
Hindawi Publishing Corporation
International Journal of Ecology
Volume 2012, Article ID 273413, 10 pages
doi:10.1155/2012/273413

Research Article

Synergy between Allopatry and Ecology in
Population Differentiation and Speciation

Yann Surget-Groba,1, 2 Helena Johansson,1, 3 and Roger S. Thorpe1, 4

1 School of Biological Sciences, Bangor University, Bangor LL57 2UW, UK
2 Department of Ecology and Evolutionary Biology, University of California Santa Cruz, Santa Cruz, CA 95064, USA
3 Department of Biosciences, University of Helsinki, P.O. Box 65, 00014 Helsinki, Finland
4 School of Biological Sciences, College of Natural Sciences, Bangor University, Deiniol Road, Bangor, Gwynedd LL57 2UW, UK

Correspondence should be addressed to Roger S. Thorpe, r.s.thorpe@bangor.ac.uk

Received 19 July 2011; Revised 23 September 2011; Accepted 26 October 2011

Academic Editor: Andrew Hendry

Copyright © 2012 Yann Surget-Groba et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

The general diversity pattern of the Caribbean anole radiation has been described in detail; however, the actual mechanisms at the
origin of their diversification remain controversial. In particular, the role of ecological speciation, and the relative importance of
divergence in allopatry and in parapatry, is debated. We describe the genetic structure of anole populations across lineage contact
zones and ecotones to investigate the effect of allopatric divergence, natural selection, and the combination of both factors on
population differentiation. Allopatric divergence had no significant impact on differentiation across the lineage boundary, while
a clear bimodality in genetic and morphological characters was observed across an ecotone within a single lineage. Critically, the
strongest differentiation was observed when allopatry and ecology act together, leading to a sharp reduction in gene flow between
two lineages inhabiting different habitats. We suggest that, for Caribbean anoles to reach full speciation, a synergistic combination
of several historical and ecological factors may be requisite.

1. Introduction

Speciation, the mechanism at the origin of species diversi-
fication, is one of the most studied subjects in evolutionary
biology. Despite this enormous interest, very little is known
about the factors needed for speciation to occur. For instance,
the relative importance of ecological versus purely historical
factors, as well as the geographic context of speciation, is
still debated, and mechanisms that are sometimes invoked to
explain lack of speciation, such as observation of a species-
area relationship [1], are themselves not fully understood.

The most widely recognised speciation model is the
allopatric model, where different populations that are geo-
graphically isolated develop genetic incompatibilities, purely
by genetic drift or founder effects [2–4], by adapting
to different habitats (by-product speciation [5]), by sex-
ual selection [6], or by fixation of incompatible mutations
through adaptation to a similar habitat (mutation-order
speciation [7]). Because there is no gene flow to counter the

differentiation of populations, this model is the easiest to
explain speciation, especially if the isolated populations are
exposed to distinct selective environments (reviewed in [8]).

The possibility of speciation in the presence of recurrent
gene flow (sympatric or parapatric speciation) is much more
debated. In this model, the divergence between populations
exchanging migrants is driven by ecological differentiation
(ecological speciation [9]), and/or sexual differentiation
(speciation by sexual selection [10]). Because even a limited
amount of gene flow is expected to counter differentiation,
early theoretical studies rejected this speciation model [11].
However, other theoretical and empirical work suggested
that nonallopatric speciation is possible under particular
circumstances (reviewed in [12]).

A group in which both the geographic context of spe-
ciation, and the role of ecological speciation, is debated is
the Caribbean anoles. The anole radiation is a highly diverse
species group useful for understanding the mechanisms
at the origin of diversification. Anolis is one of the most
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speciose vertebrate genera with more than 400 described
species. Of these, ca. 150 are found in the Caribbean islands,
and are thought to originate from just two independent
colonizations from the mainland. This species diversity is
accompanied by a very high morphological and ecological
diversity. For these reasons, the anole radiation in the
Caribbean has been the focus of intense studies in the last
decades (reviewed in [13]).

One of the striking patterns in Anolis diversity is the con-
trast between the Greater and the Lesser Antilles. Whereas
numerous species coexist within the large islands of the
Greater Antilles, islands of the Lesser Antilles have at most
two naturally occurring species with most of the islands
having only one. Furthermore, if most of the diversification
in the Greater Antilles occurred within island, most of the
species pairs in the Lesser Antilles are not sister species,
suggesting that these species pairs did not diverge within
island but rather came together after dispersal from another
island, with one possible exception in Saint Vincent [13].

The Caribbean anoles show a well-documented species-
area relationship [14, 15]; however, the reason why so many
speciation events happened in the Greater Antilles while
almost none happened in the Lesser Antilles is still specu-
lative. Losos and Schluter [14] proposed two explanations
for this observation. First, larger islands could offer more
opportunities of geographic fragmentation and hence lead
to the formation of more species by allopatric speciation.
Second, larger islands may have more habitat diversity,
and hence populations submitted to divergent selective
pressure in different habitats could lead to the formation
of more species by ecological speciation. The observation
that some of the largest islands in the Lesser Antilles, like
Dominica, Guadeloupe, or Martinique, have a very high
habitat diversity and hence should be able to support several
species if ecological speciation was the driving force in anole
diversification led Losos [13] to suggest that nonallopatric
modes of speciation driven by ecological speciation are not
supported in anoles.

Several studies suggest the opposite. For instance, bec-
ause of its complex geologic history [16], the island of
Martinique has offered plenty of opportunities for allopatric
speciation to occur in its endemic anole, Anolis roquet.
Present day Martinique was once formed of separate proto-
islands where distinct mtDNA lineages of A. roquet evolved
in allopatry for millions of years before coming back into
secondary contact [17]. However, high gene flow is observed
between previously allopatric lineages showing that this long
geographic isolation did not lead to complete speciation
[18]. Similarly, deep mtDNA lineages are observed in several
species, both in the Lesser Antilles [19–23], and in the
Greater Antilles [24–31]. In the cases where it has been
studied, no restriction of gene flow has been detected
between these previously allopatric lineages [18, 32, 33], with
one possible exception in North-Eastern Martinique [18].
All this suggests that even if allopatric speciation probably
occurred in some situations, geographic isolation alone is not
sufficient to reach speciation in anoles.

Instead, ecological gradients seem to be driving popu-
lation differentiation in Martinique anoles. This island is

very heterogeneous, both topographically and ecologically.
The mountains in the North are exposed to the trade winds
and receive a very high amount of precipitation all year
round. At the opposite, the northern Caribbean coast is in
the “rain shadow” of these mountains and is much drier
and seasonal. Hence, the habitat changes dramatically from
a cool montane rainforest to a hot xeric scrubland in just
a few kilometres. Previous studies [18] have shown that
the divergent selective forces along this habitat gradient
lead to significant morphological and genetic differentiation
between coastal and mountain populations of A. roquet. On
the neighbouring island of Dominica, a similar situation
appears to occur with its endemic anole, Anolis oculatus
[32], and indeed, in the single case to date where contact
zones have been studied in the Greater Antilles, a significant
reduction in gene flow between divergent lineages is only
observed in an area with a steep ecological gradient [33].

In this paper we reanalysed data from a previous study
[18] and added a new transect of A. roquet populations
where the ecotone and the lineage boundary overlap. We
compared the population structure of this new transect
to the two previously published ones, one between two
lineages within a single habitat, and the other between two
habitats within a single lineage. We studied the population
structure and admixture rates along these different transects
to investigate the effects of geographic isolation, ecological
isolation, and the combination of these two factors on anole
population differentiation and speciation. We observe that
population differentiation is at its highest when both factors
act simultaneously and suggest that a possible explanation of
the species-area relationship observed in Caribbean anoles is
that the probability of both allopatric and ecological factors
acting in synergy increases with island size.

2. Material and Methods

2.1. Sampling. The distribution of anoles in Martinique is
more or less continuous. Hereafter we use the term “popu-
lation” to refer to a discrete sampling site, not to genetically
or ecologically differentiated entities. We sampled three
distinct transects in northern Martinique (Figure 1). First,
the “lineage transect” (transect II in [18]) consisted of eight
populations sampled in similar habitat (transitional forest)
across the lineage boundary between the North-West (NW)
and the Central (C) lineages. Second, the “habitat transect”
(populations 1 to 6 from transect IV in [18]) consisted of six
populations sampled within the NW lineage and across an
ecotone between coastal scrubland and montane rainforest.
Finally, the “combined transect” (new data) consisted of
eight populations sampled across the lineage boundary
between the NW and the C lineages and across the ecotone
between coastal scrubland and montane rainforest. For each
population, tail tips from 48 individuals were sampled, and
quantitative traits measurements (see below) were collected
on ten adult males.

2.2. Genetic Analyses. For each individual, genotypes were
scored at nine microsatellite loci (AAE-P2F9, ABO-P4A9,
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Figure 1: Map of the sampled populations. The lineage transect
is indicated in red, the habitat transect in blue, and the combined
transect in yellow. The first and last sites of each transect are
numbered on the map.

AEX-P1H11, ARO-HJ2 [34], ARO-035, ARO-062, ARO-065,
ARO-120 [35], and ALU-MS06 [36]). Mitochondrial DNA
lineage was inferred by amplifying the complete Cyt-b gene,
digesting the PCR product with the restriction enzymes
SspI and DraI (New England Biolabs) whose cutting pattern
allows to distinguish the different lineages present in this
species. More details on these molecular techniques can be
found in [18]. Only individuals successfully genotyped at
least at four loci were kept for analyses. Three sets of analyses
were conducted.

(i) Admixture Analysis. We estimated the genetic struc-
ture within each transect using the Bayesian clustering
method implemented in STRUCTURE v2.3.2 [37]. First, we
estimated the most likely number of clusters (k) by running
the analysis with k ranging from 1 to the real number of
populations. For each k value, the analysis was run 10 times
using the admixture model, with a burn-in of 100,000 steps
for a total run length of 500,000 steps. The optimal number
of clusters (K) was inferred following the method outlined
in [38], choosing the number of clusters corresponding to
the highest rate of change of the log probability of data
between successive K values. We considered an individual as
admixed if less than 80% of its genome was assigned to a
single cluster. We also estimated the standardised pairwise Fst
(Fst’ [39]) between adjacent populations along each transect
using RecodeData v0.1 [39] and FSTAT v2.9.3 [40].

(ii) We then estimated the influence of different poten-
tially important factors on the genetic structure using the

method implemented in GESTE v2.0 [41]. GESTE employs
a hierarchical Bayesian framework to estimate population
specific Fst (representing the differentiation of a given popu-
lation relative to all other populations) and uses a generalized
linear model in order to test the contribution of biotic or
nonbiotic factors to genetic structuring. For our analyses
we used the default settings (sample size of 10000, thinning
interval 20), and in accordance with guidelines we allowed
ten pilot runs to estimate means and variances for the
required input parameters [41]. The analysis was repeated
five times for each transect to ensure that the results were
consistent. Three different factors were considered. First 19
bioclimatic variables were obtained for each population from
the WorldClim database. These variables were annual mean
temperature, mean diurnal range, isothermality, tempera-
ture seasonality, maximum temperature warmest month,
minimum temperature coldest month, temperature annual
range, mean temperature wettest quarter, mean temperature
driest quarter, mean temperature warmest quarter, mean
temperature coldest quarter, annual precipitation, precipita-
tion wettest month, precipitation driest month, precipitation
seasonality, precipitation wettest quarter, precipitation driest
quarter, precipitation warmest quarter, and precipitation
coldest quarter. A principal component analysis (PCA) of
the log transformed variables was performed using the
ade4 package [42] in the R environment [43]. The first
component explained more than 75% of the variation and
was used as a composite bioclimatic variable to describe the
environment among each site. This first axis described the
variation from hot and seasonally dry coastal sites to cool
and wet montane sites. Second, the geographic connectivity
of the populations was estimated as described in [44] to
include a measure of geographic isolation for each individual
population (mean geographical distance between a given
population and all other populations). Third, each site was
assigned to a lineage (lineage transect), a habitat (habitat
transect), or both (combined transect) as follows. For the
lineage transect, sites 1–3 were assigned to the NW lineage,
and sites 4–8 were assigned to the C lineage. For the habitat
transect, sites 1–3 were assigned to coastal habitat, and sites
4–6 were assigned to montane habitat. For the combined
transect, sites 1–3 were assigned to NW/coastal group, while
sites 4–8 were assigned to C/montane group.

(iii) Transects Comparison. To determine if the genetic
structure was different among transects, we computed and
plotted the pairwise Fst’ values between populations on
each side of the contact zone within each transect. This
allowed us to compare the level of across habitat/lineage
differentiation among transects. Because the observations
are nonindependent and hence violate the assumption of
both parametric and nonparametric tests, these plots provide
qualitative information that has not been tested statisti-
cally.

2.3. Combined Analysis of Genetic and Quantitative Data. We
conducted a modified version of the Discriminant Analysis of
Principal Components (DAPC, [45]) to describe the global
structure of populations within each transect using both
genetics and morphology.
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First different morphological characters were recorded as
previously described [22, 46]. These included body dimen-
sions (jaw length, head length, head depth, head width,
upper leg length, lower leg length, dewlap length), scalation
(number of postmental scales, scales between supraorbitals,
ventral scales, and dorsal scales), colour pattern (number of
dorsal chevrons, chevron intensity, occipital “A” mark, black
dorsal reticulation, white spots), and trunk background
colour (percentage red, green and blue hue on the posterior
trunk). These were combined to six independent hues
(UV 330–380 nm, UV/violet 380–430 nm, blue 430–490 nm,
green 520–590 nm, yellow/orange 590–640 nm, and red 640–
710 nm) extracted from the spectrum of the anterior and
posterior dewlap by a multiple-group eigenvector procedure
[23]. This combined data set was subjected to a principal
component analysis (PCA) using the ade4 package in R.

Then, the microsatellite data were also subjected to a PCA
using the adegenet package [47] in R. Finally, the compo-
nents from the genetic (14 components) and quantitative
(4 components) datasets were combined and subjected to a
linear discriminant analysis using the MASS package [48] in
R, using the population of origin as the grouping factor.

3. Results

3.1. Lineage Transect. Two genetic clusters were identified
in this transect, with individuals from populations 1 to 3
being assigned in majority to the first cluster and individuals
from populations 4 to 8 to the second cluster (Figure 2(a)).
This separation corresponds to what was observed with
mitochondrial DNA, populations 1 to 3 being in majority
from the NW lineage while populations 4 to 8 are in majority
from the C lineage [18, 46]. However, the proportion of
admixed individuals is very high and relatively constant all
along this transect (between 35 and 56%), and there is
no trend in the pairwise Fst’ that vary between 0.072 and
0.101 (Figure 2(a)). Morphological and genetic data analysed
separately (Figure S1) show the same trend that is magnified
in the combined analyses. We observe a slight differentiation
between populations 1 to 3 and populations 4 to 8, but
there is an overlap between these groups (Figure 3(a)). The
population specific Fst estimated with GESTE (Table 1) that
represents the level of differentiation of one population
relative to all other [41] are very low (ranging from 0.008
to 0.013, Table 1) and do not correlate with any of the
factors investigated (geographic connectivity, environment,
lineage), underlining again the lack of genetic structure along
this transect (Table 2).

3.2. Habitat Transect. Two genetic clusters were also iden-
tified in this transect (cluster 1: populations 1–3; cluster 2:
populations 4–6, Figure 2(b)). This genetic division corre-
sponds to the habitat division, the ecotone being situated
between populations 3 and 4 [18]. The admixture rates are
globally lower than on the lineage transect (range: 15–55%).
It is relatively low at the two opposite sides of the transect
(29% in population 1 and 15% in population 6) and gets
higher in the centre of the transect, around the ecotone (55%
in population 3 and 45% in population 4). Here again, there

is no obvious trend in the pairwise Fst’ that vary between
0.059 and 0.112 (Figure 2(b)). The combined dataset shows
a much higher level of variation than on the lineage
transect (almost twice as high), and a marked differentiation
between populations 1-2 and 4–6, with population 3 being
intermediate (Figure 3(b)). The population specific Fst are
higher than in any site of the lineage transect (ranging from
0.0148 to 0.0522, Table 1) confirming the higher genetic
structuring along this transect. The best model to explain
this genetic structure only incorporates a constant, but
the second and third best models have a nonnegligible
probability and incorporate, respectively, the habitat type
and the bioclimatic variable (Table 1); these two factors
have a combined probability of 0.175 and 0.134, respectively
(Table 2).

3.3. Combined Transect. Here again two genetic clusters were
identified (cluster 1: populations 1–3; cluster 2: populations
4–8, Figure 2(c)), but with a much higher differentiation.
This genetic division corresponds both to the habitat and
lineage boundaries, the ecotone being situated between
populations 3 and 4, as well as the lineage boundary
(Figure 4). On this transect, the admixture rate is much lower
(range 4–27%) than on the other transects. It is somewhat
higher in population 4, situated at the lineage boundary
and at the ecotone, but even in this population, it is lower
than in any of the lineage transect’s populations and than
in most of the habitat transect’s populations (Figure 2(c)).
There is also a marked increase of the pairwise Fst’ at the
contact zone, with a value of 0.169 between populations 3
and 4, while the other values are much lower (range: 0.052–
0.0760, Figure 2(b)), suggesting the existence of a barrier to
gene flow at the lineage/habitat boundary. The combined
dataset shows a similar level of variation than in the habitat
transect, with a strong differentiation between coastal (1-
2) and montane (5–8) populations, with the populations 3
and 4 being intermediate. Along this transect, the population
specific Fst are similar or higher to what is observed
in the habitat transect (Table 1). The genetic structure is
significantly associated with the habitat type/lineage factor,
and the second best model includes the bioclimatic variable
with a nonnegligible probability (Table 2).

4. Discussion

In this paper, we describe the differentiation between two
lineages of Anolis roquet living in contrasting habitats and
coming into secondary contact at the ecotone between these
habitats. As a comparison, we reanalysed two previously
published transects, a “lineage transect” where two lineages
meet within a same habitat, and a “habitat transect” where
different populations of the same lineage live in contrasting
environments and are in contact at the ecotone between
these habitats. This design allowed to investigate the effects
of allopatry, habitat, and of the combination of these two
factors on anole population differentiation and speciation.

A marked difference could be observed in the population
structure along these three transects (Figure 5), suggesting
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Figure 2: Population structure and admixture rates along the three transects. Solid lines represent admixture rates, and broken lines
represent pairwise Fst values.
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Figure 3: DAPC (discriminant analysis of principal components) based on the combination of genetic and quantitative trait characters (see
supplementary Figure S1 available online at doi: 10.1155/2012/273413 for the separate analyses).
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Table 1: Bayesian estimates of Fst values for each population. The mean value and the lower and upper limits of the 95% highest probability
density interval are indicated. These Fst values measure the differentiation of a given population relative to all other populations.

Population Lineage transect Habitat transect Combined transect

1 0.0078 [0.0038; 0.0123] 0.0522 [0.0357; 0.0695] 0.0721 [0.0524; 0.0934]

2 0.0104 [0.0055; 0.0155] 0.0464 [0.0301; 0.0627] 0.0513 [0.0357; 0.0674]

3 0.0054 [0.0019; 0.0093] 0.0330 [0.0209; 0.0468] 0.0507 [0.0350; 0.0671]

4 0.0097 [0.0049; 0.0151] 0.0148 [0.0071; 0.0228] 0.0148 [0.0075; 0.0223]

5 0.0061 [0.0022; 0.0101] 0.0219 [0.0122; 0.0323] 0.0131 [0.0064; 0.0206]

6 0.0132 [0.0075; 0.0193] 0.0233 [0.0142; 0.0339] 0.0134 [0.0071; 0.0205]

7 0.0090 [0.0044; 0.0139] 0.0122 [0.0060; 0.0190]

8 0.0101 [0.0052; 0.0153] 0.0136 [0.0066; 0.0210]

Table 2: Environmental factors determining the genetic structure of populations. (a) Sum of posterior probabilities of models including
a given factor. (b) Posterior probability of the 8 models considered. The best model is indicated in bold. (c) Estimates of the regression
parameters for the best model (mean value and lower and upper limits of the 95% highest probability density interval are indicated).

Lineage transect Habitat transect Combined transect

(a)

Connectivity (G1) 0.069 0.107 0.081

Environment (G2) 0.070 0.184 0.458

Lineage/habitat (G3) 0.079 0.228 0.572

(b)

Constant 0.800 0.554 0.068

Constant, G1 0.057 0.067 0.012

Constant, G2 0.058 0.134 0.319

Constant, G3 0.006 0.175 0.431

Constant, G1, G2 0.067 0.017 0.029

Constant, G1, G3 0.006 0.020 0.031

Constant, G2, G3 0.006 0.030 0.100

Constant, G1, G2, G3 0.001 0.003 0.010

(c)

α0 −3.80 [−4.28;−3.34] −3.49 [−4.17;−2.78] −3.77 [−4.24;−3.24]

α1 0.75 [−1.22;−0.29]

σ2 0.39 [0.10; 0.84] 0.70 [0.13; 1.63] 0.40 [0.10; 0.89]

that they are at different stages of the speciation continuum
[49, 50]. According to Hendry et. al [49], four stages can
be distinguished along this continuum: “(1) continuous
variation within panmictic populations, (2) partially dis-
continuous variation with minor reproductive isolation, (3)
strongly discontinuous variation with strong but reversible
reproductive isolation and (4) complete and irreversible
reproductive isolation.” The weak structure observed in the
lineage transect, and the high admixture level correspond
the State 1 of the continuum. This pattern is similar to
what was observed in a previous study [18] for all but
one (transect I in [18]) transects sampled across lineages
(transects II, III, IV, V, VI, VII, VIII in [18]). In the
habitat transect, the variation is clearly bimodal, but the
high level of admixture in the contact zone between the
two habitats suggests that the reproductive isolation is still
limited between the ecotypes, corresponding to a stage
between State 2 and State 3 of the continuum. Here again,
this pattern is similar to the other transect sampled across
habitats (transect III in [18]). Finally, the combined transects

present strongly discontinuous variation, but there is still a
significant level of admixture at the contact zone suggesting
that the reproductive isolation is not complete despite a
strong reduction in gene flow. This would correspond to
State 3 of the speciation continuum. The situation of this
last transect, where the ecotone and the lineage boundary
overlap, is unique on this island, and hence this result could
not be replicated.

In terms of association between observed genetic struc-
ture and biotic and abiotic factors, no significant factors were
detected on the lineage transect, all the models other than
the one incorporating only a constant having a very low
probability. To the contrary, for the combined transect both
the habitat/lineage category and the bioclimatic composite
variable are the best at explaining the genetic structure,
suggesting the important driving force of the environment
into population differentiation. The situation in the habitat
transect is not so clear. The best model only incorporates a
constant, but the combined probability of the habitat type
and the environment factor are not negligible as they were on
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the lineage transect. The lack of significance of these factors
could be due to the lack of power of this method when the
number of populations analysed is low. Indeed, simulations
showed that this method failed to identify the true model
with five or seven populations [41]. However, the observed
trend suggests that environment factors may play a role in
the genetic structuring of the populations along this transect
too.

As expected, we find the strongest signal of divergence
in morphological data that are known to react quickly to
selection [51–54] (Figure S1). The genetic data is similar in
pattern but smaller in magnitude. Recent simulation studies
suggest that neutral markers, that is, markers that are not
linked with the traits under selection, are not very sensitive
to detect ecological speciation [55, 56]. The authors conclude
that this would lead to false negatives (failure to detect
ecological speciation) rather than false positives. Taking this
into account, and the fact that we found a clear signal of gene
flow reduction both in the habitat and the combined transect

in accordance with an extreme environment gradient, the
divergence we demonstrate in this study with these neutral
markers is undoubtedly considerably less than the divergence
of the traits and loci under selection.

Since the habitat along the lineage transect is very homo-
geneous we do not expect ecological speciation to currently
play a role in this area. However, this does not mean
it has always been the case. When the populations from
the two lineages were isolated on different proto-islands,
it is possible that they were submitted to different envi-
ronmental pressures. In such a situation, several studies
have demonstrated that isolated populations can rapidly
evolve partial reproductive isolation as a byproduct of local
adaptation [57–60]. Such a mechanism could also explain
the differences observed between the three transects. When
populations from the C and NW lineages came back into
secondary contact, they did so in two very different contexts:
either along a very sharp environmental gradient (combined
transect), where any preexisting reproductive isolation could
be maintained or strengthened by current disruptive selec-
tion, or within an homogeneous habitat (lineage transect)
where any preexisting reproductive isolation may have been
lost. Breakdowns of reproductive barriers associated with
ecological changes have been recently described in various
species [61, 62].

The relative role of geography and ecology in speciation
remains a subject of debate. The main discussion relates
to whether or not ecological factors can drive speciation
in the presence of gene flow. Several convincing empirical
studies suggest that it is indeed possible to reach full
speciation in sympatry by ecological speciation (e.g., [63–
67]), while others emphasize the combined role of historical
and ecological factors in shaping species diversity [68–70].
For instance, in Trinidadian guppies, ecological speciation
played a role in premating isolation either in allopatry
(byproduct speciation) or in parapatry (to avoid maladaptive
matings) [69]. For Martinique anoles, it is clear that for
the populations that reached secondary contact very little
evidence of the role of geographic isolation exists, while
ecological factors seem to play a more important role.
However, without conducting mate-choice experiments, it is
not possible to determine conclusively the role of ecological
speciation in allopatry.

Despite the large number of studies on the Caribbean
anole radiation, very little is known about the factors at
the origin of their diversity. Several papers have described
the diversity patterns, demonstrating a correlation between
island size and species diversity in large islands, while no
speciation events were recorded on islands below a threshold
size [13]. Recent work demonstrated that within island
diversity could be the result of ecological opportunities and
that net speciation rate decreased with time as opportunities
decreased to reach an equilibrium at the island carrying
capacity [15]. However, these studies do not explain the
mechanisms at the origin of these diversity patterns and only
propose several hypotheses to explain these observations.

In line with previous studies, we demonstrate that indeed
environmental factors have a strong effect on the genetic
structure of Martinique anole populations, with a reduction
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of gene flow at the ecotone between coastal and montane
habitats and that it does not seem sufficient to lead to full
reproductive isolation. Furthermore, we refine our under-
standing of divergence in these anoles by demonstrating
that when allopatric lineages come into secondary contact
on an ecotone, the differentiation is much stronger, with a
significant reduction in gene flow. The absence of replication
of the combined transect does not allow the generalisation
of these findings, but we hypothesize that to reach full
speciation anoles need first to evolve in allopatry and then
come into secondary contact in an area where divergent
natural selection will allow them to stay separate and further
reinforce their divergence. Because this combination of
factors is more likely to be found on large islands, it could be
the mechanism at the origin of the species-area relationship
observed in Caribbean anoles.
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Feuille MARTINIQUE, Bureau de Recherches Géologiques et
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4: a multivariate analysis and graphical display software,”
Statistics and Computing, vol. 7, no. 1, pp. 75–83, 1997.

[43] R Development Core Team, R: A Language and Environment
for Statistical Computing, R Foundation for Statistical Com-
puting, Vienna, Austria, 2011.

[44] O. E. Gaggiotti, D. Bekkevold, H. B. H. Jørgensen et al.,
“Disentangling the effects of evolutionary, demographic, and
environmental factors influencing genetic structure of natural
populations: atlantic herring as a case study,” Evolution, vol.
63, no. 11, pp. 2939–2951, 2009.

[45] T. Jombart, S. Devillard, and F. Balloux, “Discriminant anal-
ysis of principal components: a new method for the analysis
of genetically structured populations,” BMC Genetics, vol. 11,
article 94, 2010.

[46] H. Johansson, Y. Surget-Groba, and R. S. Thorpe, “The roles
of allopatric divergence and natural selection in quantitative
trait variation across a secondary contact zone in the lizard
Anolis roquet,” Molecular Ecology, vol. 17, no. 23, pp. 5146–
5156, 2008.

[47] T. Jombart, “Adegenet: a R package for the multivariate
analysis of genetic markers,” Bioinformatics, vol. 24, no. 11, pp.
1403–1405, 2008.

[48] W. Venables and B. Ripley, Modern Applied Statistics with S,
Springer, New York, NY, USA, 2002.

[49] A. P. Hendry, D. I. Bolnick, D. Berner, and C. L. Peichel,
“Along the speciation continuum in sticklebacks,” Journal of
Fish Biology, vol. 75, no. 8, pp. 2000–2036, 2009.

[50] P. Nosil, L. J. Harmon, and O. Seehausen, “Ecological expla-
nations for (incomplete) speciation,” Trends in Ecology and
Evolution, vol. 24, no. 3, pp. 145–156, 2009.

[51] A. Malhotra and R. S. Thorpe, “Experimental detection of
rapid evolutionary response in natural lizard populations,”
Nature, vol. 353, no. 6342, pp. 347–351, 1991.

[52] M. Leal and L. J. Fleishman, “Differences in visual signal
design and detectability between allopatric populations of
Anolis lizards,” American Naturalist, vol. 163, no. 1, pp. 26–39,
2004.

[53] R. S. Thorpe, J. T. Reardon, and A. Malhotra, “Common
garden and natural selection experiments support ecotypic
differentiation in the Dominican anole (Anolis oculatus),”
American Naturalist, vol. 165, no. 4, pp. 495–504, 2005.

[54] R. Calsbeek, J. H. Knouft, and T. B. Smith, “Variation in scale
numbers is consistent with ecologically based natural selection
acting within and between lizard species,” Evolutionary Ecol-
ogy, vol. 20, no. 4, pp. 377–394, 2006.

[55] X. Thibert-Plante and A. P. Hendry, “Five questions on ecolog-
ical speciation addressed with individual-based simulations,”
Journal of Evolutionary Biology, vol. 22, no. 1, pp. 109–123,
2009.

[56] X. Thibert-Plante and A. P. Hendry, “When can ecological
speciation be detected with neutral loci?” Molecular Ecology,
vol. 19, no. 11, pp. 2301–2314, 2010.

[57] D. J. Funk, “Isolating a role for natural selection in speci-
ation: host adaptation and sexual isolation in Neochlamisus
bebbianae leaf beetles,” Evolution, vol. 52, no. 6, pp. 1744–1759,
1998.

[58] T. H. Vines and D. Schluter, “Strong assortative mating
between allopatric sticklebacks as a by-product of adaptation
to different environments,” Proceedings of the Royal Society B:
Biological Sciences, vol. 273, no. 1589, pp. 911–916, 2006.

[59] R. B. Langerhans, M. E. Gifford, and E. O. Joseph, “Ecological
speciation in Gambusia fishes,” Evolution, vol. 61, no. 9, pp.
2056–2074, 2007.

[60] A. P. Hendry, P. Nosil, and L. H. Rieseberg, “The speed of
ecological speciation,” Functional Ecology, vol. 21, no. 3, pp.
455–464, 2007.

[61] E. B. Taylor, J. W. Boughman, M. Groenenboom, M. Sni-
atynski, D. Schluter, and J. L. Gow, “Speciation in reverse:
morphological and genetic evidence of the collapse of a
three-spined stickleback (Gasterosteus aculeatus) species pair,”
Molecular Ecology, vol. 15, no. 2, pp. 343–355, 2006.

[62] O. Seehausen, G. Takimoto, D. Roy, and J. Jokela, “Speciation
reversal and biodiversity dynamics with hybridization in
changing environments,” Molecular Ecology, vol. 17, no. 1, pp.
30–44, 2008.

[63] E. Rolan-Alvarez, M. Carballo, J. Galindo et al., “Nonallopatric
and parallel origin of local reproductive barriers between two



10 International Journal of Ecology

snail ecotypes,” Molecular Ecology, vol. 13, no. 11, pp. 3415–
3424, 2004.

[64] V. Savolainen, M. C. Anstett, C. Lexer et al., “Sympatric
speciation in palms on an oceanic island,” Nature, vol. 441,
no. 7090, pp. 210–213, 2006.

[65] M. Barluenga, K. N. Stölting, W. Salzburger, M. Muschick,
and A. Meyer, “Sympatric speciation in Nicaraguan crater lake
cichlid fish,” Nature, vol. 439, no. 7077, pp. 719–723, 2006.

[66] A. S.T. Papadopulos, W. J. Baker, D. Crayn et al., “Speciation
with gene flow on Lord Howe Island,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 108, no. 32, pp. 13188–13193, 2011.

[67] E. B. Rosenblum and L. J. Harmon, ““same same but differ-
ent”: replicated ecological speciation at white sands,” Evolu-
tion, vol. 65, no. 4, pp. 946–960, 2011.

[68] P. Nosil, “Ernst Mayr and the integration of geographic
and ecological factors in speciation,” Biological Journal of the
Linnean Society, vol. 95, no. 1, pp. 26–46, 2008.

[69] A. K. Schwartz, D. J. Weese, P. Bentzen, M. T. Kinnison, and A.
P. Hendry, “Both geography and ecology contribute to mating
isolation in guppies,” PLoS ONE, vol. 5, no. 12, Article ID
e15659, 2010.

[70] M. A. Frey, “The relative importance of geography and ecology
in species diversification: evidence from a tropical marine
intertidal snail (Nerita),” Journal of Biogeography, vol. 37, no.
8, pp. 1515–1528, 2010.



Submit your manuscripts at
http://www.hindawi.com

Forestry Research
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Environmental and 
Public Health

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Ecosystems
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Meteorology
Advances in

Ecology
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Marine Biology
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Applied &
Environmental
Soil Science

Volume 2014

Advances in

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Environmental 
 Chemistry

Atmospheric Sciences
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Waste Management
Journal of

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

 International Journal of

Geophysics

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Geological Research
Journal of

Earthquakes
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Biodiversity
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Scientifica
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Oceanography
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

  Journal of 
 Computational 
Environmental Sciences
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Climatology
Journal of


