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Abstract

Two factors that can lead to geographic structuring in conspecific populations are
barriers to dispersal and climatic stability. Populations that occur in different physio-
graphic regions may be restricted to those areas by physical and/or ecological barriers,
which may facilitate the formation of phylogeographic clades. Long-term climatic
stability can also promote genetic diversification, because new clades are more likely to
evolve in areas that experience lesser climatic shifts. We conducted a phylogeographic
study of the Puerto Rican lizard Anolis krugi to assess whether populations of this anole
show genetic discontinuities across the species’ range, and if they do, whether these
breaks coincide with the boundaries of the five physiographic regions of Puerto Rico. We
also assessed whether interpopulation genetic distances in A. krugi are positively
correlated with relative climatic stability in the island. Anolis krugi exhibits genetic
structuring, but the phylogroups do not correspond to the physiographic regions of
Puerto Rico. We used climatic reconstructions of two environmental extremes of the
Quaternary period, the present conditions and those during the last glacial maximum
(LGM), to quantify the degree of climatic stability between sampling locations. We
documented positive correlations between genetic distances and relative climatic
stability, although these associations were not significant when corrected for autocor-
relation. Principal component analyses indicated the existence of climatic niche
differences between some phylogeographic clades of A. krugi. The approach that we
employed to assess the relationship between climatic stability and the genetic
architecture of A. krugi can also be used to investigate the impact of factors such as the
spatial distribution of food sources, parasites, predators or competitors on the genetic
landscape of a species.
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cies have good dispersal capabilities and that the demes

Introduction have occupied ranges free of firm, long-standing barri-

Genetic assessments of insular species sometimes reveal
little genetic differentiation among conspecific popula-
tions (demes) (e.g. Rodriguez-Robles et al. 2007; Browne
et al. 2008), suggesting that the members of those spe-
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ers to gene flow, or that those populations have experi-
enced recent demographic expansion (Avise 2000). On
the contrary, some surveys uncover hidden levels of
genetic diversity in island taxa, indicating that some
segments of the species are demographically indepen-
dent. In some cases, the genetic breaks correspond at
least in part to geographic morphological differences
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among conspecific populations, and may be recognized
(at the taxonomic level) to some extent already (Malho-
tra & Thorpe 2000; Glor et al. 2003; Funk & Fa 2006;
Hedges & Heinicke 2007; Dehghani et al. 2008). How-
ever, in many cases, taxa that lack obvious spatial
variation in morphology display marked genetic discon-
tinuities (e.g. Bond & Sierwald 2002; Jackman et al.
2002; Brown et al. 2006; Jezkova et al. 2009b), indicating
that these species consist of previously unrecognized
cryptic lineages. Identifying these units is essential to
accurately characterize present levels of biodiversity,
and to elucidate the evolutionary processes responsible
for generating such diversity.

Two factors that can lead to phylogeographic struc-
turing in conspecific populations are barriers to dis-
persal and climatic stability (Jansson 2003; Noonan &
Wray 2006; Aradjo et al. 2008; Carnaval & Moritz 2008).
Populations that occur in different physiographic
regions may be at least partially restricted to those areas
by physical and/or ecological dispersal barriers that
may facilitate the formation of geographic arrays of dif-
ferentiated populations. Climatic conditions can also
result in the geographic structuring of genetic variance.
In particular, it has been proposed that long-term cli-
matic stability promotes genetic diversification (Cronk
1997; Graham et al. 2006; Aradjo et al. 2008). Under this
hypothesis, new clades are more likely to evolve and
persist, with a lower risk of extinction or introgression
with other clades, in areas that experience lesser
climatic shifts (Jansson 2003; Graham et al. 2006). Evi-
dence supporting the historic climate stability hypothe-
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sis comes from studies of terrestrial vertebrates from
continental areas (Graham et al. 2006; Aratjo et al.
2008; Carnaval ef al. 2009). Paleoclimatological recon-
structions typically indicate that these continental
regions include large stable areas (refugia) with high
levels of genetic (or species) diversity, and unstable
(recently colonized) regions that experienced dramatic
climatic fluctuations and that exhibit reduced genetic
(or species) diversity. Smaller geographic areas (e.g.
many tropical and subtropical islands) may not have
undergone the drastic changes in ecological conditions
that larger continental regions have, but these smaller
landmasses may still have experienced detectable differ-
ences in climatic stability among neighbouring loca-
tions. Accordingly, herein we test a corollary of the
historical climate stability hypothesis, namely that dif-
ferent degrees of climatic stability generate detectable
differences in levels of genetic variation among conspe-
cific populations. Specifically, we predicted that if
paleoclimatic reconstructions suggest varying degrees
of climatic stability among insular localities, then phy-
logeographic studies of island endemics will reveal that
populations from the more stable areas exhibit higher
levels of genetic variability.

Puerto Rico, the smallest and most easterly of the
Greater Antilles in the eastern Caribbean Sea, is a volca-
nic island with a rugged topography. Puerto Rico can
be divided into five physiographic regions (Pic6é 1974;
Hedges 1999; Fig. 1): (i) the lowlands (maximum eleva-
tion: ¢. 200 m), (ii) the Cordillera Central (=Central
Uplands; maximum elevation: c. 1340 m), a mountain

T
67°00'W

I-18°30'N

Is 22,23,24 Ar6

Mo 32 La27 Ut 50

LM 28 C”
My 37 ' \
SS 46 Ad3

' Yc 54 ’

Ma 29,30

Or41
My 36

Yc53 Gu21

- 18 00'N

O Northwestern clade

‘ Central clade

‘ Southwestern clade

. Eastern clade

T
66° 30'W

as Ae@
sz @ FI1B‘FI1
()

FI16,17

ut49 Ci13. Mr 35 Cmi4

‘ Northcentral clade

Ba7  VAS51

TA 48
. @

Mr34  Nago Na3s

’Mrss ®0,,

Or 40

Fig. 1 Map of Puerto Rico. Circles indicate the approximate locations of the specimens of Anolis krugi included in this study (see
Table S1, Supporting Information, for specific locality information), and the different colours represent clades identified by the maxi-
mum likelihood and Bayesian inference methods. Circle size is proportional to sample size, with the smallest circle representing one
sample, and the largest one (Mo 32) representing 12 samples. Inset: Map of Puerto Rico, indicating the five physiographic regions of
the island. The contour is 200 m in elevation. Abbreviations used are: Ca, Sierra de Cayey; L, Lowlands; Lu, Sierra de Luquillo;

Pa, Cuchilla de Pandura; Up, Central Uplands.
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system that extends in an east-west direction, (iii) the
Sierra de Cayey (maximum elevation: c¢. 900 m), a
southeastern extension of the Cordillera Central, (iv) the
Sierra de Luquillo (maximum elevation: c. 1070 m), an
isolated mountain range on the northeastern part of the
island and (v) the Cuchilla de Pandura, a low (maxi-
mum elevation: c¢. 525 m), narrow, southeastern range
consisting mostly of igneous rocks in the form of giant
boulders. Because the boundaries of the five areas can
constitute barriers to dispersal, species distributed
across these regions may exhibit genetic breaks congru-
ent with those boundaries.

Anolis krugi, the ‘Lagartijo Jardinero de la Montafia’
(Mountain Garden Lizard) is a small, sexually dimor-
phic lizard (maximum reported body size [=snout-to-
vent length] is 45 mm in males and 36 mm in females;
Schwartz & Henderson 1991). The lizard is most com-
monly found less than 1 m above the ground, on leaves
and perches of small diameter (Rivero 1998; Henderson
& Powell 2009). The species is endemic to Puerto Rico,
where it widely occurs in shaded conditions in mesic
habitats from near sea level up to c. 1300 m of elevation
(personal observation). Populations of A. krugi are phe-
notypically similar, but the fact that the geographic
range of the species encompasses the five physiographic
regions of Puerto Rico raises the possibility that these
demes may form spatially circumscribed phylogeo-
graphic clades.

We conducted a phylogeographic study of A. krugi
to assess whether populations of this anole show
genetic discontinuities across the species’ range, and if
they do, whether these breaks coincide with the
boundaries of the five physiographic regions of Puerto
Rico. We also used climatic reconstructions of two
environmental extremes of the Quaternary period
(c. 1.8 Ma—present; Bell et al. 2004), the present condi-
tions and those during the LGM (c. 21 000 years ago;
Harrison 2000), to evaluate whether historical climatic
patterns in Puerto Rico have influenced the distribu-
tion and genetic structuring of A. krugi. We specifically
tested the hypothesis that populations of A. krugi
from more climatically stable areas exhibit greater
interpopulation genetic distances than do populations
from localities that have experienced greater climatic
shifts.

Materials and methods

Taxon sampling and laboratory methods

We collected tissue samples from 211 individuals of
A. krugi from 54 localities across the entire geographic
range of the species (Fig. 1; Table S1, Supporting Infor-
mation). Sample size varied from 1 to 12 lizards per

locality, with >50% of the populations being repre-
sented by four or more individuals.

We isolated total genomic DNA from frozen tissue
samples (heart, liver or tail fragments) using the DNeasy
Blood & Tissue Kit (Qiagen Inc., Valencia, CA, USA). We
used the primers LVT_Metf.6_ AnCr (AAGCTATTGG-
GCCCATACC) and LVT_5617_AnCr (AAAGTGYTT-
GAGTTGCATTCA; Rodriguez-Robles ef al. 2007) to
amplify c. 1150 bp of the nicotinamide adenine dinucleo-
tide dehydrogenase (NADH) subunit 2 (‘'ND2’) and adja-
cent tRNAs (tRNATP, tRNA”®) and we used the
primers MVZ_ 49 (ATAARAACAATGACAATYATA-
CGAAG; Roe et al. 1985) and MVZ_14 (GGTCTTCA-
TCTYHGGYTTACAAGAC) to amplify c. 1100 bp of
cytochrome b (‘Cyt b’). We carried out PCRs in 12.5
volumes consisting of 1 pL of template DNA, 0.5 uL
of each primer (10 pM), 6.25 pL of Takara Ex Taq™
Polymerase Premix (Takara Mirus Bio Inc., Madison, WI,
USA), and 4.25 pL. of ddH,O. DNA was denatured
initially at 95 °C for 2.5 min, and then 30-35 cycles of
amplification were performed under the following
conditions: denaturation at 95 °C for 1 min, annealing at
57 °C (for ND2) or 51 °C (for Cyt b) for 1 min, and
extension at 72 °C for 1 min, followed by a final 10 min
elongation at 72 °C. Two microlitres of all PCR pro-
ducts were electrophoresed on a 0.8% agarose gel
stained with ethidium bromide to verify product band
size.

We cleaned the double-stranded PCR products with
ExoSap—IT® (USB Corporation, Cleveland, OH, USA).
We sequenced 1044 bp of the ND2 fragment using the
primers LVT Metf.6 AnCr and LVT L5002_AnPu
(AACCAAACACARACTCGAAAAAT), and 957 bp of
the Cyt b fragment using the primers MVZ 49 and
MVZ_14. We used the Big Dye Terminator Ready Reac-
tion Kit 3.1 (Applied Biosystems, Foster City, CA, USA)
for cycle sequencing, and ran the sequences on an ABI
3130 automated sequencer.

Phylogenetic and median-joining network analyses

We used the program CoLLapst (version 1.2; available at
http://darwin.uvigo.es) to collapse the 211 sequences to
174 unique haplotypes (=mitochondrial types). An
incongruence length difference (ILD) test (Farris et al.
1994) performed with the program PAUP* (version
4.10b; Swofford 2003) indicated that the sequences from
the ND2 (1044 bp) and Cyt b (957 bp) genes contained
congruent phylogenetic signal (100 replicates, P = 0.74).
Accordingly, we combined the ND2 and Cyt b data
sets for all subsequent analyses. Based on previous
karyotypic, electrophoretic, and phylogenetic studies
(Gorman ef al. 1968, 1983; Brandley & de Queiroz
2004; Poe 2004; Nicholson et al. 2005), we used Anolis
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gundlachi, A. poncensis and A. pulchellus as outgroup
taxa. We performed all phylogenetic analyses using
maximum likelihood (ML) and Bayesian inference (BI)
methods.

Because many haplotypes were only separated by
few mutations, analysing our large data set became
time-prohibitive. Due to these computational difficul-
ties, we used the star contraction method (Forster et al.
2001) in the program NETWORK (version 4.200;
http://www fluxus—technology.com) to prune the com-
bined data set for phylogenetic analyses. This method
identifies star-like clusters of haplotypes representing
newly emerging mutations (hereafter referred to as
‘satellite haplotypes’) around a founder (ancestral)
node, and reduces a cluster to the founder node (For-
ster et al. 2001). Using a contraction value of five muta-
tional steps, we reduced the data set from 174 to 102
sequences, of which 95 are original haplotypes and
seven are median vectors (Bandelt et al. 1999; Table S2,
Supporting Information). Median vectors represent
either unsampled or extinct, ancestral haplotypes neces-
sary to connect the associated satellite haplotypes in the
most parsimonious way. We used the reduced data set
of 102 sequences for all ML and BI analyses.

We partitioned the data set by codon (first and sec-
ond codon positions combined; third codon position),
and identified the best-fitting model of nucleotide sub-
stitution for each partition using MRMODELTEST (version
2.2; Nylander 2004). Hierarchical likelihood ratio tests
and Akaike Information Criteria identified GTR + 1 +
G (for the first and second codon positions combined)
and GTR + G (for the third codon position) as the most
appropriate models of nucleotide substitution for the
ingroup data for the ML and BI analyses.

We conducted ML analyses using the program TREE-
FINDER (Jobb ef al. 2004). TREEFINDER uses a fast sampling
algorithm to estimate all model parameters and con-
struct a phylogeny. We used the ‘Bootstrap Analysis’
option in TREEFINDER (200 replicates, consensus level, 50)
to determine nodal support. We also assessed tree
topology and clade support using the program MRBAYES
(version 3.1.1; Ronquist & Huelsenbeck 2003). We initi-
ated the analyses from a random starting tree with uni-
form (uninformative) priors (Brandley et al. 2006). We
produced posterior probability distributions by allow-
ing four Monte Carlo Markov Chains with a heating
value of 0.05 (to increase swapping among trees) to pro-
ceed for five million generations each, with samples
taken every 100 generations, a procedure that yielded
50 000 trees. After visual evaluation (Leaché & Reeder
2002), we discarded the first 1250 000 generations
(12 500 trees) as ‘burn-in” samples (trees obtained before
parameter stabilization occurred), and combined the
remaining samples to estimate tree topology, posterior
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probability values, and branch lengths. We ran the
Bayesian analyses twice to ensure that the chains were
not trapped on local optima. We confirmed that the
contracted data set did not alter tree topology by con-
ducting an additional run on the entire data set (174
unique haplotypes) using the same parameters as
above, except that we decreased the heating value to
0.02.

We constructed a median-joining network of the 211
sequences of A. krugi using the program NETWORK
(http://www. fluxus-technology.com;  Bandelt et al.
1999). The median-joining method uses a maximum
parsimony approach to search for all the shortest phylo-
genetic trees for a given data set (Bandelt et al. 1999).
To construct the network, we weighted transversions
twice as high as transitions (as recommended in the
NETWORK manual). After generating the initial network,
we used the MP option in NETWORK to remove excessive
links and median vectors and construct the final med-
ian-joining network (Polzin & Daneshmand 2003).

Phylogeography

We explored patterns of genetic divergence among sam-
pling localities of A. krugi using the program samova 1.0
(Spatial Analysis of Molecular Variance; Dupanloup
et al. 2002; http://web.unife.it/progetti/genetica/Isabelle/
samova.html). samova is a nonphylogenetic method
based on F-statistics (also known as fixation indices;
Wright 1951). In samova, information about mtDNA
sequence divergence represented by pairwise distances
among haplotypes is incorporated into an analysis of
variance format (Excoffier et al. 1992). samova identifies
the partitions of sampling areas that are maximally
differentiated from each other by optimizing the propor-
tion of total genetic variance due to differences among
groups of populations (i.e. the Fer value; Dupanloup
et al. 2002). samova recalculates the Fcr values for any
particular number of requested population partitions,
and therefore previously identified groupings are not
necessarily preserved as additional ones are requested
(Dupanloup ef al. 2002). We performed the samova ana-
lyses based on 300 simulated annealing steps for K = 2
through K = n-1 partitions, where K is the number of
genetically defined units (i.e. groups), and n is the num-
ber of populations included in the analysis.

We used amova (analysis of molecular variance, as
implemented by samova) to explore in more detail the
partitioning of genetic variance among the maximally
differentiated groups identified by samova. We com-
pared indicators of differentiation among groups (Fcr
values) and among populations within groups (Fsc val-
ues) for each value of K. Fcr values peak at values of K
that maximize differentiation among groups, whereas
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Fsc values of zero indicate that the groups are
comprised of populations with the same level of genetic
variation among populations and within populations.
Consequently, Fcr values should peak at values of K
that correspond to Fsc = 0. Gene flow, recent coloniza-
tion events or incomplete lineage sorting within or
among groups result in lower Fsc and Fcr values.

Ecological niche modelling

Recent advances in climate modelling and paleoenvi-
ronmental reconstructions have allowed simulations of
climatic conditions of past time periods for relatively
small geographic areas, including tropical and subtropi-
cal islands. Specifically, a set of coupled ocean—atmos-
phere simulations for the climatic conditions of the
LGM is now available through the second phase of
the Paleoclimate Modelling Intercomparison Project
(Braconnot et al. 2007). We relied on these simulations
to evaluate whether climatic conditions in Puerto Rico
during the Quaternary period may have influenced pat-
terns of genetic diversification in A. krugi.

We constructed ecological niche models [ENMs; also
known as species distribution models, habitat models,
bioclimatic envelopes, and resource selection functions
(Elith & Graham 2009)] for A. krugi using the current cli-
matic conditions and those of the LGM. Our goal was to
assess whether the niche of A. krugi has experienced
noticeable changes (e.g. shifts, contractions, expansions)
during these two climatic extremes of the Quaternary
(Hewitt 1999). We used the software package MAXENT
(version 3.2.1; Phillips et al. 2006; Phillips & Dudik 2008)
to build the ENMs. MAXeNT creates ENMs by combining
presence-only data with ecological layers, and finds a
probability distribution of maximum entropy. MAXENT
has been used in several recent studies that compared
current and historical species distributions (Carstens &
Richards 2007; Rissler & Apodaca 2007; Waltari et al.
2007; Peterson & Nyari 2008; Jezkova et al. 2009a), and is
believed to outperform similar methods of niche recon-
struction (Elith et al. 2006; Phillips 2008).

To construct ENMs, we used the default parameters
of Maxent (ie. 500 maximum iterations, convergence
threshold of 0.00001, 10 000 background points, regular-
ization multiplier of 1, and autofeatures) with the fol-
lowing user-selected features: application of a random
seed, duplicate presence records removal and logistic
probabilities used for the output (Phillips & Dudik
2008). We converted the logistic probability values to
presence-absence data using the ‘minimum training
presence’ threshold, where the omission rate is set to
zero. After removing all duplicate records (i.e. multiple
records for a single grid cell), we obtained 45 unique
occurrence records. For environmental layers of current

climatic conditions, we downloaded 19 bioclimatic vari-
ables from the WorldClim data set (version 1.4) with
resolutions of 30s (c. 1km) and 2.5 min (c. 5 km;
Hijmans et al. 2005a). These variables are derived from
monthly temperature and precipitation data layers, and
represent biologically meaningful aspects of climate var-
iation (Waltari et al. 2007; Peterson & Nyari 2008).
Because some of the 19 bioclimatic variables are corre-
lated (Kozak & Wiens 2006; Rissler & Apodaca 2007)
we performed pairwise correlation comparisons
between them. We considered two variables to be
highly correlated when their correlation coefficient was
20.9. From pairs of variables that were highly corre-
lated, we selected annual or quarterly averages over
monthly averages, and consequently used the following
eight variables to build the ENMs for A. krugi: mean
annual temperature, isothermality, temperature season-
ality, temperature annual range, annual precipitation,
precipitation of wettest quarter, precipitation of driest
quarter and precipitation of warmest quarter.

For environmental layers representing the climatic
conditions of the LGM, we used two models: Commu-
nity Climate System Model Version 3 (CCSM; Otto-
Bliesner et al. 2006), with a resolution of 1°, and Model
for Interdisciplinary Research on Climate Version 3.2
(MIROC; Hasumi & Emori 2004), with the original spa-
tial resolution of 1.4 x 0.5° (Braconnot et al. 2007). These
models use updated tropical cooling simulations and
topographic changes (mainly caused by lowering sea
levels) for the conditions of the LGM. The original vari-
ables were downloaded from the Paleoclimatic Model-
ling Intercomparison Project (PMIP phase II;
http://pmip2.Isce.ipsl.fr/; Braconnot et al. 2007), and
were further downscaled to a spatial resolution of
2.5 min by Robert J. Hijmans (Waltari et al. 2007; Peter-
son & Nyari 2008).

Climatic stability and the genetic landscape of A. krugi

We assessed whether the current genetic landscape of
A. krugi can be explained by climatic stability on Puerto
Rico during the Quaternary. We evaluated spatial
genetic structuring in A. krugi by interpolating pairwise
genetic distances across the landscape. We calculated
genetic distances between sampling sites using the
Delaunay triangulation-based connectivity network in
the program ALLELES IN Spack (Miller 2005; Miller et al.
2006). We used residual genetic distances (derived from
the linear regression of genetic versus geographical dis-
tance) to account for the correlation between genetic
and geographical distances (Manni et al. 2004; Miller
et al. 2006). The genetic distances were imported into
ARcGIS 9.2 (ESRI, Redlands, CA, USA) and interpolated
across uniformly spaced 2.5 min (for statistical analyses)
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and 30-s grids (for illustrative purposes) using the
inverse distance weighted interpolation procedure
(Watson & Philip 1985; Watson 1992) in the Spatial
Analyst extension of ARCGIS 9.2. We used the default
interpolation parameters in ArcGIS 9.2 to derive the
final rasters.

From the 19 bioclimatic variables downloaded from
the WorldClim data set we selected the 11 variables
(seven temperature and four precipitation variables) that
best described the habitat model of A. krugi (i.e. annual
mean temperature, temperature seasonality, minimum
temperature of the coldest month, mean temperature of
the wettest quarter, mean temperature of the driest quar-
ter, mean temperature of the warmest quarter, mean tem-
perature of the coldest quarter, annual precipitation,
precipitation of the wettest month, precipitation of the
wettest quarter, precipitation of the warmest quarter).
We selected these variables based on their relative contri-
butions to the MAXENT species distribution model and on
their scores on the ‘Jacknife of Regularized Training
Gain’ procedure (Phillips & Dudik 2008). We defined cli-
matic stability as the difference between the current and
the LGM values of a particular bioclimatic variable. We
calculated this difference separately for the 11 variables,
using both the CCSM and MIROC estimates of each
LGM variable. We defined the environmental variables
and genetic patterns as spatial rasters, and tested for cor-
relation between them. We used the program SAM (Ran-
gel et al. 2006) to calculate Spearman’s correlation
coefficients (r) and their corresponding P-values (uncor-
rected and corrected for spatial autocorrelation) to evalu-
ate the statistical association between the genetic
landscape of A. krugi and climatic stability.

Climatic niche comparisons among phylogeographic
clades of A. krugi

We performed climatic niche comparisons among
phylogeographic clades of A. krugi to determine
whether these genetic groupings are ecologically differ-
entiated. For occurrence records we used our sampling
localities, and for climatic factors representing the envi-
ronmental conditions at those localities we used the 19
bioclimatic variables downloaded from the WorldClim
data set. We used the DIVA-GIS computer program
(Hijmans et al. 2005b) to extract values for each of the
19 bioclimatic variables for all sampling sites. We com-
pared the similarity of the climatic niches of phylogeo-
graphic clades by conducting a principal component
analysis (PCA), following the methodology described in
Kozak & Wiens (2006) and Rissler & Apodaca (2007). In
sysTAT (version 12; Hilbe 2008) we performed PCA to
reduce the 19 bioclimatic variables to a smaller number
of principal components that account for most of the var-
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iance in the observed variables. Only variables that had
an eigenvalue >1 were retained for additional analysis.
We then used an unbalanced anova, with axis scores
from PCA as dependent variables and phylogeographic
clade as the fixed factor, to assess whether the separation
in the ecological niche was statistically significant. If
there was an overall statistical significance, we employed
a Tukey HSD post hoc test to determine which pairwise
comparisons were significantly different.

Results

Phylogenetic and median-joining network analyses

The ML and Bayesian phylogenetic analyses recovered
virtually identical topologies, and revealed a high
degree of geographic structuring in A. krugi. The haplo-
types of this anole are divided into five strongly sup-
ported phylogeographic clades (phylogroups): the
‘Eastern’, ‘Central’, ‘Northwestern’, ‘Northcentral’ and
‘Southwestern” clades (Fig. 2). Uncorrected, pairwise
sequence divergence among the five phylogroups varies
from 0.015 to 0.033 (Table 1). The Eastern clade con-
tains the greatest number of haplotypes (n =78), fol-
lowed by the Central (n =49), Southwestern (n = 20),
Northwestern (n = 19), and Northcentral clades (1 = 8;
Table 2). Haplotype diversity is very high (20.97) in
each of the five phylogroups. The Eastern clade has
four well supported subclades, but there is little phylo-
genetic structure in the remaining phylogroups. The
Eastern clade has the largest geographic distribution,
followed by the Central clade, whereas the Northwest-
ern and Northcentral phylogroups are the most
spatially restricted (Fig. 1). Maximum likelihood and
Bayesian methods suggest that the Eastern and Central
clades probably are each other’s closest relative, but
their relationship with the remaining three clades (i.e.
Northwestern, Northcentral and Southwestern clades) is
unresolved.

The Eastern clade consists of haplotypes from the
five physiographic areas of the island (i.e. lowlands,
Central Uplands, Sierra de Luquillo, Sierra de Cayey,
Cuchilla de Pandura). The mitochondrial types of the
Central clade predominantly occur in the western part
of the Central Uplands, but are also present in the
lowlands. The Northcentral clade is primarily com-
posed of haplotypes from the lowlands, although it
encompasses mitochondrial types from the Central
Uplands as well. On the contrary, the Northwestern
clade is mainly composed of haplotypes from the
Central Uplands, but it also includes mitochondrial
types from the lowlands. The Southwestern clade con-
sists of mitochondrial types from the lowlands and
the Central Uplands.
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and with Bayesian posterior probabilities (numbers below). See section ‘Materials and methods’ for details of phylogenetic analyses.
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Table
Phylogroup Central Northwestern Northcentral Southwestern
Eastern 0.015 0.032 0.033 0.033
Central - 0.03 0.028 0.029
Northwestern - - 0.017 0.018
Northcentral - - - 0.018

1 Uncorrected pairwise sequence

divergence among the five phylogroups
of Anolis krugi

Table 2 Measures of haplotype and nucleotide diversity for the five phylogroups of Anolis krugi (SD, standard deviation)

No. of gene copies

Haplotype

Nucleotide diversity

Mean no. of pairwise

Phylogroup (no. of haplotypes) diversity (+SD) (+SD) differences (+SD)
Eastern 93 (78) 0.99 (+0.01) 0.00679 (+0.00341) 13.6 (+6.2)
Central 61 (49) 0.98 (x0.01) 0.00688 (+0.00347) 13.8 (x6.3)
Northwestern 25 (19) 0.97 (+0.02) 0.00271 (+0.0015) 5.4 (£2.7)
Northcentral 8 (8) 1.0 (x0.06) 0.00537 (+0.00312) 10.8 (5.5)
Southwestern 24 (20) 0.98 (+0.02) 0.00957 (+0.00489) 19.1 (+8.8)
Total 211 (174)

Eleven populations included haplotypes belonging to Northwestern clade
more than one phylogroup, indicating the existence of L Central clade
population-level admixture of mtDNA haplotypes. All Mvi c2
these ‘mixed” populations are geographically intermedi- —e c
ate between or among different geographic clades. Ten T Mv2 £

populations (Adjuntas [Ad] 3, Barceloneta [Ba] 7,
Coamo [Co] 15, Florida [F1] 16, 17, Las Marias [LM] 28,
Maricao [Ma] 30, San Sebastian [SS] 46, San Sebastian
[SS] 47, Utuado [Ut] 49, Yauco [Yc] 54 [abbreviations
are those used in Fig. 1 and Table S1, Supporting Infor-
mation]) shared mitochondrial types belonging to two
adjacent clades, whereas only one deme (Florida [F1] 18)
included haplotypes belonging to three adjacent phylo-
groups (Eastern, Central, Northcentral).

The haplotype network (Fig. 3) clearly illustrates the
separation between the phylogroups of A. krugi, as well
as the haplotype diversity within each phylogroup.
Most haplotypes in the Northwestern, Central, and
Eastern clades are separated by only one mutational
step, but the mitochondrial types in the Northcentral
and Southwestern clades are more divergent. The East-
ern and Central phylogroups contain three mitochon-
drial types (E1, C1, C2) with multiple satellite
haplotypes (Fig. 3). Similarly, the Northwestern and
Southwestern phylogroups exhibit a smaller cluster of
satellite haplotypes, although in each case the ancestral
mitochondrial type is either extinct or was not sampled,
and is represented by a median vector (Mvl, Mv2,
respectively; Fig. 3).

Phylogeography

We discuss the results of the samova analyses conducted
with populations with a minimum sample size of five

© 2010 Blackwell Publishing Ltd

Southwestern clade

Eastern clade

Northcentral clade — 5 mutational steps

Fig. 3 Median-joining network representing the relationships
among haplotypes of the Southwestern (24 sequences, 20
unique haplotypes), Northwestern (25 sequences, 19 unique
haplotypes), Northcentral (eight sequences, eight unique haplo-
types), Central (61 sequences, 49 unique haplotypes) and East-
ern (93 sequences, 78 unique haplotypes) phylogeographic
clades of Amnolis krugi. The Southwestern clade is separated
from the Northwestern, Northcentral, Central and Eastern
phylogroups by 42, 46, 73 and 106 mutations, respectively. The
Northwestern clade is separated from the Northcentral, Cen-
tral, and Eastern phylogroups by 36, 59 and 92 mutations,
respectively. The Northcentral clade is separated from the Cen-
tral and Eastern phylogroups by 67 and 100 mutations, respec-
tively, whereas the Central and Eastern clades are separated by
33 mutations. The smallest, black circles indicate median vec-
tors (Bandelt ef al. 1999). Circle size is proportional to haplo-
type frequencies, with the smallest circle representing one
sample and the largest circle representing nine samples; branch
length is proportional to number of mutations separating the
haplotypes. The designations E1, C1, C2 and Mv1l and Mv2
indicate haplotypes or median vectors referred to in section
‘Results’, respectively.

individuals, for this threshold allowed us to include in
the analyses as many populations as possible, without
compromising accuracy (Fig. S1, Supporting Informa-
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tion). As a consequence of only using populations repre-
sented by at least five individuals, the samova analyses
were performed using a subset of the samples included
in the phylogenetic analyses. We evaluated this data set
for K =2 through K =8 partitions, because the latter
yielded the last positive Fsc value, which indicates that
the number of maximally differentiated groups was
identified (Fig. S1, Supporting Information). Setting the
number of partitions (K) to two groups (K = 2) separated
the Northwestern phylogroup (represented by the popu-
lations Isabela [Is] 22, Isabela [Is] 23, Isabela [Is] 24, and
Moca [Mo] 32) from the remainder A. krugi demes

Is 22,2324

Is 22,23,24

Is 22,23,24

(Fig. 4). Setting the partitions to K = 3 further isolated
the Eastern phylogroup, with the exception of the Coamo
[Co]l 15 population, a mixed deme that includes four
haplotypes from the Eastern clade and three from the
Central clade. When K =4, the Southwestern clade,
represented by the mixed population Yauco [Yc] 54, was
isolated. However, Adjuntas [Ad] 3, which is also a
mixed population that includes mitochondrial types
belonging to the Southwestern phylogroup, was not
included in this partition. The likely explanation for this
result is that 8 of 10 individuals from the Yauco 54 deme
have haplotypes belonging to the Southwestern clade,

Is 22,23,24

Is 22,23,24

Fig. 4 Genetic partitions of populations of Anolis krugi identified by the samova analyses for K = 2 through K =8, where K is the
number of predefined groups. Circles indicate the approximate location of sampling localities of A. krugi. Dark grey circles indicate
populations included in the analyses; white circles indicate populations excluded from the analyses (see text for details).
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whereas only three of nine samples in Adjuntas 3
have Southwestern mitochondrial types. Additional
partitioning of the populations (K = 5) did group Adjun-
tas 3 and Yauco 54, and created a new cluster formed by
Coamo 15 and Vega Alta [VA] 51. The latter population
belongs to the Eastern clade, and as previously stated,
Coamo 15 is a mixed deme that includes four Eastern
and three Central haplotypes. Although the Coamo
15-Vega Alta 51 grouping may seem unintuitive, the
two populations nest in a strongly supported subclade of
the geographically structured Eastern phylogroup
(Fig. 2). Setting K = 6 further isolated populations Ciales
[Ci] 13, Juana Diaz [JD] 25, and Orocovis [Or] 40 (all
belonging to the Central clade), whereas K = 7 split pop-
ulations Adjuntas 3 and Yauco 54. Finally, K = 8 joined
populations Adjuntas 3 and Utuado [Ut] 49, two mixed
demes mainly composed of Central mitochondrial types
(Adjuntas 3 has six Central and three Southwestern
haplotypes, and Utuado 49 has five Central and one
Northwestern haplotypes).

Ecological niche modelling

The Puerto Rican Bank is composed of Puerto Rico
(8768 km?), its outlying islands (of which the largest are
Vieques and Culebra), the US (St. Thomas, St. John)
and British Virgin Islands (Jost Van Dyke, Tortola, Vir-
gin Gorda, Anegada), and more than 180 associated
islets and cays (Fig. S2, Supporting Information). With
the Pleistocene lowering of the sea level, the Puerto
Rican Bank constituted a single elongate island
(c. 21 000 km?) that extended from Puerto Rico on the
west to Anegada on the east (Heatwole & MacKenzie
1967; Thomas 1999).

The two resolutions (30 s and 2.5 min) used to recon-
struct the current ecological niche of A. krugi produced
very similar models, and we only present the finer one
(30 s; Fig. S2 A, Supporting Information). The ecologi-
cal niche model for the current climatic conditions of
the Puerto Rican Bank shows continuous, suitable habi-
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tat for A. krugi throughout Puerto Rico, with the excep-
tion of the southern coast, the arid most region of the
island (Murphy ef al. 1995; Helmer et al. 2002). The
projections of the current habitat model for A. krugi
onto the palaeoclimatic reconstructions indicate an over-
all retention of suitable habitat throughout the island
during the LGM. However, the two reconstructions
depict somewhat different predictions regarding the
distribution of A. krugi, with the CCSM (Fig. S2B, Sup-
porting Information) model predicting a more restricted
range than the MIROC model (Fig. S2C, Supporting
Information). For both current and LGM habitat mod-
els, climatic conditions on the islands off the east coast
of Puerto Rico (Vieques, Culebra, the US and British
Virgin Islands, and associated islets and cays) are
inferred to be unsuitable for A. krugi, which is consis-
tent with the fact that this anole is not known to occur
or have ever occurred on any of those islands.

Climatic stability and the genetic landscape of A. krugi

The genetic landscape of A. krugi (Fig. 5) is largely con-
gruent with the geographic distribution of the five phy-
logeographic clades and the genetically defined groups
identified by SAMOVA. The largest genetic distances
between clades occur in northwestern (separating the
Northwestern and the Central clades) and southwestern
(separating the Southwestern and the Central clades)
Puerto Rico. The genetic distance between the Central
and Eastern clades is smaller than the separation
between any other two clades. The genetic landscape
revealed a previously undetected break within the East-
ern clade. This discontinuity separates the seven popu-
lations in southeastern Puerto Rico (Caguas [Cg] 12,
Cayey [Ca] 8, Cayey [Ca] 9, Cayey [Ca] 10, Maunabo
[Mb] 31, San Lorenzo [SL] 45, Yabucoa [Yb] 52) from
the remainder demes in the Eastern clade.

When we evaluated climatic stability in Puerto Rico
using the CCSM model, six of the seven temperature
variables (annual mean temperature, minimum temper-

Fig. 5 Interpolated pairwise genetic dis-
tances within Anolis krugi across Puerto
Rico using a 30 s (c. 1 km) grid size. The
white circles indicate the approximate
location of sampling localities of A. krugi.
The shading gradation represents genetic
distances ranging from small (white) to
large (black).
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ature of the coldest month, mean temperature of the
wettest quarter, mean temperature of the driest quarter,
mean temperature of the warmest quarter, mean tem-
perature of the coldest quarter, P < 0.001) and one of
the four precipitation variables (precipitation of the wet-
test month, P = 0.003) were positively correlated with
the genetic landscape of A. krugi. When we assessed cli-
matic stability using the MIROC model, only two vari-
ables (precipitation of the wettest month, precipitation
of the wettest quarter) were significantly correlated with
the genetic landscape of A. krugi (P <0.001 and
P =0.019, respectively). However, none of these com-
parisons was significant when we adjusted the probabil-
ity values for spatial autocorrelation (for the nine
comparisons, 0.16 < P < 0.54).

Climatic niche comparisons among phylogeographic
clades of A. krugi

The PCA reduced the 19 bioclimatic variables to four
principal components (PCs) with an eigenvalue 21.
PC1, PC2, PC3, and PC4 explained 50%, 29%, 11% and
6% of the total variance in the observed variables,
respectively. PC1 is positively loaded with annual mean
temperature, extreme monthly temperatures, and aver-
age quarter temperatures. PC2 is positively loaded with
extreme values of seasonal precipitation and tempera-
ture seasonality, and negatively loaded with precipita-
tion seasonality, isothermality, mean temperature
diurnal range and temperature annual range. PC3 is
positively loaded with annual precipitation and precipi-
tation during the warmest and coldest quarters of the
year. The highest value of PC4 corresponds to precipita-
tion during the warmest quarter of the year, whereas
the lowest value corresponds to temperature annual
range. The ANOvA analyses indicated that PC2 and PC4
statistically ~differentiated phylogroups of A. krugi
(P <0.001; Fig. 6), but that PC1 and PC3 did not
(P > 0.05). Tukey’s HSD post hoc tests revealed that
PC2 discriminated between the Eastern—Central,
Eastern—-Northwestern, Eastern-Southwestern, Central—
Southwestern, Northwestern-Southwestern and North-
central-Southwestern phylogeographic clades (P < 0.01),
whereas PC4 differentiated the Eastern from the North-
central phylogroup (P = 0.02).

Discussion

Phylogenetic and phylogeographic analyses

Our genetic assessment of A. krugi revealed unsuspected
high levels of diversity within this species. Because
of the widespread, largely continuous distribution of
A. krugi throughout most of Puerto Rico, populations of
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Fig. 6 Principal component analysis of climatic niche differ-
ences among the five phylogeographic clades of Anolis krugi.
The x axis (PC2) explains 29% of the variation, and the y axis
(PC4) explains 6% of the variation.

this lizard could have exhibited relatively high levels of
gene flow among demes, and therefore low levels of in-
terpopulation genetic differentiation. On the contrary,
our findings revealed the existence of five strongly sup-
ported intraspecific phylogroups in A. krugi. Further,
each of these clades includes numerous divergent hap-
lotypes. This result is consistent with recent genetic
analyses that showed that conspecific populations of
other species of Puerto Rican Anolis (A. cristatellus,
A. cooki, A. poncensis; Kolbe et al. 2007; Rodriguez-
Robles et al. 2007; Jezkova et al. 2009b) also are phylog-
eographically structured, even though some of these
populations are separated by relatively small geo-
graphic distances. Collectively, these results demon-
strate that, despite several evolutionary studies
involving Puerto Rican Anolis (e.g. Gorman et al. 1983;
Losos et al. 1998; Brandley & de Queiroz 2004; Poe
2004), an important aspect of the diversity of these
lizards, namely intraspecific genetic differentiation, has
been overlooked.

The phylogenetic analyses do not support the hypoth-
esis that populations of A. krugi are partitioned into
genetic sets that correspond to the five physiographic
regions of Puerto Rico. This observation implies that
the boundaries between these regions do not represent
a dispersal barrier for the anoles. As its Spanish vernac-
ular name suggests, ‘Lagartijo Jardinero de la Montafia’
(Mountain Garden Lizard), A. krugi mainly occurs at
higher elevation, mesic areas (the Central Uplands,
Sierra de Cayey, Sierra de Luquillo and Cuchilla de
Pandura). However, none of the genetic discontinuities
within the species defines a phylogroup restricted to
any of these four regions. For example, the Sierra de
Luquillo is an isolated mountain chain on northeastern
Puerto Rico that has the highest species diversity of
amphibians on the island (14 species; Hedges 1999).
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The Sierra has an endemic species, the eleutherodacty-
lid frog Eleutherodactylus unicolor (Joglar 1998) and
genetically differentiated populations of the widespread
E. antillensis (Brittany S. Barker, University of New
Mexico, Albuquerque; unpublished), suggesting that
other species associated with mesic habitats may also
have genetically distinctive populations on the Sierra de
Luquillo. However, the haplotypes of the Sierra de
Luquillo populations of A. krugi (Juncos [Ju] 26 and Rio
Grande [RG] 43) do not form a clade and are part of
the widespread Eastern phylogroup, which includes
mitochondrial types from the other four physiographic
regions of Puerto Rico. It could be argued that the
current phylogeographic structure of A. krugi may
reflect past barriers to gene flow. Although we cannot
refute this scenario, we are not aware of any evidence
that indicates the existence of past physical or ecological
barriers in Puerto Rico that even broadly coincide with
the location of the boundaries between the intraspecific
clades of A. krugi.

Our findings are based on the analysis of mitochon-
drial sequence data. Gene trees are a useful way of
describing phylogeographic diversity, but we acknowl-
edge that nuclear markers make an important contribu-
tion to the quantification of genetic processes, and that
using mitochondrial and nuclear genes has more resolv-
ing power than does mtDNA alone (Barrowclough &
Zink 2009; Edwards & Bensch 2009). Yet, studies of
evolutionary diversification in Amnolis that have
employed both mitochondrial and nuclear genes found
general congruence in results from the two markers
(Glor et al. 2005; Nicholson et al. 2005), and several
more extensive projects currently underway indicate
that relationships inferred from nuclear DNA data give
the same general result as published studies based on
mtDNA (Losos 2009; Richard E. Glor, University of
Rochester, New York, unpublished). Accordingly, we
believe that our study represents an informative charac-
terization of the pattern of genetic diversification in
A. krugi.

Genetic variation in A. krugi is not uniformly distrib-
uted across the range of the species. Instead, the inter-
polated pairwise genetic distances indicate the
existence of various regions characterized by relatively
small or relatively large genetic differentiation between
populations. The areas with the more pronounced lev-
els of distinctiveness are those where the Southwestern
and Northcentral clades occur, followed (in order) by
the northwestern and central regions of Puerto Rico.
The Eastern clade contains by far the largest number
of haplotypes (n=78) and, contrary to the other
phylogroups, has internal phylogenetic structure, being
composed of four well supported subclades. Neverthe-
less, the Eastern phylogroup also exhibits the lowest
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genetic distances across the landscape, despite the fact
that it is the most geographically widespread A. krugi
clade. This paradoxical result can be explained at least
in part by two related factors: (i) the Eastern clade is
mainly composed of a large cluster of satellite (newly
evolved) haplotypes closely related to an ancestral
mitochondrial type (E1; Fig. 3), and (ii) this ancestral
haplotype occurs in six populations (Aguas Buenas
[AB] 2, Cayey [Cal 9, Juncos [Ju] 26, Maunabo [Mb]
31, San Lorenzo [SL] 45, Yabucoa [Yb] 52) on the
southeastern region of Puerto Rico. Occurrence of mul-
tiple satellite, private haplotypes and retention of
ancestral mitochondrial types in multiple populations
usually indicate a relatively recent and rapid coloniza-
tion event or re-colonization of a particular area, fol-
lowed by demographic expansion (Slatkin & Hudson
1991). The very small genetic distances in southeastern
Puerto Rico (indicated by the white area on Fig. 5)
correspond to the distribution of the widespread hap-
lotype E1 and also suggest an episode of range expan-
sion into this area. If this pattern is the result of
population expansion, then the high number of accu-
mulated, satellite haplotypes in the Eastern and Cen-
tral clades suggests that the expansion possibly did
not occur very recently. Collectively, these observations
suggest that southeastern Puerto Rico (including the
Sierra de Cayey and the Cuchilla de Pandura) may
be the area of the island most recently colonized by
A. krugi.

Phylogenetic analyses recover patterns of ancestor—
descendant relationships among taxa (or the analysed
genetic material that they house) without considering
the spatial location of the samples included in the
study. In contrast, samova analyses assess the level of
genetic similarity among neighbouring populations,
irrespective of whether the alleles or haplotypes present
in those demes are ancestral or derived. Because phylo-
genetic and samMovA analyses are complementary, group-
ings identified by both methods are likely to represent
accurate estimates of the genetic structure of a species.
Indeed, the phylogroups of A. krugi inferred by the
phylogenetic analyses are largely congruent with the
groups identified by samova. The first three breaks
(Fig. 4, K=2, K=3, K=4) define groups that corre-
spond to the Northwestern, Eastern and Southwestern
clades. (The minimum sample size threshold used
[n = 5] for the samova analyses precluded the recovery
of the Northcentral clade.) A major break within the
Eastern clade is also captured when K =5 (Fig. 4). The
remaining breaks (K=6, K=7, K=28) partition the
Central, Southwestern, and Eastern clades, but these
breaks are unstable and more driven by the admixture
of haplotypes from different genetic partitions than by
divergence between areas.
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Climatic stability and the genetic landscape of A. krugi

Can historical climatic conditions in Puerto Rico during
the Quaternary account for the observed pattern of
genetic structuring in A. krugi? Tropical and subtropical
regions did not experience the dramatic climatic
extremes that temperate areas did during the Pleisto-
cene (1.8 Ma to 10 000 years ago; Ballantyne et al. 2005;
Braconnot et al. 2007). Still, improved LGM reconstruc-
tions suggest that even tropical regions underwent a
large-scale cooling, both over the ocean and over land,
with surface air temperatures c. 5 °C lower than those
today (Ballantyne et al. 2005). These cooler tempera-
tures may have resulted in significant shifts and/or
fragmentation of the distribution of certain species. In
fact, recent studies have demonstrated that changes in
climatic patterns can greatly impact the distribution of
a species, in particular that of tropical lizards (Huey
et al. 2009, and references therein). Therefore, we
assessed the stability of the climatic niche of A. krugi
since the LGM by projecting the species’ current cli-
matic niche across this past time period using the
CCSM and MIROC models. Because the LGM and the
present interglacial period represent two climatic
extremes of the Quaternary, the comparison is indica-
tive of the largest climate-driven changes in A. krugi’s
distribution that could have occurred during this
period.

The CCSM and MIROC models produced slightly dif-
ferent reconstructions of the climatic conditions in
Puerto Rico during the LGM. CCSM estimated less pre-
cipitation (i.e. a drier climate) throughout the island,
whereas MIROC estimated an annual mean tempera-
ture c. 1 °C lower than CCSM did. Because A. krugi is a
mesic species, its distribution should be more affected
by a decrease in precipitation, rather than by lower
temperatures (cf. Heatwole et al. 1969). Compared with
the MIROC reconstruction, the CCSM model indeed
estimated a slightly more restricted climatic niche avail-
able to A. krugi. Nevertheless, overall the two models
indicated that despite the general cooling and drying
that occurred in the tropics during the Quaternary
glacial cycles, the climatic niche of A. krugi probably
remained fairly stable. Species distribution models are
only as informative as the parameters and resolution of
those parameters that are incorporated into the niche
model, and thus it is possible that our habitat models
for A. krugi only inferred minor changes between the
LGM and the present because key environmental
parameters were not considered. For example, micro-
habitat variation was not incorporated in the distribu-
tion model, yet anoles can be sensitive to microclimatic
conditions (Losos 2009), which may differ regionally.
In the absence of microclimatic information, available

evidence suggests that the ecological niche of A. krugi
has been stable in the Quaternary, and therefore there
is no expectation of higher genetic diversity in some
parts of the distribution of the species as opposed to
others based on the historic climate stability hypothesis.

Given the inferred stability of the climatic niche of A.
krugi since the LGM, we tested the hypothesis that dif-
ferent degrees of climatic stability generate detectable
differences in levels of genetic variation among popula-
tions of A. krugi. Specifically, we predicted that demes
from the more stable areas exhibit higher levels of
genetic variability than populations from regions that
have experienced greater climatic shifts. The CCSM and
MIROC habitat models indicated that seven of 11 and
two of 11 bioclimatic variables, respectively, showed a
positive association between climatic stability and the
magnitude of genetic divergence among populations of
A. krugi. However, these comparisons became statisti-
cally nonsignificant when revised for spatial autocorre-
lation, probably because due to the small spatial scale
used, the estimated levels of climatic stability across the
geographic range of A. krugi are similar, and the small
differences may not allow for a statistically significant
relationship between climatic stability and genetic dif-
ferentiation.

Climatic niche comparisons among phylogeographic
clades of A. krugi

In general, the most pronounced climatic and ecological
habitat differences in Puerto Rico occur between the
subtropical dry forest, the vast majority of which is
located on the southcentral and southwestern coast, and
the rest of the island, which predominantly consists of
mesic habitat (Lugo 2005). Because A. krugi is absent
from xeric habitats, its natural distribution precludes us
from evaluating the potential effects of these environ-
mental differences on patterns of genetic divergence in
the species. Instead, we assessed whether the five
phylogroups of A. krugi are climatically differentiated.
Principal component analysis revealed some climatic
niche differences among the five phylogeographic
clades of A. krugi, particularly regarding temperature
and precipitation seasonality and temperature fluctua-
tion. As previously indicated, the Eastern clade contains
the highest number of haplotypes and also has the larg-
est geographic distribution, and thus it is not surprising
that the populations that comprise this phylogroup col-
lectively experience the broadest range of climatic con-
ditions. The two principal components (PC2 and PC4)
that significantly differentiated between some phylo-
groups suggest a slight niche structuring of A. krugi in
an east-west and north-south direction (Fig. 7), but it is
unclear whether these climatic differences could have
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caused and/or maintain the observed levels of genetic
structuring in this anole.

In summary, our findings concerning the patterns of
genetic differentiation in A. krugi are intriguing, and sug-
gest that the relationship between climatic stability and
spatial genetic patterns should be explored in more detail
in other taxa. Further, the approach that we employed to
assess how environmental conditions may shape the
genetic architecture of a species can also be used to inves-
tigate the impact of factors such as soil or vegetation
type, or spatial distribution of food sources, parasites,
predators or competitors, on a taxon’s genetic landscape.
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Supporting Information

Additional supporting information may be found in the online
version of this article.

Table S1 Locality abbreviation, sample number, voucher num-
ber, GenBank accession numbers, specific locality, and coordi-
nates of the specimens used in this study. Abbreviation: MVZ,
Museum of Vertebrate Zoology, University of California,
Berkeley

Table S2 Redundant and contracted haplotypes of Anolis
krugi. The first column indicates all the haplotypes that were
redundant with other mitochondrial types (second column)
and/or that represent an ancestral haplotype to which one
or more other haplotypes were contracted using the star con-
traction method (see Materials and Methods). Haplotypes in
bold appear on the maximum likelihood tree (Fig. 2). The
third column indicates the satellite haplotypes that were con-
tracted to the ancestral mitochondrial type listed on the first
column
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Fig. S1 Effect of sample size (i.e. minimum number of individ-
uals per population) on (A) Fcr values (indicators of the pro-
portion of total genetic variance due to differences among
groups of populations), and on (B) Fsc values (indicators of
differentiation among populations within groups).

Fig. S2 Ecological niche models for Anolis krugi for the (A) cur-
rent climatic conditions (30 sec resolution) in Puerto Rico, and
for the climatic conditions during the last glacial maximum
(2.5 min resolution) estimated using the (B) CCSM and
(C) MIROC models. The current shoreline of Puerto Rico and

adjacent islands is depicted in light grey, whereas the approxi-
mate shoreline of the Puerto Rican Bank during the last glacial
maximum (adjusted to the resolution of 2.5 min) is shown in
black. The shading represents habitat modeled as suitable for
A. krugi.
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