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We explored the dynamics of ecomorphological evolution in relation
to speciation and co-occurrence in Sceloporus lizards, a speciose group
spanning North and Central America, where species often occur in
sympatry. We collected data for 80 species and demonstrated strong
Evolution relationships between multivariate morphology and ecology, finding
that Sceloporus species occur in six ecological modes with associated
morphologies (ecomorphs). The evolution of arboreality was a major
transition that expanded morphospace, allowed for the evolution of
further ecological novelty, and is associated with increased speciation
rates. Across their range, Sceloporus ecomorphs are spatially overdispersed,
suggesting that interspecific competition may limit the ability of similar
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1. Introduction

What drives the evolution of phenotypic diversity, and what are its conse-
quences? Habitat partitioning that leads to phenotypic differentiation is often
a key first stage in vertebrate radiations [1]. Notable examples are Anolis
lizards in which specialized limb, digit and toe morphologies are associated
with vertical habitat partitioning [2], stickleback fishes that have repeatedly
evolved benthic and limnetic forms [3] and Darwin’s finches for which
divergence between ground and tree clades gave way to further phenotypic
novelty [4]. Dissecting this relationship between organismal ecology and
morphology, or ecomorphology, can provide insights into the interplay of
adaptive phenotypic evolution, speciation, and community dynamics [5].
Divergent ecomorphology can facilitate the use of different resources, thereby
reducing competitive overlap in sympatry [6-8]. Ecomorphological diver-
gence may be particularly important for facilitating coexistence between
closely related species, which tend to be ecologically and morphologically
similar [9].
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Ecological opportunity, which comes in many forms [10], creates the potential for diversifying selection to generate pheno- n
typic diversity. For example, arrival to new areas such as islands or lakes can allow lineages to exploit novel resources [11-13],
which is often aided by competitor or predator release [14]. Ecological opportunity need not result from geographic shifts or
expansion, though—for example, accessing novel microhabitats within a lineage’s existing range can also provide sufficient
opportunity to promote phenotypic novelty [15]. In fact, phenotypic evolution itself may generate ecological opportunity (e.g.
bats evolving powered flight) [10]. Furthermore, many radiations reveal a suite of divergent traits that interact to improve
whole-organism performance and allow access to novel niche space [2,16-18]. Examinations of both multivariate morphology
and ecology can therefore help us better understand how ecological opportunity and phenotypic evolution interact to shape
biodiversity.

Comprehensively understanding ecomorphological evolution requires characterizing the spatial and phylogenetic context
in which it occurs. Examining these together can uncover the roles that factors such as interspecific competition have played
in the diversification history of different groups. For example, whether phenotypic traits are shared or divergent between
sister taxa can suggest whether neutral or deterministic forces, respectively, have played a role in shaping their evolution
[19]. Similarly, quantifying the distribution of phenotypic diversity across space can provide insights into community sorting
mechanisms and the selective pressures acting on niche evolution. Ecomorphologically diverse communities are often formed
when similar species are limited in their ability to co-occur (e.g. limiting similarity resulting in a pattern of overdispersion),
whereas communities of ecomorphologically similar species can reveal that species with certain traits are more successful in a
given environment (e.g. habitat filtering resulting in a pattern of underdispersion [20]).

Sceloporus lizards are an ecologically diverse, species-rich clade with a geographic distribution throughout North and Central
America in which species often occur in sympatry [21,22]. With over 100 described species, they are the most speciose genus in
the family Phrynosomatidae. Sceloporus lizards exhibit a great deal of ecological variation, inhabiting a broad range of habitats
such as lowland deserts, cloud forests, high alpine forests, grasslands, and sand dunes [23]. The diversification history of this
group has received extensive study, and there is known rate heterogeneity with a period of rapid diversification in one clade
(hereafter, the ‘rapid radiation’) beginning 20-25 Myr [24]. If phenotypic evolution is associated with speciation in this group,
we might expect species in the rapid radiation to exhibit greater ecomorphological divergence. While previous work found
that Sceloporus are comparatively less phenotypically disparate than another iguanian lizard radiation of similar age —the genus
Anolis [25]—there may yet be interesting ecomorphological dynamics to uncover. For example, recent work has suggested
that ecomorphological diversity reduces competitive overlap between Sceloporus species [26] and that communities tend to be
phylogenetically clustered but exhibit body size diversity [22]. Hence, Sceloporus lizards provide an excellent opportunity to
study phenotypic evolution in relation to ecology, phylogenetic history, and interspecific interactions.

Here, we examine the relationship between ecology and morphology across Sceloporus and how ecomorphology is related
to speciation and co-occurrence in this diverse radiation. We collected data on the morphology, ecology and geographic
distribution of 80 taxa to answer three key questions on the evolution of phenotypic diversity: (1) What is the relationship
between ecology and morphology across this group? (2) What is the tempo and mode of ecomorphological evolution? and
(3) Are ecomorphs spatially overdispersed, as we would expect under limiting similarity? Examining how ecomorphological
diversity arises and its role in structuring co-occurrence patterns can provide a more complete understanding of the causes and
consequences of phenotypic evolution.
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2. Methods
(a) Data

We collected morphological data from 330 individual Sceloporus lizards (adult males) including museum specimens and
field-caught animals. Individuals spanned 79 species plus the ecologically unique White Sands form of S. cowlesi which we
manually added to the phylogeny of Leaché et al. [24] using divergence times from Laurent et al. [27]. After pruning a
time-calibrated phylogeny for Sceloporus [24], our dataset included 80 taxa for which we had morphological, ecological and
phylogenetic data (out of 85 unique Sceloporus species in the Leaché et al. tree) and 77 for which we conducted geographic
analyses (excluding three island endemic species which are the sole inhabitants of their respective islands).

We measured a suite of morphological traits from all individuals: body size as given by snout-to-vent length (SVL), head
length, head width, body width, humerus length, radioulna length, forefoot length, forelimb length, femur length, tibiofibu-
lar length, hindfoot fourth toe length, hindfoot length, hindlimb length and dorsal scale count following [28]. Body size is
associated with locomotion and jumping [29], thermal physiology [30,31], climate and microhabitat [29,32] and prey size [33].
Limb lengths, and especially hindlimbs, are associated with perch height and diameter [34,35], as is foot morphology [29].
Longer limbs are also associated with increased sprint speed [5,36-38]. Head width is associated with bite force and dietary
breadth [39]. Scale counts are associated with climate and are thought to reduce evaporative water loss [28,40].

We measured an average of 3.7 specimens per species, ranging from 1 to 16. Ethanol-preserved individuals came from the
Museum of Vertebrate Zoology (MVZ) and the Museum of Natural History at the University of Colorado, Boulder (UCM;
electronic supplementary material, table S1). We obtained digital photographs of additional specimens via VertNet from the
Museum of Comparative Zoology (MCZ) at Harvard University and from UCM as part of the oMeso project (NSF Award No.
2001474).

We took standardized digital photographs of all specimens and measured morphology from these images. E.P.W. photo-
graphed specimens on a white background with a ruler in the frame for scaling, using a Nikon D3500 digital camera coupled
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with a Nikkor AF-P 18-55 mm lens. To reduce measurement errors due to changes in perspective, we took photographs at [ 3]
multiple angles with the features of interest in the same plane as the ruler. We used a polarizing filter coupled with two
Neewer CN-160 LED lights with linear polarization sheets attached to them to remove any glare on wet (e.g. ethanol-preserved)
specimens.

We collected measurements in Adobe Photoshop by setting a custom scalebar based on the ruler in each photo. Measure-
ments were replicated by at least two independent reviewers or by the same reviewer at separate timepoints. We averaged
measurements per specimen, and any measurements that differed by more than 10% of the average measurement value were
discarded for inconsistency. Once we had the mean measurement for each trait per specimen, we then calculated species
averages for each trait, resulting in a single set of measurements for each species. Finally, we regressed all morphological
traits against body size (SVL) using phylogenetic regressions with lambda optimization to account for the observed degree of
phylogenetic signal and used the residuals in downstream analyses as body size-corrected measures [41].

We used ecological data from the literature to define habitat categories for each species [42-44]: arboreal, saxicolous,
generalist, terrestrial, bunchgrass-dwelling and sand-dwelling, following [43]. Arboreal species are defined as those that
predominantly perch in trees. Saxicolous, or rock-dwelling, include species that primarily use rocks, including boulders, rocky
outcroppings and canyon walls. Generalists are defined as species with evidence for three or more habitat preferences (e.g.
arboreal, saxicolous and terrestrial). Terrestrial species may use a variety of objects as perches but predominantly perch low to
the ground. The bunchgrass class refers to the scalaris clade of lizards that are strongly associated with bunchgrass clusters in
which they take refuge [45]. Finally, the sand category represents two species, S. arenicolus and S. woodi, as well as the White
Sands form of S. cowlesi that exclusively inhabit sand dunes or sand ‘islands’ in the case of S. woodi.

For some analyses, we reduced this categorization scheme into two categories representing the major variation in habitat
ecology: predominantly scansorial (arboreal and saxicolous), and predominantly terrestrial (terrestrial, bunchgrass and sand),
with generalist species classified on a case-by-case basis [46]. Hereafter, we refer to these ecological groupings as ‘full scheme’
and ‘reduced scheme’ for the six and two category classifications, respectively. Both the full and reduced ecological categori-
zations with associated citations may be found in electronic supplementary material, table S1. Ecological groupings are not
intended to explain the totality of species” habitat use but rather to represent general trends. We complemented our ecological
categorizations with geographic range data downloaded from the Global Assessment of Reptile Distributions (GARD) dataset,
which provides range polygons based on occurrence records and expert opinion [23].
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(b) What is the relationship between ecology and morphology?

To assess the relationship between ecology and morphology, we performed a phylogenetic principal components analysis
(pPCA) [41] on our phenotypic data, which included SVL alongside residuals for all other traits. A strong relationship between
these variables will manifest as putative ecomorphs—groups of species that exhibit similar morphology and occupy similar
niches but are not necessarily close phylogenetically [47]—occupying different parts of morphospace. We then examined
PC loadings to evaluate which morphological traits captured different axes of the variance between species. We then used
phylogenetic analysis of variance (ANOVA) to test whether univariate morphological traits differ between ecological groups
[41].

Then, we examined whether we can predict ecology based on multivariate morphology using linear discriminant analysis
[48]). We performed all analyses on the entire tree and on only the rapid radiation to test the hypothesis that species in the rapid
radiation are more morphologically differentiated than those in the more basal groups. We also performed all analyses using the
full and reduced ecology classification schemes.

Next, we examined evidence for ecomorphological convergence across the Sceloporus tree. We computed the Wheatsheaf
index (w), which examines phenotypic distance in relation to phylogenetic distance and where stronger convergence is
represented by a larger value [49]. Convergence requires multiple origins as well as low divergence relative to time and is
thus a special case of the ‘w’ metric. We computed w for all ecological groupings, using PC1 and PC2 as our phenotypic data,
and conducted 1000 bootstrap replicates to estimate a p-value using the ‘windex’ package [50].

(c) What are the dynamics of ecomorphological evolution?

To quantify the degree to which phylogenetic history influences ecological mode, we calculated phylogenetic signal using the
0 approach of Borges ef al. [51]. We calculated phylogenetic signal for phenotype, given by PC1 and PC2, as Blomberg’s K, the
ratio of observed to expected phenotypic variance under Brownian motion (BM), and Pagel’s A, a scaling factor for correlations
between species respective to a BM expectation [41,52,53].

We then fit a series of models of evolution to our trait data as PC1 and PC2 using functions in the R package ‘OUwie” [54].
The models included: BM, a random walk [53]; BM with different rate parameters for each regime (BMS); Ornstein-Uhlenbeck
(OU), a random walk where characters are attracted to a single optimum [55]; an OU model with different means for each
character state and a single a (strength of selection towards the optimum) and ¢ (drift parameter) (OUM); an OU model that
assumes different state means and different rate values (OUMYV); an OU model with different means and different a values
(OUMA); and an OU model that assumes different state means, different rate values and different a values (OUMVA). We used
the reduced ecological scheme as our selective regimes and PC1 and PC2 as our character traits. If the ecological categories have
different trait optima, this will reveal that habitats are associated with unique ecomorphological traits.
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To evaluate the evolutionary dynamics of ecological states, we then conducted maximum-likelihood ancestral state recon- n
struction and transition rates (q) estimation using the ‘ace’ function in the R package ‘ape’ [56]. We performed ancestral
state reconstructions using the ‘equal rates’, ‘symmetrical’ and ‘all rates different’ models and compared models using AIC
scores and pairwise-likelihood tests. In addition, we performed stochastic character mapping implemented in ‘SIMMAP’ to
estimate the number of transitions between ecological states [41,57]. We performed 999 simulations and averaged the number
of transitions across all simulations. To compare with our maximum-likelihood ancestral state reconstruction, we also calculated
the posterior probability of each ancestral state by summarizing across simulations.

To assess whether ecology is associated with speciation across Sceloporus, we tested for trait-dependent speciation in
the hidden state speciation and extinction (HiSSE) framework [58]. This framework is advantageous because it allows both
observed characters and concealed (hidden) states, which reduce the prevalence of type I errors common to other SSE family
models [58,59]. SSE methods in general are sensitive to states that have evolved only once or few times and can lead to spurious
results when these traits are modelled [60]. Therefore, we used the reduced scheme for ecology that classified species as either
predominantly terrestrial or scansorial. We built four models: the null model included equal rates for speciation (1), extinction
(1) and transitions (g), and did not include hidden states. Second, the “hidden state’ model included two hidden states and
allowed A and p to vary as functions of the unobserved states only. Third, our ‘ecology” model allowed all three parameters to
vary with ecological state. Fourth, our ‘ecology + hidden” model allowed all three parameters to vary with ecology state as well
as two hidden states. All models were fit using the ‘hisse” package in R.

(d) What is the spatial distribution of ecomorphological diversity?

To visualize the spatial distribution of Sceloporus diversity, we constructed maps of Sceloporus species richness and ecomorph
richness at 5 arc-minute resolution. We used the GARD dataset, which provides range polygons based on occurrence records
and expert opinion [23], and functions developed by Davis Rabosky et al. [61] to create our maps.

Next, we investigated whether the distribution of ecomorphology is: (1) spatially overdispersed (a tendency for different
ecomorphs to co-occur), which is consistent with limiting similarity in which similar species cannot coexist due to competitive
overlap; (2) underdispersed (a tendency for same ecomorphs to co-occur), which is consistent with habitat filtering in which
the environment selects for species with certain traits; or (3) neutral with respect to species richness. To do so, we used spatial
autoregressive (SAR) models implemented in the package ‘spdep’ to map the distribution of residuals of a linear regression
of ecomorph richness on species richness while accounting for spatial autocorrelation [62]. We excluded island endemics (S.
angustus, S. becki and S. grandaevus) from co-occurrence analyses as they are the sole Sceloporus inhabitants of their respective
islands. We then mapped the residuals of our resulting model; ecomorphological overdispersion with respect to species richness
will result in positive residuals, underdispersion will result in negative residuals, and a neutral relationship will result in a
residual of 0.

To further assess whether ecomorphs are more spatially overdispersed than expected by chance, we conducted a permuta-
tion test by shuffling ecomorph assignments among species (while keeping the distribution of range polygons fixed) and
re-running SAR models 1000 times to generate a null distribution. We compared the slopes of the ecomorph richness to species
richness relationship from the shuffled distributions to the observed slope and calculated a one-tailed p-value as the number of
instances that a simulated slope was greater than the observed slope, indicating a stronger relationship, divided by the number
of simulations.
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To investigate whether ecomorphs had different constraints on sympatry, we calculated range overlap for every pair of
species in our dataset. We used a 20% range overlap threshold as a proportion of the focal species range size to determine
whether the species are considered sympatric, following previous studies [63—-65]. We then calculated for each species how
many times it overlapped with species of the same ecomorph class and the proportion of the total number of species with
which it overlaps to account for differences in overall range size between species. Ecomorphs with more constraints on limiting
similarity should overlap with species of their own ecomorph class less than with those of other ecomorph classes. We then
computed the overlap between all pairs of ecomorphs and visualized these relationships using a heatmap [66]. We compared
this with a heatmap of overlap in morphospace between ecological groups to evaluate how ecomorphological similarity may
influence co-occurrence.

3. Results

(a) What is the relationship between ecology and morphology?

We found that all morphological traits were significantly correlated with body size (all p < 0.05). So, for all traits besides body
size (SVL), we used residuals of a phylogenetic regression against body size in downstream analyses. We found that ecological
groups classified by habitat usage (arboreal, n = 19; saxicolous, n = 20; generalist, n = 15; terrestrial, n = 14; bunchgrass, n = 9;
sand, n = 3) occupy different regions of morphospace, with some more distinct than others (figure 1). Our first PC axis, PC1,
explained 86% of the variance in morphology, and body size loaded highly onto this axis. Hindlimb length, hindfoot length and
forelimb length all loaded highly onto PC2, which explained 9.3% of the variance. In our phylomorphospace plot (figure 1C),
bunchgrass morphs cluster tightly in a position with the smallest body size and reduced limbs and digits. The sand morphs
all cluster with their sister species but, in general, occupy the space adjacent to bunchgrass and terrestrial morphs. Terrestrial
morphs cluster tightly and overlap with some generalists and some scansorial species outside the rapid radiation. Generalists
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occupy the centre of morphospace and exhibit the greatest variance along PC2. Arboreal and saxicolous morphs achieve the [ 5 |
largest body sizes and overlap the most of any groups; however, the saxicolous species occupy two separate portions of
morphospace, with the more basal saxicolous species (which are primarily crevice dwellers) clustering with terrestrial and
generalist species, while species in the rapid radiation, which largely use rock walls, boulders and rocky outcrops, cluster
with arboreal species (figure 1C). The more basal groups, overall, are restricted in morphospace, occupying only 25% of
morphospace based on convex hulls computed for each set of species, clustering with low scores on PC1 and intermediate to
high scores on PC2, representing small body size and average to elongated limbs.

Species in the rapid radiation occupy novel morphospace (89% of total morphospace) compared to the more basal groups;
for instance, arboreal morphs reveal high scores along PC1 representing the evolution of larger body size compared to basal
group species. Bunchgrass morphs, on the other hand, occupy unique morphospace with low scores on both PC axes, represent-
ing small bodies and reduced limbs (figure 1C). When species are grouped into a reduced scheme with only two ecological
categories, scansoriality (arboreal and saxicolous) and terrestriality (terrestrial, sand and bunchgrass), we see even greater
separation in morphospace, particularly within the rapid radiation (electronic supplementary material, figure S1).

Several univariate measures of morphology were significantly predicted by ecological classification. Arboreal morphs are
significantly larger than generalist, terrestrial, sand and bunchgrass morphs (t <-3.38 and p < 0.05 in all comparisons). Hindlimb
length also differed significantly, with bunchgrass morphs having shorter hindlimbs for their body size compared to generalist
and terrestrial morphs (all ¢+ < -3.23, p < 0.05), as did hindfoot length, with bunchgrass morphs again having smaller feet
compared to arboreal, generalist and terrestrial morphs (all f < -3.34, p < 0.05). Bunchgrass morphs also had significantly shorter
fourth toes than arboreal, generalist and sand morphs (all t <-3.77, all p < 0.05). Results from all comparisons may be found in
electronic supplementary material, table S3.

Linear discriminant analysis predicted ecology from multivariate morphology (using our full scheme) with an accuracy of
68% for all species, which increased to 78% when only the rapid radiation was examined. The most miscategorized groups were
arboreal and saxicolous. Using the reduced ecology scheme, accuracy jumped to 91% for the full tree and 96% for the rapid
radiation. We found terrestrial (w = 2.769, p = 0), sand (w = 6.61, p = 0.047) and bunchgrass (w = 1.825, p = 0.03) ecomorphs to have
significantly low phenotypic divergence according to the Wheatsheaf index, suggesting that these ecological modes may select
for particular morphological traits, whereas other ecologies may be more flexible.
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(b) What are the dynamics of ecomorphological evolution?

Our analysis did not detect a significant phylogenetic signal for ecological class (full scheme, AA = 7.13, p = 0.19, reduced
scheme, AA =2.99, p = 0.4). For our SIMMAP analysis, the symmetrical model was identified as the best fit for the full ecology
dataset (AAIC = 9). We estimated an ancestral state for the crown group Sceloporus using the full ecological scheme as terrestrial
(0.504), generalist (0.182) or saxicolous (0.178), based on the scaled likelihood at the root (other probabilities <0.05; figure
2A). We recovered 51.78 transitions between ecological states across the tree, with the most frequent transitions occurring as
terrestrial to generalist states (10.86 transitions) and back (9.57 transitions; figure 2B). We found that arboreality evolved a single
time at the base of the rapid radiation (posterior probability = 0.90).

Under the reduced ecology scheme, our best fit model was an equal rates model (AAIC = 22). We found more support for
a terrestrial ancestor (scaled likelihood at the root = 0.611) than a scansorial ancestor (scaled likelihood = 0.389). We recovered
21.29 transitions over the tree, with slightly more (12.4 transitions) being from scansoriality to terrestriality than vice versa.

From our analyses of phylogenetic signal in morphology given by PC1 and PC2, we obtained values of Apcy =0.793 and Kpc
= 0.676, and Apcp = 0.348 and Kpcp = 0.176. We found that an OUMV model —OU with multiple optima and varying rates—
best fit the evolution of PC1 (AAICc = -8.19; ascansorial = Cterrestrial = 6-70; 0%scansorial = 1-05, 0%terrestrial = 0-26; Ogcansorial = 0-128,
Oterrestrial = —0.007), while an OUM model— OU with multiple optima and shared rates—best fit PC2 (AAICc = 2.85; &scansorial =
Otterrestrial = 1.468; 02%5cansorial = O2terrestrial = 0-513; Oscansorial = 0.006, Oterrestrial = 0.303). The best fit model for our HiSSE analysis
was the ecology + hidden model (table 1), suggesting that ecological mode is associated with increased speciation rates, but that
effect is secondary to an unmeasured state. Our parameter estimates support heterogeneous transition rates (figure 2B).

(c) What is the spatial distribution of ecomorphological diversity?

We found that the spatial distribution of ecomorphological diversity is correlated with species diversity (R* = 0.812, p < 0.001),
and both ecomorph and species richness peak in Mexico (figure 3A,B). Our SAR model revealed a slope of § = 0.520, suggesting
that for every two species in a given grid cell roughly one additional ecomorph is found. The distribution of residuals reveals
that, across much of the range of Sceloporus, there are more ecomorphs than expected based on species richness. Areas of high
species richness show positive residuals, while large temperate areas where only a handful of species occur (e.g. the USA,
excluding the desert southwest) are effectively neutral with respect to comparisons based on species richness. Our permutation
test also revealed that ecomorphs are significantly spatially overdispersed compared to null expectations (p = 0.023; figure 3D).

Our comparisons of co-occurring congeners by ecomorph category revealed that bunchgrass, sand and terrestrial ecomorphs
are less likely to co-occur with species of their same ecomorph type than arboreal and saxicolous ecomorphs (all p < 0.001).
Bunchgrass, sand and terrestrial ecomorphs overlap in morphospace but are unlikely to co-occur in geographic space, whereas
arboreal and saxicolous ecomorphs overlap in morphospace and often co-occur geographically (figure 3E,F).
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Figure 1. (A) Phylogeny of Sceloporus lizards from Leaché et al. [24]; bar length at tips represents relative body size, given by SVL, and colorized by ecology. The
rapid radiation is denoted by purple branches. (B) Exemplar ecomorphs reveal phenotypic convergence and/or conservatism. (C) Phylomorphospace for species in this
study, visualized using the first two principal components of a phylogentic PCA. Convex hulls group species by ecology. Photos 1-11 by Erin P. Westeen and José G.
Martinez-Fonseca, photo 12 © Joel Sartore/Photo Ark.

4. Discussion

To understand how phenotypic diversity evolves in closely related species and how it can enable co-occurrence that allows for
the evolution of greater biodiversity, we examined ecomorphology in a diverse and widespread group of lizards. As a critical
first step, our results demonstrate a strong relationship between ecological mode and multivariate morphology. We found that
a shift to arboreality at the base of the rapid radiation in Sceloporus is associated with increased speciation and the evolution
of both phenotypic and ecological novelty. Consequently, we found that ecomorphology plays a role in species co-occurrence
across the range of the genus, with a predominant pattern of spatial overdispersion of ecomorphs, suggesting that limiting
similarity may structure Sceloporus communities. This study provides new insights into the evolution of ecomorphological
diversity and its consequences for speciation and coexistence in closely related species.

(a) What is the relationship between ecology and morphology?

We found a strong relationship between ecology and morphology, with both our univariate and multivariate analyses under-
scoring that body size and limb lengths are key traits that differ between Sceloporus ecomorphs (electronic supplementary
materials, tables S2 and S3; figure 1C). Across lizard diversity, the relationship between body size and limb lengths is associated
with microhabitat use due to the functional basis of these traits [46]. In iguanian lizards, longer limbs are typically associated
with increased sprint speeds [36,37] and are associated with perch diameter in some Anolis lizards [67]. We found that generalist
and terrestrial Sceloporus species typically have longer limbs for their body size (figure 1C), and these species probably use
running as their predominant means of predator escape [68]. Arboreal and saxicolous species may instead use crevices or
shuttle to the opposite side of their tree or boulder [68], thus reducing the need to optimize sprint speed and perhaps favouring
climbing ability. Arboreal and saxicolous morphs reveal variation in relative limb lengths (figure 1C), suggesting lability in
this trait; investigating the relationship of limb lengths to climbing and sprinting abilities across Sceloporus ecomorphs will be
an interesting next step. We also found that bunchgrass ecomorphs are morphologically similar to terrestrial ecomorphs and
have comparable body sizes but exhibit significant reduction in limb length, foot length and fourth toe length similar to other
semi-fossorial lizards (e.g. [69,70]; figure 1C). Unlike terrestrial sprinters, these species are known to duck into bunchgrass
clusters for refuge rather than flee [26,71]. Thus, relative limb length appears to be a key trait differentiating Sceloporus
ecomorphs, with some specialized morphs also revealing divergent foot morphology.

Beyond ecology-morphology associations, we found that some ecomorph classes—terrestrial and sand —evolved multiple
times with low phenotypic divergence relative to time, exhibiting evidence of convergence. The bunchgrass group also showed
reduced phenotypic divergence but has evolved only once and therefore represents morphological conservatism rather than
convergence. We did not detect a signal of convergence among generalists, likely due to the variance in traits across species.
The saxicolous category is the only one that appears to represent two distinct phenotypes—basal group saxicolous species are
small bodied and small scaled, with relatively long limbs for their body size, while saxicolous species in the rapid radiation
exhibit larger bodies, larger scales and variation in limb lengths. Our examinations of ecomorphological variation across the
phylogeny underscore the mosaic pattern of phenotypic evolution in this group: some ecological groups are highly conserved
(bunchgrass), some are highly convergent (sand, terrestrial), some are highly labile (generalist) and one class reveals two
distinct morphological strategies for adaptation to distinct habitats (saxicolous; basal group species are primarily rock crevice
dwellers, while rapid radiation species primarily use boulders).
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Figure 2. (A). Maximum likelihood ancestral character estimates for ecology are shown on a phylogeny of Sceloporus studied here. Tip colours correspond to ecological
mode, and species groups are denoted with tip labels. (B) Transition rates between ecological modes. Arrows are coloured by transition rate, with red being faster,
and labelled with estimated mean number of transitions between states. (C) Model-averaged speciation rates from our best-fit HiSSE model. Outer colours indicate
speciation rate, with red being faster. Inner colours represent the ecological mode using the binary characterization.

(b) What are the dynamics of ecomorphological evolution?

We detected a moderate level of phylogenetic signal for morphology but a non-significant signal for ecology, suggesting that
while morphology may be constrained by phylogenetic history in Sceloporus, ecology may be more labile. We found that the
ancestral Sceloporus was most likely a terrestrial species and that arboreality evolved a single time at the base of the rapid
radiation (~20-25 Ma). Arboreality then gave way to multiple other modalities, including a one-way transition to bunchgrass
dwelling and the repeated evolution of saxicoly (figure 2A,B). This is consistent with results that larger body size evolved at
the base of the rapid radiation and has been retained, as most scansorial species are large-bodied, including arboreal species
and rapid radiation saxicolous species [22]. Our models of evolution revealed that body size evolved under different selective
regimes for scansorial and terrestrial taxa. The relatively high value of @ = 6.70 suggests both groups experienced strong
selection but that trait variation (0?) was higher for scansorial taxa. Furthermore, the adaptive peaks differed, with scansorial
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Figure 3. (A) Ecomorph richness peaks in the southwestern United States and Central Mexico. (B) Species richness also peaks in the same areas, with richness reaching
14 species per 5-minute grid cell in some areas. (C) Residuals of a regression of ecomorph richness on species richness reveal that across much of the range of the
genus, Sceloporus ecomorphs are spatially overdispersed. (D) Distribution of slopes from our permutation test show that the observed distribution (ecomorph richness:
species richness slope indicated by red line) is stronger than expected by chance. (E) Heatmap of geographic overlap between species by ecological group. (F) Heatmap
of morphological overlap between species by ecological group.

Table 1. HiSSE model selection comparing ecology (terrestrial and scansorial) and parameter estimate results, including log-likelihoods, AIC, difference in AIC with
minimum value (AAIC) and parameter estimates for speciation rate terrestrial (A0), scansorial (A1) and with hidden states (AA and AB). Other parameter estimates are
not shown as they were not relevant to the goals of this study.

IogL AIC BAIC AOA }q A Aog MB

null —-307.82 623.62 -9.36 0.0568 0.1005 — —
h,dden ...................... _30454 .................. 61908 ...................... _482 ....................... 01039 ...................... 01039 ...................... 00191 ....................... 00191 ...................
ec0|ogy ..................... _305 75 .................. 62350 ...................... _924 ....................... 00848 ...................... 00848 ...................... e R
e(0|ogy+h|dden ..... _29713 .................. 61426 ......................... 0 ............................ 0 0557 ...................... 02176 ...................... 0 ............................... 00203 ..................

taxa evolving towards larger body size relative to terrestrial taxa. Limb lengths as well showed different evolutionary optima
for terrestrial and scansorial taxa. Our trait-dependent speciation analyses further revealed that speciation rates are faster in
scansorial taxa (figure 2C). Thus, the transition to arboreality, a form of scansoriality, coincident with the rate shift at 2025 Ma,
may have been a key transition in Sceloporus that opened additional ecological and morphological space, allowing for faster
speciation and the rapid accumulation of biodiversity.

Sceloporus evolved in the northern United States and Canada [72], probably invading Mexico only within the last 5 million
years when the habitat became suitable [73]. Other lizards within the Nearctic guild are predominantly terrestrial (e.g. horned
lizards, skinks, whiptails and night lizards) or saxicolous (e.g. collared lizards, rock lizards and desert iguanas). Arboreal lizards
in this region include those in the genera Urosaurus (e.g. bush and tree lizards) and Anolis, the latter of which is found largely in
the southern part of this range and arrived only in the Miocene [74]. Therefore, the arboreal niche where Sceloporus evolved was
likely largely unoccupied and may have provided the initial opportunity for ecomorphological diversification. Arboreality has
evolved many times in squamate reptiles [75] and could contribute to increased speciation by opening up new ecological space
[76]. Shifts to open niche space, in this case arboreality in Sceloporus, can thus be key drivers of phenotypic novelty and even
speciation.

Our findings that transitions between generality and terrestriality occurred frequently across the Sceloporus tree suggest these
two states are especially labile. The fastest transition we detected occurred from sand back to generalist, suggesting the highly
specialized sand ecomorphology may not be a successful long-term strategy given the limited availability of sand habitat (figure
3B). Of all the ecological modes, arboreality is the source of most transitions to other ecologies (figure 3C), again suggesting that
the evolution of arboreal ecomorphology played a critical role in enabling adaptive diversification in this group.
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(c) What is the spatial distribution of ecomorphological diversity?

We found evidence for spatial overdispersion of Sceloporus ecomorphs, suggesting that competitive exclusion plays a role
in community assembly in this clade. Across the range of Sceloporus, species are unevenly distributed, with higher species
richness occurring from Mesoamerica to Central America (figure 3B), broadly following the latitudinal diversity gradient,
where diversity increases towards the tropics [77], and Rapoport’s rule, where species at higher latitudes have larger ranges
and less turnover [78]. Rivera et al. [22] showed that Sceloporus are phylogenetically clustered across the landscape and that
heterogeneous environments, which can provide more opportunities for speciation, are positively associated with species
richness. Some areas of very high species richness (e.g. north-central Mexico) are underrepresented with ecomorphs, given by
negative residuals, which is likely an artefact of having only five possible ecomorphs that can co-occur in a given area, whereas
species richness can reach 12 or even 14 (at the scale of our 5 arc-minute map). Tropical mountains with high species richness
may offer additional microhabitat heterogeneity and niche space, such that species occupying the same ecomorph class in these
regions may actually differ sufficiently in their ecologies to offset competitive overlap [79].

Furthermore, we found that ecomorphs may have different constraints on sympatry—while arboreal, saxicolous and
generalist ecomorphs appear to co-occur readily, smaller ecomorphs such as the terrestrial, bunchgrass and sand ecomorphs
are less likely to co-occur (figure 3E,F). This may be the result of allopatric speciation, especially within the scalaris clade, of
which all members are bunchgrass ecomorphs and in which diversification appears tied to volcanism in the Trans-Mexican
Volcanic Belt region [80]. However, bunchgrass ecomorph species are also the most ecologically and morphologically similar
(figure 1C), and therefore constraints on limiting similarity may be higher. Similarly, the sand ecomorph species are the only
Sceloporus in most parts of their specialized and restricted ranges (S. arenicolus in the Mescalero Sand Dune blowouts of New
Mexico and Texas, S. cowlesi at White Sands, and S. woodi in the sandhill paleoislands of Florida) but do co-occur with terrestrial
and generalist species in parts of their ranges. This echoes results found by Rivera ef al. [22] that smaller species are more
likely to co-occur with larger species (compared to small species) than expected by chance, whereas larger species had no such
constraints and co-occurred with other large species readily. Many small-bodied species are also habitat specialists, which may
be the underlying reason for their constraints on sympatry.

Of all ecomorph combinations, generalists occur most often with other generalists. This could be due in part to many of
these species having larger ranges across temperate zones (e.g. S. undulatus, S. occidentalis, S. graciosus [23]) or because these
species often exhibit lability in habitat use [36] such that they can offset their resource use in sympatry. The high degree of
overlap between scansorial (arboreal and saxicolous) morphs may be a function of greater vertical space to partition, as in
Anolis lizards [2,47,81]. Our use of aggregated polygons could overestimate community membership; however, the fact that our
results support those found using occurrence data [22] suggest they are robust. Studies that continue to quantify closely related
species’ interactions, performance abilities and resource use in sympatry, and their relationships to morphology, will deepen our
understanding of how interspecific interactions and phenotypic diversity shape patterns of co-occurrence.

5. Conclusion

Our results show that ecomorphological evolution is associated with speciation and co-occurrence in a diverse and widespread
lizard radiation. We found that body size and relative limb and digit lengths differ between Sceloporus ecomorphs in ways
consistent with functional differences in sprinting and climbing performance expected by their habitat utilization. The evolution
of one of these ecomorphological forms, arboreality, is linked to an increase in speciation rate and led to further ecomorphologi-
cal diversification, suggesting that some morphological shifts can precipitate the rapid accumulation of additional phenotypic
novelty. Together, our results suggest that phenotypic evolution itself can create sufficient ecological opportunity, even without
a shift in a lineage’s geographic range or an environmental change in resource availability, to enable the rapid evolution of
ecomorphological and species diversity.
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