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Phenotypic traits may be linked to speciation in two distinct ways: character
values may influence the rate of speciation or diversification in the trait may
be associated with speciation events. Traits involved in signal transmission,
such as the dewlap of Anolis lizards, are often involved in the speciation pro-
cess. The dewlap is an important visual signal with roles in species recognition
and sexual selection, and dewlaps vary among species in relative size as well
as colour and pattern. We compile a dataset of relative dewlap size digitized
from photographs of 184 anole species from across the genus’ geographical
range. We use phylogenetic comparative methods to test two hypotheses:
that larger dewlaps are associated with higher speciation rates, and that rela-
tive dewlap area diversifies according to a speciational model of evolution.
We find no evidence of trait-dependent speciation, indicating that larger sig-
nals do not enhance any role the dewlap has in promoting speciation.
Instead, we find a signal of mixed speciational and gradual trait evolution,
with a particularly strong signal of speciational change in the dewlaps of main-
land lineages. This indicates that dewlap size diversifies in association with
the speciation process, suggesting that divergent selection may play a role
in the macroevolution of this signalling trait.

1. Introduction

Species’ traits can play at least two distinct roles in the process of speciation. First,
species with particular values of a discrete or continuous trait may be more likely
to undergo speciation, resulting in heterogeneity in net diversification rates across
clades. Traits can influence speciation by facilitating any form of reproductive iso-
lation, including geographical and behavioural isolation. Traits including sexual
dichromatism in cichlid fish [1], asexuality in plants [2], flightlessness in beetles
[3], and herbivory in mammals [4] have been linked to increased net diversification
(speciation minus extinction) rates. An alternative to speciation being promoted by
particular trait values, is speciational trait evolution, where traits diversify in con-
cert with the speciation process. Rapid trait evolution concurrent with speciation
may occur during the formation of geographically isolated populations, or because
traits are frequently subject to divergent natural or sexual selection during specia-
tion. If traits evolve by rapid speciational evolution rather than by the gradual
accumulation of change over time the extent of trait divergence in a lineage
should be a function of the frequency of speciation in the lineage’s history [5,6].
These two processes—trait-dependent speciation and speciational trait
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evolution—can both be investigated using phylogenetic com-
parative methods, and present alternative but not mutually
exclusive hypotheses linking traits to speciation.

Traits related to signal transmission are often involved in
reproductive isolation, and are therefore good candidates to
demonstrate either trait-dependent speciation or speciational
trait evolution. The evolution of a novel mode of transmission
may open a new ‘signal space’ that allows signal diversification
in previously unexplored dimensions. Signalling innovations
such as electric signalling in mormyrid fish [7] and a derived
melanosome morphology in African starlings [8] have been
associated with increased speciation rates. An elevated specia-
tion rate may result if the signalling trait increases the strength
of sexual selection, facilitating the evolution of assortative
mating and improved species recognition. Signal evolution
may also occur during the speciation process, resulting in
a speciational pattern of evolution. In Carduelis finches, a
speciational model best explains the evolution of ornamental
carotenoid-derived colouration believed to be under sexual
selection by female choice [9], and speciational evolution
was detected in traits related to male courtship behaviour
(but not in other traits) in Timema walking stick insects [10].
Speciational evolution of signals should occur if speciation
involves divergent sexual selection acting on the trait, poten-
tially in conjunction with divergent natural selection. The
process of sensory drive has the potential to link signal evol-
ution to ecological divergence to promote speciation owing
to correlated adaptation of signal transmission and reception
to different sensory environments [11,12].

The Neotropical lizard genus Anolis is a promising clade
in which to identify traits associated with speciation. Anoles
in the Caribbean and Central and South America have adap-
tively radiated into approximately 400 species occupying
diverse niches associated with different structural microhabi-
tats and climates. Species also vary in signalling traits,
notably an extensible fold of skin below the chin called the
dewlap, which is present in both sexes of most species but
generally more prominent in males [13]. Species’ dewlaps
vary in relative size, colour, and the presence and absence
of pattern elements such as stripes and marginal bands
[14]. Dewlap extension is used along with behaviours such
as push-ups and head bobs during courtship and territorial
encounters, and dewlap appearance contributes to species
recognition [15]. Dewlap differentiation sometimes occurs
as species adapt to different light environments, such as
open versus closed habitats [16], suggesting the potential
for sensory drive [11]. The dewlap could therefore function
as a signalling innovation that increases speciation rate or
could undergo divergence during the speciation process.

Testing hypotheses about the dewlap’s role in the Anolis
radiation is complicated by the fact that the dewlap origi-
nated in an ancestor of all extant anoles, and has been
completely lost only once. The small number of transitions
between dewlap presence and absence severely limits statisti-
cal power to test for either trait-dependent speciation [17] or
transitions associated with speciation events [18]. Dewlap-
like structures have evolved in other Iguanian lizard clades,
including Polychrus, Draco, and Sitana + Otocryptis [19], but
sister clade comparisons provide mixed evidence for
increased species richness in clades with dewlaps [20] and
the extent to which these features play comparable roles in
species recognition and communication in each clade has
not been confirmed. However, even if almost all species in

a clade possess a dewlap, it is possible that the size of the n

dewlap influences its effectiveness as a signal. Therefore,
we can design comparative tests for both trait-dependent
speciation and speciational trait evolution based on relative
dewlap size rather than dewlap presence or absence. Losos
[20] noted that some clades in which the dewlap is absent
(sister species A. bartschi and A. vermiculatus) or reduced
(e.g. A. hendersoni, A. ophiolepis, and A. agassizi) are relatively
species-poor. If this represents a general pattern, one expla-
nation is that the role of the dewlap in sexual selection or
species recognition is enhanced if it is large relative to the
size of the lizard [13], perhaps because it increases visibility
of the signal or because it provides a larger ‘canvas’ on
which colour and pattern differentiation can occur. An
alternative scenario is that as a major component of the
dewlap signal, relative dewlap size itself may be subject to
divergent sexual selection. For example, if different environ-
ments favour different signal sizes, dewlap size could
diverge in concert with speciation that involves adaptation to
different macrohabitats, and thus show a signal of speciational
evolution. In what follows, we describe a dataset for male
dewlap size in Anolis, and test whether dewlap size either pro-
motes trait-dependent speciation or conforms to a pattern of
speciational trait evolution across the anole radiation.

2. Material and methods
(a) Phylogeny

We used the most complete molecular phylogeny currently
available for Anolis, from Gamble et al. [21]. Their analysis of
approximately 1500 base pairs of mitochondrial DNA for
216 Anolis species used Bayesian Markov chain Monte Carlo
implemented in BEAST [22] to simultaneously estimate topology
and relative branching times. For our main analyses, we used the
maximum clade credibility (MCC) chronogram of 10000 post-
burn-in trees from four independent chains from [21], using
median node ages. We also subsampled a set of 100 trees from
the posterior distribution to partly account for uncertainty in the
estimation of the phylogeny. For all analyses, we pruned trees to
include only the 184 species in our dewlap dataset, and rescaled
crown ages to 50 Ma, consistent with most recent estimates [23,24].

(b) Image analysis and size-correction

We compiled a total of 1101 images of adult male anoles with
fully extended dewlaps. A total of 254 species were represented
in the photographs, 184 of which were included in the phyloge-
netic tree and could therefore be used in the following analyses.
Digital photos were taken by multiple investigators throughout
the geographical range of anoles, and were supplemented with
photos of anoles with extended dewlaps from a field guide [25]
and from the CaribHerp database (www.caribherp.org). We digi-
tally measured the area of the extended dewlap and the head
length from snout to ear, establishing the scale based either on
an object of known size or an estimate of the lizard’s body size
(figure 1; see the electronic supplementary material).

We used head length to represent lizard size, to allow inclusion
of individuals without snout—vent length (SVL) data. To calculate
the size-adjusted dewlap area, we first used phylogenetic general-
ized least-squares with the MCC tree to carry out a phylogenetic
regression of species mean log dewlap area against log head
length. These and all subsequent analyses were carried out
in the R environment [26]. We used the function ‘gls’ to fit the
phylogenetic regression while modelling the appropriate level of
phylogenetic signal in the residuals by optimizing the A parameter
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Figure 1. (a,b) Examples of small- and large-dewlapped anoles, A. hendersoni
from Haiti and A. aequatorialis from Ecuador (photos by D.L. Mahler).
(0 lllustration of the measurements of head length and dewlap area (photo
of A. cristatellus from Puerto Rico by T. Ingram). (Online version in colour.)

(hereafter ‘A" to distinguish it from the speciation rate A) [27],
which ranges from 0 (no phylogenetic signal) to approximately 1
(strong signal as expected under random walk Brownian motion
(BM)). We used the regression coefficients to calculate residual
log dewlap area for all individuals, then calculated the mean
relative dewlap area and intraspecific variability for each species.
We focused on relative dewlap size as the focal trait in subsequent
analyses, but results were generally similar if we used absolute
dewlap area (see electronic supplementary material).

(c) Geography

Anoles have a broad geographical distribution, and we anticipated
that regions might differ in the relationship between relative
dewlap area and speciation. Speciation in anoles varies with geo-
graphical location, with in situ speciation on the mainland and
on large but not small islands [28,29]. Morphological and ecologi-
cal studies have indicated that island and mainland anoles appear
to be on different evolutionary trajectories, occupying distinct
regions of morphospace and exhibiting different relationships
between morphology and habitat use [20,30,31]. These differences
are hypothesized to reflect differences in anole density or predator
regime, either of which could influence the evolution of signals
such as dewlaps, so we decided to partition our analyses by
island versus mainland. To do this, we identified major lineages
centred on either island or mainland habitats (figure 2). We desig-
nated the root of the tree and the Dactyloa clade as ‘mainland’ with
a transition to ‘island’ at the crown of the clade comprising all other
anoles. Within Dactyloa, we set a transition to ‘island” for the
Lesser Antillean roquet series. We set a transition to ‘mainland’
for the majority of the clade Norops (excluding the Cuban sagrei
series) [32], and a transition back to ‘island’ for the Jamaican
grahami series that is nested in the ‘mainland’ Norops clade in
the Gamble et al. tree [21] (though it is sister to mainland Norops
in other studies [32,33], so its presence in the Caribbean does not
necessarily imply a back-colonization from the mainland). We
note that a small number of other species have changed geo-
graphical states (e.g. A. carolinensis has colonized mainland

North America), but our simple partitioning allows geography
to be consistently incorporated into both of our analyses.

(d) Trait-dependent speciation

Recent developments in phylogenetic comparative methods
allow the inference of trait-dependent diversification (speciation
and extinction) while accounting for the effect of this process on
ancestral character estimation and tree shape [34,35]. We used
quantitative state speciation and extinction (QuaSSE) in the R pack-
age ‘diversitree’ [36] to test whether the speciation rate A changes
as a function of relative dewlap area. Trait-dependent extinction
rates (u) are also detectable in principle, but such models do not
follow from our biologically motivated hypotheses, and require
very large trees to achieve reasonable statistical power [36].
QuaSSE simultaneously models trait evolution and diversification,
estimating maximum-likelihood parameters for a birth—death
model of lineage diversification where A can vary as an arbitrary
function of a continuous trait evolving under BM with rate o,

We fit four QuaSSE models to test for trait-dependent specia-
tion with and without the inclusion of geographical state. The
first two were a constant speciation rate model, and a linear
model in which A varies linearly with relative dewlap area. We
explored a more complex sigmoid function, but as it performed
more poorly than the linear model and was very slow to con-
verge for some trees, we did not include it as a candidate
model. The other two models were geographically informed
‘split” QuaSSE analyses, allowing us to test whether the specia-
tion rate or its relationship with relative dewlap area differ
between states, and accounting for any trait differences between
major subclades that can otherwise lead to spurious inference of
trait-dependent speciation [35]. We fitted a split-constant model
with no trait-dependent speciation but with separate speciation
rates for ‘island” and ‘mainland’ states, and a split-linear model
with both intercepts and slopes for the relationship between A
and relative dewlap area allowed to differ between states. For
all four models, we assumed that the extinction rate u and the
Brownian diffusion rate o® were independent of relative
dewlap size and geographical state, that Brownian evolution
was non-directional (no ‘drift’ term), and that sampling was
independent of relative dewlap size. To account for geographical
variation in species sampling, we inputted the fraction of species
sampled in each geographical partition of the tree (26/83 Dactyloa,
108/151 primary island group, 38/150 mainland Norops, 7/7
grahami series, 5/8 roquet series; [37]). We inputted estimated
standard deviations for each species to account for intraspecific
variation in relative dewlap size.

We fitted the constant, linear, split-constant, and split-linear
models for the MCC tree and for each of 100 trees from the posterior
distribution. We evaluated support for each model, using the
Akaike information criterion (AIC = 2k — 2 In L), which balances
model fit and complexity (lower values indicating better per-
formance), and Akaike weights, which measure the proportional
support for each model out of the set of models considered [38].

(e) Speciational trait evolution

We estimated the extent to which anole dewlaps diversify via
gradual or speciational evolution. Several methods can compare
the fit of a gradual (BM) model to models in which some or all of
trait change occurs at speciation events (nodes in a phylogenetic
tree) [5,6,39,40], though no currently available models calculate
likelihoods that can be compared directly with trait-dependent
speciation models. We use the ‘¢ model [6] owing to its intuitive
parameters and simple methods to accommodate missing
species. It models gradual evolution using the Brownian rate par-
ameter o2 and speciational evolution as step change in both
daughter species, drawn from a Gaussian distribution with var-
iance o2. The ¢ parameter indicates the proportion of the total
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Figure 2. MCC tree used in the analyses, with the relative dewlap area of species indicated by barplots to the right. Geography is indicated by branch colours
(‘island’, white; ‘mainland’, black) and by letters denoting notable subclades (A, Dactyloa; B, roquet series, C, Norops excluding grahami series; D, grahami series).

rate of evolution (07 = 02 +2\o?) attributable to speciational
change ( = 2102 /d?). To allow for geographical variation in the
mode of trait evolution, we introduced a new ‘multi-¥ model
that allows the contribution of speciation i to vary across branches
of a tree (details in the electronic supplementary material).

We fitted six candidate models of relative dewlap area evol-
ution. We fitted the BM model of strictly gradual evolution, the
model of mixed gradual and speciational evolution, and a single-
optimum Ornstein—Uhlenbeck (OU) model that combines stochas-
tic diffusion with a pull towards a central ‘optimum’ value. The OU
model is another alternative to BM that produces some patterns
superficially similar to speciational evolution (e.g. close relatives
can be relatively dissimilar compared with more distant relatives),
so including it reduces the risk of spurious inference of speciational
evolution. We also fitted three models that estimated different par-
ameters forisland and for mainland lineages in the tree. We fitted a

multi-rate BM model (multi-BM) [41] with the phytools function
‘brownie.lite’. We fitted the new multi-iy model in which o7 is
constant but i varies between states. Finally, we fitted a
multiple-optimum OU model (multi-OU) implemented in
OUwie [42] that allows the optimum dewlap area to vary between
geographical states, whereas o and the strength of attraction to the
optimum are constant. All six models account for intraspecific
variability using species-specific standard errors.

When fitting the ¢ and multi-y models, we retained the pos-
itions of nodes that were removed when 32 species lacking
dewlap data were pruned from the 216 species tree. We esti-
mated A and u from branching times using the function ‘bd” in
the R package ‘laser’ [43]. The maximum-likelihood estimate of
n was zero, but we also estimated A and p conditional on a
much higher extinction fraction (u/A = 0.5) to assess sensitivity
to either extinction or unsampled species that result in many
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Figure 3. Results of QuaSSE modelling of trait-dependent speciation for (a) the entire tree and with partitions for (b) ‘island’ and (c) ‘mainland’ geographical states.
Maximum-likelihood estimates are shown for the constant (thick dashed line) and linear (thick solid line) models, and grey lines illustrate linear model fits for
20 trees from the posterior distribution.

Table 1. Results of model fitting to test for trait-dependent speciation in anoles using the MCC tree. For models with separate parameter estimates for each
geographical state, these are given as (mainland, island). A, is the intercept (or estimate of a constant speciation rate) and /3 is the estimated slope of the
relationship between A and relative dewlap area.

Ao B " o’ k log L AAIC, weight
constant 0.077 — <<0.001 0.010 3 —74233 2.88 0.145
linear 0.077 0.013 <<0.001 0.010 4 —741.37 2.95 0.140
split-constant (0.089, 0.069) — <<0.001 0.011 4 —739.89 0.00 0.614
split-linear (0.085, 0.068) (0.012, —0.003) <<0.001 0.010 6 —739.70 3.62 0.101
missing nodes in the reconstructed tree. We then fitted the ¢ and (a) Trait_dependent SpeCiation

multi-ymodels using 10 realizations of the number of hidden specia-
tion events on each branch (see electronic supplementary material)
for each of the 100 trees from the posterior distribution. We obtained
maximum-likelihood parameter estimates, and measured the rela-

Our hypothesis that relative dewlap area would be positively
correlated with speciation rate across Anolis was not supported
(table 1 and figure 3). The relationship was slightly positive

tive support for the BM, , OU, multi-BM, multi-y, and multi-OU (slope 0.013), but the constant-rate model was weakly preferred
models using AIC. (AIC corrected for finite sample size, taken to by AIC. When we split the QuaSSE analysis by geography,
be the number of taxa) and Akaike weights. there were slight tendencies towards a flat or weakly negative

slope in island lineages and a flat or weakly positive slope in
mainland lineages. Speciation rates were generally higher in

3. Results the mainland lineages, but again there was no support for
: trait-dependent speciation. For the MCC tree, the split-constant
A strong relationship existed between species mean log model had the lowest AIC, followed by the constant (AAIC =
dewlap area and log head length (electronic supplementary 2.88), linear (AAIC =2.95), and split-linear (AAIC = 3.62)
material, figure S1). The phylogenetic signal in the residuals models, and had the highest Akaike weight for all 100 trees
of the phylogenetic regression was Agz=0.83, and the from the posterior distribution (range 0.51-0.81).
model with maximum-likelihood A strongly outperformed Given the lack of strong support for any model, we carried
models assuming either BM (Agg =1, AAIC =28.91) or no out post hoc pseudo-power analyses to infer our ability to
phylogenetic signal (As;z = 0, AAIC = 100.04). detect a biologically relevant effect. We simulated trees and
Relative dewlap area varied from —2.51 to 1.48 onalog scale, trait data under a range of slope parameters, mimicking our
with a slight negative skew. The smallest measures belonged to sampling by randomly pruning 399 taxon trees to 184 taxa,
two pairs of sister species: A. bartschi and A. vermiculatus, which and counted the frequency with which AIC favoured the
lack dewlaps, and A. hendersoni and A. dolichocephalus. The latter linear model over the constant model. With a true slope of at
two species have elongated snouts [44], so our use of head length least |0.0225] (in units species Myr ™" per log unit change in rela-
to represent size slightly underestimates their relative dewlap tive dewlap area), the true linear model was preferred for more
area, but the difference is likely to be small given that head than 80% of datasets.

length and SVL are strongly correlated. The mean within-species
standard deviation was 0.24, and species identity accounted for

86% of the total variance in individual relative dewlap area. (b) Speciational trait evolution

Measurement error associated with positioning lizards during Relative dewlap area was best explained by a model of mixed
photography, measuring traits from the photographs, and incor- speciational and gradual evolution (table 2 and figure 4).
porating images from CaribHerp, was low (see the electronic With maximume-likelihood speciation (A = 0.053) and extinc-

supplementary material). tion rates (u = 0), the ) model outperformed the BM and
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Figure 4. Results of speciational trait evolution analysis with and without geographical information. (a) Likelihood surfaces and maximum-likelihood estimates for s
inferred using the MCC tree for all species, and separately for ‘island” and ‘mainland” species. (b) Distribution of maximum-likelihood estimates of /s across 100 trees

from the posterior distribution across all species, both with (dark grey) and without (light grey) a higher rate of extinction enforced. (c) Distributions of ¢ estimates
for “island’ (no shading lines) and ‘mainland’ (shading lines), with colour scheme as in (b).

Table 2. Results of model fitting to compare speciational evolution models to BM and OU models using the MCC tree. For models with separate parameter
estimates for each geographical state, these are given as (mainland, island). For OU models 6 is the inferred optimum, « is the strength of the pull to the
optimum, and the ancestral state at the root of the tree is assumed to be stationary around 6 (for BM and s models the ancestral state is estimated but not

shown).

o’ ¥ 0
BM 0.0128 — —
1] 0.0107 0.344 —
ou 0.0185 — 0.0183
multi-BM (0.0164, 0.0105) — —
multi-y 0.0110 (0.646, 0.034) —
multi-OU 0.0212 — (0.398, —0.201)

OU models based on AIC, for the MCC tree and for 95 of 100
trees from the posterior distribution. The maximum-
likelihood estimate of ¢ was 0.34 (range 0.27—-0.42 across trees).

When we allowed different s values for the two geo-
graphical states, we found a strong speciational signal in
‘mainland’ lineages () = 0.64, range across trees 0.52-0.88)
and a weak or absent signal in ‘island” lineages (i = 0.043,
range across trees 0—-0.09). The multi-jy model was strongly
supported by AIC. over the single-i, BM, multi-BM, OU,
and multi-OU models (table 1), and was favoured for 82 of
100 trees with a mean relative support by Akaike weight of
0.62 (range 0.18-0.94). Simulations indicated that with a
reasonably large sample size, the multi-iy model can estimate
values of ¢ for different clades with reasonable accuracy, and
is typically favoured by AIC. when it is the true model (elec-
tronic supplementary material, figures S2 and S3). The only
other model to ever be favoured was the multi-OU model,
which indicated a higher optimum relative dewlap area in
mainland than in island lineages (figure 2).

Assuming a much higher extinction fraction (u/A = 0.5,
A=0.065, uw=0.032) and sampling multiple realizations of
the number of hidden speciation events per branch increased

@ k loglL AARIC, weight
— 2 —155.86 12.56 0.001
— 3 —150.12 3.15 0.140
0.0181 3 —152.04 6.99 0.021
— 3 —154.18 11.28 0.002
— 4 —147.50 0.00 0.676
0.0273 4 —148.95 2.90 0.159

the variance of estimates of s (figure 4) and somewhat wea-
kened the support of the multi-y model. With higher
extinction and 10 samples of hidden speciation events
drawn per tree, the multi-iy model was preferred for 56.7%
of comparisons, compared with 42.0% for the multi-OU
model and 1.3% for the single-iy model.

4. Discussion

We did not find evidence that dewlap size influences speciation
rate, whereas we did find that diversification in dewlap size
appears to be associated with speciation events, particularly
in mainland anoles.

In contrast to our hypothesis that larger dewlaps would
promote a higher speciation rate, we found no support for
trait-dependent speciation. This result also conflicts with the
observation that some lineages with reduced dewlaps are rela-
tively species-poor [20], and this does not appear to be a general
phenomenon. The dewlap is one of two key traits that are
thought to have sparked the adaptive radiation of anoles,
along with expanded subdigital toepads [20]. While this may
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still be the case, our results suggest that any effect of the pres-
ence of a dewlap on speciation rate is independent of dewlap
size. Divergence in the hue of a monochromatic dewlap can
be sulfficient for species recognition [15], so the mere presence
of a dewlap may allow it to serve its role in species recognition
and communication. Furthermore, dewlap extension is one of a
number of display behaviours that can vary among species [45],
so species recognition is not entirely dependent on dewlap
differences. Any increase in signal information content allowed
by a larger dewlap [46] may therefore have little if any effect on
factors promoting speciation.

Methods for inferring trait-dependent speciation are
subject to several caveats. These analyses are prone to phylo-
genetic pseudo-replication, where the presence of large
subclades that differ in both average trait values and diversity
obscures a true relationship—or lack thereof—between the trait
and speciation rate [35,47,48]. Mainland anole lineages gener-
ally had larger dewlaps, but the presence of both large- and
small-dewlapped species in most subclades (figure 2) should
reduce the vulnerability of our analyses to phylogenetic
pseudo-replication. Statistical power can also be limited in
these analyses, but our simulations indicated that we had
power to detect a biologically interesting relationship if one
existed. Finally, the test for trait-dependent speciation did not
take into account our finding that a mixed gradual and specia-
tional model explains relative dewlap area evolution better
than the gradual BM model of trait evolution used by
QuaSSE. State changes during speciation have been incorpor-
ated into categorical state-dependent diversification models
[18,49] but are not yet available for continuous trait-dependent
diversification models. As the two methods calculate likeli-
hoods differently, it remains a challenge to directly compare
models of trait-dependent speciation and speciational trait
evolution, or to model both processes simultaneously.

Our second hypothesis, that relative dewlap area would
show a signal of speciational evolution, was supported,
though with some unexpected geographical variation. When
a single speciational evolution model was fitted to the entire
tree, speciational change was estimated to account for approxi-
mately one-third of the total evolutionary rate. This signal was
much stronger in mainland clades; when we split the analysis
by geography, speciational evolution accounted for approxi-
mately two-thirds of the rate in mainland anoles while there
was little speciational signal in island lineages. Aside from
the geographically split speciational model, the only model
to receive any support was the multi-OU model of different
optimum dewlap sizes in mainland and island anoles. This
model was consistent with a general tendency for mainland
anoles to have larger dewlaps, albeit with substantial variation
around the optima. Parameter estimates imply a very slow
approach to the optima, with a phylogenetic half-life (time to
evolve halfway to a new optimum = In[2]/«) of 25.4 Myr,
half the age of the root of the tree. Current methods do not
allow both speciational evolution and adaptation to optima
to be fit simultaneously, but such models may be needed to
fully characterize the evolution of the dewlap in anoles.

The signal of speciational evolution could result from a
number of processes that are not mutually exclusive. Anolis
species living in sympatry consistently differ in one or more
of dewlap colour, pattern, and relative size [14,46]. This does
not imply that this divergence occurred during speciation, but
does indicate that dewlap similarity may hinder species coexis-
tence. If anole speciation is primarily or exclusively allopatric

[20], only populations that happened to have diverged [ 7 |

in dewlap attributes, or that are able to evolve differences
through reproductive character displacement [50], may be
able to remain distinct upon secondary contact. Alternatively,
dewlap divergence could occur as adaptation to distinct habi-
tats drives speciation, without the need to invoke direct
interactions between the incipient species. Adaptation to differ-
ent climatic or vegetation macrohabitats can increase the
likelihood or rate of speciation of allopatric populations [51].
The effectiveness of different dewlap attributes varies between
light environments [16], and dewlap size varies with climate
across Hispaniolan populations of A. distichus [52]. A dewlap
with either larger area or greater colour contrast may maximize
visibility in low-light environments such as forest interiors, so
environmental adaptation has the potential to contribute to
dewlap size divergence.

At present, we can only speculate as to why the speciational
signal was much stronger in mainland than island anoles, as
we lack detailed studies of the speciation process in multiple
regions. Mainland anole species have relatively large geo-
graphical ranges [53] which may increase the opportunity for
populations to become isolated in different environments that
may favour different signalling traits, and potentially to
come into secondary contact. Island anole speciation also
likely involves adaptation to different macrohabitats [51], but
if more speciation events involve dispersal between islands,
then the probability of secondary contact may be reduced.
The other obvious differences between island and mainland
anoles are the more diverse range of predators and the lower
population density of anoles on the mainland. Either of these
factors could increase the importance of having a signal that
is optimal for a particular light environment, by increasing
the cost of failure to attract the attention of the intended con-
specific recipient. More detailed studies of the geography of
speciation and the strength of sexual selection in island and
mainland species will be necessary to identify the factors
responsible for speciational evolution being more pronounced
in mainland anoles.

The fit of a speciational model of trait evolution does not
necessarily mean that any particular process is involved in spe-
ciation, and this method also comes with caveats. The sampling
of hidden nodes and estimation of iy can be affected if A and u
are poorly estimated or vary greatly among lineages. Specifi-
cally, Rabosky [54] found that a speciational model can be
supported if rates of speciation and BM trait evolution
covary positively across the tree. If rapidly speciating lineages
also evolve greater trait diversity, then we expect an association
between the number of nodes and the extent of trait divergence
similar to the signal of speciational trait evolution. This would
imply that some factor causes rapidly speciating lineages to
also diversify more rapidly in relative dewlap area, even if
trait divergence is not directly linked to speciation events.
Rates of speciation and trait evolution have been found to posi-
tively covary across clades of bony fishes [55], but as we
currently lack likelihood methods for fitting such rate covaria-
tion models to full trees and comparing their fit with
speciational models, it remains a challenge to identify the time-
scale at which diversification and trait change are linked.
Finally, while we used the largest molecular phylogeny cur-
rently available for Anolis, more than half of the species still
lack sequence data, particularly in undersampled parts of
South America and Cuba. The ¢ model attempts to model
‘hidden’” speciation events, but incomplete sampling may still

~
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be an issue if taxonomic practices differ between regions or if
species sampling is not independent of dewlap characteristics.
Improved sampling of mainland anoles in particular will be
necessary to corroborate the signal of speciational evolution
with a more robust dataset.

This study suggests that even if the evolution of the
dewlap promoted anole diversification, subsequent changes
in the size of this signalling trait have not left a signal of
trait-dependent speciation. In contrast, diversification of
dewlap size appears to have become linked to speciation, at
least in mainland anoles, with divergence in dewlap size
occurring at some stage of the speciation process. Confirming
whether relative dewlap size evolution can be explained by
divergent sexual selection will require demonstration of suffi-
cient genetic variation (as has been found for dewlap colour
[56]) and measurements of selection in populations that are
either adapting to distinct light environments or that have
come into secondary contact [50]. The observed mix of

positive, neutral, and negative relationships between male
dewlap size and measures of fitness or performance [57,58]
hints at variation in the form of selection, and studies of
the form of selection at different stages of speciation could
prove illuminating. Overall, our results show evidence that
dewlap size evolution is linked to speciation, but not through
any effect on the speciation rate of anoles.

Data accessibility. Data available from the Dryad Digital Respository:
http://dx.doi.org/10.5061/dryad.9vrOc [59].

Competing interests. We declare we have no competing interests.
Funding. T.I. was supported by the National Science and Engineering
Research Council of Canada (NSERC) and by a Miyata Grant from
the Harvard Museum of Comparative Zoology.

Acknowledgements. We thank S. Poe, S. De Decker, I. Maayan, L. Otero,
L. Revell, D. Scantlebury, J. Stapley, and P. Zani for contributing
dewlap photos. We also thank S. Poe for discussion, B. Hedges for
permission to use CaribHerp images, A. Geneva for sharing tree
files, and G. Thomas for facilitating implementation of the ¢ models.

References

Wagner CE, Harmon LJ, Seehausen 0. 2012
Ecological opportunity and sexual selection together

walking-sticks. J. Evol. Biol. 23, 1399—1411.
(doiz10.1111/}.1420-9101.2010.02000.x)

ancestral pair. Evolution 68, 1027—1041. (doi:10.
1111/ev0.12328)

predict adaptive radiation. Nature 487, 366—369. 11. Boughman JW. 2002 How sensory drive can 22. Drummond A, Rambaut A. 2007 BEAST: Bayesian
(doi:10.1038/nature11144) promote speciation. Trends Ecol. Evol. 12, 571-577. evolutionary analysis by sampling trees. BMC Evol.

2. Johnson M, FitzJohn RG, Smith SD, Rausher MD, Otto (doi:10.1016/50169-5347(02)02595-8) Biol. 7, 214. (doi:10.1186/1471-2148-7-214)

SP. 2011 Loss of sexual recombination and 12. Seehausen O et al. 2008 Speciation through sensory ~ 23. Townsend TM, Mulcahy DG, Noonan BP, Sites JW,
segregation is associated with increased diversification drive in cichlid fish. Nature 455, 620-626. (doi:10. Kuczynski CA, Wiens JJ, Reeder TW. 2011 Phylogeny
in evening primroses. Evolution 65, 3230—3240. 1038/nature07285) of Iguanian lizards inferred from 29 nuclear lod,

(doi:10.1111/).1558-5646.2011.01378.x) 13. Harrison A, Poe S. 2012 Evolution of an ornament, and a comparison of concatenated and species-tree

3. lkeda H, Nishikawa M, Sota T. 2012 Loss of flight the dewlap, in females of the lizard genus Anolis. approaches for an ancient, rapid radiation. Mol.
promotes beetle diversification. Nat. Commun. 3, Biol. J. Linn. Soc. 106, 191—201. (doi:10.1111/j. Phylogenet. Evol. 61, 363 —380. (doi:10.1016/j.
648. (doi:10.1038/ncomms1659) 1095-8312.2012.01847.x) ympev.2011.07.008)

4. Price SA, Hopkins SSB, Smith KK, Roth VL. 2012 14. Nicholson KE, Harmon LJ, Losos JB. 2007 Evolution ~ 24. Prates |, Rodrigues MT, Melo-Sampaio PR, Carnaval
Tempo of trophic evolution and its impact on of Anolis lizard dewlap diversity. PLoS ONE 2, e274. AC. 2015 Phylogenetic relationships of Amazonian
mammalian diversification. Proc. Nat/ Acad. Sci. USA (doi:10.1371/journal.pone.0000274) anole lizards (Dactyloa): taxonomic implications,
109, 7008—-7012. (doi:10.1073/pnas.1117133109) 15. Losos JB. 1985 An experimental demonstration of new insights about phenotypic evolution and the

5. Bokma F. 2008 Detection of ‘punctuated the species-recognition role of Anolis dewlap color. timing of diversification. Mol. Phylogenet. Evol. 82,
equilibrium’ by Bayesian estimation of speciation Copeia 1985, 905-910. (doi:10.2307/1445240) 258-268. (doi:10.1016/j.ympev.2014.10.005)
and extinction rates, ancestral character states, and ~ 16. Leal M, Fleishman LJ. 2004 Differences in visual 25. Kohler G. 2008 Reptiles of Central America.
rates of anagenetic and cladogenetic evolution on a signal design and detectability between allopatric Offenbach: Herpeton.
molecular phylogeny. Evolution 62, 2718—2726. populations of Anolis lizards. Am. Nat. 163, 26—39.  26. R Core Team. 2014 R: a language and environment
(doi:10.1111/}.1558-5646.2008.00492.x) (doiz10.1086/379794) for statistical computing. Vienna, Austria: R

6. Ingram T. 2011 Speciation along a depth gradientin ~ 17. Davis MP, Midford PE, Maddison W. 2013 Exploring Foundation for Statistical Computing.

a marine adaptive radiation. Proc. R. Soc. B 278, power and parameter estimation of the BiSSE 27. Freckleton R, Harvey P, Pagel M. 2002 Phylogenetic
613-618. (d0i:10.1098/rsph.2010.1127) method for analyzing species diversification. BMC analysis and comparative data: a test and review of

7. Carlson BA, Hasan SM, Hollmann M, Miller DB, Harmon Evol. Biol. 13, 38. (doi:10.1186/1471-2148-13-38) evidence. Am. Nat. 160, 712—726. (doi:10.1086/
LJ, Amegard ME. 2011 Brain evolution triggers 18. Magnuson-Ford K, Otto SP. 2012 Linking the 343873)
increased diversification of electric fishes. Science 332, investigations of character evolution and species 28. Losos JB, Schluter D. 2000 Analysis of an
583-586. (doi:10.1126/science.1201524) diversification. Am. Nat. 180, 225-245. (doi:10. evolutionary species—area relationship. Nature 408,

8. Maia R, Rubenstein DR, Shawkey MD. 2013 Key 1086/666649) 847 -850. (doi:10.1038/35048558)
ornamental innovations facilitate diversification in 19. Ord TJ, Klomp DA, Garcia-Porta J, Hagman M. 2015  29. Rabosky DL, Glor RE. 2010 Equilibrium speciation
an avian radiation. Proc. Nat/ Acad. Sci. USA 110, Repeated evolution of exaggerated dewlaps and dynamics in a model adaptive radiation of island
10 687—10 692. (doi:10.1073/pnas.1220784110) other throat morphology in lizards. J. Evol. Biol. 28, lizards. Proc. Natl Acad. Sci. USA 107, 22 178—

9. (Cardoso GC, Mota PG. 2008 Speciational evolution 1948-1964. (doi:10.1111/jeb.12709) 22183. (doi:10.1073/pnas.1007606107)
of coloration in the genus Carduelis. Evolution 62, ~ 20. Losos JB. 2009 Lizards in an evolutionary tree: 30. Irschick DJ, Vitt LJ, Zani PA, Losos JB. 1997
753-762. (doi:10.1111/j.1558-5646.2008.00337.x) ecology and adaptive radiation of anoles. Berkeley, A comparison of evolutionary radiations in

10.  Arbuthnott D, Elliot MG, McPeek MA, Crespi B). CA: University of California Press. mainland and Caribbean Anolis lizards. Ecology
2010 Divergent patterns of diversification in 21. Gamble T, Geneva AJ, Glor RE, Zarkower D. 2014 78, 2191-2203. (doi:10.1890/0012-9658(1997)

courtship and genitalic characters of Timema

Anolis sex chromosomes are derived from a single

078[2191:ACOERI]2.0.C0;2)

66179107 €87 g 20s Y 0id  biobuiysigndAianosiedorqdss H


http://dx.doi.org/10.5061/dryad.9vr0c
http://dx.doi.org/10.1038/nature11144
http://dx.doi.org/10.1111/j.1558-5646.2011.01378.x
http://dx.doi.org/10.1038/ncomms1659
http://dx.doi.org/10.1073/pnas.1117133109
http://dx.doi.org/10.1111/j.1558-5646.2008.00492.x
http://dx.doi.org/10.1098/rspb.2010.1127
http://dx.doi.org/10.1126/science.1201524
http://dx.doi.org/10.1073/pnas.1220784110
http://dx.doi.org/10.1111/j.1558-5646.2008.00337.x
http://dx.doi.org/10.1111/j.1420-9101.2010.02000.x
http://dx.doi.org/10.1016/S0169-5347(02)02595-8
http://dx.doi.org/10.1038/nature07285
http://dx.doi.org/10.1038/nature07285
http://dx.doi.org/10.1111/j.1095-8312.2012.01847.x
http://dx.doi.org/10.1111/j.1095-8312.2012.01847.x
http://dx.doi.org/10.1371/journal.pone.0000274
http://dx.doi.org/10.2307/1445240
http://dx.doi.org/10.1086/379794
http://dx.doi.org/10.1186/1471-2148-13-38
http://dx.doi.org/10.1086/666649
http://dx.doi.org/10.1086/666649
http://dx.doi.org/10.1111/jeb.12709
http://dx.doi.org/10.1111/evo.12328
http://dx.doi.org/10.1111/evo.12328
http://dx.doi.org/10.1186/1471-2148-7-214
http://dx.doi.org/10.1016/j.ympev.2011.07.008
http://dx.doi.org/10.1016/j.ympev.2011.07.008
http://dx.doi.org/10.1016/j.ympev.2014.10.005
http://dx.doi.org/10.1086/343873
http://dx.doi.org/10.1086/343873
http://dx.doi.org/10.1038/35048558
http://dx.doi.org/10.1073/pnas.1007606107
http://dx.doi.org/10.1890/0012-9658(1997)078[2191:ACOERI]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(1997)078[2191:ACOERI]2.0.CO;2
http://rspb.royalsocietypublishing.org/

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Downloaded from http://rspb.royalsocietypublishing.org/ on January 21, 2017

Pinto G, Mahler DL, Harmon LJ, Losos JB. 2008
Testing the island effect in adaptive radiation: rates
and patterns of morphological diversification in
Caribbean and mainland Anolis lizards. Proc. R. Soc.
B 275, 2749-2757. (d0i:10.1098/rsph.2008.0686)
Nicholson KE, Glor RE, Kolbe JJ, Larson A, Hedges
SB, Losos JB. 2005 Mainland colonization by island
lizards. J. Biogeogr. 32, 1—10. (doi:10.1111/j.1365-
2699.2004.01222.x)

Mahler DL, Revell LJ, Glor RE, Losos JB. 2010
Ecological opportunity and the rate of
morphological evolution in the diversification of
Greater Antillean anoles. Evolution 64, 2731—2745.
(doi:10.1111/}.1558-5646.2010.01026.%)

Maddison WP, Midford PE, Otto SP. 2007 Estimating
a binary character’s effect on speciation and
extinction. Syst. Biol. 56, 701—710. (doi:10.1080/
10635150701607033)

FitzJohn R. 2010 Quantitative traits and
diversification. Syst. Biol. 59, 619—633. (doi:10.
1093/syshio/syq053)

FitzJohn RG. 2012 Diversitree: comparative
phylogenetic analyses of diversification in R.
Methods Ecol. Evol. 3, 1084—1092. (doi:10.1111/j.
2041-210X.2012.00234.x)

Uetz P. (ed.). 2015 The reptile database. reptile-
database.org.

Burnham KP, Anderson DR. 2002 Model selection
and multimodel inference: a practical information-
theoretic approach, 2nd edn. A practical
information-theoretic approach. Berlin, Germany:
Springer.

Pagel M. 1997 Inferring evolutionary processes from
phylogenies. Zool. Scr. 26, 331-348. (doi:10.1111/j.
1463-6409.1997.tb00423.x)

Mooers A@, Vamosi SM, Schluter D. 1999 Using
phylogenies to test macroevolutionary hypotheses
of trait evolution in cranes (Gruinae). Am. Nat. 154,
249-259. (doi:10.1086/303226)

0'Meara BC, Ané C, Sanderson MJ, Wainwright PC.
2006 Testing for different rates of continuous trait

42.

43.

46.

47.

48.

49.

50.

51.

evolution using likelihood. Evolution 60, 922—933.
(doi:10.1111/j.0014-3820.2006.tb01171.x)

Beaulieu JM, Jhwueng DG, Boettiger C, 0'Meara BC.
2012 Modeling stabilizing selection: expanding the
Ornstein—Uhlenbeck model of adaptive evolution.
Evolution 66, 2369—2383. (doi:10.1111/}.1558-
5646.2012.01619.x)

Rabosky DL. 2006 LASER: a maximum likelihood
toolkit for detecting temporal shifts in
diversification rates from molecular phylogenies.
Evol. Bioinform. Online 2, 247.

Sanger T, Sherratt E, McGlothlin JW, Brodie ED Il
2013 Convergent evolution of sexual dimorphism in
skull shape using distinct developmental strategies.
Evolution 67, 2180—2193. (doi:10.1111/ev0.12100)

. Jenssen TA. 1977 Evolution of anoline lizard display

behavior. Am. Zool. 17, 203 —215. (doi:10.1093/ich/
17.1.203)

Rand AS, Williams EE. 1970 An estimation of
redundancy and information content of anole
dewlaps. Am. Nat. 104, 99—103. (doi:10.1086/
282643)

Maddison WP, FitzJohn RG. 2015 The unsolved
challenge to phylogenetic correlation tests for
categorical characters. Syst. Biol. 64, 127—136.
(doiz10.1093/syshio/syu070)

Rabosky DL, Goldberg EE. 2015 Model inadequacy
and mistaken inferences of trait-dependent
speciation. Syst. Biol. 64, 340—355. (doi:10.1093/
syshio/syu131)

Goldberg EE, Lancaster LT, Ree RH. 2011
Phylogenetic inference of reciprocal effects between
geographic range evolution and diversification. Syst.
Biol. 60, 451—465. (doi:10.1093/syshio/syr046)
Pfennig KS, Pfennig DW. 2009 Character
displacement: ecological and reproductive responses
to a common evolutionary problem. Q. Rev. Biol.
84, 253-276. (doi:10.1086/605079)

Thorpe RS, Surget-Groba Y, Johansson H.

2010 Genetic tests for ecological and allopatric
speciation in anoles on an island archipelago. PLoS

52.

53.

54.

55.

56.

57.

58.

59.

Genet. 6, €1000929. (doi:10.1371/journal.pgen.
1000929)

Ng J, Landeen EL, Logsdon RM, Glor RE. 2013
Correlation between Anolis lizard dewlap
phenotype and environmental variation indicates
adaptive divergence of a signal important

to sexual selection and species recognition.
Evolution 67, 573 —582. (doi:10.1111/}.1558-5646.
2012.01795.x)

Stuart YE, Losos JB, Algar AC. 2012 The island-
mainland species turnover relationship. Proc. R. Soc.
B 279, 4071-4077. (doi:10.1098/rspb.2012.0816)
Rabosky DL. 2012 Positive correlation between
diversification rates and phenotypic evolvability can
mimic punctuated equilibrium on molecular
phylogenies. Evolution 66, 2622—2627. (doi:10.
1111/}.1558-5646.2012.01631.x)

Rabosky DL, Santini F, Eastman J, Smith SA,
Sidlauskas B, Chang J, Alfaro ME. 2013 Rates of
speciation and morphological evolution are
correlated across the largest vertebrate

radiation. Nat. Commun. 4, 1-8. (doi:10.1038/
ncomms2958)

Ng J, Kelly AL, MacGuigan DJ, Glor RE. 2013 The
role of heritable and dietary factors in the sexual
signal of a Hispaniolan Anolis lizard, Anolis
distichus. J. Hered. 104, 862—873. (doi:10.1093/
jhered/est060)

Vanhooydonck B, Herrel AY, Van Damme R, Irschick
DJ. 2005 Does dewlap size predict male bite
performance in Jamaican Anolis lizards? Funct. Ecol.
19, 38—42. (doi:10.1111/j.0269-8463.2005.00940.x)
Lailvaux SP, Irschick DJ. 2007 The evolution of
performance-hased male fighting ability in
Caribbean Anolis lizards. Am. Nat. 170, 573 -586.
(doi:10.1086/521234)

Ingram T, Harrison A, Mahler DL, Castafieda M del
R, Glor RE, Herrel A, Stuart YE, Losos JB. 2016 Data
from: Comparative tests of the role of dewlap size in
Anolis lizard speciation. Dryad Digital Repository.
(doi:10.5061/dryad.9vr0c)

66179107 €87 g 20s Y 0id  biobuiysigndAianosiedorqdss


http://dx.doi.org/10.1098/rspb.2008.0686
http://dx.doi.org/10.1111/j.1365-2699.2004.01222.x
http://dx.doi.org/10.1111/j.1365-2699.2004.01222.x
http://dx.doi.org/10.1111/j.1558-5646.2010.01026.x
http://dx.doi.org/10.1080/10635150701607033
http://dx.doi.org/10.1080/10635150701607033
http://dx.doi.org/10.1093/sysbio/syq053
http://dx.doi.org/10.1093/sysbio/syq053
http://dx.doi.org/10.1111/j.2041-210X.2012.00234.x
http://dx.doi.org/10.1111/j.2041-210X.2012.00234.x
http://dx.doi.org/10.1111/j.1463-6409.1997.tb00423.x
http://dx.doi.org/10.1111/j.1463-6409.1997.tb00423.x
http://dx.doi.org/10.1086/303226
http://dx.doi.org/10.1111/j.0014-3820.2006.tb01171.x
http://dx.doi.org/10.1111/j.1558-5646.2012.01619.x
http://dx.doi.org/10.1111/j.1558-5646.2012.01619.x
http://dx.doi.org/10.1111/evo.12100
http://dx.doi.org/10.1093/icb/17.1.203
http://dx.doi.org/10.1093/icb/17.1.203
http://dx.doi.org/10.1086/282643
http://dx.doi.org/10.1086/282643
http://dx.doi.org/10.1093/sysbio/syu070
http://dx.doi.org/10.1093/sysbio/syu131
http://dx.doi.org/10.1093/sysbio/syu131
http://dx.doi.org/10.1093/sysbio/syr046
http://dx.doi.org/10.1086/605079
http://dx.doi.org/10.1371/journal.pgen.1000929
http://dx.doi.org/10.1371/journal.pgen.1000929
http://dx.doi.org/10.1111/j.1558-5646.2012.01795.x
http://dx.doi.org/10.1111/j.1558-5646.2012.01795.x
http://dx.doi.org/10.1098/rspb.2012.0816
http://dx.doi.org/10.1111/j.1558-5646.2012.01631.x
http://dx.doi.org/10.1111/j.1558-5646.2012.01631.x
http://dx.doi.org/10.1038/ncomms2958
http://dx.doi.org/10.1038/ncomms2958
http://dx.doi.org/10.1093/jhered/est060
http://dx.doi.org/10.1093/jhered/est060
http://dx.doi.org/10.1111/j.0269-8463.2005.00940.x
http://dx.doi.org/10.1086/521234
http://dx.doi.org/10.5061/dryad.9vr0c
http://rspb.royalsocietypublishing.org/

	Comparative tests of the role of dewlap size in Anolis lizard speciation
	Introduction
	Material and methods
	Phylogeny
	Image analysis and size-correction
	Geography
	Trait-dependent speciation
	Speciational trait evolution

	Results
	Trait-dependent speciation
	Speciational trait evolution

	Discussion
	Data accessibility
	Competing interests
	Funding
	Acknowledgements
	References


