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ABSTRACT: Evolutionary innovations and ecological competition are
factors often cited as drivers of adaptive diversification. Yet many
innovations result in stabilizing rather than diversifying selection on
morphology, and morphological disparity among coexisting species
can reflect competitive exclusion (species sorting) rather than sympat-
ric adaptive divergence (character displacement). We studied the in-
novation of gliding in dragons (Agamidae) and squirrels (Sciuridae)
and its effect on subsequent body size diversification. We found that
gliding either had no impact (squirrels) or resulted in strong stabilizing
selection on body size (dragons). Despite this constraining effect in
dragons, sympatric gliders exhibit greater size disparity compared with
allopatric gliders, a pattern consistent with, although not exclusively
explained by, ecological competition changing the adaptive landscape
of body size evolution to induce character displacement. These results
show that innovations do not necessarily instigate further differentia-
tion among species, as is so often assumed, and suggest that competition
can be a powerful force generating morphological divergence among
coexisting species, even in the face of strong stabilizing selection.

Keywords: arboreality, Draco, ecological opportunity, evolutionary
allometry, morphological evolution, terrestriality.

Introduction

Evolutionary innovation is any novel trait that enhances
performance and allows an organism to interact with the
environment in a new way (Simpson 1944). Although sev-
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eral definitions of what represents an innovation have been
offered (reviewed by Rabosky 2017), this classical descrip-
tion arguably remains the most useful (Galis 2001; Stroud
and Losos 2016; Rabosky 2017). Hypothesized innovations
have drawn considerable attention among ecologists and
evolutionary biologists because they can expand the range
of ecological niches occupied within communities. In do-
ing so, innovations are thought to be important engines of
adaptive phenotypic differentiation (Price et al. 2010) and
the diversification of new species (Maia et al. 2013; Silvestro
et al. 2014). For example, the extensive radiation and mor-
phological differentiation of Anolis lizards throughout the
Caribbean and Americas (~400 species; Poe 2004) has in
part been attributed to the evolution of adhesive toe pads
opening up an array of new arboreal environments (Losos
2009). Similar arguments have been made for the diversifi-
cation of the geckos, which have also independently evolved
toe pads (Garcia-Porta and Ord 2013).

In this study, we focused on the manner in which an in-
novation changes the evolution of phenotypic differentia-
tion among closely related species (rather than its role in
prompting species diversification). By its classical definition
of facilitating the exploitation of new ecological resources,
the evolution of an innovation should be especially impor-
tant in promoting phenotypic adaptation to those new re-
sources, irrespective of whether that innovation has caused
species diversification or not. Yet innovations do not always
herald the evolution of phenotypic diversity (Stroud and
Losos 2016), and our understanding of why this is the case
remains poor (Wainwright and Price 2016).

One can imagine that if the innovation enhances perfor-
mance for only a limited range of morphologies, or if the
increase in performance comes at a cost to other perfor-
mance capabilities, ecological specialization might result,
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and stabilizing selection for performance could limit phe-
notypic diversification (Wainwright and Price 2016; Alen-
car et al. 2017). While toe pad evolution has been infor-
mally linked to morphological diversification in lizards (e.g.,
Warheit et al. 1999), recent investigations of the geckos
have found little evidence of such an association (Garcia-
Porta and Ord 2013). In contrast, gecko lineages that have
lost their toe pads exhibit elevated morphological evolution,
which suggests that toe pads might have actually imposed a
functional constraint on phenotypic diversification (e.g., re-
duced locomotor performance; Higham et al. 2015). An in-
novation might therefore open up a new ecological niche
(e.g., one associated with being arboreal), but the breadth
of that niche could be narrow and restricted to a specialized
morphology (e.g., a gracile or small body).

The notion that innovations can restrain, rather than
promote, phenotypic differentiation is largely unexplored,
but it has broad implications for our general understanding
of when adaptive evolution is likely to occur via other pro-
cesses as well. In particular, ecological competition among
interacting members (intra- or interspecific) can drive
adaptive morphological differentiation through character
displacement, a phenomenon that seems especially impor-
tant in adaptive radiations (e.g., Grant and Grant 2006; Stu-
art et al. 2014; Lescak et al. 2015). Here, taxa diverge in
resource use to reduce competition with coexisting conge-
ners, which prompts changes in morphology (e.g.) as taxa
adapt to their changed resource base. This raises the general
question of how ecological competition interacts with in-
novations to generate phenotypic diversity. Innovations
are generally assumed to prompt adaptive differentiation,
but competition could provide the ecological context that
promotes the origin of the innovation or act as a com-
plementary factor to facilitate further phenotypic differen-
tiation via character displacement (Givnish 1997; Stroud
and Losos 2016). But an innovation that promotes pheno-
typic diversification in the absence of competition could re-
duce the opportunity for character displacement to arise in
the first place.

For character displacement to occur, ecologically similar
sympatric species must initially coexist before competition
can drive selection that ultimately pushes species to diverge
in resource use and subsequent functional morphology. But
the potential for this initial coexistence is questionable.
Hutchinson (1959) highlighted how species must differ in
ecology in order to coexist in the same environment. That
is, there is a necessary limiting similarity among sympatric
species (May and MacArthur 1972; Schoener 1974); other-
wise species will be excluded from areas in which an ecolog-
ically similar competitor already exists (e.g., Colautti et al.
2006). This filtering or species sorting subsequently results
in species communities that were already differentiated in
resource use and morphology at the outset (NB: there are

situations in which characteristics related to competitive
ability—e.g., accelerated development, large body size—
could result in ecologically similar species existing in a high-
competition environment; e.g., see Mayfield and Levine
2010).

How these processes play out may depend on whether an
innovation promotes or constrains phenotypic and ecolog-
ical diversity. In the case of an innovation that drives eco-
logical and phenotypic diversification, there is a greater
chance that species have phenotypically differentiated be-
fore occurring in sympatry. That is, there are fewer oppor-
tunities for ecologically similar species to co-occur—and
fewer opportunities for character displacement—simply
because there are fewer ecologically similar species follow-
ing the origin of an innovation. On the other hand, if an in-
novation imposes stabilizing selection, competition might
override innovation-imposed constraints to prompt char-
acter displacement to alternative adaptive optima (assum-
ing ecologically similar species are able to coexist long
enough for divergent selection to occur).

Gliding is a striking example of an innovation but one
that is ambiguous in its performance-based constraints
on morphology. Controlled aerial descent in the form of
gliding or parachuting has evolved independently in various
arthropod, reptilian, amphibian, and mammalian groups
(reviewed by Dudley et al. 2007) and has resulted in a
unique way for animals to exploit arboreal environments.
Gliding has also been suggested to be an adaptation for es-
caping predation (Byrnes and Spence 2011; McGuire and
Dudley 2011), which should reduce any predator-mediated
restrictions on the range of ecological resources that might
be available to gliding taxa (see Stroud and Losos 2016).
Gliding has therefore been considered an innovation that
has lead to an array of ecological opportunities or release
from predation, and, in doing so, has the potential to pro-
mote further adaptive differentiation in morphology.

Yet gliding imposes important physical constraints on
morphology, especially as it relates to gross body size. Larger
animals are expected to be poorer gliders compared with
smaller animals because of their increased weight (e.g.,
Losos et al. 1989; McGuire 2003), which reduces the dis-
tance over which a larger glider can travel (McGuire and
Dudley 2005). This constraint should result in selection that
effectively caps the size of gliding species. But it could also
be possible that larger gliders circumvent this constraint by
evolving disproportionately large wing membranes to com-
pensate for their increased weight (e.g., Shine et al. 1998).
The outcome might instead be little to no performance con-
straint on body size evolution, allowing gliders to morpho-
logically diversify as they transition into a range of new ar-
boreal niches.

We investigated the evolutionary history of gliding, its
performance in relation to body size, and its subsequent



effects on body size evolution in two iconic gliding groups:
flying squirrels from the family Sciuridae and gliding
dragons from the family Agamidae. If the evolution of glid-
ing provided new ecological opportunities or an ecological
release from predation, squirrel and dragon species should
have diversified substantially in size as they colonized new,
previously unavailable, or underexploited arboreal niches.
On the other hand, if gliding imposes constraints on body
size, we expected species to exhibit reduced size disparity
associated with a history of stabilizing selection.

In the particular case of gliding dragons (genus Draco),
prior work by McGuire and others has set strong ex-
pectations regarding the interplay between intrinsic con-
straints and ecological competition. Larger species do not
seem to compensate for their increased weight by having
larger wing membranes (Colbert 1967; McGuire 2003;
but see Shine et al. 1998) and are generally poorer gliders
than smaller species as an apparent consequence (McGuire
and Dudley 2005). Although the reduction in gliding per-
formance with size should constrain body size evolution,
gliding dragons seem to vary widely in size (Colbert 1967;
McGuire 2003), prompting speculation that this disparity
might reflect character displacement (McGuire 2003).
There is, in fact, some evidence of ecological competition
among sympatric species (Inger 1983) that appears to have
led to habitat partitioning (Ord and Klomp 2014) and body
size disparities that might be consistent with character dis-
placement (Husak and McGuire 2014). Although these
patterns are suggestive of roles for innovation-imposed con-
straints and competition-driven divergence, no study has
evaluated how these factors have interacted to shape size
evolution throughout the clade or the extent to which
morphological disparity among sympatric species is an
outcome of species sorting rather than character displace-
ment. Gliding dragons therefore provide a means of in-
vestigating in a natural system the balance of potentially
opposing selection pressures on size (Shine et al. 1998):
gliding performance-driven selection for small size (Shine
et al. 1998; McGuire 2003) versus competition-driven se-
lection that pushes some lizards to larger sizes (Inger 1983;
Husak and McGuire 2014; Ord and Klomp 2014) or ex-
cludes them from sympatric communities entirely.

Flying squirrels offer an intriguing comparison with
dragons. Like Draco, they possess wing membranes that ex-
tend along the trunk and control aerial movement between
trees. However, the underlying anatomy of the wing dif-
fers between squirrels (Thorington and Heaney 1981) and
dragons (Colbert 1967), and the precise scaling of the wing
surface and its consequences for gliding performance in
squirrels are unknown (see also “Methods”). Squirrels
therefore provide an opportunity to evaluate the generality
of the diversification consequences of gliding. However,
squirrels were less amenable for examining the interaction
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between the innovation and competition because little evi-
dence of competition is reported in this group, and wide-
spread sympatry among flying squirrels (all except one spe-
cies included in our study were sympatric with other flying
squirrels) effectively precluded a proper test of character
displacement. Nonetheless, the anatomical differences of
the squirrel gliding membrane compared with that of glid-
ing dragons provides a means of potentially identifying the
specific performance constraints that might be imposed on
size.

Methods
Overview

To investigate how gliding has affected body size evolution,
we combined species data on body size and lifestyle (whether
they were gliders, arboreal, or terrestrial) from the litera-
ture and our own observations in the field. These data were
then coupled with new phylogenies developed from mo-
lecular data obtained from GenBank in order to apply sta-
tistical methods designed to reveal the potential dynamics
of phenotypic evolution.

We focused on body size in our study of morphological
differentiation for two reasons. First, body size (and mass in
particular) is an important determinant of gliding perfor-
mance (Losos et al. 1989; McGuire 2003; McGuire and
Dudley 2005). Any conflict in selection pressures associated
with ecological diversification and competition versus those
maintaining gliding performance should be especially clear
in the dynamics of body size evolution. Second, and more
generally, body size is correlated to a host of other pheno-
typic, metabolic, and ecological characteristics and provides
a general index for investigating adaptive phenotypic diver-
sification among taxa occupying different environmental
niches and habitats (e.g., Clauset and Erwin 2008; Collar
et al. 2011; Okie et al. 2013; Feldman et al. 2016). Diver-
gence in body size is also a common outcome of character
displacement among sympatric species (e.g., Schluter and
McPhail 1992; Pfennig and Murphy 2003; Kirschel et al.
2009).

We applied a range of evolutionary analyses to explore
various aspects of the origin of gliding and how it has al-
tered size evolution in dragons and squirrels. First, we ex-
plored the origins of gliding through ancestor state re-
constructions to gain a general view of the evolutionary
history of gliding and its relationship with other lifestyles
(e.g., Has gliding evolved from an arboreal lifestyle? Has
gliding evolved once or several times within each family?).
Second, we assessed whether the origin of gliding led to
changes in the evolutionary relationship between body
mass and length through phylogenetic regressions and
the extent to which changes in body size have affected glid-
ing performance more specifically. Third, we estimated the
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rates of adaptation and stochastic evolution in body size
along lineages that were gliders relative to other lifestyles
(arboreality and terrestriality). Finally, for gliding dragons,
we examined the possibility that species interacting with
congeners exhibit body size divergences consistent with
character displacement, using evolutionary null models of
body size evolution and a deterministic model of ecological
competing species.

Data

Body Size, Lifestyle, and Gliding Performance. We used
two data sets of body size for the dragon lizards (both orig-
inally compiled from a variety of sources by Feldman et al.
[2016], including original data on Draco reported in Mc-
Guire [1998]; we also supplemented these data with an ad-
ditional species from Kalahroudi and Hojati [2015]). The
first data set included maximum snout-to-vent length
(SVL; n = 458 species; table S1; tables S1-S14 are available
online), while the second covered a more limited set of
species but included data on mean SVL (mm) and mean
mass (g; n = 110 species; table S2). For the squirrels, we
compiled data on species means for length (n = 220 species)
and mass (g3 n = 210 species) from a variety of sources
(table S3). Information on lifestyle (arboreal, terrestrial, and
gliding) for both families (n = 295 dragon species, n =
183 squirrel species) was obtained from a variety of sources
(tables S4, S5). To clarify the probable effect of body size
on gliding performance, we used data on wing load from
two sources (gliding dragons, Draco, McGuire 1998; fly-
ing squirrels of various genera, Thorington and Heaney
1981).

Distributions of Gliding Dragons (and Flying Squirrels).
Categorization of Draco species as occurring in allopatry
(13 species) or sympatry (21 species; NB: sympatric com-
munities ranged from pairs of species to as many as eight
at a single site—see table S6) was based on the personal ob-
servations of the first author (T.J.O.) as well as several com-
prehensive field guides (Grismer 2011) and biogeographic
studies reporting detailed information on site distributions
(Musters 1983; McGuire and Alcala 2000; McGuire and
Heang 2001; McGuire et al. 2007). Species in allopatry were
those found on single-species islands, while species in sym-
patry were those found on islands, large landmasses (e.g.,
Borneo, Sulawesi), or the mainland where at least one other
Draco species had been observed or reported to co-occur at
the same site. That is, our categorization of sympatry was
intended to reflect a high probability of those species en-
countering at least one congener. Efforts were also made
to find comparable data for flying squirrels, but this proved
problematic for the reasons outlined in the introduction
and supplemental material (available online).

Phylogeny

We developed new phylogenies for the dragon lizards and
squirrels using molecular data retrieved from GenBank
(Benson et al. 2012; tables S7, S8). Methodological details
are provided in full in the supplemental material. A concise
summary is given below.

For the dragons, we used five genes that previous stud-
ies have shown provide the greatest coverage of species
(Pyron et al. 2013). Our final alignment of these genes in-
cluded 297 species (including two outgroups) and a total of
4,637 bp distributed as follows: 12S rRNA (12S, 1,103 bp),
16S rRNA (168, 582 bp), NADH dehydrogenase subunit
2 (ND2, 951 bp), brain-derived neurotrophic factor (BDNF,
690 bp), and RAG1 (1,311 bp). For the squirrels, we used
six genes frequently used by previous phylogenetic studies
of this family (Mercer and Roth 2003; Fabre et al. 2012)
and included 220 species and a total of 6,001 bp distributed
as follows: 12S rRNA (128, 378 bp), 16S rRNA (168, 367 bp),
cytochrome oxydase 3 (COX3, 783 bp), cytochrome b
(CYTB, 1,140 bp), interphotoreceptor retinoid-binding
protein (IRBP, 1,188 bp), and recombination-activating
protein 1 (RAGI, 2,145 bp).

Phylogenetic analyses were conducted using the package
BEAST 1.8.0 (Drummond and Rambaud 2007) under a log-
normal relaxed molecular clock (Drummond and Rambaud
2007) and two fossil calibration points per family. For both
families, three independent Markov chain Monte Carlo
(MCMC) chains were run for 50,000,000 generations each
and sampled every 5,000. Tracer version 1.6 (Rambaut and
Drummond 2007) was used to confirm convergence, good
mixing, and stationarity of each MCMC chain. After exclud-
ing 10%-30% of trees as burn-in (dependent on the number
generations for each chain to reach a stationary distribution),
the posterior sets of trees sampled in each run were com-
bined using LogCombiner 1.8.0 (available in the BEAST
package). We then used TreeAnnotator 1.8.0 (available in
the BEAST package) to calculate summary trees for each
family (figs. S2, S3; figs. S1-S9 are available online). These
represented the maximum clade credibility trees with a pos-
terior probability limit of 0.5. We also reserved a sample of
1,000 posterior trees to assess the sensitivity of subsequent
phenotypic analyses to phylogenetic uncertainty. These lat-
ter analyses are presented in full in the supplemental material
and were consistent with findings obtained from summary
trees.

Phenotypic Analyses

All analyses were implemented in R version 3.4.0 (R Devel-
opment Core Team, R Foundation for Statistical Comput-
ing, Vienna). Body size and wing load were natural log
transformed prior to analyses. Details on statistical methods



not outlined below, including those associated with the sam-
ple of 1,000 posterior trees, are provided in the supplemental
material.

Ancestral State Reconstructions. We used stochastically
mapped ancestor state reconstructions (Huelsenbeck et al.
2003) to obtain a general view of the evolutionary history
of lifestyle within each family. These reconstructions also
provided the foundation for testing differences in morpho-
logical evolution among lifestyles (see “Estimated Rates of
Adaptation and Stochastic Evolution” below). Reconstruc-
tions were computed using phytools 0.6-00 (Revell 2012)
and consisted of 1,000 alternative reconstructions estimated
along the summary tree for each family. These were used
to visualize the history of lifestyle evolution, as well as for
subsequent analysis of morphological evolution as a func-
tion of lifestyle.

Evolutionary Regressions. We used phylogenetically in-
formed regressions to test the hypothesis that the origin of
gliding led to a shift in the evolutionary relationship between
body mass and body length. We applied several regression
models that considered a variety of alternative scenarios in
which the intercepts and slopes of mass on length were as-
sumed to be different or the same among lifestyles. The level
of support for each model was then compared using the cor-
rected Akaike information criterion (AIC,), with any model
within two units of the lowest estimated value considered
to be equally credible (AAIC, < 2.0). The best-supported
model (AAIC. = 0.0) was also used to compute residuals
of mass to consider mass-specific evolutionary change free
of the influence of body length.

Given our a priori expectation that body size has evolved
under strong selection imposed by lifestyle (especially glid-
ing), we applied regressions using models that assumed an
Ornstein-Uhlenbeck (OU) process implemented in the
slouch package version 1.2 (Hansen et al. 2008). This method
uses maximum likelihood to estimate the rate of adapta-
tion pulling the phenotype toward an optimum and devi-
ations from the optimum caused by unconsidered factors.
These estimates are presented as phylogenetic half-life (¢,,,),
which is the length of time in millions of years that size has
taken to evolve halfway from its ancestral state to its in-
ferred adaptive optimum and the magnitude of the station-
ary variance (v,) of species around the optimum. These pa-
rameters were also converted to their integrals to allow
comparison with other methods reporting the estimated
rate of adaptation (o) and the extent to which random
fluctuations (o) have occurred in the process of size evolu-
tion (e.g., see “Estimated Rates of Adaptation and Stochas-
tic Evolution”). When t,,, is very large or o converges on
zero, the model collapses to a purely Brownian motion
(BM) process (Hansen et al. 2008).
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To investigate the extent to which evolutionary increases
in body size have led to loss of gliding performance, we
reevaluated the evolutionary allometry of wing load for
dragons and formally investigated it for the first time in fly-
ing squirrels. An allometric analysis of wing load in Draco
species has previously been conducted by McGuire (2003;
using the data from McGuire 1998; but see also Colbert
1967 and Shine et al. 1998) and the relationship was re-
ported to be isometric. Our goal was to clarify this relation-
ship using allometric analyses that implemented a more bi-
ologically relevant evolutionary process (an OU model)
and one based on updated phylogenetic information. In
the case of the squirrels, an allometric estimate of gliding
performance has yet to be conducted, although Thorington
and Heaney (1981) provide an informal discussion of wing
load as a function of body size, and some have interpreted
this discussion to imply that gliding performance is iso-
metric (McGuire 2003).

To estimate allometry of wing load, we applied the same
approach described above that involved phylogenetic re-
gression under an OU process (Hansen et al. 2008). We
regressed the natural logarithm of wing load on the natural
logarithm of body length, L, according to the equation:
In(wingload) = a + In(L)b. If larger species have com-
pensated for their increased weight through the evolution
of disproportionately larger gliding membranes, wing load
(body mass divided by wing area) should exhibit a negative
allometric scaling relationship with body length (i.e., slope
coefficient < 1.0). If, on the other hand, wing load scales
isometrically with body length (i.e., slope coefficient =
1.0), there has been no compensation for weight through
the evolution of increased wing area. In this case, larger
species are expected to suffer a steeper reduction in gliding
performance.

Estimated Rates of Adaptation and Stochastic Evolution.
We tested for lifestyle-specific patterns of adaptive evolu-
tion in two measures of body size—body length (species
mean SVL in dragons and its equivalent in squirrels) and
length-standardized mass (i.e., species residual mass from
evolutionary regression against length, referred to hereafter
as residual mass). We began by applying three alternative
models of how each size variable might have evolved as a
function of lifestyle: (i) a BM-only model in which lifestyle
has had no effect on size evolution; (ii) an OU model in
which size evolution has differed between arboreal and
nonarboreal lineages (with gliders grouped with other ar-
boreal species); and (iii) an OU model in which size evolu-
tion has differed between arboreal, terrestrial, and gliding
lifestyles. These models were implemented using OUwie
1.50 (Beaulieu et al. 2012) and in the case of the two OU
models were based on the 1,000 stochastic reconstructions
of lifestyle (arboreal or nonarboreal; arboreal, terrestrial, or
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glider; Huelsenbeck et al. 2003) mapped onto the summary
tree of each family. Error in stochastic mapping on subse-
quent estimates of evolutionary rates in a secondary contin-
uous variable (e.g., body size) has been shown to reduce sta-
tistical power and the ability to distinguish differences in
evolutionary rate of the secondary variable among stochas-
tically mapped categories (Revell 2013). In this sense, any
difference found in the evolutionary dynamics among re-
constructed lifestyle categories is likely to reflect a large bi-
ological effect, whereas the lack of difference could be
type Il error if a lifestyle varies widely across the phylogeny.

In all cases, the OU model in which the evolution of body
size (length or residual mass) has been free to vary among
arboreal, terrestrial, and gliding lineages was found to be
the most probable scenario (based on a comparison of
AIC,, although the magnitude of support for this model
varied depending on the variable and family examined;
see “Results”). We therefore focused our attention on this
model to interpret lifestyle-specific & and ¢ for all runs that
estimated the optimum value of body size, 0, to be within a
biologically realistic range—those that occurred between
the minimum measured empirical value —1 SD and the
maximum measured empirical value +1 SD (following
Price et al. 2015). We also explored the effect of potential
error in measures of body size on our parameter estimates
and found that outcomes were virtually unchanged com-
pared with those presented in “Results” (details of how
within-species variance was compiled and used in OUwie
analyses, as well as the results of those analyses, are pro-
vided in full in the supplemental material).

Tests of Character Displacement in Gliding Dragons. To
test the hypothesis that competition among sympatric
Draco species has promoted body size divergence (McGuire
2003), we calculated differences in body length and residual
mass among co-occurring congeners and compared these
values with null distributions of differences generated by
simulating evolution without regard to species co-occurrence.
We obtained 1,000 simulated data sets performed along the
Draco phylogeny under both BM and OU processes in which
parameters were allowed to vary across the mid-95% range
obtained from OUwie-estimated values. All simulations
were performed using phytools (Revell 2012). For each sim-
ulated data set, we estimated the mean Euclidean distance
of body size among sympatric species and the mean Euclid-
ean distance of body size among allopatric species. Because
character displacement is predicted to produce greater
morphological distances among sympatric species relative
to allopatric species, these distances were subtracted from
one another to obtain null distributions of apparent charac-
ter displacement. This method allowed us to determine
whether sympatric species were in fact more dissimilar than
would be expected given an undirected (nonadaptive) evo-

lutionary process (i.e., stochasticity via BM or OU) and the
length of time size differentiation has had to occur. It is im-
portant to note that we used this test to evaluate whether
the disparity pattern was consistent with character displace-
ment, but it does not exclude other possible evolutionary
processes, such as species sorting (i.e., competitive exclu-
sion resulting in only dissimilar congeners being able to co-
exist) or adaptive divergence prompted by other factors.

We also used Clarke et al.’s (2017) model of ecological
competing species as a second test of the character displace-
ment hypothesis. While this more deterministic model sim-
ilarly cannot distinguish between character displacement
and some other process, it goes some way in testing the ex-
tent to which disparity has accrued in a manner that is con-
sistent with competition among sympatric species occur-
ring over evolutionary time. However, this test relied on
assumptions that are likely ill suited to the biological con-
text of our study system (outlined in the supplemental ma-
terial). We consequently focused our investigation on the
outcome of empirical comparisons to the null simulations.
We note that results from Clarke’s model were consistent
and are described in full in the supplemental material.

We applied the model using the treecomp package (mod-
ified ver. 2016 from Github; Clarke et al. 2017), which sim-
ulates body size evolution along the phylogeny of Draco using
a theoretical model of competition applied under a BM pro-
cess. The method applies the simulation under two scenarios.
The first (BM only) assumed that ecological competition is
absent and that body size has evolved purely by a BM process.
The second scenario (BM plus competition) assumed that
ecological competition has occurred among sympatric spe-
cies, such that the body size of one sympatric species has
influenced the body size evolution of another sympatric
species. We then tested the likelihood of obtaining the em-
pirically observed distribution of body length and mass
residuals across the tips of the phylogeny against these
simulated scenarios.

Results
Evolutionary History of Lifestyle Shifts

Both families appear to have originated from arboreal an-
cestors, with a variety of subsequent transitions to a terres-
trial lifestyle. The evolution of gliding occurred only once in
both families: at ~25-35 Ma in squirrels and 20-23 Ma in
dragon lizards (fig. 1).

Length-Weight Relationships

In the agamid lizards, the best-supported model indicated a
prominent divergence in mass between gliders and non-
gliders (table S9, pt. a). Specifically, gliding dragons were
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Figure 1: Evolutionary history of arboreal, terrestrial, and gliding dragon lizards (a; Agamidae) and squirrels (b; Sciuridae). Pie charts at
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considerably lighter for a given body length compared with
both arboreal and terrestrial lizards (fig. 2a).

In squirrels, the null model in which all lifestyles fol-
lowed the same scaling relationship of mass on body length
was the most credible model (table S9, pt. b; fig. 2b). An al-
ternative model in which mass differed in gliders and non-
gliders also received support (table S9, pt. b), but the ef-
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Figure 2: Relation between body mass and length in arboreal, ter-
restrial, and gliding dragon lizards (a) and squirrels (b). Trend
lines depicted in main plots are evolutionary regressions computed
from family summary trees (reported in table S11).

fect size for this variable in the model was not significantly
different from zero and the model was not considered fur-
ther (table S11, pt. b).

Body Size Evolution

In the agamid lizards, the OU model in which the evolution
of body length has been free to vary among arboreal, terres-
trial, and gliding lineages was the best supported of the
three alternative models applied (figs. 3a, S4, upper panels).
Parameter estimates from this model showed that the rate
of adaptation («) of body length appears to have been sub-
stantially higher in gliders than in arboreal and terrestrial
lineages, with a very low rate of stochastic evolution (%
fig. 3i). This implies a history of intense stabilizing selec-
tion, which has tightly constrained gliding dragons to an in-
ferred adaptive optimum (6) of smaller sizes relative to ar-
boreal and terrestrial lineages (fig. 3i). In addition, there
was little evidence for any change in body length evolution
among nongliding arboreal or terrestrial lineages.

Although gliding lizards exhibited reduced mass for their
body length compared with nongliders, we found little ev-
idence that body mass at any given length has been more
tightly constrained in this group. In other words, despite dif-
ferences in mass-length regressions between gliders and non-
gliders (fig. 2a), residual mass exhibited similar patterns of
evolution in these groups (fig. S4i). In fact, there was little
empirical support for differences in residual mass evolution
among lifestyle groups, in general. Although some analyses
inferred that nongliding arboreal lizard lineages may have ex-
perienced strong stabilizing selection (high ¢, low ¢%) on re-
sidual mass, suggesting constraints on variation in mass for
a given body length, this result depended on the ancestral life-
style reconstruction applied (fig. S4i; see also fig. S5ii).

In squirrels, although the OU model in which the evolu-
tion of size has been free to vary among arboreal, terrestrial,
and gliding lineages was generally the best-supported model,
for body length in particular this support was low relative
to the alternative evolutionary models applied (figs. 3b, S4b,
upper panels). Inspection of the lifestyle-specific parameter
estimates from this model showed that while arboreal
lineages have tended to evolve toward shorter body lengths
(a lower inferred adaptive optima, ) relative to terrestrial
and gliding squirrels (fig. 3b; see also fig. S5iii), there were
no other consistent differences in length or mass evolution
among lifestyles (any difference in estimates of o and ¢°
were dependent on the ancestral reconstruction considered;
figs. 3b, S4b).

Wing Load Allometry

Gliding dragons exhibited isometric scaling as previously
reported (McGuire 2003): the slope of the evolutionary
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Table 1: Evolutionary relationships between wing load (N/m?) and body length (mm) in gliding dragon lizards (Agamidae)

and squirrels (Sciuridae)

Bo (95% CI)

B (95% CI)

a (support region) o> (support region)

Gliding dragon lizards
(”species = 27)
Squirrels (Mgpecies = 11)

—.97 (—2.15 to .21)
.69 (.66 to .72)

81 (.55 to 1.08)
.63 (.626 to .638)

.001 (0, .002)
.03 (.0, o)

.05 (.19, )
.00 (0, .08)

Note: We report the estimated rate of adaptation (o) and the extent to which random fluctuations (¢*) have occurred in the process of body mass evolution.
These parameters are given with a confidence range of values within two likelihood units of the best-supported value. CI = confidence interval.

regression of wing load on body length was not significantly
different from 1 (table 1; fig. 4). That is, there was no evi-
dence that larger gliding dragons have compensated for
their increased size by developing larger wings to reduce
wing load. Because wing load is inversely proportional to
the loss of altitude over a given horizontal distance (Mc-
Guire and Dudley 2005), isometric evolution of wing load
suggests that larger gliding dragons are poorer gliders. We
also determined that allopatric and sympatric species con-
formed to the same allometric model of wing load (i.e., sym-
patric species did not differ in intercept or slope from allopat-
ric species in their allometry; see table S12).

In contrast, flying squirrels exhibited negative allometric
scaling, contradicting previous assumptions about this rela-
tionship (Thorington and Heaney 1981; McGuire 2003):
the slope of the evolutionary regression of wing load on
body length was significantly lower than 1 (table 1; fig. 4).
This indicates that larger flying squirrels have in part com-
pensated for their increased size by increasing the area of
their wings to reduce wing load. Despite this, gliding dragons
exhibited substantially lower wing loads than squirrels, sug-
gesting that dragons are better gliders overall compared with
similar-sized flying squirrels (fig. 4).

Divergences among Sympatric Gliding Dragons

Sympatric Draco species exhibited greater variance in body
length and residual mass compared to species occurring
in allopatry (fig. 5) and this was unlikely to have occurred
under either a BM or a single-optimum OU process
(body length: BM P < .001, OU P < .001; residual mass:
BM P = .01, OU P <.001). This pattern of putative
competition-driven divergence between sympatric species
was generally confirmed by findings from Clarke et al’s
(2017) model (table S14).

Discussion

Evolutionary innovations that open up new ecological op-
portunities and competition that pushes congeners to di-
verge in resource use and subsequent morphology have
both been described as important drivers of phenotypic di-

versification among closely related taxa (Givnish 1997;
Galis 2001; Pfennig and Pfennig 2012; Stroud and Losos
2016). For example, one or both factors have been impli-
cated in the origin of exceptional ecomorphological differ-
entiation in several iconic adaptive radiations (e.g., Anolis,
Stuart et al. 2014; three-spine sticklebacks, Lescak et al.
2015; and Darwin’s finches, Grant and Grant 2006). As a
general paradigm for explaining adaptive diversification
in nature, debate has largely centered on how often evolu-
tionary innovations might arise (Vermeij 2006; Erwin 2015;
Wagner 2017; see also Blount et al. 2008; Meyer et al. 2012)
and the extent to which competition promotes outcomes
such as character displacement rather than the exclusion
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Figure 4: Evolutionary relationships between wing load and body
length in gliding dragon lizards and squirrels. Wing load was reported
by sources as N/m* (Thorington and Heaney 1981; McGuire 1998),
with N being mass in newtons calculated as mass multiplied by a con-
stant reflecting acceleration due to gravity and m* being the surface
area of the gliding membrane. Higher wing load values correspond to
lower gliding performance (e.g., shorter gliding distances and greater
losses of altitude while gliding; McGuire and Dudley 2005). Trend lines
depicted in main plots are evolutionary regressions computed using
Hansen’s et al. (2008) Ornstein-Uhlenbeck process.
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of ecologically similar species from coexisting more gener-
ally (Dayan and Simberloff 2005; Emerson and Gillespie
2008; Rabosky 2013; Stuart and Losos 2013). However, there
is also the additional question of whether innovations, when
they evolve, actually spur diversification (Stroud and Losos
2016; Wainwright and Price 2016). The general expectation
has been that they do (Hunter 1998; Schluter 2000; Coyne
and Orr 2004; Vermeij 2006; Kelley and Pyension 2015),
but that outcome is far from guaranteed (Wainwright and
Price 2016).

As an innovation, the evolution of gliding is a classic one
that has occurred repeatedly across several extant (Losos
et al. 1989; Dudley et al. 2007; Heinicke et al. 2012) and ex-
tinct lineages (McGuire and Dudley 2011; Brusatte 2017;
Han et al. 2017). Its origin in living animals is believed to
have been an adaptation to improve the cost of transport in
an arboreal environment (Dial 2003), which in turn should
have allowed gliding animals to more effectively compete or
exploit resources (e.g., food, territories; Byrnes and Spence
2011; McGuire and Dudley 2011). It may also have allowed
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gliding animals to more effectively avoid predators (Byrnes
and Spence 2011; McGuire and Dudley 2011). Our analysis
is the first to quantitatively confirm the arboreal origins of
gliding in both groups, which has been the focus of much
speculation (Colbert 1967; Thorington and Heaney 1981;
Losos et al 1989). The evolution of an arboreal lifestyle as a
prerequisite for gliding is intuitive and probably widespread
(Dudley et al. 2007; Meng et al. 2017; NB: this is unlikely to
be the case for the evolution of active flight, the origins of
which remain controversial although often linked to a terres-
trial lifestyle [Dudley et al. 2007; Brusatte 2017]). The general
timing of the evolution of gliding in both families (35-20 Ma)
was also roughly comparable to the inferred spread of high-
canopied rain forests throughout Southeast Asia (50-20 Ma),
which has been implicated in the evolution of gliding in
geckos (Heinicke et al. 2012). Regardless of the adaptive
reasons for its initial evolution, the transition from an arbo-
real to a gliding lifestyle (fig. 1) is expected to have resulted
in new ecological opportunities and a release from preda-
tion for both flying squirrels and gliding dragons (Dudley
et al. 2007).

The role of ecological competition in adaptive phenotypic
differentiation is also unclear, although (like innovations) it
is widely believed to be instrumental (Pfennig and Pfennig
2012; Rabosky 2013; Stroud and Losos 2016). There are
many putative examples of competition leading to character
displacement (e.g., Dayan and Simberloff 2005), but many
of these might also be explained by other phenomena (Stu-
art and Losos 2013). For example, while comparison be-
tween allopatric and sympatric populations of the same
species is particularly powerful for revealing character dis-
placement, differences among populations can still arise
because of divergent selection that is unrelated to competi-
tion per se (e.g., differences in other biotic or abiotic condi-
tions between sympatric and allopatric populations). Such
considerations are especially problematic when comparing
allopatric versus sympatric species because species are ex-
pected to differ in a number of unconsidered ecological
dimensions. It is also difficult to exclude the possibility that
species already differed in ecology and morphology before
coexistence (which would also be consistent with competi-
tive exclusion resulting in species sorting). However, these
confounding factors are potentially dampened if species ex-
perience some type of stabilizing pressure that has tended to
keep both allopatric and sympatric species tracking toward
the same optimal phenotype. In sympatry, some species are
pushed off this primary optima because of the secondary fac-
tor of competition, but in the absence of competition allopatric
species are able to converge on the same optimal phenotype
(sensu Simpson 1944; see also Hansen 1997).

In the case of dragons, our study has shown that gliding
has placed critical limits on body size evolution and that
these limits should be experienced by both allopatric and

sympatric species. In fact, it seems that other aspects of
Draco morphology (head, body, and limb dimensions)
are evolutionarily constrained in this way as well (see Collar
etal. 2010). We found no evidence that larger gliding dragons
have compensated for their increased size by evolving dis-
proportionately larger wings, which is also consistent with
previous findings (McGuire 2003; but see Shine et al. 1998).
Bigger dragons have therefore almost certainly experienced
the increased cost associated with being poorer gliders com-
pared with smaller dragons. The patagium in gliding dragons
is supported across elongated thoracic ribs that in turn con-
trol the extension and retraction of the wing (Colbert 1967).
The length of these ribs, and subsequently the size of the
wing, are potentially restricted by the distance between
the forearm and hind leg (McGuire and Dudley 2005). Al-
though increasing the length of the body would increase rib
length, the potential benefit to gliding performance would
be offset by the consequent increase in body mass.

Our study shows that Draco have evidently responded to
these demands by evolving a more gracile body form: com-
pared with other agamids of similar length, Draco have
reduced mass, which provides for more favorable wing load-
ing than they would exhibit had they maintained the mass-
length relationship of other agamids. Nevertheless, Draco
are still limited to relatively small sizes (figs. 2, 4) because
wing load scales isometrically among species (McGuire
2003; this study); larger species have not increased wing
area and/or reduced their body weight any more than what
has occurred for the genus as a whole. Moreover, the in-
creased size disparity seen among sympatric Draco is less
than that observed in nongliding agamid groups of similar
evolutionary age—for example, body size ranges of sym-
patric Draco were 6%-26% less than Agama, 50%-61% less
than Ctenophorus, and 23%-72% less than Phrynocepha-
Ius—which is again consistent with the notion of stabilizing
selection constraining Draco body size evolution (and in
sympatry where character displacement in body size might
have occurred).

Yet despite strong stabilizing selection on small body
sizes for most gliding dragons, those living in sympatry
exhibited elevated size disparity compared with allopatric
species. This phenomenon had been noted previously (Mc-
Guire 2003; Husak and McGuire 2014), but our study offers
quantitative confirmation. While we argue that this pattern
supports widespread character displacement, it does not ex-
clude the possibility that competitive exclusion resulted in
species sorting. Because of the apparent size limits imposed
by gliding performance, however, the plausibility of this al-
ternative explanation rests on the identification of selective
factors that could overcome this constraint to drive size di-
vergence in allopatry.

In the case of our data, additional insight might also
come from the fact that allopatric Draco species were usually



from islands, whereas many of the sympatric communities
in our analyses were from larger landmasses. This is po-
tentially important because many animals often exhibit a
tendency toward smaller body sizes on islands compared
with mainland environments (and vice versa: the so-called
island rule; e.g., Lomolino 2005). It is possible then that
consistently small body sizes observed in allopatric Draco
reflects something similar, while the disparity seen in sym-
patric mainland communities reflects species sorting fol-
lowing earlier divergence in a more heterogeneous envi-
ronment in allopatry, although the exact circumstances
leading to this divergence are still unknown.

Although our results do not exclude a possible role for
species sorting, we favor the explanation that the disparity
difference in sympatry versus allopatry arose because of
character displacement. According to this scenario, resource
competition among co-occurring species would have con-
tributed to divergent selection strong enough to push species
away from a gliding performance-imposed size optimum.
In fact, evidence suggests that sympatric populations of
Draco diverge in resource use from allopatric populations
of the same species, and the resulting partitioning of the en-
vironment in sympatry has occurred in a manner consis-
tent with resource competition (in some cases, sympatric
species are found at different perch heights of the same
tree; Inger 1983; Ord and Klomp 2014). Furthermore,
such partitioning has also been linked to divergence in
other morphology as well (e.g., limb length; Ord and Klomp
2014), which in itself might be evolutionarily constrained
by gliding (see Collar et al. 2010). If character displace-
ment has occurred, our results indicate that competition
is capable of inducing adaptive size differentiation among
sympatric species despite limits imposed by strong selec-
tion opposing increases in body size. If size disparity
among sympatric species has not been instigated by compe-
tition, it still remains unclear why these species have di-
verged in body size given the concomitant loss in gliding
performance.

Selection trade-offs are likely to be common in nature,
and strong stabilizing selection that limits the ability of taxa
to efficiently diverge in resource use would generally be
expected to result in competitive exclusion (e.g., McGee
et al. 2015). In fact, it seems remarkable that competition
among sympatric species has resulted in character displace-
ment and not competitive exclusion; assuming the average
body size of Draco species in allopatry is close to optimal for
gliding, the largest sympatric species—that is, those in the
upper quartile—probably suffer a 26%-55% reduction in
gliding performance (based on the allometric equations
in table 1, pt. A, and data from McGuire and Dudley
2005). It is possible that larger Draco species have compen-
sated for their poorer gliding ability in other ways. For ex-
ample, our field observations suggest reduced gliding in
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heavier species (fig. S9a) and a shift to more cryptic anti-
predator behavior (fig. S9b), presumably because it offsets
less effective gliding as a means of escape for larger species.
Yet it is clear that gliding is central to the behavioral ecology
of all Draco and has greatly expanded the arboreal niche for
these lizards. Its origin and maintenance also implies that
gliding conveys important fitness benefits. That is, any be-
havioral changes that might evolve to reduce the effect of
poor gliding performance in large species are likely a case
of making the best of a bad job. These considerations are
relevant regardless of what might have prompted shifts to
larger body sizes in sympatry.

Evolutionary patterns in flying squirrels contrast strongly
with those inferred for dragons. Squirrels were poorer glid-
ers than dragons overall (fig. 4), but the negative allometric
scaling of wing load in squirrels (table 1) does indicate that
larger species have been able to develop disproportionately
larger patagia, which has helped reduce the effect of weight
on gliding performance (to a degree). Unlike Draco, the
patagium in flying squirrels attaches to the fore- and hind
limbs, so wing area can potentially increase with the evolu-
tion of longer limbs. Presumably, positive evolutionary al-
lometry in limb length has allowed wing area to increase
at a faster rate than mass, and this in turn seems to have en-
abled squirrels to escape the strong stabilizing selection that
is so apparent for gliding dragons (the rates of adaptation
and stochastic evolution in body size of flying squirrels was
largely no different than those of nongliding species; fig. 3b).
At the same time, our result provides no evidence that glid-
ing has spurred diversification of body size among gliding
squirrels.

There are a growing number of other cases in which the
evolution of an innovation seems to have failed to promote
significant phenotypic evolution (see Garcia-Porta and Ord
2013 and Wainwright and Price 2016), and in the case of
gliding dragons, we show that it can instead result in a se-
vere constraint on morphological change. In addition, glid-
ing dragons might offer an important illustration of just
how powerful ecological competition might be in driving
phenotypic differentiation among coexisting species. Com-
petition has seemingly not only driven a wedge between
many of these species (sensu Pfennig and Pfennig 2012)
but potentially pushed several off an adaptive peak that
has been critical for the evolutionary success of the genus
as a whole. However, it is notoriously difficult to document
ecological character displacement definitively in nature (re-
viewed by Stuart and Losos 2013), and future investigation
of gliding dragons in this regard is certainly warranted. If
gliding dragons ultimately prove to be anything to go by,
competition could be a critical engine of adaptive diversifi-
cation capable of offsetting performance-based constraints
from functionally specialized innovations and other oppos-
ing selection pressures.
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