, the two genera appear to be
striking analogues in ecology and behavior (Lazell 1992).
Both groups are diurnal, arboreal and insectivorous lizards
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that occupy a range of comparable and diverse tropical
habitats (Schwartz and Henderson 1991; Grismer 2011),
have social systems centered on males defending territories
(Hairston 1957; Ord 2008), and communicate using elabo-
rate visual displays that are remarkable in their similarity
(Mori and Hikida 1994; Ord and Martins 2006). Third,
both genera are species rich; Caribbean Anolis especially
so with over 150 species (Losos 2009), while Draco is
more moderately diverse with at least 45 species (McGuire
and Dudley 2011). Finally, species in both genera are often
found at high densities with several congeners at the same
location (Inger 1983; Schwartz and Henderson 1991),
implying interspecific competition is potentially important
for Draco in the same way it has been for the Anolis lizards
(Losos 1994).

We conducted our comparison of the evolutionary dif-
ferentiation of the Anolis and Draco lizards in three parts.
First, we compared the level of functionally relevant mor-
phological differentiation among Draco species with
comparison to the Anolis adaptive radiation. Second, we
assessed whether morphological variation among Draco
species exhibited patterns of adaptive evolution similar to
the Anolis lizards. Finally, we examined the extent to which
Draco species have shifted resource use in the presence of
ecologically similar congeners, and whether this occurs
along the same axes as the Anolis lizards.

In Anolis, interspecific competition has prompted micro-
habitat differentiation along several ecological axes, but
predominately perch size and perch height (e.g., Schoener
1968; Pacala and Roughgarden 1982; Rummel and Rough-
garden 1985; Losos et al. 1993). Shifts in perch use have
in turn resulted in adaptive differentiation in morphology,
particularly limb length (Losos et al. 1997, 2004) and, at
its ultimate conclusion, this differentiation probably culmi-
nated in the evolution of the ecomorphs (Losos 2009). Spe-
cific adaptations in limb length to perch use result because
lizards with shorter limbs are more agile on smaller, irregu-
lar-shaped perches, whereas lizards with longer limbs have
higher running speeds and better jumping capabilities on
wider, more even surfaces (e.g., Losos and Sinervo 1989;
Irschick and Losos 1999; Toro et al. 2004). Limb length
has often evolved in concert with tail length (Losos 1990a)
and longer tails function to improve stability while jump-
ing between perches (Higham et al. 2001; Kuo et al. 2012).
Other axes of ecological divergence among sympatric Ano-
lis include thermal microhabitat [e.g., perches in the sun
vs. those in shade (see Williams 1983)] and diet [prey size
(e.g., Schoener 1968; Pacala and Roughgarden 1985)].

To determine whether interspecific competition among
Draco might have also occurred along these same ecologi-
cal axes—perch choice, thermal environment, and diet—
we examined whether Draco species showed evidence of
greater partitioning in these variables in sympatry than
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populations of the same species in allopatry. We also sup-
plemented this part of our investigation with a re-evaluation
of data from Inger (1983) who recorded a similar range of
ecological variables for sympatric Draco species at three
other locations. If divergence in habitat use was evident
between allopatric and sympatric populations in our study,
then we expected the same ecological differentiation to be
exhibited among species of the sympatric populations stud-
ied by Inger (1983).

A final point of relevance that adds an interesting dimen-
sion to the study of Draco and Anolis is that each of these
two genera have evolved distinct key innovations that affect
how the lizards move about their environments. Anolis liz-
ards have evolved adhesive toepads, which probably helped
the genus to radiate into an extensive array of ecological
niches (Warheit et al. 1999). In contrast, Draco lizards rely
on claws for their arboreal lifestyle. This use of claws in
other arboreal lizards has been used to explain the evolu-
tion of lower levels of morphological differentiation when
compared to Anolis (e.g., Warheit et al. 1999; see also Col-
lar et al. 2010). However, modifications to the rib cage of
Draco enable these lizards to extend a large membrane
or wing between their front and back legs, and this wing
allows lizards to glide over an impressive range [tens of
meters (McGuire and Dudley 2005)]. Draco lizards are
gracile in appearance, with elongated bodies and slen-
der limbs, which presumably reflects the requirements of
flight. Tail length may also play a role in enhancing stabil-
ity or steering during gliding (Shine et al. 1998; T. J. O. and
D. A. K., personal observations).

Nevertheless, both genera spend much of their time
using the environment in a similar manner: e.g., walk-
ing and running along trunks and branches, and jumping
between nearby perches (T. J. O. and D. A. K., personal
observations). In this respect, we might expect similar
directional changes in morphology with perch use in both
genera. However, the evolution of toepads in Anolis may
have facilitated the exploitation of more habitat niches in
a given environment and greater evolutionary change in
morphology, whereas in Draco the biomechanical require-
ments of gliding may have constrained the magnitude of
evolutionary change possible in morphology. There have
also been a number of previous studies on lizard groups
more closely related to the Greater Antillean Anolis that
have failed to document the same relationships between
morphology and habitat use that are so apparent among the
island anoles [e.g., mainland Anolis (Irschick et al. 1997);
North American iguanids (Herrel et al. 2002); South Amer-
ican Liolaemus (Schulte et al. 2004; see also Vanhooy-
donck and Van Damme 1999; Zaaf and Van Damme 2001;
Bickel and Losos 2002)]. That is, while some similarities
in ecology and behavior predict convergent morphological
adaptations to habitat use between Anolis and Draco, the

divergent evolutionary histories of the two groups suggest
morphological adaptation could have proceeded quite dif-
ferently in the two taxa.

Materials and methods

Ecobehavior and morphological measurements of Draco
Field data

We studied ten species of Draco from the Malay Peninsula,
Borneo and the Philippines. For four of the ten species,
we surveyed two geographically separated populations. In
one case—Draco sumatranus—the two populations were
from the Malay Peninsula and Borneo and phylogeneti-
cally divergent (e.g., as genetically differentiated as Draco
formosus and Draco obscurus; McGuire and Heang 2001;
see Fig. 1). In the three remaining cases—Draco quinque-
fasciatus, Draco melanopogon and Draco cornutus—one
population studied was not sympatric with any other Draco
species, while the second population was sympatric with
all three Draco species. For these three species, we explic-
itly surveyed populations that did and did not overlap with
congeners to examine whether lizards shifted habitat use in
the context of interspecific competition. The Malay popu-
lation of D. sumatranus was also sympatric with another
species (Draco fimbriatus), but this other species was not
surveyed and no data were available on the extent to which
it overlapped or differed in habitat use in allopatry or sym-
patry with D. sumatranus. For all species and populations,
an average of 13 adult males and five adult females were
sampled for ecobehavior measurements (range 2—41 males,
1-11 females; measurements included perch height, cir-
cumference and temperature—see next section), and an
average of six adult males and four adult females sampled
per species for morphological measurements (range 1-11
individuals for both sexes; measurements included body
length, limb length and tail length—see next section). The
allopatric population of D. quinquefasciatus was only sam-
pled for ecobehavior data (two males, two females) and
was not included in morphological comparative analyses
because we had difficulty catching these lizards in dense
forest. Sample sizes for each species and population as well
as other information on habitat type and community struc-
ture relevant for the goals of our study are reported in Table
S1 and Fig. S1.

We conducted surveys using the so-called Rand Census
method developed for Anolis (Rand 1964, 1967). Perch site
was based on the location of the first sighting of an individ-
ual. Data were only included in our analyses if that individ-
ual had not been initially disturbed by the presence of the
researcher. The height of the perch was primarily measured
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Fig.1 a Inser Maximum clade credibility phylogeny from Col-
lar et al. (2010) of the Draco species studied. The majority of nodes
were supported by >0.95 Bayesian posterior probabilities. Branch

using a TruPulse 200 laser range finder with inclinom-
eter (accuracy 0.3 m). However, in a few instances (<5 %
of measurements) a long fishing pole with a tape measure
attached was used to make height measurements. Perch cir-
cumference was measured at shoulder height if the lizard
was observed on a tree trunk. When lizards were spotted
on a branch, we measured the branch if within reach or
a nearby branch of equivalent size if out of reach. These
protocols for measuring perch height and circumference
were consistent with those used for compiling the Anolis
data set (Losos 1990a). Surface temperatures of perches for
the interspecific competition analysis were measured using
an Extech Infra-red digital surface thermometer (accuracy
2.5-2.8 °C). Temperature readings were taken with the sur-
face thermometer pointing at the perch site at a distance of

@ Springer

lengths are proportional to time. b Combined phenogram of Draco
and Greater Antillean Anolis based on ecobehavior and morphology.
Anolis species are labeled by ecomorph class

roughly 10 cm. If the actual perch site was out of reach,
temperature readings were taken for a nearby site equiva-
lent in sunlight exposure and substrate.

To obtain external morphological measurements, liz-
ards were caught using an extendible fishing pole (6 m)
with a small nylon noose attached to the end. A single per-
son (D. A. K.) then measured snout—vent length (SVL),
tail length, forelimb length, hind limb length and hind
toe length using digital calipers (see below for details on
these measurements). SVL was measured from the tip of
the nose to the vent opening; tail length was measured from
vent opening to the tip of the tail; total forelimb length was
measured from the armpit to the claw tip of the longest toe
(the third toe); total hind limb length was measured from
where the leg joins the body to the claw tip of the longest
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toe (the fourth); hind toe length was measured from where
the fourth toe joins the foot to the tip of the claw. These
characteristics complemented those in the Amnolis data
set, except hind toe length. We added the measure for toe
length on the hind limb of Draco because it was potentially
important in the ability of these lizards to move about ver-
tical substrates (unlike Anolis who primarily rely on toe-
pads, Draco exclusively use claws in arboreal locomotion).
For analyses exclusively on Draco, we subtracted hind toe
length from total hind limb length to assess the extent that
limb length evolution as it related to perch use was specific
to the limb, toe or both (all analyses comparing Anolis and
Draco used total limb length).

Published data

We also included a re-examination of published data from
Inger (1983). These data were collected at three locations
on Borneo not surveyed by us and were separated by at least
180 km and had numerous Draco species in sympatry. Data
collected by Inger (1983) included rough estimates of perch
height and quantitative information on diet [average number
of individuals per species used for perch height estimates,
86 (range 8, 227) males, 48 (range 5, 116) females; average
number of stomach-flushed individuals per species used for
diet analysis, 20, both sexes combined (range 10, 25)].

Ecobehavior and morphological measurements of Anolis

Data on the Greater Antillean Anolis were kindly provided
by Jonathan Losos. These data covered 53 Anolis species
from the four Greater Antillean islands (Cuba, Jamaica, His-
paniola and Puerto Rico). The data were only for adult males
and included ecomorph assignments for each species named
according to the type of microhabitat typically used by an
ecomorph category. These ecomorphs were crown-giant,
grass-bush, trunk, trunk-crown, trunk-ground, and twig
anoles. There were also eight species of “unique” anoles,
which were species that did not conform to any particular
ecomorph category and had no convergent counterpart on
any of the other Caribbean islands. Other data included SVL,
tail length (excluding individuals with re-generated tails),
total forelimb and total hind limb length (from the tip of the
outermost toe to the point where the limb joined the body),
perch height and perch circumference (see Losos 1990a).

Statistical analyses

Draco and Anolis ecobehavior and morphological
differentiation

Our first objective was to compare the level of function-
ally relevant morphological differentiation among Draco

species with comparison to the Anolis adaptive radiation.
We followed classic work on Anolis and did this in two
ways. First, we applied a hierarchical cluster analysis on
ecobehavior and morphology to categorize differentia-
tion in Draco with direct reference to Anolis. We labeled
the Anolis species on the computed phenogram according
to their ecomorph categories, not because we were spe-
cifically hoping to identify the same ecomorphs in Draco,
but to provide a benchmark for the degree of phenotypic
differentiation exhibited by Draco. If Draco species clus-
tered separately from the Anolis on the phenogram, then
greater similarity existed among Draco species than
between Draco and Anolis. In addition, the length of the
phenogram branches among taxa would indicate the over-
all level of differentiation among Draco compared to the
Anolis ecomorphs. Conversely, if Draco were distributed
throughout the phenogram, then Draco shared characteris-
tics with the Anolis and the subsequent position of taxa on
the phenogram would indicate the level of disparity among
Draco relative to the disparity exhibited among the Anolis
ecomorphs.

The cluster analysis was implemented in R version
2.15.1 (R Development Core Team, R Foundation for Sta-
tistical Computing, Vienna) using the hclust function and
defined similarity among species according to the Euclid-
ean distance of perch height, perch circumference, and
size-free residuals of tail, forelimb and hind limb length.
Size-free residuals were computed for Draco and Anolis
separately using phylogenetic generalized least squares
(PGLYS) regressions of tail or limb length on SVL (PGLS
was implemented in COMPARE 4.6b, see below). Size-
free residuals were also used for graphical representations
of data, but all regression analyses relied on a covariate of
SVL.

Next, we examined the distribution of Draco and Anolis
species in phenotypic space for the key axes of differentia-
tion previously identified for the Greater Antillean Anolis
lizards: perch height and circumference, and size-free
residuals of total hind limb length and tail length.

Adaptive response of limb length to perch use

Our second objective was to assess whether morphologi-
cal variation among Draco species exhibited patterns of
adaptive evolution similar to the Anolis lizards. Specifi-
cally, whether there was a positive correlation between
limb length—specifically hind limb length—and perch cir-
cumference. The magnitude of this relationship was also of
interest because similarities in the amount of evolutionary
change in limb length for a given unit of increase in perch
size (i.e., similar slope) would imply that both genera have
analogous functional demands on their morphology and
have subsequently adapted in a convergent manner.
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In this analysis, we performed a PGLS regression of
total hind limb length on perch circumference for adult
male Draco and adult male Anolis combined in the same
analysis. This analysis included an interaction term to test
for differences in slope between the genera. This interaction
term was not found to be significantly different from zero
(see “Results™), but this might have been due to low power
resulting from the difference in sample sizes between the
genera: 13 Draco taxa vs. 53 Anolis species. We therefore
conducted a second set of regressions in which each genus
was analyzed separately. We then compared the estimated
variance associated with slope estimates to assess relative
power.

The Anolis and Draco analyses described above only
examined morphological variation in adult male lizards
(which were the data available for Anolis), but our field
study of Draco was inclusive of both sexes. We therefore
conducted a final set of analyses on just the Draco data to
test both male and female limb length evolution as a func-
tion of perch circumference. In these analyses, we also
examined evidence for potential selection on both hind
limb length and hind toe length.

For all phylogenetic analyses, we used the mitochondrial
DNA Bayesian phylogenetic analysis of the agamid family
created by Collar et al. (2010) that included an Anolis out-
group. This supertree was congruent in its resolution of the
phylogenetic relationships among Draco species to a phy-
logeny developed previously for Draco by McGuire and
Heang (2001). However, we relied on the supertree because
the Anolis outgroup provided a means of combining the
Draco and Anolis phylogenies together. The Anolis phy-
logeny was the mitochondrial DNA phylogeny developed
by Nicholson et al. (2005) [reproduced in Losos (2009)
with branch length information]. In order to merge the two
phylogenies and retain information on branch lengths, we
assumed the earliest common ancestor shared by the two
genera was 80 million years ago (see “Introduction”) and
subsequently scaled the branch lengths within the gen-
era accordingly [for Draco, this was already incorporated
into the supertree by having the Anolis outgroup; for Ano-
lis, scaling was based on divergence times among species
reported by Jackman et al. (2002)]. The final composite
phylogeny was then pruned down to the species of inter-
est using Mesquite version 2.74 (Maddison and Maddison
2010).

The Malay and Bornean populations of D. sumatranus
were already included in the Collar supertree. For D. mel-
anopogon and D. cornutus, we included both the sympa-
tric and allopatric populations in our analyses because we
expected variation in morphology and habitat use between
these populations. These populations were positioned on
the phylogeny as separate taxa with branch lengths based
on the minimum divergence estimated for intra-island
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populations of Philippine Draco reported by McGuire and
Heang (2001). We assessed the sensitivity of our analyses
to this branch length estimate by re-running some analyses
using a phylogeny that assumed the maximum estimated
divergence between populations and results were qualita-
tively unchanged.

Phylogenetic generalized least squares regressions were
performed using COMPARE 4.6b (Martins 2004), which
assumes phenotypic evolution follows a Ornstein—Uhlen-
beck model of evolution where the phenotype evolves
towards some adaptive optimum, with the extent the phe-
notype can track this optimum estimated by an o parameter
computed via maximum likelihood. When «o approaches
zero, phenotypic characteristics are tightly correlated to
phylogeny and adaptive evolution towards the optima has
been constrained. In this instance, much of the interspecific
variation observed in phenotypes today can be attributed
to evolutionary relationships among species. Very large o
values (15.5+) indicate little phylogenetic signal in spe-
cies data and phenotypic evolution has been free to vary
adaptively and has tracked potential optima closely [e.g.,
an optimum class of ecomorph (Hansen and Martins 1996;
Hansen 1997); see Ord and Martins (2006) for discussion
on the advantages of PGLS with estimated o over other
comparative methods].

Statistical significance of regression parameters was
based on a one-tailed p-value because we had an a priori
prediction that limb length should increase with increasing
perch circumference.

Interspecific competition among sympatric Draco

Our third objective was to examine the extent that Draco
species shift resource use in the presence of ecologically
similar congeners, and whether this occurs along the same
axes as for the Anolis lizards: perch type (height, circum-
ference), perch temperature, and diet. This investigation
was conducted in two parts. First, we compared differ-
ences in perch type and temperature between sympatric
and allopatric populations of three species (D. quinquefas-
ciatus, D. melanopogon and D. cornutus). Shifts in perch
use as a result of interspecific competition should limit
overlap among sympatric species in perch height, circum-
ference, temperature or any combination of these charac-
teristics, whereas overlap in these characteristics should be
more likely among allopatric populations of the same two
(or more) species. To quantify the magnitude of difference
among species in perch use in allopatry and sympatry, we
computed the standardized mean difference between two
species, Cohen’s d, and an estimate of the 95 % confidence
interval (CI) of this value using equations presented in Ord
and Stamps (2009). These values were in turn converted
into an r-value to provide a metric bounded between 0 and



Oecologia (2014) 175:651-666

657

1 [equations for converting Cohen’s d into an r-value are
also given in Ord and Stamps (2009)]. Effect sizes for spe-
cies comparisons with CIs that did not include zero were
considered to represent biologically significant differences
between species (equivalent to a two-tailed p-value <0.05).

However, it was possible that observed differences
in habitat use between allopatric and sympatric popula-
tions could reflect site-specific differences in environment
rather than divergences in habitat use induced by interspe-
cific competition in sympatry (Grant 1972; Schluter and
McPhail 1992). To evaluate this, we compared the distribu-
tion of perches used in allopatry to the perches used collec-
tively by all species in sympatry. The range of perches used
in sympatry (irrespective of the species) should represent
the niche breadth for Draco available in that environment.
If the type of perches used in allopatry for a given species
falls within the range of perches available in the sympatric
environment, then any shift in perch use in sympatry likely
reflects the outcome of interspecific competition rather than
a general difference in habitat between allopatric and sym-
patric sites. Conversely, if the distribution of perches used
by a species in allopatry falls outside the range of perches
available in the sympatric environment, then a shift in perch
use could reflect differences in habitat and not interspecific
competition.

Second, we supplemented the above analyses with a
qualitative comparison of data presented in Inger (1983),
which reported information on perch height and diet for
several sympatric Draco species at three separate locations.
If interspecific competition occurs in resource use, we
expected species to differentiate in perch height and type
of prey eaten in a manner very similar to our own field data
(perch height) and previously documented for the Anolis
lizards (perch height and diet).

Results

Ecobehavior and morphological differentiation in Draco
and Anolis

Hierarchical cluster analysis revealed two main clusters of
Draco species that corresponded to similarities in ecobe-
havior and morphology to the Anolis trunk-ground and
trunk-crown ecomorphs (Fig. 1b). These two clusters of
Draco species generally associated with the “Malaysian”
and “Philippine” Draco radiations (the monophyletic line-
ages of D. quinquefasciatus to D. melanopogon inclusive,
and Draco bimaculatus to Draco spilopterus inclusive;
Fig. 1a). There were two exceptions: the Philippine D.
bimaculatus clustered with the trunk-ground Malaysian
Draco, and the Malaysian D. quinquefasciatus clustered
with the trunk-crown Philippine Draco.

Plots of size-free residuals of tail length on total hind
limb length again showed Draco distributed across mor-
phospace shared by the Anolis trunk-crown and trunk-
ground ecomorphs (Fig. 2; N.B. similarity to the Anolis
crown-giants was not especially relevant because this eco-
morph is quite similar to trunk-crowns—e.g., see Fig. 2a,
b—and is defined largely by its dramatic size). A positive
relationship between size-free residuals of tail and total
hind limb length was also evident among Draco species
that was consistent in direction (but not magnitude) to
what has been previously documented for Anolis and that
is also obvious across the Anolis ecomorphs in Fig. 2. Plots
of perch height on perch circumference showed a general
overlap in perch circumference of Draco with the trunk-
ground and trunk-crown Anolis ecomorphs, but Draco
tended to use the upper range of the perch heights exhibited
by the Greater Antillean Anolis (Fig. 2b). Morphological
differentiation between the sexes of Draco was generally
minor. However, females did show a tendency for a wider
range of perch heights among species than males (Fig. 2c),
but this was not statistically significant (95 % CI for the
coefficient of variation, male perches = 0.18-0.45, female
perches = 0.30-0.81, n = 13 taxa).

Limb length differentiation with perch width

A phylogenetic regression that included Draco and Ano-
lis in the same analysis (with a covariate for body size)
showed a significant increase in total hind limb length with
increased perch circumference among species (Table 1;
Fig. 3a). The CIs of the interaction term overlapped zero
indicating the relationship was virtually the same in both
genera. Separate analyses on each genus confirmed the pos-
itive relationship between total hind limb length and perch
circumference in both groups. The apparent difference in
intercepts between the genera (Fig. 3a) reflected that Draco
tend to have more elongated bodies than Anolis to accom-
modate wings. However, the slope estimated for Draco
was remarkably close to the slope computed for the Ano-
lis lizards (0.10 vs. 0.11). The variance associated with the
slope estimate was very similar between the genera (a 95 %
CI range of 0.24 for 13 Draco taxa and 0.18 for 53 Anolis
species), which indicated that the lack of statistical signifi-
cance for the interaction term in the first analysis (Draco
and Anolis combined) was biological and not a reflection of
low power.

The remaining phylogenetic analyses focused only on
male and female Draco lizards. Adult male lizards con-
tinued to show a positive association between hind limb
length (not including hind toe length) and perch circumfer-
ence (Table 2; Fig. 3b). Adult males also exhibited a simi-
lar positive association between hind toe length and perch
circumference (Table 2; Fig. 3b). There was no relationship

@ Springer



658

Oecologia (2014) 175:651-666

2 074
5 a
E 034
€
%)
<8 o
*g,-g 0.1 0859 °
38 $ cw
50
ke .01 39, o
& O
N
@
-0.3 A
] Draco sp.
05 o male
M o female
S “unique” anoles
® 0.7 : : : : : ; ,unique & ‘
-0.5 -0.3 -0.1 0.1 0.3 0.5

short«—— Total hindlimb length > long
(size-free residuals, mm)

1000
1b .
g ®
[e) O
OOGC?%O
o
=
= o
o .
5 E, 100E
[0
o
10 ; ; ; ‘
0.1 1 10 100 1000
Perch circumference

(cm)

Fig. 2 Draco species compared to defining a morphological and b ecobehavior axes of the Greater Antillean Anolis ecomorphs. a, b Data pre-

sented for Anolis are for adult males only

Table 1 Phylogenetic regressions of total hind limb length differentiation in adult males among 53 Anolis species and 13 Draco taxa as a func-

tion of perch circumference

Species exam- 6imercept Bperch circumference Bgenus (lower, Sgenus x perch 6SVL (lower, Effect size PGLS o
ined (lower, upper 95 % CI) (lower, upper 95 %  upper 95 % CI)  (lower, upper upper 95 % CI) (Fphylogenetic)
CI) 95 % CI)
Draco and —0.24 (-0.78,0.30)  0.11 (0.03, 0.19)* —0.36 —0.04 0.97 (0.87.1.07)* 0.94 0.7
Anolis (—0.80,0.081)  (—0.17,0.09)
Draco only 0.70 (0.45, 0.94)* 0.10 (—0.02, 0.22)* 0.66 (0.09, 1.23)*  0.74 0.7
Anolis only —0.30 (=0.76, 0.16)  0.11 (0.02, 0.20)* 0.98 (0.88, 1.08)*  0.95 0.5

CI Confidence interval, PGLS phylogenetic generalized least squares
* p < 0.05, one tailed

between hind limb length or hind toe length and perch cir-
cumference in adult females (Table 2; Fig. 3b).

Habitat partitioning in sympatric Draco

Our comparison of allopatric and sympatric Draco pro-
vided marginal evidence for habitat partitioning among
adult male lizards in perch use: sympatric D. cornutus and
D. melanopogon seemed to diverge in perch height, while
D. quinquefasciatus tended to shift to narrower perches
(Fig. 4).

In allopatry, D. cornutus and D. melanopogon tended
to use different perch heights (r = 0.39) and perch widths
(r = 0.32), but in sympatry, while both species were gener-
ally found on very similar-sized perches (r = 0.12), they
seemed to exaggerate differences in the height of these
perches, which was reflected in an effect nearly twice that
of perch differences in allopatry (r = 0.71; Table 3a). For
example, we frequently observed sympatric D. cornutus
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and D. melanopogon on the same trees, but perched at dif-
ferent heights.

The limited number of individuals sampled for the
allopatric population of D. quinquefasciatus (two males,
two females) made it inappropriate to compute Cls and
effect size differences. Nevertheless, in contrast to D.
cornutus and D. melanopogon, the primary axis of diver-
gence in D. quinquefasciatus appeared to be perch cir-
cumference. For example, D. quinquefasciatus generally
overlapped in perch height with D. melanopogon, but was
found on much narrower perches (r = 0.49; Table 3a).
This was consistent with our observations of D. quinque-
fasciatus and D. melanopogon using low perches on some-
times adjacent trees.

These shifts in perch height and perch circumference
among sympatric species could not be explained by general
differences in the availability of perches between allopatric
and sympatric sites (Fig. S1): species had the same range
of perch types available in both allopatric and sympatric
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environments. This suggests that interspecific competition
was the mechanism that pushed species to shift in perch use
in sympatry.

In contrast, perch temperature was not an axis of diver-
gence in sympatry for any species. Instead, species were
found on perches similar in temperature, which was con-
sistent with our observations that these species were using

perches in similar areas in the environment (forest edges;
Table 3a; Fig. 4). Perch temperatures in allopatric environ-
ments, however, were quite different and reflected the broad
differences in habitat type (see also Fig. S1). Allopatric D.
cornutus were found in open mangroves, while allopatric
D. melanopogon and D. quinquefasciatus were found in
shade forests.
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Table 2 Phylogenetic regressions of hind limb and hind toe length differentiation in adult males and adult females among 13 taxa of Draco as a

function of perch circumference

Sex Character Bintercept Bperch circumference Bsyr (lower, upper 95 % CI) Effect size PGLS «
(lower, upper 95 % CI) (lower, upper 95 % CI) (Pphylogenetic)
All species
Males Hind limb 0.82 (—3.00, 4.64) 0.17 (-0.03, 0.38)* 0.50 (—0.40, 1.40) 0.62 1.7
Hind toe —0.26 (—2.30, 1.78) 0.14 (-0.01, 0.29)* 0.64 (0.17, 1.11)* 0.78 15.5
Females Hind limb 0.73 (—2.54, 4.00) 0.12 (-0.23, 0.46) 0.54 (-0.20, 1.28) 0.43 1.2
Hind toe —0.23 (—2.92, 2.46) 0.20 (—-0.15, 0.54) 0.62 (—0.01, 1.25)* 0.61 15.5

For abbreviations, see Table 1

* p <0.05, one tailed
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Fig. 4 Habitat partitioning among three Draco species in allopa-
try and sympatry in relation to three ecological variables previously
shown for other lizards to be important sources of interspecific com-
petition. Allopatric includes populations that might have been parapa-
tric with other Draco species (see Table S1)

Adult females showed no evidence of habitat partition-
ing in any variable.

Inger (1983) provided no quantitative data on perch
circumference, but his data on perch height reiterated that
sympatric D. melanopogon and D. quinquefasciatus do not
differentiate from one another in perch height (Fig. 5a).
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At all three locations surveyed, adult males of these two
species overlapped extensively in their perch height dis-
tributions. Our data showed that D. melanopogon and D.
quinquefasciatus seem to instead differentiate by perch
circumference (Fig. 4a). However, Inger’s (1983) data also
suggested a possible second axis of differentiation relat-
ing to diet between these species. He found the stomach
contents of D. melanopogon consisted mostly of interme-
diate-sized prey (3—-5 mm), while the stomach contents
of D. quinquefasciatus were primarily smaller prey items
(<3 mm in size; Fig. 5a, inset). Across all of the species sur-
veyed by Inger, species tended to differentiate in either pre-
ferred perch height or the size of prey consumed (Fig. 5a).
Female perch heights were broadly consistent with those of
males among species, suggesting habitat partitioning was
similar between the sexes. Comparison with our data on
this point was difficult because there were only two spe-
cies in common between our two studies for this analysis
(D. melanopogon and D. quinquefasciatus), and both sexes
in these species exhibit no differentiation in perch height
(Fig. 4).

Discussion

We found both striking parallels in habitat use and mor-
phology between the Southeast Asian Draco lizards and the
Caribbean Anolis lizards, and important differences in how
these patterns might have originated. Even within the rela-
tively small subset of Draco species studied, there was an
impressive level of morphological variation among species,
especially in features related to perch use (specifically, the
circumference of perches used). The 13 Draco taxa stud-
ied (corresponding to ten species) spanned the majority of
hind limb lengths exhibited by the Anolis (all but the twig
anoles; Fig. 2a) and used a broadly similar range of perch
sizes (excluding the narrow perches used by the twig and
grass-bush anoles; Fig. 2b). A virtually identical associa-
tion existed between limb length and perch size in Draco
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Table 3 Habitat partitioning
by adult males (a) and adult
females (b) among three Draco
species surveyed in allopatry
and sympatry

* p <0.05, two tailed

Behavior Ny 15p2 Effect size (r)
(a) Males
Perch height
Allopatric
Draco cornutus vs. Draco melanopogon 19, 23 0.39 (0.11, 0.60)*
Sympatric
D. cornutus vs. D. melanopogon 20, 10 0.71(0.48, 0.83)*
D. melanopogon vs. Draco quinquefasciatus 10,7 0.38 (—0.09, 0.67)
Perch circumference
Allopatric
D. cornutus vs. D. melanopogon 19, 23 0.32 (0.03, 0.55)*
Sympatric
D. cornutus vs. D. melanopogon 22,10 0.12 (—0.25, 0.44)
D. melanopogon vs. D. quinquefasciatus 10,7 0.49 (0.04, 0.73)*
Perch temperature
Allopatric
D. cornutus vs. D. melanopogon 12,17 0.89 (0.80, 0.93)*
Sympatric
D. cornutus vs. D. melanopogon 16,4 0.32 (—0.21, 0.67)
D. melanopogon vs. D. quinquefasciatus 4,4 0.12 (—0.50, 0.63)
(b) Females
Perch height
Allopatric
D. cornutus vs. D. melanopogon 11, 10 0.11 (—0.31, 0.47)
Sympatric
D. cornutus vs. D. melanopogon 6,3 0.23 (—0.42, 0.68)
D. melanopogon vs. D. quinquefasciatus 3,4 0.54 (—0.17, 0.83)
Perch circumference
Allopatric
D. cornutus vs. D. melanopogon 11,8 0.11 (—0.32, 0.50)
Sympatric
D. cornutus vs. D. melanopogon 6,3 0.02 (—0.56, 0.58)
D. melanopogon vs. D. quinquefasciatus 3,4 0.36 (—0.36, 0.76)

Perch temperature
Allopatric
D. cornutus vs. D. melanopogon
Sympatric
D. cornutus vs. D. melanopogon

D. melanopogon vs. D. quinquefasciatus

and Anolis. The difference in intercepts apparent in Fig. 3
reflects a general difference in body length between the
genera (Draco have longer bodies than Anolis to accom-
modate their wings), but both groups have comparable limb
lengths when this difference in body length is considered
(e.g., the factor for genus in Table 1 was not statistically
significant). Furthermore, the slope of the relationship
between limb length and perch size was almost identical
in both groups. In Anolis, this association has been shown
to be the product of adaptive evolution (Losos et al. 1997,

2000, 2004, 2006). It follows that this association in Draco
between limb length and perch size likely reflects adapta-
tion as well, although it is unknown at this stage the extent
to which this differentiation has a plastic element to it.
More specifically, it suggests the functional demands of
habitat use on morphology are very similar in both groups,
with lizards evolving longer legs to improve locomotion on
wider (flatter) surfaces. The same unit of increase in perch
size appears to have produced the same unit of increase
in limb length in both genera (Table 2). This is quite
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Fig. 5 Re-examination of data presented in Inger (1983) on the
perch heights of a adult male and b female lizards at Labang, Pesu
and Nanga Tekalit on Borneo. Inger (1983) presented his data as the
number of lizards for a given species observed at four broad height
categories: 1-3, 3-6, 6-9 and 94 m. Inger (1983) does not state how
heights were measured, but we assumed heights were estimates made
by eye. We created frequency distributions of these data by recoding

extraordinary considering similar relationships between
morphology and habitat use have not evolved in other,
more closely related arboreal lizards to the Greater Antil-
lean Anolis (e.g., Irschick et al. 1997; Herrel et al. 2002;
Schulte et al. 2004). Furthermore, Draco and Anolis pos-
sess separate key innovations that impact how the lizards
interact with their environment (adhesive toepads in Anolis
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Inger’s (1983) categories as 2, 5, 8 and 11 m, respectively (i.e., at 3-m
increments) and fitting a smoothed line connecting the proportions
of lizards for a given species at different heights using Excel. Inset
Size of ants flushed from stomachs of both sexes at Nanga Tekalit.
Arrows correspond to mode perch heights or prey size for each of the
species

and the ability to glide in Draco). Yet, even with these obvi-
ous differences in morphological innovation, natural selec-
tion has apparently still generated convergent limb lengths
in Draco and Anolis.

Another point of comparison is the form of interspe-
cific competition among species in each genus, although
the similarities are more tentative. The Anolis lizards are a
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popular textbook example of how interspecific competition
drives resource partitioning among sympatric species (e.g.,
Campbell and Reece 2002; Cain et al. 2008). The classic
axes of this ecological differentiation are perch choice, ther-
mal environment, and diet (reviewed by Losos 2009). There
was some evidence that sympatric Draco diverge along one
or possibly even two of these same axes. The primary axis
of partitioning in Draco seems to be perch choice, as it is
for Anolis [reviewed by Schoener (1974) and Losos (2009)].
There was a tendency for species of Draco to either differ-
entiate in perch height (e.g., D. cornutus and D. melanopo-
gon were often found on the same tree at different heights)
or perch size (e.g., D. quinquefasciatus and D. melanopo-
gon selected perches of similar height on neighboring trees
that differed in trunk circumference). Inger’s (1983) data re-
affirmed the partitioning of perch height among sympatric
species (Fig. 5), but also highlighted diet as a possible sec-
ond axis of differentiation. This differentiation in diet was
unexpected because Draco is a well-known genus of ant
specialists (Das 2010; Grismer 2011) and, at the locations
we visited, ants were generally in high abundance implying
food was unlikely to be a limiting resource for competition.
Yet Inger’s (1983) data plainly show certain Draco species
specialized on ants of certain size classes, and that these pre-
ferred size classes only differed between Draco species that
overlapped in perch use. Further study of interspecific com-
petition over food resources in Draco is clearly warranted,
as well as determining the extent to which the observed dif-
ferences in diet between species might occur by chance.

In general, however, the current data suggest Draco liv-
ing in sympatric communities have potentially experienced
interspecific competition over perch sites (and possibly food
resources) and in ways that were analogous to the Caribbean
Anolis lizards. While Draco tended to differ in perch choice
in allopatry, these differences were accentuated in sympatry.
This is expected from competition theory (May and Mac-
Arthur 1972; Pianka 1974). Species cannot overlap per-
fectly in resource use prior to contact otherwise interspecific
competition in sympatry would restrict coexistence entirely
(Grant 1972). It also suggests that species assortment, or the
filtering of species through competitive exclusion, is less
likely to be the primary force shaping community struc-
ture in Draco (at least for the sympatric community we
studied). It is important to note, however, that there are a
number of stringent criteria that need to be met before dis-
placement can be confirmed over assortment (see Stuart
and Losos 2013). While the degree of habitat partitioning
exhibited by sympatric Draco might be consistent with the
outcome of interspecific competition, these patterns need to
be confirmed in more Draco communities. This would also
provide the level of replication necessary for careful assess-
ment of patterns against null models that assume partition-
ing arises by chance (e.g., Strong et al. 1979).

Assuming interspecific competition has occurred among
sympatric Draco, whether it has subsequently resulted
in character displacement remains to be tested. Our data
did suggest that competition leading to shifts in perch size
should result in character displacement in limb length. How-
ever, we were unable to confirm this directly because only
one of the three species in our allopatric-sympatric compari-
son exhibited a shift in perch size—D. quinquefasciatus—
and this was the one species for which we lacked morpho-
logical data in allopatry. The other two species displayed
shifts in perch height, which would only impact morphol-
ogy if it coincided with a change in perch size (e.g., the use
of branches in the canopy) or perhaps gliding performance.

A final defining characteristic of the Greater Antillean
Anolis is the ecomorph. We found Draco clustered into
two distinct groups that shared key characteristics with the
trunk-ground and trunk-crown Anolis ecomorphs. How-
ever, it would be premature to conclude that Anolis-like
ecomorphs have evolved in Draco. The two trunk-ground
and trunk-crown clusters in Draco generally corresponded
to two monophyletic lineages (Fig. 1). This implies these
two lineages differed consistently in habitat use and sub-
sequent morphology. In general, Malaysian ‘trunk-grounds’
tended to use lower, wider perches and had longer hind
limbs and tails, while Philippine ‘trunk-crowns’ tended to
use higher, narrower perches and had shorter hind limbs
and tails. There were two exceptions: D. quinquefascia-
tus was a Malaysian species that was more trunk-crown in
behavior and appearance than its close relatives (especially
in its use of narrow perches), and D. bimaculatus was a
Philippine species that was more trunk-ground like than its
close relatives. These two species might offer a tantalizing
case of potential independent evolution, but an expanded
investigation of the ecobehavior and morphology of the
Draco genus as a whole is required if this conclusion is to
carry any weight. Nevertheless, given that Draco gener-
ally used higher perches than Anolis trunk-ground species
(Fig. 2b), it is notable that within the truncated range of
perch heights used by Draco, there were still differences in
perch height between the trunk-ground-like and the trunk-
crown-like Draco that paralleled the direction (if not mag-
nitude) of difference in perch height exhibited between the
trunk-ground and trunk-crown Anolis.

Generally, though, the broad similarities in shared habi-
tat use among Draco species within each lineage imply that
niche conservatism has been important in shaping the evolu-
tion of Draco morphology (see Wiens et al. 2010), whereas
this has not been the case for the Anolis (Losos et al. 2003). It
should also be noted that the evolution of Anolis ecomorphs is
largely an island-specific phenomenon, with mainland Ano-
lis exhibiting few parallels in habitat use and morphology
(Irschick et al. 1997, Pinto et al. 2008; Schaad and Poe 2010).
Only three of the ten species of Draco we studied were island
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species (D. spilopterus, D. bimaculatus and D. reticulatus)
with the remaining species found either on mainland Malay-
sia or Borneo. Perhaps the best opportunity for examining
character displacement and ecomorph-like differentiation
in Draco are the array of species distributed throughout the
Philippine islands. Some islands were connected during the
lower sea level of the late Pleistocene, but there were still
many that remained isolated from one another during this
period (Heaney 1986; McGuire and Alcala 2000). Further-
more, these island communities range from single species to
as many as five sympatric species (McGuire and Alcala 2000)
and should be priority targets for future research.

Caribbean Anolis have become a model group for the
study of a range of fundamental questions in evolutionary
ecology (reviewed by Losos 2009). We (this study) and oth-
ers (Lazell 1992; Mori and Hikida 1994) have shown that
the Southeast Asian Draco lizards, a group with gross dif-
ferences in evolutionary history to the Anolis, exhibit impor-
tant parallels in behavior, morphology, and community ecol-
ogy. These parallels emphasize that convergent adaptive
solutions in response to common selection pressures are
possible among phylogenetically distant taxa, and reiterate
that ecological axes dictating community structures in dis-
parate groups are in fact predictable (Schoener 1974).
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