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Oceanic islands are known as test tubes of evolution. Isolated
and colonized by relatively few species, islands are home to many
of nature’s most renowned radiations from the finches of the
Galapagos to the silverswords of the Hawaiian Islands. Despite
the evolutionary exuberance of insular life, island occupation has
long been thought to be irreversible. In particular, the presumed much
tougher competitive and predatory milieu in continental settings pre-
vents colonization, much less evolutionary diversification, from islands
back to mainlands. To test these predictions, we examined the
ecological and morphological diversity of neotropical Anolis lizards,
which originated in South America, colonized and radiated on various
islands in the Caribbean, and then returned and diversified on the
mainland. We focus in particular on what happens when mainland
and island evolutionary radiations collide. We show that extensive
continental radiations can result from island ancestors and that the
incumbent and invading mainland clades achieve their ecological and
morphological disparity in very different ways. Moreover, we show
that when a mainland radiation derived from island ancestors comes
into contact with an incumbent mainland radiation the ensuing
interactions favor the island-derived clade.
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istorically, conceptions of island evolution have been con-

tradictory. Because oceanic islands initially have few spe-
cies, island resources often can be underutilized, presenting an
“ecological opportunity” for evolutionary diversification. Indeed,
essentially all textbook cases of adaptive radiation come from
clades that evolved on islands or in island-like settings (e.g.,
lakes) (1-3). Yet, the reduced species richness on islands has led
to the presumption that interspecific interactions are less intense
there and that island species rarely reinvade, much less diversify,
in continental settings because they are not adapted to strong
competitive and predatory interactions (4-7). Many examples
now show this premise to be incorrect: Mainland-to-island col-
onization is not a one-way street (8-13). Nonetheless, a disparity
in evolutionary outcomes is still evident: Continental species can
give rise to spectacular adaptive radiations on islands, yet the
converse has scarcely been reported.

Island anoles (Fig. 1 A-C) are a textbook example of adaptive
radiation (1, 14). Anoles have radiated independently on each of
the main islands of the Greater Antilles, resulting in highly
similar suites of habitat specialist species—termed ecomorphs—on
each island (15). Correlations between habitat use and morphology
suggest species have evolved to capitalize on different microhabitats,
and detailed studies of behavior, biomechanics, and natural se-
lection have bolstered our understanding of the adaptive basis of
these radiations (14).
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Anoles, however, are distributed much more widely than the
Greater Antilles, their range encompassing all of the West In-
dies, Central America (except parts of Mexico), the northern half
of South America, and the southeastern United States. For
reasons both biological (anoles have lower abundance and are
more cryptic on the mainland) and historical [the pioneer in
anole studies, Ernest Williams, focused his work on island spe-
cies (15)], the diversity of mainland anoles (Fig. 1 D-F) has re-
ceived much less attention. This geographical discrepancy in
research effort has occurred even though ecological and mor-
phological diversity of mainland anoles rivals that of the islands
(1, 16-19), local mainland communities support as many as 11 to
15 sympatric anole species (14), and more described species
occur on the mainland (204 species) than on islands (166
species—counts excluding 9 species that secondarily colonized
islands; SI Appendix, Fig. S1) (20).

Significance

Isolated and infrequently colonized, islands harbor many of nature’s
most renowned evolutionary radiations. Despite this evolutionary
exuberance, island occupation has long been considered irre-
versible: The much tougher competitive and predatory milieu on
mainlands prevents colonization, much less evolutionary diver-
sification, from islands to continents. To test these postulates,
we examined neotropical Anolis lizards, asking what happens
when mainland and island evolutionary radiations collide. Far
from being a dead end, we show that island-to-mainland
colonization seeded an extensive radiation that achieved its
ecomorphological disparity in ways distinct from their island
ancestors. Moreover, when the incumbent and island-derived
radiations collided, the ensuing interactions favored the latter,
together highlighting a persistent role of both historical con-
tingency and determinism in adaptive radiation.
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Fig. 1.

Morphological and ecological diversity in Caribbean (A-C) and Mainland (D-F) Anolis lizards. (A) Anolis guamuhaya, a twig anole, (B) Anolis occultus,

a twig anole, (C) Anolis bartschi, (D) Anolis proboscis, (E) Anolis uniformis, (F) Anolis alvarezdeltoroi.

A curious quirk of mainland anole diversity is that it is the
result of two, partially overlapping evolutionary radiations.
Anolis originated in South America ~51 Ma (Bayesian credible
interval of crown age = 42.4 to 61.7 Ma; dates from Poe et al.
(see Fig. 2 legend), diversifying there while that continent was
isolated from Central America (20, 21) (we henceforth refer to
this clade of mainland anoles as M1; Fig. 2 4 and B). A colo-
nization event ~43 to 51 Ma then gave rise to the anole faunas of
the Greater Antilles and northern Lesser Antilles (referred to
herein as GA; Fig. 2B) (20). In contrast to the diverse radiation
of the GA anoles, a second clade colonized the islands of the
southern Lesser Antilles (herein SLA) but did not undergo ex-
tensive diversification, no doubt a result of the small size of those
islands (22). Approximately 35 Ma, an anole from the Greater
Antilles colonized previously anole-free Central America, seeding
an expansive species radiation (M2) in which anoles diversified
and dispersed throughout the region. This second mainland ra-
diation eventually invaded South America, where species came
into contact with members of the older, incumbent mainland
radiation (Fig. 2B and ref. 20).

Herein, we characterize the evolutionary outcomes of this
mainland recolonization and subsequent radiation by ancestrally
Caribbean Anolis lizards. Specifically, we use a nearly complete
time-calibrated Anolis phylogeny (20) and measurements for 10
adaptively relevant morphological and two ecological traits to
address the following questions. First, how do the dynamics of
adaptive radiation differ between island and mainland groups?
For instance, the pace of lineage and morphological diversifi-
cation is commonly thought to be greatest early in adaptive ra-
diation (1, 23); these patterns have been observed in anoles of
the Greater Antilles (24), but does the tempo and mode of di-
versification differ in mainland radiations? Second, does a clade
recolonizing the mainland adapt in ways more similar to the
earlier diverging mainland clade or to their more immediate
island ancestors? For example, perhaps environmental condi-
tions are so distinct between island and mainland settings that
recolonization of the mainland by island anoles leads to the re-
version to ecomorphologies more typical of the earlier diverging
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mainland clade. The approaches used to address the previous
two questions ultimately enable us to investigate our third and
primary question: What happens when closely related but inde-
pendently evolving adaptive radiations collide? Do the clades
exclude each other from their ancestral ranges? Or is success in
radiation and dispersal asymmetrical, the outcome favoring one
clade over the other?

Results and Discussion

Alternative Paths to Adaptive Radiation. Greater Antillean anoles
are an iconic example of adaptive radiation, renowned for the
extent of their adaptive disparity (Fig. 1 A-C). The suggestion
(25) that adaptive radiation is primarily an island phenomenon
leads to the expectation that island radiations should exhibit
much greater ecological and morphological disparity than their
mainland counterparts. Our data for anoles reveals support for
this hypothesis to be equivocal. Contrary to the ecological op-
portunity hypothesis, mainland anoles exhibit substantially
greater variation in habitat use. They do so by occupying mi-
crohabitats little utilized by island anoles high in the trees and
low on the ground (SI Appendix, Fig. S2), as well as by occurring
in macrohabitats, such as cloud forests and beaches, rarely fre-
quented on islands (14).

All three radiations exhibit substantial ecomorphological di-
versity, including species large and small, stout and thin, with
long legs and short legs, and big toepads or none at all. None-
theless, despite their great ecological amplitude (Fig. 2C),
mainland anoles exhibit less morphological disparity than their
island counterparts (Figs. 1 and 2 D and E). These results are
consistent with the findings of two recent papers (26, 27).

Although all three radiations exhibit great ecomorphological
variety, we find that their morphological diversity has been the
result of two different evolutionary paths. This dichotomy,
however, does not fall along island—-mainland lines; rather, it is
the two mainland anoles that differ in evolutionary trajectories.
Specifically, a pattern often seen in adaptive radiations, in which
morphological evolution occurs rapidly early on before slowing
as niche space fills (1, 28), is seen in GA and, to a lesser extent,
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Fig. 2. Phylogeny, paleogeographic colonization history, and morphological and ecological disparity across Anolis. (A) Morphological rates of evolution
across Anolis using PCs 1 to 5 as inferred by BAMM and a time-calibrated phylogeny (20). Warmer colors indicate faster rates (see inset legend and note the
nonlinear scale). (B) Colonization history of Anolis, with paleogeographic reconstructions drawn from Scotese et al. (81) for reference time points. From left
to right: Colonization of northern Lesser and Greater Antilles producing the radiation we refer to as GA (42.4 to 61.7 Ma); the clade ancestrally occupying
South America we refer to as Mainland 1 (M1); colonization of Central America either from Cuba or Jamaica giving rise to the clade we refer to as Mainland
2 (M2: 29.9 to 41 Ma); colonization of the southern Lesser Antilles by a clade referred to herein as SLA (23.9 to 40.1 Ma); repeated southward dispersal by M2
beginning ~15 Ma, and the earliest instance of limited northward dispersal by M1 ~14 Ma. (C) Perch height plotted against perch diameter, each in log-scale.
(D and E) Contemporary disparity calculated as the average Euclidean distance among all pairs of points, using (D) morphological or (E) ecological traits
among GA, M1, and M2. Observed values are large, filled circles; 95% Cls calculated from 1,000 bootstrap replicates are plotted as error bars. P values
correspond to the probability that the difference in disparity among groups equals zero, calculated from the bootstrap replicates.

M1 (Fig. 14). M2, however, does not show such an early burst.
Rather, the clade has consistently low rates of morphological
evolution throughout its history (these low rates are also repor-
ted by ref. 26). Nonetheless, M2 still exhibits nearly three-
quarters as much ecomorphological disparity as GA and 88%
of M1 (Figs. 1 D-F and 2 D and E) despite being substantially
younger (indeed, when scaled by divergence time, the ecomor-
phological disparity of the radiations are statistically indistin-
guishable; SI Appendix, Fig. S3).

The answer to the paradox of M2’s great disparity despite low
rates of morphological evolution lies in patterns of species pro-
liferation. Although adaptive radiations often experience high
rates of species diversification (i.e., net diversification: specia-
tion — extinction) early in their histories (29), we found strong
evidence of such elevated early rates only for M2. Specifically,
using three different approaches (BAMM [Bayesian Analysis of
Macroevolutionary Mixtures], HiSSE [Hidden State Speciation
and Extinction], and pulled diversification rate [PDR]; details in
SI Appendix), we failed to find consistent support for high rates
of species diversification early in the radiations of GA and M1
(in each case, only one method of the three supported this pat-
tern). In contrast, all three analyses revealed elevated species
diversification rates early on for M2 followed by subsequent
slowdowns [Fig. 3 A-C; see SI Appendix for discussion of
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comparison to other recent comparisons of anole diversification
rate (27, 30)].

These results point to two fundamentally different pathways to
adaptive radiation: one through high rates of phenotypic evolu-
tion early in the radiation, as revealed by GA and, to a lesser
extent, M1, and the other through high rates of species diversi-
fication early on without markedly high rates of concurrent
morphological evolution, as evident in M2. Quantitative analysis
of ongoing evolutionary rates supports this dichotomy, demon-
strating that an inverse relationship exists among extant species in
contemporary rates of diversification and morphological evolution
(81 Appendix, Fig. S6). Despite these markedly different routes to
radiation, all three clades exhibited extensive adaptive radiation
(Fig. 2 C-E). Why M2 diversified in a fundamentally different
manner than its island ancestors or the other mainland clade is a
question ripe for future research endeavors.

Island versus Mainland Differences in Ecomorphological Adaptation.
The environment of Caribbean islands differs from that of the
mainland Neotropics in many ways, including the overall greater
biodiversity of the mainland, the greater prevalence of predators
and insectivorous competitors [including many more squamate
species (31, 32)], differences in forest structure, and even the
incidence of hurricanes (16, 33-35). Given these differences, we
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Fig. 3. Species diversification dynamics of Anolis through time. Branch
colors correspond to net diversification rates (see inset density plots) and red
circles (in A) denote the position of rate shifts. (A) Best shift configuration
according to BAMM. M2-Early denotes the early arising group of M2 (ex-
clusive of M2-Derived; see below) inferred to experience the first round of
accelerated diversification; M2-Derived is nested within M2 and was iden-
tified by BAMM as having a diversification rate increase at its base. (B) Model
averaged net-diversification rate estimates obtained via HiSSE analysis.
(C and D) PDR is a summary statistic of a “congruence class” of distinct, but
statistically indistinguishable, diversification rate histories compatible with a
single extant time tree that is equal to the net diversification rate assuming
time-constant rates of speciation. Solid lines are the maximum likelihood
estimate of the PDR for each discrete point in the time grid; estimates from
parametric bootstrap replicates are plotted as individual points. (C) PDR for
all Anolis (black) as well as the three anole radiations. PDR for SLA is not
estimated due to limitations of sample size, nor for recent (i.e.,, < 5 Ma)
timescales so as to avoid the “pull of the recent” (see Materials and Meth-
ods). (D) PDR trajectories for the two subgroups within M2.

might expect the species evolved in the mainland anole radia-
tions to be more similar to each other than to those in an island
radiation. Alternatively, because M2 is derived from GA, we
might instead expect ecomorphologies to be more similar for
these two groups than either is to M1.

In support of the former hypothesis, patterns of ecomorpho-
logical evolution in the two mainland radiations are similar in
many respects. Not only is the magnitude of their ecological
disparity statistically indistinguishable (Fig. 2E), but the two ra-
diations overlap in morphological space to a much greater extent
than either does with GA anoles when looking across all phy-
logenetic principal components (PCs) (Fig. 44 and SI Appendix,
Fig. S7 and Table S1). Given that M2 is descended from GA, this
similarity between M1 and M2 suggests a radiation-level con-
vergence in which M2 has evolved away from its island ancestors,
diversifying instead in morphospace proximate to the basal
mainland clade.

To further test the similarity of the mainland radiations, we
examined the relationship between morphology (limb dimen-
sions and toepad scales) and habitat use (perch height and di-
ameter) for traits considered key to the anole adaptive radiation
(14). The actual ecomorphological relationships do not neatly
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favor either hypothesis. For all four traits, the slope of the rela-
tionship is most different for the two mainland groups (Fig. 4 B-E
and SI Appendix, Tables S2-S4); indeed, for the relationship be-
tween lamella number and perch height, the relationships are in
opposite directions for the two mainland clades! For the same
pairwise comparison to be the most different of the three pos-
sibilities in all four comparisons is highly improbable (P = 0.037).
Clearly, ecomorphological adaptation is occurring in different
ways in the two groups. Nonetheless, M2 has diverged from
ancestral GA to be more similar to M1 in ecomorphological
space (SI Appendix, Fig. S8). That is, M2 species are closer in trait
space to M1 than they are to GA, despite the markedly different
slopes of their phenotype-environment relationships.

Despite their similarities, the two mainland clades are not
identical in ecological morphology. Rather, they occupy statis-
tically distinct, albeit closely situated, regions of morphological
space. Detailed examination indicates that M1 anoles differ from
M2 anoles in multiple dimensions, both morphologically and
ecologically (Fig. 5 and SI Appendix, Figs. S2 and S9).

The similarity between the two mainland clades in morphology
suggests that convergent evolution should be common. To
quantify degree of convergence, we calculated the phylogeneti-
cally standardized trait similarity (PSTS) for each pair of species
and identified the top 1% (i.e., the most similar pairs of species
compared to expected similarity for each pair based on phylo-
genetic relationship and multivariate rates of trait evolution (Eq.
1; see SI Appendix for details). Thus, we are focusing solely on
the most extreme cases of convergence. Indeed, we find that
there are significantly more convergences between M1 and M2
than would be expected given their diversity alone (Fig. 4F and
SI Appendix, Figs. S10-S13 and Table S5).

The ecomorphs of the Greater Antilles are famous examples
of convergence, with a similar suite of habitat specialist eco-
morphs having evolved repeatedly on each island, a pattern that
has only recently been shown for mainland anoles (18, 36, 37).
Surprisingly, GA anoles do not harbor more extreme conver-
gences than expected in contrast to M2 anoles, which are sig-
nificantly enriched for within-clade convergences: GA harbors
1.14 times more within-radiation convergences than expected
under a neutral model of trait evolution (g = 0.923), whereas M2
harbors 2.00 times more convergences than expected (g = 0.003;
Fig. 4F and SI Appendix, Figs. S10-S13 and Table S5). Most of
the instances of convergence on the mainland are in species pairs
occurring in different biogeographic regions in Central and
South America (Fig. 64), suggesting repeated exploration of
similar adaptive space across regions. However, these mainland
convergences are not organized into geographically discrete
replicate adaptive radiations, as in the Greater Antilles.

Other studies have detected convergence between mainland
and island anoles (18, 37); although we detect such mainland—
island convergences, we do not find that their number is excep-
tional. Moreover, we focused on the most extreme cases of
convergence, which similarly may explain why we did not find
more convergence than expected among GA anoles: Members of
the same ecomorph class in the Greater Antilles are convergent
but oftentimes still quite distinctive, as occurs, for example, in
twig ecomorphs.

Though displaying extensive morphological disparity like GA
(Fig. 2D), the adaptive radiation of the M1 clade in South America
followed a different route, resulting in very little within-clade
convergence (¢ = 0.11; Fig. 4F and SI Appendix, Figs. S10-S13
and Table S5). In this clade, ecomorphologically similar species
tend to be closely related but occur in different biogeographic
regions, suggesting an early diversification that quickly ex-
panded geographically, filling ecological niches and preclud-
ing the opportunity for convergent adaptation (SI Appendix,
Fig. S14).
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machine (SVM) learning. Heavy, white outlined circles are centroids of each group’s hypervolume. Dark, opaque colored points are observed, and light,
semitransparent points are uniformly distributed points that fall within the hypervolume inferred by the SVM. Morphospace overlap is greatest between M1
and M2 (Jaccard = 0.29, Serenson = 0.22), followed by M2 and GA (Jaccard = 0.12, Serenson = 0.21), and M1 and GA (Jaccard = 0.10, Sgrenson = 0.19). (B-E)
Ecomorphological relationships between (B) forefoot lamella count and perch height, (C) hindfoot lamella count and perch height, (D) forelimb length and
perch diameter, and () hindlimb length and perch diameter. In B-E, variables are size-corrected, and regressions account for phylogenetic nonindependence
(78). Slopes accounting for phylogenetic nonindependence are solid, and uncorrected are dashed. For each trait-habitat use comparison we conducted an
ANCOVA in which we first tested for heterogeneity of slopes among GA, M1, and M2 and, when that was not significant, then tested for heterogeneity of
intercepts. If we did not recover evidence for heterogeneity of intercepts (i.e., 4E) we report the P value for a single, global slope, but plot slopes per group for
consistency. (F) Phylogenetic pattern of extreme convergence among species. Each convergent pair is indicated with a single line, drawn from left to right.

In summary, an island-mainland difference is apparent in
patterns of ecomorphological adaptation: The two mainland
clades have evolved many similarities in comparison to island
anoles. Nonetheless, differences exist between the mainland
clades; patterns of convergent evolution reveal, just as with the
rates of species and morphological diversification, that the two
mainland clades have taken different routes to similar outcomes.

When Radiations Collide. The two mainland anole clades were
allopatric over much of their evolutionary history, separated by
the Central American Seaway. However, as the Seaway began to
close with the rise of the Isthmus of Panama, M1 and M2 came
into contact (Figs. 2B and 6B). This contact between two large
anole clades, part of the Great American Biotic Interchange,
represents a rare example of closely related and adaptively di-
verse clades coming into contact (38).

Given the general similarity in the pattern of diversification of
the two clades, one might expect a priority effect in which neither
clade was able to make inroads into the area occupied by the
other (39, 40). Alternatively, the differences that existed between
clades in ecological morphology may have allowed the clades to
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partition resources and thus coexist in sympatry, possibly leading
to character displacement to enhance these differences.

We find support for neither of these possibilities. Contrary to
the possibility that priority effects prevented range expansions,
both clades were able to expand into the ancestral area of the
other (Fig. 2B), producing communities comprised of members
of both M1 and M2 (18). However, as with the famous mammal
story (41, 42), the Great Anole Biotic Interchange was asym-
metric in favor of the northerners; anoles from Central America
swept into South America, occupying the entire ancestral range
of M1 (Fig. 6B). In contrast, South American M1 anoles had
considerably less success moving northward [much less so than
South American mammals (41, 42) and other taxa (43, 44)],
advancing only to southern Costa Rica, thus failing to occupy
much of the geographic area inhabited by M2.

Also similar to the mammal invasion, in situ diversification
played an important role. Diversification rate analyses revealed
that a subclade of M2 (herein M2-Derived) experienced elevated
rates of diversification beginning ~24 Ma, concurrent with
the initial stages of the formation of the Isthmus of Panama
[estimated ~25 Ma (45); Fig. 3 A and D]. Members of this clade
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Fig. 5. Incumbent and invading mainland anoles differ in morphology and ecology. Boxplots show medians and interquartile range. P values for pairwise
t tests are reported above each comparison. Significant P values are bolded. M1 anoles are typically larger than M2 species (A, t = 5.2, degrees of freedom
[df] = 63, Cohen’s D = 1.03) and have shorter fore- (B, t = —2.09, df = 53, D = 0.43) and hindlimbs (C, t = —3.3, df =53, D = 0. 68) and narrower (D, t = —6.1, df =

100, D = 1.1) and deeper (E, t = —2.04, df = 67, D = 0.41) heads. M1 is also significantly more arboreal (F, t = 3.7, df =39, D = 1.1).

subsequently expanded southward (as did some members of M2-
Early), invading South America as early as 15 Ma (20), coinci-
dent with extensive uplift 15 to 10 Ma (46) that subsequently led
to the closure of the Central American Seaway (47). A result of
this heightened diversification is that M2 constitutes one-third of
the 103 anole species in South America; of these 17 fall within
M2-Early and 18 within M2-Derived. By contrast, the M1 clade
experienced no such increase in diversification rate at the time of
the interchange; rather, it declined after 14 Ma. Moreover, rel-
atively few M1 species occur in Central America (9 species),
substantially fewer than the 41 M2 species in the same area
(lower Central America) and only 9% of the anole species in all
of Central America.

The asymmetry in invasion success is also evident in ecology
and morphology. Morphologically, M2 anoles that cooccur with
M1 species are very similar to allopatric M2 anoles (Fig. 6C).
That is, 90.4% of the morphospace occupied by South American
M2 species is shared by M2 species in Central America (SI Ap-
pendix, Fig. S15 and Table S6). Although some of this morpho-
logical variation came with the immigrants from Central
America, in situ evolutionary diversification played a role as well,
as evidenced by the extensive convergence between South and
Central American M2 (Fig. 64). In contrast, M1 anoles in
Central America are less varied morphologically than they are in
their ancestral range in South America, primarily being re-
stricted to large species (SI Appendix, Fig. S164). A null model
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that samples with replacement from the ancestral range found
that the size distribution of Central American species was
strongly nonrandom relative to the ancestral species pool in
South America (P = 0.007; SI Appendix, Fig. S16B). These results
indicate that random colonization of species could not produce
such a large discrepancy in size distribution. More sophisticated
analyses incorporating phylogenetic information and in situ di-
versification dynamics are needed to more fully investigate
whether this difference could have arisen by chance. Ecologi-
cally, an interesting difference is apparent; not only do M1
anoles perch higher than M2 anoles (P = 0.00071; Fig. 5F), but
this difference is exaggerated in sympatry; M2 anoles in sympatry
with M1 anoles perch lower than M2 anoles in allopatry (P =
0.0025; SI Appendix, Fig. S17A4).

This ecological niche partitioning could set the stage for the
evolution of character displacement in sympatry, but we found
little evidence for its occurrence (SI Appendix, Fig. S18). That is,
sympatric M2 anoles are closer in morphospace to M1 anoles
than are allopatric M2 species, contrary to the character dis-
placement hypothesis (Fig. 6C and SI Appendix, Table S7). In-
deed, rather than diverging, sympatric M2 anoles were often
more similar to M1 than were allopatric M2 anoles when looking
at individual traits (SI Appendix, Fig. S18).

In sum, sympatry with M1 had little effect on the ecological or
morphological diversification of M2. However, the fact that M1’s
expansion into areas occupied by M2 was only accomplished by
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large species—those most dissimilar in size to M2 anoles—
suggests a role for interspecific interactions in constraining the
expansion of M1 (SI Appendix, Fig. S16).

At present, we have no explanation for this discrepancy in
outcome. When biotas meet, the direction of asymmetric inter-
change often is predicted by the extent of available habitat in
each region; species from the larger region tend to overrun those
from the smaller region (38). However, our results contradict this
expectation given the much greater size of M1’s range in South
America compared to M2’s range in Central America. Alterna-
tively, successful invaders often come from more species-rich
areas and M2’s diversity in their ancestral area (excluding M2
in South America: 101 species) is substantially greater than M1
in theirs (excluding M1 in Central America: 67 species). If the
faunal exchange was simply a function of clade size, then we
would expect proportionally similar numbers of species ex-
changed between the two regions. In contrast, we find that 12%
of M1’s diversity is found outside of its ancestral range in South
America as compared to M2, for which 27% of its diversity is
found outside of its ancestral distribution in Central America.

Unfortunately, the population biology and ecology of main-
land anoles is surprisingly poorly known, and new species are
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being described at a steady pace (18, 36, 48-53). Perhaps future
work will uncover key life history, physiological or behavioral
differences between the clades that can explain their differential
success. If so, perhaps we can learn whether those differences
evolved as a result of historical environmental differences be-
tween Central and South America, as a legacy of M2’s island
ancestry (island anoles occur at much higher densities and ex-
perience strong intra- and interspecific competition), or for
other reasons.

Regardless, the anole adaptive radiations deliver two impor-
tant messages. First, islands, far from being evolutionary dead
ends, are a cauldron of evolutionary innovation and diversification.
Not only are island species capable of colonizing the mainland,
but they can give rise to highly successful evolutionary radiations,
so evolutionarily capable that they outperform mainland radia-
tions when they come into contact. Our results emphasizes that
mainland diversity is ripe for future study, both to gain a more
complete understanding of the process of adaptive radiation on
mainland settings and to better characterize the understudied
extant mainland diversity (53).

Second, multiple paths exist to adaptive radiation. Evolu-
tionary biologists have debated the relative importance of rapid
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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 the M1, M2, and GA subtrees (see main 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 Ill) and hindfoot (toe IV) lamellae. Ad-
ditional details are available in S/ 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 S/ 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
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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 MC? 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 BAMMTtools (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 MC? 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 sympatry with M1. If so, we predict
that M2 species allopatric from M1 will be more similar in morphospace to M1
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, Serenson’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
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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)

_ Distancegps — mean(Distanceryy) 1 [1]
- sd(Distancegyp) ’

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, Mz2-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 (S/ 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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