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abstract: TheGmatrix, which quantifies the genetic architecture
of traits, is often viewed as an evolutionary constraint. However, G
can evolve in response to selection and may also be viewed as a
product of adaptive evolution. Convergent evolution ofG in similar
environments would suggest that G evolves adaptively, but it is dif-
ficult to disentangle such effects from phylogeny. Here, we use the
adaptive radiation of Anolis lizards to ask whether convergence of
G accompanies the repeated evolution of habitat specialists, or eco-
morphs, across the Greater Antilles. We measured G in seven spe-
cies representing three ecomorphs (trunk-crown, trunk-ground,
and grass-bush). We found that the overall structure of G does not
converge. Instead, the structure of G is well conserved and displays
a phylogenetic signal consistentwithBrownianmotion.However, sev-
eral elements of G showed signatures of convergence, indicating that
some aspects of genetic architecture have been shaped by selection.
Most notably, genetic correlations between limb traits and body traits
were weaker in long-legged trunk-ground species, suggesting effects
of recurrent selection on limb length. Our results demonstrate that
common selection pressures may have subtle but consistent effects
on the evolution ofG, even as its overall structure remains conserved.

Keywords: adaptive radiation, Anolis lizards, constraint, G matrix,
genetic correlation, quantitative genetics.

Introduction

Genetic variation translates natural selection into evolu-
tionary change (Falconer and MacKay 1996; Roff 1997).
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Understanding the nature of such genetic variation and
the processes that shape it has been a goal of evolutionary
biology since the early days of population genetics (Dob-
zhansky 1937). In evolutionary quantitative genetics, the
pattern of genetic variation in a population is described by
the genetic variance-covariance matrix G, which predicts
the multivariate response to phenotypic selection (Lande
1979). The G matrix can be used to make accurate pre-
dictions of short-term evolutionary change (Grant and
Grant 1995), but its utility for making long-term predic-
tions is more suspect because G itself may evolve during
adaptive evolution (Turelli 1988; Steppan et al. 2002). Al-
though early theory argued for the stability of G (Lande
1980), more recent theoretical (Agrawal et al. 2001; Jones
et al. 2003, 2004, 2012, 2014; Revell 2007; Arnold et al.
2008; Pavličev et al. 2011; Melo and Marroig 2015; Melo
et al. 2016) and empirical (Steppan et al. 2002; Cano et al.
2004; Doroszuk et al. 2008; Hine et al. 2009; Eroukh-
manoff and Svensson 2011; Björklund et al. 2013; Careau
et al. 2015; Penna et al. 2017) results suggest that G can
and does evolve, sometimes rapidly. Given enough time,
selection is expected to align G with the adaptive land-
scape (Cheverud 1984; Arnold et al. 2001, 2008; Jones
et al. 2003, 2014; Revell 2007; Melo and Marroig 2015),
potentially making G as much as a product of adaptive
evolution as a constraint on it (Merilä and Björklund 2004).
Because stability and evolutionary lability ofG are both

plausible theoretical outcomes, the relative importance of
history and adaptation in shaping G is largely an empir-
ical question (Arnold et al. 2008). Several studies have
shown a relationship between the shape ofG and divergence,
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suggesting the importance of genetic constraints in chan-
neling evolutionary outcomes (Bégin and Roff 2003, 2004;
Blows and Hoffmann 2005;McGuigan et al. 2005; McGui-
gan 2006; Hansen andHoule 2008;Walsh and Blows 2009;
Chenoweth et al. 2010; Bolstad et al. 2014; Houle et al.
2017;McGlothlin et al. 2018a;Walter et al. 2018). The early
stages of adaptive radiation are expected to be aligned
with the “genetic line of least resistance,” which describes the
direction of greatest genetic variation within a population
(Schluter 1996). Although natural selection should be able
to push phenotypes away from this line given enough time,
recent results suggest that evolutionary change may be
predicted by axes of genetic variation for tens of millions of
years (Houle et al. 2017; McGlothlin et al. 2018a). Conversely,
it is well established that both directional and nonlinear se-
lection may alter aspects of G. Using an individual-based
model, Melo and Marroig (2015) showed that directional
selection may favor a reorientation of G in ways that fa-
cilitate evolutionary response. In general, traits selected in
the same direction are expected to evolve stronger corre-
lations, while traits selected in opposite directions should
evolve weaker correlations. In support of these predictions,
studies in natural populations of chipmunks (Assis et al.
2016) and laboratory mice (Penna et al. 2017) have dem-
onstrated the evolution of stronger phenotypic covariance
in response to concordant directional selection. Correla-
tional selection, a form of nonlinear selection that occurs
when certain combinations of traits are favored over oth-
ers, can also directly alter the strength of genetic corre-
lations (Phillips and Arnold 1989; Jones et al. 2003; Revell
2007). Patterns of genetic correlation are often congru-
ent with axes of correlational selection in the wild (Brodie
1989, 1992; McGlothlin et al. 2005; Roff and Fairbairn
2012), and genetic correlations have been shown to evolve
in response to artificial correlational selection (Delph et al.
2011; Steven et al. 2020).
Although comparative studies of G have become more

common in recent years (Steppan et al. 2002; Bégin and
Roff 2003; Hine et al. 2009; Eroukhmanoff and Svensson
2011;Walter et al. 2018), none have been able to disentan-
gle the effects of shared ancestry from similar selection
pressures in determining the evolution of G. Convergent
evolution of G or its elements in similar environments
would provide strong evidence that changes in G repre-
sent adaptation of genetic architecture (Losos 2011). The
adaptive radiation of West Indian Anolis lizards provides
an ideal testing ground for hypotheses about the evolution
of G because the effects of phylogenetic history and ecol-
ogical selection are largely decoupled (Losos 1994, 2009,
2011). In the Greater Antilles, anoles have diversified into
120 species, 95 of which can be classified as one of six hab-
itat specialists, or ecomorphs, each of which has evolved
multiple times throughout the Anolis radiation (Williams
1972; Losos et al. 1998; Beuttell and Losos 1999; Losos
2009). Species with dissimilar morphology on the same is-
land tend to be more closely related than are those with
similar morphology on different islands, indicating that the
characteristic morphology of ecomorphs is due to conver-
gent evolution (Losos et al. 1998; Harmon et al. 2005; Mah-
ler et al. 2013). This repeated adaptive radiation leads to
explicit predictions for the evolution of G. If G responds
predictably to similar selection pressures, G should show
signatures of convergence among the independent origins
of the same ecomorph. Conversely, if G evolves relatively
slowly and does not respond predictably to similar selection
pressures, G or its elements should be more similar within
lineages than within ecomorph classes.
Previous work in Anolis using phenotypic variance-

covariance matrices (P) as proxies for G (Cheverud 1988)
suggests that selection may indeed lead to convergence
in (co)variance structure. A study comparing P in eight
Anolis species showed significant variation in covariance
structure across the radiation and demonstrated conver-
gent changes in P in three distantly related species from
the same ecomorph class (Kolbe et al. 2011). In a separate
study, P showed significant alignment with the matrix of
nonlinear selection (g) in A. cristatellus, suggesting that
contemporary stabilizing and correlational selection may
act to shape the pattern of phenotypic (co)variance within
species (Revell et al. 2010). These results suggest that selec-
tion plays a role in shaping genetic architecture in anoles,
but patterns of phenotypic covariance do not necessarily
mirror patterns of genetic covariance (Hadfield et al. 2007).
Thus, comparative studies that directly estimate G are nec-
essary to test whether its structure is more influenced by
phylogenetic history or convergent evolution.
In this study, we compare G matrices in seven Anolis

species reared in a controlled laboratory environment. We
chose species from lineages originating on three different
islands, Puerto Rico, Jamaica, andCuba, and included three
ecomorphs, trunk-crown (three species), trunk-ground (three
species), and grass-bush (one species), which are distin-
guished by their habitat use, coloration, and skeletal mor-
phology (Williams 1972; Beuttell and Losos 1999; Harmon
et al. 2005; Losos 2009). Trunk-crown lizards are typically
found high in trees and are usually green with relatively
short legs for climbing and clinging to narrow perches.
Trunk-ground lizards tend to be found on low perches or
on the ground and are typically brown with long hindlimbs
that aid in running quickly and jumping far (Losos and
Sinervo 1989; Losos 1990; Irschick and Losos 1998; Beuttell
and Losos 1999). The third ecomorph, grass-bush, has a
slender body thatmatches its narrow perches and long hind-
limbs that allow it to both run and jump well (Losos 1990;
Beuttell andLosos 1999). The three trunk-crown species are
distantly related to one another, as are the trunk-ground
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species. Both ecomorphs may have evolved three separate
times, although it cannot be ruled out that one of these
ecomorphs represents the ancestral state for the anole radi-
ation (Losos 2009). Because of the importance of skeletal
morphology, and limb length in particular, to the evolution
of these ecomorphs, our estimates of G focus on skeletal
traits.
Our previous results have shown thatG varies substan-

tially across theseAnolis species while retaining conserved
axes of genetic variation (McGlothlin et al. 2018a). Specif-
ically, G matrices varied most in size (overall genetic vari-
ance), and themajor axis of genetic variance remained sim-
ilar in orientation across all species. This major axis of
genetic variance was similar in orientation to the major
axis of morphological divergence, suggesting that diver-
gence has occurred along a genetic line of least resistance
even thoughG has not remained constant. The largest evo-
lutionary changes in G were also aligned with the major
axes of both genetic variance and morphological diver-
gence. This triple alignmentmay have been caused by deep
genetic constraints, natural selection, genetic drift, or some
combination of the three (McGlothlin et al. 2018a).
Here, we explicitly consider the role of selection in

shaping G matrix evolution across the Anolis radiation
by testing whether aspects of G show patterns of conver-
gence that mirror the repeated evolution of ecomorphs.
To do so, we use two types of comparisons. First, we test
for convergence of the overall structure of G by asking
whether random skewers correlations, which are estimates
of pairwise similarity in the predicted multivariate response
to selection, are better predicted by shared evolutionary
history or shared ecology. Second, we conduct similar tests
for individual elements ofG (i.e., variances and covariances
of individual traits) to test for signatures of convergence on
a finer scale. Although many processes, including both se-
lection and drift, could lead to similarities in G among
more closely related species, convergence in the structure
ofG among distantly related species of the same ecomorph
would provide strong evidence that G may be predictably
shaped by common selection pressures.
Methods

Estimation of G

Detailed methods for estimation of the G matrices used
here are reported elsewhere (McGlothlin et al. 2018a). In
brief, adults from seven Anolis species, representing in-
dependent origins of trunk-crown (A. evermanni, Puerto
Rico; A. grahami, Jamaica; A. smaragdinus, a Bahamian
species descended from A. porcatus on Cuba), trunk-
ground (A. cristatellus, Puerto Rico; A. lineatopus, Jamaica;
A. sagrei, Cuba), and grass-bush (A. pulchellus, Puerto
Rico) ecomorphs, were collected from the wild (fig. 1; ta-
ble 1). Because of travel restrictions, species from Cuban
lineages were collected from South Bimini, Bahamas, where
they occur naturally. These seven species shared a com-
mon ancestor approximately 41.5–43.5 million years ago,
and the most recent phylogenetic split date (between A.
cristatellus andA. pulchellus) is estimated at 19.8–22.5 mil-
lion years ago (fig. 1; Zheng and Wiens 2016; Poe et al.
2017).
Adults were housed in individual cages in the laboratory

except when paired for breeding and held at a controlled
photoperiod (12L∶12D for Puerto Rican and Jamaican
adults and 13L∶11D for Bahamian adults), temperature
(287C during the day and 257C at night), and relative hu-
midity (65%). Lizards were provided with a perch, a mesh
hammock for basking near an adjacent UVB bulb, and a
carpet substrate. Adults were mated in a paternal half-sib
breeding design (average of 47 sires and 69 dams per spe-
cies) to produce offspring (table 1; for more sampling de-
tails, seeMcGlothlin et al. 2018a). Laying females were pro-
vided with potted plants, which were checked weekly for
eggs; eggs were placed in individual cups with a 1∶1 mix-
ture of water and vermiculite and held in an incubator at
287C and 80% humidity until hatching.
Juveniles were reared in individual cages until 6 months

of age and were provided with crickets and water daily. At
0, 1, 3, and 6 months of age, we X-rayed juveniles after
chilling them for 10 min at 57C in small plastic bags. The
bags were then secured with masking tape to a film car-
tridge (Kodak Biomax XAR) for imaging in a Faxitron
43805N radiography system. Developed radiographs were
digitized using a flatbed scanner. Using ImageJ (National
Institutes of Health), we measured snout-vent length (SVL);
two head shape traits, jaw length (JL) and head width
(HW); two body shape traits, pectoral width (PECT) and
pelvis width (PELV); and four limb length traits, humerus
(HUM), ulna (UL), femur (FEM), and tibia (TIB). SVL was
measured using ImageJ’s segmented line tool as the dis-
tance from the tip of the snout to the sacrocaudal junction
(McGlothlin et al. 2018a), and other traits were measured
using the straight line tool as shown in figure 1A. In all,
9,369 individual X-ray images were measured from 2,904
laboratory-reared juveniles from 512maternal families (ta-
ble 1; McGlothlin et al. 2018a). We used multivariate
repeated-measures animalmodels inASReml (ver. 3.0; Gil-
mour et al. 2009) to estimate G matrices for natural-log-
transformed traits, with size (natural-log SVL) as a covari-
ate to correct for age and growth. These models included
two random animal effects, one linked to the pedigree to
estimate additive genetic (co)variance and a second un-
linked effect to estimate effects of permanent environment.
Most species could not be reliably sexed as juveniles; there-
fore, we did not correct for sex in our models. In one
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species that has been studied extensively in the laboratory,
A. sagrei, sexual size dimorphism is not noticeable at hatch-
ing and becomes elaborated only after 6 months of age
with the maturation of testes in males (Cox et al. 2017).
Genetic correlations are shown (along with heritabilities)
in table S1 and visualized in figure 1; full G matrices, re-
printed from McGlothlin et al. (2018a), are also shown in
table S1. Permanent environment (co)variances, which
were generally at least an order of magnitude smaller than
genetic (co)variances, and residual (co)variances are not
presented here but were used in the calculation of total
phenotypic variance for calculating heritabilities. As re-
ported previously, in all but two species all eight traits we
measured were significantly heritable (mean h2 across spe-
cies 5 SD: JL, 0:4050:150; HW, 0:2250:084; PECT,
0:2150:073; PELV, 0:2250:046; HUM, 0:1650:047;
UL, 0:1550:042; FEM, 0:4550:143; TIB, 0:5450:091;
table S1; McGlothlin et al. 2018a). In general, genetic
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Figure 1: A, Traits measured in this study: jaw length (JL), head width (HW), pectoral width (PECT), pelvis width (PELV), humerus
(HUM), ulna (UL), femur (FEM), and tibia (TIB). B, Schematic of a genetic correlation matrix showing the location of each trait. Elements
are color coded based on phenotypic groups (head, body, and limbs; see “Methods”), with within-group correlations in primary colors (blue p
head; red p body; yellow p limbs) and between-group correlations in secondary colors (violet p head-body; green p head-limb; orange p
body-limb). C, Genetic correlation matrices for each species. Positive correlations are shown in green and negative correlations are shown in yellow,
with brighter colors signifying stronger correlations. Photographs by J. B. Losos (A. pulchellus, A. lineatopus, and A. grahami) and E. D. Brodie III
(all other species).
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correlations were strong and positive for pairs of limb
traits and both weaker and more variable across species
for other trait combinations (fig. 1; table S1; McGlothlin
et al. 2018a).
Statistical Analyses

All statistical analyses using G matrices were performed
in R (ver. 4.1.1; R Core Team 2021). Each G matrix was
associated with estimation error, which is quantified by
the sampling (co)variance matrix of (co)variance compo-
nents, calculated by ASReml as the inverse of the average
information matrix (Gilmour et al. 2009). To incorporate
this estimation error into our analyses, we used the re-
stricted maximum likelihood multivariate normal (REML-
MVN) method developed by Houle and Meyer (2015).
The REML-MVN method uses point estimates and their
associated error distribution to define a multivariate nor-
mal distribution, from which a large number of samples
are drawn. These samples may then be used to perform a
calculation, providing a distribution of output values that
incorporates estimation error of the original estimates. We
used point estimates of G and the associated sampling
(co)variance matrix to define a multivariate normal distri-
bution for REML-MVN sampling. From this distribution,
we generated 10,000 samples of G for each species using
the function rmvn from the R package mgcv (ver. 1.8-36;
Wood 2012). This set of 10,000 samples was then used
to perform downstream calculations. For each analysis, we
report parameter estimates from both the point estimates
of G and the median of the distribution resulting from
performing the analysis using the set of 10,000 REML-
MVN samples. The distribution of REML-MVN was also
used to calculate 95% confidence intervals (CIs), which we
report as the 2.5% and 97.5% quantiles. A parameter esti-
mate was considered to be statistically supported when the
expected null value (often zero) was outside this 95% CI.
To quantify pairwise similarity in the overall structure

of G, we used random skewers analysis, which compares
the response to selection predicted by a pair of G matri-
ces (Marroig and Cheverud 2001; Cheverud and Marroig
2007; Revell 2007; Aguirre et al. 2014). Random skewers
analysis has the advantage of providing an evolutionarily
relevant comparison of G using a single metric. We used
the function RandomSkewers in the R package evolQG
(ver. 0.2-9; Melo et al. 2015) to apply 10,000 random se-
lection gradients (b) to all sevenGmatrices. Each element
of these skewers was drawn from a normal distribution,
after which each skewer was normalized to unit length
and used to calculate the predicted multivariate selection
response (D�z) from the multivariate breeder’s equation,
D�z p Gb (Lande 1979). The correlation in response to
selection for two species, or the random skewers correla-
tion (rRS), was calculated as the pairwise vector correlation
of the resultant 10,000 estimates ofD�z. To incorporate es-
timation error, rRS was recalculated for each of 10,000 sets
of sevenGmatrices each generated from REML-MVN re-
sampling. We report the median and 95% CIs of this dis-
tribution in addition to our point estimate. We found that
incorporating error from pairs of Gmatrices led to nega-
tively skewed REML-MVN distributions of rRS. As a re-
sult, medians of the REML-MVN distributions tended to
be lower than rRS estimates calculated using point estimates
of G.
To test for phylogenetic signal in the overall structure

ofG, we used a multivariate form of Blomberg’s K (Blom-
berg et al. 2003), Kmult, developed by Adams (2014) and
implemented in the R package geomorph (ver. 4.0.0;
Adams and Otárola-Castillo 2013). In general, Blomberg’s
K estimates phylogenetic signal by measuring deviations
from the Brownian motion model of evolution. The ex-
pected value of K under Brownian motion is 1, with K !

1 indicating more similarity in distantly related species
and K 1 1 indicating greater than expected similarity in
closely related species. When the phylogeny provides no
information about trait distribution, the expected value
of K is 0. Therefore, we tested for significant differences
from both Kmult p 0 (no phylogenetic signal) and Kmult p
1 (phylogenetic signal consistent with Brownian motion).
We calculated Kmult for random skewers correlations fol-
lowingMachado et al. (2018).We first converted each value
of rRS to a distance using the formula dRS p (2(12 rRS))

1=2.
Table 1: Study design (reproduced from McGlothlin et al. 2018a)
Species name
 Ecomorph
 Island
 Coordinates
 Sires
 Dams
 Juveniles
A. cristatellus
 Trunk-ground
 Puerto Rico
 18.057N, 65.837W
 67
 109
 643

A. pulchellus
 Grass-bush
 Puerto Rico
 18.267N, 65.717W
 35
 62
 430

A. evermanni
 Trunk-crown
 Puerto Rico
 18.277N, 65.727W
 68
 105
 469

A. lineatopus
 Trunk-ground
 Jamaica
 18.327N, 76.817W
 30
 42
 259

A. grahami
 Trunk-crown
 Jamaica
 18.327N, 76.817W
 32
 35
 144

A. sagrei
 Trunk-ground
 South Bimini, Bahamas (Cuban lineage)
 25.707N, 79.287W
 55
 99
 791

A. smaragdinus
 Trunk-crown
 South Bimini, Bahamas (Cuban lineage)
 25.707N, 79.287W
 43
 60
 168
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We then calculated the principal coordinates of the dis-
tance matrix of dRS values. The resulting vectors, along
with a tree pruned from a dated squamate phylogeny
(Zheng andWiens 2016), were used to calculate Kmult with
the function physignal in geomorph. Dates from a tree of
all Anolis species (Poe et al. 2017), which had identical
topology for our species, were similar. We calculated Kmult

separately using our point estimates of G and our REML-
MVN samples, allowing us to present a value of Kmult with
95% CIs.
To test for similarity of G between species of the same

ecomorph, we used a Mantel test with phylogenetically
informed permutations (Lapointe and Garland 2001;
Harmon and Glor 2010) implemented using the function
PhyloMantel in evolQG to compare the distance matrix
of dRS values to an ecomorph distance matrix, where 0 was
used to represent species of the same ecomorph and 1
was used to represent species of a different ecomorph. This
test was conducted using only trunk-ground and trunk-
crown species, a phylogeny pruned to six species, and
the phylogeny parameter k set to the default value of 1.
A positiveMantel correlation (rM 1 1) would indicate con-
vergence, that is, that species from the same ecomorph
tend to have more similar G matrices. In addition to the
phylogenetically informed Mantel test, which we performed
using only our point estimates ofG, we report results from
standard distance matrix correlations of our REML-MVN
replicates, which allows us to report rM with 95% CIs.
Evolutionary patterns in G may involve changes that

are subtler than can be detected in analyses of its overall
structure. Therefore, we also tested for the effects of shared
evolutionary history and shared ecology on the individual
elements of G. We compared genetic variances (diagonal
elements of G) and genetic correlations (off-diagonal ele-
ments of G standardized by the square root of the product
of the variances) across Gmatrices, testing for both phylo-
genetic signal and differences between ecomorphs (trunk-
crown vs. trunk-ground). We present comparisons of ge-
netic correlations rather than genetic covariances so that
tests for associations between traits would be independent
of differences in variance across species. However, we note
that analyses using covariances gave nearly identical results
(not shown). Because REML-MVN occasionally produced
nonpositive definite matrices, we produced 10,000 samples
from separate univariate normal distributions defined by
genetic correlations and their approximate standard errors
(table S1) to incorporate estimation error into analyses that
used genetic correlations.
To test for the effects of shared evolutionary history, we

estimated Blomberg’s K for each genetic variance and ge-
netic correlation using the R package phytools (ver. 0.7-
80; Revell 2012). We tested for effects of shared ecology
on genetic variance and genetic correlations of trunk-
ground and trunk-species using phylogenetic generalized
least squares (Martins and Hansen 1997) with ecomorph
as a predictor (coding trunk-crown as 0 and trunk-ground
as 1; A. pulchelluswas excluded), our dated tree, and an as-
sumption of Brownian motion evolution (implemented in
the R package APE; Paradis et al. 2004). Alternative models
that assumed an Ornstein-Uhlenbeck evolutionary model
provided similar results (not shown). For each test, we re-
port the evolutionary correlation (re) between the element
of G and ecomorph to remove effects of scale. For a given
element of G, re 1 0 indicates a larger value for trunk-
ground species, and re ! 0 indicates a larger value for
trunk-crown species. Both of these analyseswere conducted
using both our point estimates and our resamples to incor-
porate estimation error. Using the 95% CIs from the re-
sampled distributions, we note deviations from both K p
0 and K p 1 for phylogenetic signal and re p 0 for the
evolutionary correlation.
For visualization, we grouped our estimates of phyloge-

netic signal and evolutionary correlation into six catego-
ries. Three categories consisted of elements of G within
phenotypic groups, head (JL, HW), body (PECT, PELV),
and limbs (HUM,UL, FEM, TIB), and three contained ele-
ments of G between phenotypic groups, head-limb, head-
body, and body-limb.
Because our sample sizes differed across G matrices,

one possible concern is that our results may be an artifact
of variation in sample size. To test for this possibility, we
examined a reduced data set where each Gmatrix was es-
timated using a small subsample of the data (21–25 sires,
31–35 dams, and 104–144 juveniles). We found that these
results were consistent with those from the full sample
(results not shown), suggesting that the results reported
below were not statistical artifacts.
Results

Overall Structure of G

Predicted responses to selection were highly correlated
between all pairs of species (median rRS p 0:84 [range:
0.75–0.92]; REML-MVN median rRS p 0:75 [range: 0.62–
0.86]; table S2; fig. 2), suggesting that all species haveGma-
trices with similar overall structure despite being separated
for 20–44 million years. G matrices showed phylogenetic
signal consistent with a model of Brownian motion
(Kmult p 0:94; REML-MVN estimate: Kmult p 0:96 [95%
CI: 0.90 to 1.02]), indicating that more closely related spe-
cies tend to have G matrices that predict a more similar
evolutionary response. More distantly related pairs of spe-
cies also displayed more variable values of rRS, with some
distantly related pairs of species showing highly similar G
matrices and others showing highly dissimilar G (fig. 2).
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Overall similarity of G was not predicted by ecomorph
(rM p 20:29, P p :96; REML-MVN estimate: rM p
20:10 [95% CI:20.31 to 0.14]). Despite the lack of a con-
sistent ecomorph effect, the two distantly related trunk-
ground species A. cristatellus and A. sagrei did have highly
similar G matrices (figs. 2, 3).
Individual Elements of G

All individual elements of G showed phylogenetic signal
significantly higher thanK p 0 but indistinguishable from
K p 1, which is the null expectation of the Brownian
motion model (median K p 0:91; REML-MVN estimate:
K p 0:94; fig. 4A; table S3). Phylogenetic signal did not
exhibit any detectable patterns across trait groups (fig. 4A).
Six elements of G differed significantly between trunk-

crown and trunk-ground ecomorphs. Specifically, genetic
correlations between pelvis width and both jaw length
and all four limb bones were significantly lower in trunk-
ground species than in trunk-crown species (fig. 4B; ta-
ble S4). In addition, genetic correlations between jaw length
and femur lengthwere higher in trunk-ground species than
in trunk-crown species (fig. 4B; table S4). In some cases,
these effects involved changes in the sign of genetic cor-
relations from positive in trunk-crown species to negative
in trunk-ground species (fig. 1). Although not a statistically
significant effect, genetic correlations both among limb
bones and between pectoral width and all four limb bones
tended to beweaker in trunk-ground species than in trunk-
crown species, indicating a trend toward weaker integra-
tion among limb and body traits in trunk-ground species.
Although we did not conduct formal tests for the lone

grass-bush species, A. pulchellus, inspection of its genetic
correlation matrix (fig. 1; table S1) shows that this species
displays some similarities to trunk-ground lizards. In par-
ticular, this species had weak (and occasionally negative)
genetic correlations between the pelvis and all limb bones,
similar to all trunk-ground species. Anolis pulchellus also
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showed genetic correlations between hindlimb and fore-
limb bones that were noticeably weaker than the other
two species in the Puerto Rican lineage (fig. 1; table S1).
Discussion

Here we present two significant findings about the evolu-
tion of quantitative genetic architecture within the adap-
tive radiation of West Indian Anolis lizards. First, when
viewed in terms of its effects on multivariate response
to selection, we show that evolution of the overall struc-
ture of the Anolis Gmatrix exhibits a phylogenetic signal
consistent with a Brownian motion model of evolution.
Although the seven species we studied have been separated
for 20–44 million years, all G matrices predicted a sim-
ilar multivariate evolutionary response, and more closely
related species had more similar G matrices. Second, de-
spite this phylogenetic signal in the overall structure of G,
pairwise genetic correlations between limb traits and body
traits showed signatures of convergence, suggesting that
they may have been adaptively shaped by similar selection
pressures resulting from each ecomorph’s niche. In par-
ticular, longer-limbed trunk-ground lizards show a decoupl-
ing of limb length and pelvis width relative to shorter-
limbed trunk-crown lizards, demonstrating that convergent
changes in genetic architecture may accompany repeated
morphological adaptation. Taken together, our results show
that selection may alter G in predictable and evolutionarily
consequential ways without leading to major changes in its
overall structure.
From the perspective of overall multivariate response

to selection,G retains a similar structure across theAnolis
radiation, with predicted responses to selection in random
directions showing strong positive correlations ranging
from 0.76 to 0.92. Over the span of a few generations, then,
morphological divergence of species with the G matrices
estimated here should be constrained to lie along direc-
tions defined by quantitative genetic architecture. Indeed,
previous work has shown that divergence of these species
remains aligned with the major axis of genetic variation,
gmax, even after approximately 44 million years of diver-
gence (McGlothlin et al. 2018a). The similarity of the
overall structure of G declined with greater phylogenetic
distance. This pattern suggests that the overall structure
of G changes relatively slowly, remaining conserved over
millions of years. This result suggests that multivariate sta-
bilizing selection on the suite of traits we measured may
have preserved the major features of the G matrix across
the Anolis adaptive radiation (Jones et al. 2003; Melo and
Marroig 2015). In addition to this phylogenetic trend, we
found that more distantly related species also show greater
variance in random skewers correlations. Although many
distantly related species have dissimilar G matrices, some
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pairs have highly congruent G, a pattern that is not ex-
plained by convergent morphology. This increased vari-
ance emphasizes the unpredictability of the evolution of
G structure over longer timescales.
When considering more subtle changes in G—shifts

in trait-specific genetic variances and correlations—we
found evidence that G can change repeatedly and pre-
dictably in response to similar selection pressures. The
strongest convergence occurred in genetic correlations be-
tween limb bones and pelvis width, which were significantly
reduced in trunk-ground species relative to trunk-crown
species. In some cases, genetic correlations differed in sign
between ecomorphs. When this was the case, genetic
correlations were usually negative in trunk-ground spe-
cies and positive in trunk-crown species. These results in-
dicate that the pattern of genetic integration was subtly
remodeled in the transition from trunk-crown to trunk-
ground ecomorphs (or vice versa), most notably in the re-
lationship between limb length and pelvis width, for which
trunk-ground species showed weaker genetic correlations
than trunk-crown species.
The ecomorph difference in the genetic correlations

between limb length and pelvis width is likely to result
from some combination of directional selection and cor-
relational selection acting on these traits. Ecomorph dif-
ferences in limb length have clear links to performance
within their characteristic habitats (Losos and Sinervo
1989; Losos 1990; Irschick and Losos 1998), suggesting
that they have been driven apart by divergent directional
selection. The longer hindlimbs of trunk-ground lizards
facilitate running faster on flatter surfaces, whereas the
shorter hindlimbs of trunk-crown lizards are suited for
a wider variety of perches (Losos 1990; Losos and Irschick
1996; Irschick and Losos 1998). Strong directional selec-
tion acting only on limb length could reduce its genetic
correlations with other traits (Melo and Marroig 2015).
It is likely that correlational selection also has played a
role. The evolution of trunk-ground anoles from a hypo-
thetical trunk-crown ancestor would require evolution of
longer legs without a concomitant increase in the pelvis,
which may lead to negative correlational selection to de-
couple the two traits. In contrast, correlational selection
might favor a positive correlation between the two traits
in trunk-crown anoles, perhaps because a matching limb
and pelvic morphology would facilitate agility on branches.
Differences in hindlimb length between trunk-crown

and trunk-ground ecomorphs are apparent at hatching
and appear to emerge mostly via changes in developmen-
tal patterning early in embryonic development rather than
differences in growth (Sanger et al. 2012). The develop-
mental genetic networks underlying limb growth and de-
velopment are well understood (Rabinowitz and Vokes
2012), and comparative genomic evidence indicates that
genes expressed in these networks experienced enhanced
positive selection during the radiation of anoles (Tollis et al.
2018). Limb development networks share some genes in
common with the network underlying development of
the pelvic girdle (Sears et al. 2015). Therefore, it is likely
that changes in genetic correlations between limb length
and pelvis involve evolutionary changes in the expression
of some of these shared genes. Future work should explore
remodeling of these networks to understand the develop-
mental genetic underpinnings of convergent morphologi-
cal evolution in anoles.
Weaker genetic correlations between limbs and body

traits likely facilitated the evolution of longer hindlimbs
in trunk-ground anoles without correlated changes in
the rest of the body. Such genetic decoupling of limbs
and body may help explain the remarkable adaptability
of the trunk-ground ecomorph. Trunk-ground anoles
seem to be especially capable of colonizing new habitats.
Trunk-ground species have successfully colonized the
Bahamas and the Virgin Islands (A. sagrei and A. cris-
tatellus, respectively) and have become established invad-
ers in a number of locations following introduction by
humans (Kolbe et al. 2004; Eales et al. 2008; Losos 2009).
Trunk-ground anoles also have greater species richness
within islands (Losos 2009), in part because they have ra-
diated into ecologically distinct macrohabitats (Glor et al.
2003). Some of this adaptability is likely due to rapid evo-
lution in limb length, such as has been demonstrated in ex-
perimental populations ofA. sagrei (Losos et al. 1997, 2001;
Kolbe et al. 2012). Although comparable studies have not
been conducted using trunk-crown ecomorphs, their stron-
ger genetic correlations between limb traits and body traits
suggest that rapid, independent evolution of limb length
would not be as likely in trunk-crown species.
The genetic correlations between pelvis and limb length

in the single grass-bush anole we examined resemble those
of trunk-ground anoles, suggesting either similar selection
or common ancestry (or a combination of the two). Grass-
bush anoles have long hindlimbs relative to their body
width, suggesting that a combination of directional and
correlational selection may have reduced these correla-
tions. However,A. pulchellus is likely to have evolved from
a trunk-ground ancestor (Poe et al. 2017), which suggests
that both this species and the closely related A. cristatellus
may have inherited weakened genetic correlations be-
tween pelvis and limbs from a common ancestor. In other
respects, however, the genetic correlation structure of A.
pulchellus is dissimilar to that of A. cristatellus. In contrast
toA. cristatellus,A. pulchellus appears to have attained dif-
ferences between the lengths of its hindlimbs and fore-
limbs via a reduction in the genetic correlations between
the two, a feature it shares with the distantly related trunk-
ground lizard A. lineatopus.
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Conclusion

The evolution of G in West Indian anoles illustrates how
the complex interplay between selection and history in-
fluences genetic architecture. G reflects neither an irre-
sistible pattern of constraint nor an easily adapted phe-
notype responding quickly to environmental pressures.
Patterns of genetic covariation have potentially influenced
the pathways that selection may follow, as evidenced by
evolution along a deeply conserved genetic line of least re-
sistance in this radiation (McGlothlin et al. 2018a). At the
same time, as we show here, selection leaves an imprint, if
subtle, on G as species diverge. We did not observe a full-
scale overhaul of G as ecomorphs evolved. However, small-
scale differences in the elements of G involving links between
limb length and body shape arose predictably between eco-
morphs andmay have had substantial evolutionary conse-
quences. Our results emphasize that while genetic constraints
may change as adaptation proceeds, these changes need not
be large to facilitate phenotypic diversification. Rather, the
convergent changes we observed in the individual elements
of G, particularly between the limbs and the body, demon-
strate that consistent selection pressures can alter underly-
ing genetic constraints in subtle ways that facilitate adap-
tation and influence future evolutionary potential.
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