














ecomorphological differentiation and rapid species diversifica-
tion as keys to adaptive radiation (1, 2, 29). The anole story il-
lustrates that no single answer exists; rather, similar adaptive
radiations can result from very different evolutionary histories.
More generally, although mainland and island radiations have

diversified to produce very different ecomorphological configu-
rations, a parallel exists in patterns of diversification across
clades within each region. On the four islands of the Greater
Antilles, essentially the same set of ecomorphs has evolved on
each island, yet the sequence by which they have evolved has not
been the same across islands (54). In a similar way, our results
here show that the two mainland radiations have taken different
routes to very similar outcomes. This parallel duality illustrates a
higher-level convergence in the interplay of determinism and
contingency, occurring not only within clades but across regions
and radiations.

Materials and Methods
Phylogenetic and Geographic Data Collection. To test the hypothesis that
geographic factors influence lineage diversification in Anolis, we used the
time-calibrated molecular phylogeny of Poe et al. (20) including 315 of 379
extant Anolis lizards (83% of described species). Each species was classified
as being either a mainland (0) or island (1) species according to the data
matrix of Poe et al. (20). Two species with widespread distributions in Cuba
have colonized the coast of Central America; they are considered island
species. In addition to the four anole radiations, nine mainland species col-
onized very small islands: Anolis agassizi, Anolis bicaorum, Anolis concolor,
Anolis lineatus, Anolis nelsoni, Anolis pinchoti, Anolis roatensis, Anolis
townsendi, and Anolis utilensis. Not surprisingly, given the size of the is-
lands, none of these species have diversified. Because the purpose of these
analyses is to compare patterns of diversification between island and
mainland radiations, we have excluded them from the study.

We extracted theM1,M2, and GA subtrees (seemain text) for downstream
analyses (Fig. 1C) using APE v5.0 (55) in R (56). Due to its small size and re-
stricted geographic distribution, SLA was not included in most analyses. In
several cases, subgroups of these trees were also examined. When testing
models of trait-dependent diversification, we treat island/mainland as a bi-
nary trait that is hypothesized to impact the diversification process. To
contextualize our findings in the paleogeographic history of southern
Mexico and Central and South America, we visualized paleogeographic
rasters in GPlates (57).

Morphological and Habitat Use Data Collection. To investigate patterns and
rates of morphological evolution, we measured 10 traits on adult males that
have been shown to be functionally relevant to the diversification of Anolis
(14). Morphological measurements for all but lamella counts were collected
between 2009 and 2019 from 188 of the 379 extant species of Anolis, to-
taling 1,965 specimens. Traits measured were snout vent length (SVL), head
depth, head width, head length, tail length, fore-limb length, hind-limb
length, and counts of forefoot (toe III) and hindfoot (toe IV) lamellae. Ad-
ditional details are available in SI Appendix. Lamella counts were collected
from a total of 946 preserved specimens across 230 species with the goal of
sampling five individuals where possible. Details on the collection of these
data can be found in SI Appendix.

To test whether relationships between morphology and ecology in Anolis
are consistent between the mainland and island species, we collected data
on perch height and perch diameter for 1,555 males across 72 species. Data
on habitat use were collected by walking through the habitat at daytime
and by measuring, for each undisturbed individual, its height above the
ground and the diameter of its perch using a tape measure or a laser
distance meter.

To account for the confounding effect of correlations between body size
and all other morphological and habitat measurements, we calculated the
residuals of each Ln-transformed variable against Ln(SVL) using a standard
linear regression. In comparisons of univariate traits, we included data from
species not included in the phylogeny; these analyses are conducted without
incorporating phylogenetic information. All other analyses utilize data only
from species included in the phylogeny and incorporate phylogenetic in-
formation. Specifically, to improve statistical power, we applied univariate
analyses (ANOVAs and Welch’s two-sample t tests of individual traits as in
Fig. 5) to all species, including those not in the time-calibrated phylogeny.
These tests included the comparisons among 1) M1/M2/GA, 2) M1/M2-Sym-
patric/M2-Allopatric, 3) M1/M2-South America/M2-elsewhere, and 4) among

M1 and M2 of different biogeographic regions on the mainland (i.e., South
America, lower Central America, upper Central America, and Mexico). All
other morphological analyses are conducted in a phylogenetic context and
so use only those species shared between both datasets.

Rates of Morphological Evolution. To test whether rates of morphological
diversification were driven by patterns of colonization from either the
mainland to the Antilles or vice versa we used BAMM (58). Although use of
the fossil record can inform estimates of historical rates and patterns of
morphological evolution (59), the pre–late-Pleistocene fossil record of anoles
is scant (60). Consequently, our analyses are limited to the use of contem-
porary samples. These analyses were repeated across all 10 traits and for
measurements collected from males. As this method cannot handle missing
data, species for which data were unavailable for any of the 10 traits were
excluded. On average, only 51% of the species in our time-calibrated phy-
logeny were sampled for morphological traits. Consequently, we conserva-
tively specified our prior on the number of rate shifts as two, or less than
half that used in the diversification rate analysis (five). Assuming a prior of
two rate shifts, we ran six MC3 chains for 100 million generations, sampling
every 5,000 generations and discarding the first 20% of generations as burn-
in. As each analysis was conducted on individual traits [Ln(SVL) and size-
corrected residuals for other traits], a total of 20 analyses were conducted.
We used the plotPrior function in BAMMtools (61) to confirm that our prior
on number of rate shifts did not influence our posterior. We also investi-
gated the rate of multivariate trait evolution by analyzing phylogenetic PCs
1 to 5 in the same manner as described above. We report these results indi-
vidually, but additionally summarized these results by combining (postburn-in)
the posterior distribution of shifts and associated rates by appending the
resultant Markov chain Monte Carlos (MCMCs). We evenly sampled 25,000
total events (5,000 per PC) across this combined posterior and plotted the
resulting rates along the phylogeny. Because samples were drawn evenly
along the combined posterior, rates estimated for each PC is represented
equally in the final sampled posterior.

Trait Disparity. To obtain estimates of contemporary disparity we used the R
package dispRity (62). Only species that were measured for all 10 morpho-
logical and two ecological traits were included for this analysis. To stan-
dardize unit measurements, we scaled all 10 traits to mean = 0, SD = 1.
Disparity is calculated as the average Euclidean distance in phenotypic trait
values between species and was obtained for each subtree (i.e., M1, M2, and
GA). We tested two hypotheses: 1) that disparity differs among mainland
(M1 and M2 combined) and GA anoles and 2) that disparity differs among
the three major clades. To quantify uncertainty in our estimates of con-
temporary diversity we conducted 1,000 nonparametric bootstraps. From
these bootstrapped distributions we calculated 95% confidence intervals. To
test whether contemporary diversity significantly differed between groups
we tested the hypothesis that differences in disparity among bootstrapped
distributions equals zero. To test the hypothesis that each group differs in
the rate at which disparity accumulates we repeated the above analyses, but
scaling disparity by patristic distance separating each species pair.

Geography-Dependent Diversification. To test the hypothesis that mainland
and island Anolis experienced different diversification rates we competed
seven models of trait-dependent and seven models of trait-independent
diversification using HiSSE (63). HiSSE tests for associations between diver-
sification rates and binary characters while allowing for heterogeneity in
diversification rates within character-states. As data for this analysis, we
used the full time-calibrated molecular phylogeny with species designated as
either mainland (0) or island (1). Parameter optimization was improved
through the use of simulated annealing to first traverse the likelihood sur-
face to identify ideal starting parameter values for subsequent maximum
likelihood optimization.

To correct for the influence of incomplete sampling on diversification rate
parameter estimation (64) we specified the sampling fraction as the pro-
portion of extant described mainland (82%) and island (85%) species sam-
pled in our phylogeny (see SI Appendix). For both this analysis and the
analysis described below, we focused primarily on net diversification, which
we acknowledge will primarily be driven by the estimation of speciation
rates. That is, although extinction may well play a significant role in the
diversification process, our limited ability to accurately estimate extinction
rates will hamper meaningful interpretation of this parameter (65).

Lineage Diversification Rate Shifts. To complement the above analyses we
tested whether diversification rates vary in a geographically concordant
manner among anole lineages by analyzing the complete phylogeny using
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BAMM v2.5 (61, 66). BAMM tests for the presence of distinct diversification
rate regimes within a phylogeny in a manner agnostic to geography.
Reversible-jump MCMC is used to sample and pinpoint the locations of di-
versification rate shifts, and diversification rate parameters are fit to the
subtending branches (66). Assuming a prior of five rate shifts, we ran four
independent runs of six MC3 chains for a total of 50 million generations,
sampling every 5,000 generations, discarding the first 20% of generations
for burn-in. Clade specific sampling fractions were specified each for clades
M1 (62%), M2 (91%), GA (84%), and SLA (89%) (Fig. 1C). We subsequently
used the Gelman diagnostic (67) to confirm that the four runs had con-
verged on the same posterior distribution and the Geweke diagnostic to
confirm that each run had converged using the R package coda (68). Further
visual confirmation of convergence was assessed in coda. Because all runs
converged, we present results from only one of these runs. As with HiSSE, all
species were included.

PDR Estimation. Louca and Pennell (69) recently demonstrated that extant
time trees alone cannot reliably estimate speciation and extinction rates
separately using homogeneous birth–death models and instead are consis-
tent with a large number of diversification histories (for a contrasting view
see ref. 70). That is, each time tree is consistent with a set of different, but
statistically indistinguishable, diversification dynamics called a “congruence
class.” One summary statistic, the PDR, summarizes the congruence class; the
PDR is equal to the net diversification rate when the speciation rate is
constant through time. In effect, the PDR is analogous to the net diversifi-
cation rate—positive values imply an increase in diversity through time,
whereas negative values imply a loss of diversity through time. To charac-
terize the diversification dynamics of anoles within the new framework, we
estimated the PDR for each Anolis group (GA, M1, and M2 and also for
mainland groups M2-Early and M2-Derived). For each subtree, we 1) used a
custom script (provided by Matthew Pennell) to identify the ideal number of
time-points needed to estimate the PDR, 2) fit the PDR using maximum
likelihood, 3) simulated 1,000 phylogenies of equal size and age under the
fitted parameters, and 4) fit the PDR to each simulated tree. In effect, steps 3
to 4 represent a parametric bootstrapping procedure. For each subtree, rho,
or the proportion of extant species included in the phylogeny, was specified.
In turn, we obtain time-series estimates of the PDR, which is equal to the net
diversification rate assuming time-constant speciation rates and incomplete
taxon sampling. We excluded estimates more recent than 5 Ma so as to
avoid “pull of the recent” effects (i.e., upwardly biased estimate of diver-
sification caused by failure to identify young, morphologically cryptic taxa as
distinct species).

Morphospace Comparison. We asked whether patterns of morphospace oc-
cupation differed among mainland and island clades. We first make this
comparison among GA, M1, and M2. We further ask whether M2 exhibits
ecological character displacement when in sympatrywithM1. If so, we predict
thatM2 species allopatric fromM1will bemore similar inmorphospace toM1
than M2 species that are sympatric with M1. To test this prediction we 1)
conducted a phylogenetic principal component analysis (71) accounting for
shared phylogenetic history with phytools v0.6-99 (72) using the correlation
matrix (because we had both ordinal and continuous traits) and 2) con-
structed n-dimensional hypervolumes using a one-class support vector ma-
chine (SVM) learning model using the first three PC axes (73). As with
previous analyses, only species measured for all 10 traits were included in
these analyses. Hypervolumes are visualized by randomly sampling 1,000
uniformly distributed points that are determined by the SVM to fall within
the inferred hypervolume. These random (unobserved) points are in turn
plotted as small, semitransparent points. These hypervolumes were subse-
quently used to calculate distance and similarity/overlap between GA, M1,
and M2 in multivariate space. These morphospace and hypervolume analy-
ses were repeated for M2 either in sympatry or allopatry with M1. Hyper-
volumes were subsequently summarized using four statistics: Jaccard’s
similarity, Sørenson’s similarity, and fraction of hypervolume unique for ei-
ther of the two groups in the comparison. To supplement our multivariate
approach, we conducted simple pairwise comparisons (t test assuming un-
equal variance) of morphological and ecological data between 1) all three
major geographic clades and 2) M1 and M2, either when in sympatry or
allopatry.

Quantifying the Extent of Convergence. To quantify the extent of extreme
convergence within and among anole groups, we identified species pairs that
are much more similar in morphology than would be expected under a fitted
model of trait evolution, accounting for phylogeny. Specifically, we repli-
cated the procedure of Mazel et al. (74) but inverted the values so as to

provide a more intuitive metric of convergence. In brief, we quantified the
extent to which observed trait similarities deviated from expectation under
a model of neutral trait evolution by calculating the standard effect size.
This metric is given by Eq. 1:

Phylogenetically standardized trait similarity PSTS( )
= DistanceObs − mean DistanceExp( )

sd DistanceExp( )
× −1. [1]

This procedure allows for the identification of both the most extreme ob-
served convergences (positive PSTS) and divergences (negative PSTS); how-
ever, we focus solely on convergence. Note that this approach simply allows
for the identification of the most extremely similar species pairs given a
particular sample of species; in this sense, we are quantifying relative, not
absolute, convergence. That is, this metric cannot be compared across distinct
datasets, nor does it indicate that unidentified pairs aren’t convergent to a
lesser extent.

As with previous multivariate analyses, only species measured for all 10
traits were included in this analysis. As our distance metric we used Euclidean
distances. We tested two models of trait evolution: multivariate Brownian
motion and multivariate Ornstein–Uhlenbeck, each fitted using mvMORPH
v1.1.0 (75). Under the best-fit model we then simulated 20,000 comparable
multivariate trait distributions in mvMORPH to obtain a null distribution of
trait similarities. We subsequently used these 20,000 simulated trait distri-
butions to calculate PSTS for each pairwise comparison. We define the ex-
treme convergences as the top 1% of the pairwise PSTS values. To minimize
potential instances of phylogenetic stasis being mistakenly identified as
convergence, we excluded any convergence between sister species as de-
termined using the complete phylogeny using the distTips function in ade-
phylo (76). However, this procedure only led to the removal of two species
pairs: Anolis dolichocephalus–Anolis hendersoni and Anolis lionotus–Anolis
poecilopus.

To compare the extent of extreme convergence in different groups we
depict these extreme convergences as a heat map in which for each cell the
number of observed extreme convergences is scaled relative to the number
expected given the number of pairwise comparisons. A binomial test is used
to examine whether extent of extreme convergence differed significantly
among comparisons, with P values corrected for multiple tests using the
method of Benjamini and Hochberg (77). To further explore patterns of
extreme convergence on the mainland we calculated the number of ex-
treme convergences observed among species occurring within each of the
seven biogeographic regions. Results for M2 alone are qualitatively very
similar and thus not shown.

Ecological Morphology of Mainland and Island Anolis. To test the hypothesis
that the relationship between morphology and ecology differs among
groups, we conducted a series of phylogenetic regressions of morphological
traits against habitat use measurements. Specifically, we tested for rela-
tionships between 1) hind- and forefoot lamella count and perch height and
2) hind- and forelimb length against perch diameter. To account for phy-
logenetic nonindependence we conducted phylogenetic least squares (PGLS)
in the R package caper v1.0.1 (78). For each trait–habitat use comparison, we
conducted an analysis of covariance (ANCOVA) in which we first tested for
heterogeneity of slopes among GA, M1, and M2 and, when that was not
significant, then tested for differences in intercepts. If neither was signifi-
cant, we report P values for the global slope. The procedure used follows
that of Fuentes-G et al. (79). To test the hypothesis that M2 species are
closer in ecomorphological space to M1 than to GA, we calculated the
distance from each M2 species to the fitted slopes for M1 and GA for all four
ecomorphological relationships. To quantify similarity of slope between M1,
M2, and GA, we fit all possible models including two of the three groups in
which trait value is predicted by ecological value plus an interaction term
with clade. From these models, we recoded the slope per group, calculated
the difference between these slopes (a metric of how similar the slopes are),
and extracted the P value for the interaction term. We also tested whether
perch height or perch diameter differed between clades (GA, M1, and M2)
or mainland groups (M1, M2-Allopatric, and M2-Sympatric) using an
ANOVA. When the ANOVAs were significant, we made pairwise compari-
sons using Welch’s two-sample t tests. For relationships in which a significant
interaction term was recovered (i.e., slopes differed among clades) we
sought to quantify how similar these relationships were between groups.
Thus, we subsequently repeated the above procedure using all pairwise
combinations of clades. Thus, for each pairwise comparison, we tested
whether intercepts or slopes differed significantly (SI Appendix, Table S2).
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Data Availability. Scripts and ecological and morphological measurements
have been deposited in GitHub (https://github.com/austinhpatton/AnolisRadiation)
(80). Ecological, morphological, and all other study data are included in the
article and/or supporting information.
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