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The coexistence of several anoles in the same place is attributed to differential partitioning of resources. Although 
several mainland and island communities show a similar structure, differences in life-history traits, absence of niche 
complementarity, higher food supply and higher numbers of predators in mainland environments support the idea 
that predation, rather than competition, is a more important structuring force in mainland than in island anole 
communities. To analyse the pattern of ecological structure in mainland anole communities, we studied communities 
in three tropical rain forests of north-western South America to obtain data about the use of resources on three niche 
axes [spatial, thermal and morphological (as a proxy of diet)] for 17 species of anoles. We analysed the patterns of 
niche overlap for each axis and found that overlap on the dietary axis was less than the overlap on the other axes, 
indicating that species using similar spatial or thermal resources diverge strongly in their diet. In addition, we 
identified a niche complementarity among niche axes, suggesting that intraspecific competition is also an important 
process in those communities. Finally, this study revealed a similar ecological structure in different communities 
of mainland rain-forest anoles, which share seven ecomorphs, suggesting ecological adaptation and convergence in 
mainland anoles.

ADDITIONAL KEYWORDS:   adaptive radiation – anoles – Colombia – convergent evolution – coexistence – 
niche theory.

INTRODUCTION

Adaptive radiation is a type of evolutionary radiation 
whereby a phylogenetic lineage produces an exceptional 
amount of phenotypic disparity among its taxa, which 
can be interpreted as a variety of adaptive forms that 
have evolved to use different ecological resources 
(Losos & Mahler, 2010; Mahler et al., 2010). Adaptive 
radiation has often been responsible for the existence 
of highly diverse and phenotypically disparate 
communities, where species from the same lineage 
coexist through ecological differentiation promoted by 
ecological opportunity (e.g. new resources or new traits 
representing key innovations) and accompanied by 
the diversification of ecologically relevant phenotypic 
traits among newly evolving forms, driven mainly by 
mechanisms of competition (Schluter, 2000; Mahler 
et al., 2010).

An iconic and well-studied example of adaptive 
radiation is Anolis, a species-rich genus of lizards, 
whose diversification was facilitated by the emergence 
and diversification of toepads among newly evolving 
species. The emergence of toepads represented a 
key innovation that allowed anoles to fill arboreal 
niches in new ways not available to lizards without 
toepads. The partitioning of local habitat resources 
through ecological differentiation, mediated mainly 
by mechanisms of competition, therefore allows more 
species to occupy the same space than would otherwise 
be possible (Rand, 1964; Rummel & Roughgarden, 
1985; Losos, 2009). Although morphological innovation 
has often been considered to have allowed species 
to use, and then adapt to, a wide variety of different 
niches (Losos, 2009; Mahler et al., 2010), Anderson & 
Poe (2018) did not find evidence to support the idea 
that ecological opportunity (owing to the island effect 
and morphological innovation) was the trigger for 
morphological diversity in anoles.*Corresponding author. E-mail: rafamorearias@gmail.com
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Independent of the cause of morphological diversity 
in anoles, their communities are typically composed 
of between two and 15 species (Losos, 2009) that are 
assembled according to their differential use of habitat 
resources (Rand, 1964; Schoener, 1968; Duellman, 
1978; Castro-Herrera, 1988; Pounds, 1988; Losos, 
1990a; Vitt et al., 1999; D’Cruze & Stafford, 2006). 
In a similar manner to other lizards that coexist 
sympatrically, anoles partition resources principally 
along three main axes: (1) structural habitat; (2) 
thermal microhabitat; and (3) prey size and type 
(Pianka, 1974; Williams, 1983). Groups of anole 
species that share similar microhabitat, behavioural 
and morphological attributes, without necessarily 
being phylogenetically close, are termed ecomorphs 
(Williams, 1972). Currently, six anole ecomorphs 
have been recognized and named according to the 
predominant microhabitat they use (e.g. grasses, open 
ground, different parts of trees): ‘crown giant’, ‘trunk–
crown’, ‘trunk’, ‘twig’, ‘trunk–ground’ and ‘grass–bush’. 
Originally described on the basis of island studies 
of anole communities, these ecomorphs seem to be 
exclusive to Greater Antillean island anole radiations, 
with evidence suggesting few similarities to mainland 
anole species (Irschick et al., 1997; Velasco & Herrel, 
2007; Pinto et al., 2008; Schaad & Poe, 2010).

The numbers and types of ecomorphs present within 
a given locality give rise to distinct anole communities, 
with similar habitats giving rise to similar anole 
communities. Two hypotheses have been proposed to 
explain ecomorphological evolution in both Greater 
and Lesser Antillean anole communities (Losos, 1992, 
2009): (1) the character displacement hypothesis; and 
(2) the niche compression hypothesis. The character 
displacement hypothesis (Brown & Wilson, 2006) 
suggests that structuring in the early stages of 
diversification is driven mainly by divergence in body 
size among species that share the same microhabitat, 
followed by subsequent divergence owing to differences 
in microhabitat and food (Losos, 1992). In contrast, the 
niche compression hypothesis (MacArthur & Wilson, 
1967) suggests that structuring in the early stages is 
driven mainly by divergence in microhabitat among 
species of similar body size, followed by subsequent 
divergence owing to body size and food (Losos, 1992). 
Ecological and phylogenetic analyses have confirmed 
that niche compression has played an important role 
in the faunal assembly of anole communities from 
the southern Lesser and Greater Antilles, through 
sequential microhabitat partitioning (Losos, 1992, 
2009). Furthermore, it has been demonstrated that 
analogous anole communities from the Greater Antilles 
are the result of convergent evolution driven by one-to-
one convergent evolution at the species level, through 
the channelling of both global and local optimization 

to several adaptive peaks (Losos, 2009; Sanger et al., 
2011; Mahler et al., 2013).

Differences in ecological structure between 
Caribbean island and South American mainland anole 
communities are attributed to differences in food 
resource availability and predator density between 
island and mainland habitats (Andrews, 1979; Losos, 
2009), with fewer food resources and fewer predators 
on islands resulting in greater predation and reduced 
interspecific competition in mainland communities 
than in island communities. These differences, in 
turn, affect the life-history characters of species 
(Andrews, 1979). However, despite these differences, 
some studies (Rand & Humphrey, 1968; Duellman, 
1978; Castro-Herrera, 1988) have shown similarities 
in ecological structure between mainland and island 
anole communities.

The Andes are a continental mountain range that 
extends along the western edge of South America. In 
north-western South America, the Andes split into 
three mountain chains, producing several tropical 
forest habitats in inter-Andean valleys, in addition to 
separating the lowlands of Chocó west of the Andes 
and the Amazon basin to the south-east. These have 
followed relatively independent biogeographical 
histories for ≥  33  Myr (Hoorn et  al., 2010). In 
these forests, Anolis are also highly diverse and 
morphologically disparate (particularly in Colombia), 
and represent the dominant fauna in communities of 
arboreal lizards (Moreno-Arias et al., 2008).

Despite the importance of anoles in arboreal lizard 
communities in South America, the natural history 
of many species is poorly known, with the ecology of 
only a few species having been studied (Losos et al., 
1991; Vitt & Zani, 1996; Vitt et al., 2001, 2003a, b; 
Miyata, 2013). Few studies have focused on ecological 
structure and of those that have, most are restricted to 
anole communities either in the Amazon region (Rand 
& Humphrey, 1968; Duellman, 1978; Vitt et al., 1999) 
or in the Chocó region along the north-western Pacific 
coast of Colombia (Castro-Herrera, 1988). To date, no 
studies have examined anole communities from inter-
Andean forests, thus the importance of inter-Andean 
forests in north-western South America as a reservoir 
of anole diversity is unknown.

Recently, Moreno-Arias & Calderón-Espinosa (2016) 
showed how the morphological diversification of 
continental anole lizards from north-western South 
America fitted better to models describing non-
random evolutionary processes than to other models 
and described the close similarity in morphological 
structure found between mainland anole communities. 
These patterns could be consistent with the convergent 
evolution hypothesis used to explain similarity 
among community assemblages in Greater Antillean 
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anoles, where similar sets of habitat specialists have 
evolved independently on each island (Williams, 1983; 
Losos et al., 1998; Jackman et al., 1999; Nicholson 
et  al., 2005). As predicted by adaptive radiation 
models (Schluter, 2000), anole lizards partition local 
habitat resources through ecological differentiation, 
therefore allowing more species to occupy the same 
space than would otherwise be possible (Rand, 1964; 
Rummel & Roughgarden, 1985). Furthermore, local 
habitat partitioning has been shown to have evolved 
independently on separate Caribbean islands (Losos 
et al., 1998). This contrasts with the idea of historical 
contingency (Gould, 1989), whereby phenotypic 
expression is contingent on past evolutionary history 
or prior mutations in that population, meaning that 
species, despite evolving in similar conditions, will 
present more differences than similarities (Wiens, 
1989).

We hypothesize that ecological differentiation 
through habitat partitioning among mainland anole 
species should be reflected in the morphology of 
the species (Losos, 1990b, c), that the structure of 
mainland anole communities evolved mainly by 
microhabitat partitioning, in a similar manner to the 
island counterparts (Losos, 1992), and that there is 
an ecological convergence, as evidenced by previous 
studies (Moreno-Arias & Calderón-Espinosa, 2016; 
Poe & Anderson, 2019).

Under this hypothesis, our first prediction is that 
anole species coexisting in the same community 
partition local habitat along at least one of the three axes 
recognized by Williams (1983; microhabitat structure, 
thermal or dietary) and that these differences follow a 
trajectory independent of the phylogenetic history. Our 
second prediction is that mainland tropical rain-forest 
anole communities evolving in similar environmental 
conditions will exhibit a similar ecological structure 
composed of the same groups of species, each associated 
with a particular use of habitat resources.

To test these predictions, we examined the ecological 
diversity of anoles in three biogeographically 
independent mainland rain-forest regions in 
Colombia: the Amazon biogeographical region, the 
Chocó biogeographical region and the Inter-Andean 
region (the Magdalena Valley). The main objectives of 
the present study were as follows: (1) to describe the 
pattern of partitioning of spatial, thermal and dietary 
resources and the morphology of anole communities 
from tropical rain forests in the three different 
biogeographical regions; (2) to identify groups of species 
with similar use of resources and similar morphology 
across tropical rain forests; (3) to describe scenarios of 
the evolution of habitat use by anole communities from 
north-western South America; and (4) to examine the 
importance of inter-Andean forests in north-western 
South America as a reservoir of anole diversity.

MATERIAL AND METHODS

Fieldwork

We conducted fieldwork at three sites in Colombia 
dominated by tropical rain-forest vegetation. These 
localities were chosen because they represent three 
geographically independent communities of anoles 
owing to the formation of the Andes, allowing 
comparison between the effects of evolutionary 
history (such as vicariance, where past historical 
events have influenced population differentiation) 
and ecology (adaptation by natural selection for 
current ecological conditions) on community structure 
and niche differentiation in mainland anole lizards. 
The first site, referred to as ‘Chocó’, corresponds to 
the Biological Station El Amargal in the village of 
Arusí, in the municipality of Nuquí, department of 
Chocó (5°35′14.91″N, 77°29′30.58″W; WGS 84; 41 m 
a.s.l.). The second site, referred to as ‘Magdalena’, 
corresponds to Haciendas Javas and Pampas in 
the municipality of Yondó, department of Antioquia 
(6°42′48.4″N, 74°20′44.1″W; WGS 84; 109 m a.s.l.). 
The third site, referred to as ‘Amazonas’, corresponds 
to the Tanimboca Nature Reserve in the municipality 
of Leticia, department of Amazonas (4°7′37.8″S, 
69°57′12.8″W; WGS 84; 95 m a.s.l.).

The forest type at all sites is multistratified, with: (1) 
a dense leaf-litter stratum; (2) an herbaceous stratum 
dominated by young palms and trees shorter than 1.5 
m; (3) an understorey (reaching 20 m tall), with small 
trees, shrubs, palms, vines and epiphytes; and (4) a 
canopy stratum that includes trees reaching 40 m tall, 
with vines and epiphytes.

Reported annual  mean prec ipi tat ion and 
temperature for each site are as follows: Chocó, 
7245 mm and 26.0 °C (Galeano, 2001); Magdalena, 
2399 mm and 28.4 °C; and Amazonas, 3250 mm and 
26.4 °C (Domínguez, 1999).

At each site, we recorded habitat structure and 
attributes of the microclimate for each male individual 
observed. The following habitat structure attributes 
were recorded: (1) habitat type [forest edge, defined as 
an ecotone of 20 m from the physical edge of the forest 
(Urbina-Cardona et al., 2006), open areas/pastures 
or clearings inside the forest); (2) stratum (canopy, 
comprising trees or vines with an estimated height 
> 20 m; understorey, comprising trees, bushes or vines 
between 1.5 and < 20 m in height; herbaceous: trees, 
bushes or herbs < 1.5 m in height; and terrestrial, 
comprising ground, grass or leaf litter); and (3) perch 
type [ground (including bare ground, leaf litter and 
fallen logs), grass, herbs, vines, branches and twigs, 
trunks and leaves]. The following microhabitat 
attributes were also recorded: (1) perch exposure, 
i.e. sun, if there was no vegetation cover above the 
perch, or shade, if there was vegetation above the 
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perch; (2) perch height; (3) perch diameter; (4) nearest 
perch; (5) perch temperature; and (6) environmental 
temperature.

Observations were made in January and July 
2013 and in January and February 2014, using 
visual encounter surveys (Crump & Scott, 1994). 
Measurements were performed during daytime 
surveys between 08:00 and 16:00 h, to maintain 
temperature and light intensity distributions that 
allowed for adequate microclimate partitioning. 
Sampling effort ranged from 192 to 576 person-hours 
per site. A Rand census was implemented (Rand, 1964) 
to characterize microhabitat use by species.

To analyse the morphology of species, we measured 
individuals captured in this study. We used as 
variables the mean of snout–vent length (SVL) and 
the residuals of mean hindleg length (HLL), head 
width (HW), head height (HH), head length (HL) 
and the number of lamellae in the third and fourth 
phalanges of the fourth toe (LN) against SVL. We 
used these variables as a proxy of feeding behaviour 
and prey size. The relationship of body size and head 
dimensions to prey size has been well documented 
(e.g. Duellman, 1978; Castro-Herrera, 1988; Vitt et al., 
1999, 2001, 2002, 2003a, b), whereas hindlimb length 
and number of lamellae are correlated with locomotor 
performance related to feeding and predator avoidance 
in the Caribbean (Losos, 1990a, b; Irschick & Losos, 
1996; Losos & Irschick, 1996) and in mainland anoles 
(Moreno-Arias, 2014).

Data analysis

Competition theory predicts that community or 
assemblage structure in anole lizards should be 
shaped by differences in resource partitioning 
between co-occurring species. As such, quantifying 
the differences in the degree of resource partitioning 
(i.e. microhabitat/niche overlap) is a key part of 
studies examining community structure. We used two 
resource axes and an axis of morphology to quantify 
the niche and morphological space, respectively. The 
use of each resource was defined by the frequency of 
use per species for each category of discrete variable 
and the mean value of each continuous variable.

Variables were grouped into one of three axes, each 
representing one of three distinct niche axes: spatial, 
thermal and morphological. The spatial axis was 
composed of the following variables related to the 
nature and position of perches or structural habitat 
(Rand, 1964): stratum; perch type; perch height and 
diameter; and nearest perch. The thermal axis was 
composed by habitat type, perch exposure and perch 
and air temperatures, which describe the intensity 
of solar radiation in the microhabitat and therefore 

represent a thermoregulation resource. Finally, we 
describe the morphological variation of communities 
by means of a principal components analysis with 
the previously mentioned variables that are closely 
related to feeding behaviour and prey size.

To detect the existence of differences in resource 
use between species across niche axes, we performed 
a unified analysis of niche overlap (UANO; Geange 
et al., 2011) on each anole community. This method 
estimates the distribution of probabilities for each data 
type (e.g. categorical, binary, continuous), calculates 
niche overlap statistics between two species as the 
overlapping area between distributions, and creates a 
composite statistic of niche overlap for all types of data. 
This method uses null models to determine whether 
differences between niche overlap resource axes (i.e. 
thermal, spatial and morphology) and overall overlap 
(niche axes combined) are attributable to sampling 
variation (Gotelli, 2000). UANO performs permutation 
tests to produce a null distribution, calculating pseudo-
values of niche overlap from pseudo-communities, and 
tests the distribution of niche overlap values from the 
observed community against the null distribution for 
a given P-value (Geange et al., 2011). To describe the 
patterns of resource use among species across the 
communities studied, we performed an additional 
UANO with all species pooled.

Given that niche overlap values between species 
are a measure of ecological similarity, we used 
the niche overlap matrix to perform non-metric 
multidimensional scaling (nMDS) to visualize the 
overall ecological similarity among species. Non-metric 
multidimensional scaling allows the identification 
of structure in a complicated dataset by reducing 
the spatial representation of relationships to a few 
dimensions (Cox & Cox, 2001). In this case, nMDS 
was used to summarize or depict general ecologically 
similar groups, in such a way that most similar species 
(as determined by niche overlap values) would be 
close together, and most dissimilar species would be 
separated. In addition, the nMDS calculates a ‘stress’ 
value that is a measure of the degree of fit between 
the distances in reduced dimensions and the predicted 
distance values from the regression; stress values 
≤  0.01 indicate a good fit. The UANO and nMDS 
analyses were performed in R software (R Core Team, 
2013), with source code provided by Geange et al., 
(2011) and the R package vegan (Oksanen et al., 2013).

We defined an ecomorph as a group of ecologically 
equivalent species exhibiting non-significant values 
of niche overlap, indicating use of the same niche. 
However, we emphasize that we do not provide 
behavioural data, which permit linking form and 
function to any formal definition of ecomorph (Losos, 
1990a, b, c).
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Evolution of ecological diversity

To examine the evolutionary history of ecological traits 
in anole species, we used phylogenetic comparative 
methods (PCMs). For all PCMs, we reconstructed 
a phylogenetic hypothesis for the 17 anole species 
included in the present study, using mitochondrial 
DNA sequence data and a Bayesian approach to tree 
reconstruction (for a full description of methods and 
analyses, see Supporting Information, Appendix S1). 
For continuous traits, we used the mean value as data, 
whereas for discrete traits we used the x and y position 
values for each species, obtained by performing 
an nMDS.

We quantified the phylogenetic signal to determine 
the pattern of statistical dependence among ecological 
trait variation and the phylogenetic relatedness of 
species using our phylogeny and the phylogeny of (Poe 
et al., 2017; Supporting Information, Appendix S1, Fig. 
S1). The phylogenetic signal is the tendency of more 
closely related species to be more similar to each other 
than to species drawn at random from the same tree. 
We tested the phylogenetic signal for continuous and 
discrete variables separately using Blomberg’s K test, 
a statistic with an acceptable power for phylogenies 
with ≥ 17 species (Blomberg et al., 2003). This was 
performed using the function phylosig in the R package 
phytools (Revell, 2012). Given that trees with < 20 tips 
can produce strongly varied phylogenetic estimates 
(see Münkemüller et al., 2012), we tested the statistical 
power of our analyses and our phylogeny by comparing 
the observed Blomberg’s K value of each trait against 
a null distribution of Blomberg’s K obtained from 100 
trees randomly generated using the rtree function 
of the R package ape (Paradis & Schliep, 2018). 
Additionally, we compared the estimates obtained with 
our phylogeny with the estimates obtained with the 
most recently published anole phylogeny (Poe et al., 
2017) after pruning the phylogeny to obtain the 15 
anole species included here (Supporting Information, 
Appendix S1, Fig. S2).

Although it has been common practice to equate 
patterns of low or high phylogenetic signal with 
evolutionary lability or evolutionary conservatism, 
respectively, it is also true that significant values 
of phylogenetic signal can result from different 
evolutionary processes and rates (Revell et al., 2008); 
therefore, we examined a number of evolutionary 
models that exemplify some evolutionary processes 
and rates that could explain the pattern of ecological 
diversification of the anoles studied. We applied the 
following models of evolution: (1) Brownian motion 
model (Felsenstein, 1973); (2) lambda model, which 
was the same as the Brownian motion model but 
using a non-structured phylogeny transformed with 
the function lambdaTree in the R package geiger 

(Harmon et al., 2007); (3) early burst model (Harmon 
et al., 2010), whereby trait evolution is characterized 
by early rapid rates of evolution that slow through 
time; (4) Ornstein–Uhlenbeck model (Butler & King, 
2004), which describes a non-random evolution of 
traits towards only one adaptive peak, i.e. all species 
belong to only one ecomorph type; (5) Ecomorph-Fwd 
model. whereby traits evolve towards several adaptive 
peaks (each species belongs a single ecomorph); and (6) 
Ecomorph-Bwd model, whereby traits evolve towards 
convergent adaptive peaks (searching across eight 
ecomorphs that are the same and therefore represent 
convergence). Models 1, 2 and 3 were used to reflect 
random processes, such as genetic drift.

To perform the analyses of evolutionary models, 
we only used our phylogeny and traits that exhibited 
Blomberg’s K values different from one and high 
statistical power. We ran models 1, 2 and 4 with the 
startingModel function and models 4–6 with the 
runSurface function of the R package SURFACE 
(Ingram & Mahler, 2013). Model 4 was run with the 
function mvEB function of the R package mvMORPH 
(Clavel et al., 2015). Model performance was assessed 
by its fit to the data using ΔAICc (the diference between 
the corrected Akaike Information Criterion values)  
among each AICc model against the lowest AICc of 
the best model, following the approach described by 
Ingram & Mahler (2013). As with the phylogenetic 
signal analysis, we tested the statistical power by 
comparing the observed parameters (e.g. number of 
regimens, number of regimen shifts) in the best model 
against a null distribution of the same parameters 
obtained from 100 datasets of trait values randomly 
generated using the surfaceSimulate function in the R 
package SURFACE (Supporting Information, Fig. S4).

RESULTS

We recorded 183 individual lizards, representing 17 
species of anoles. A similar number of species was 
recorded in each locality, with seven species recorded 
in Chocó, six in Magdalena and five in Amazonas. The 
most abundant species were Anolis auratus Daudin, 
1802, Anolis fuscoauratus d’Orbigny, 1837 and Anolis 
granuliceps Boulenger, 1898, in Chocó, Magdalena and 
Amazonas, respectively, and the corresponding least 
abundant species were Anolis punctatus Daudin, 1802, 
Anolis triumphalis (Nicholson & Köhler, 2014) and 
Anolis vittigerus Cope, 1862 (Table 1). The abundance 
and composition of species across communities was 
relatively similar, at 61 ± 8.5 individuals, with species 
of the Draconura clade being more abundant than 
species of the Dactyloa clade (clades as defined by Poe 
et al., 2017): four Draconura species vs. three Dactyloa 
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species in Chocó, four vs. one in Magdalena and 
three vs. two in Amazonas. There were no significant 
differences in species abundance across localities 
(χ 2 = 1.3, P ≤ 0.5), perch exposure (χ 2 = 1.0, P ≤ 0.6), 
stratum (χ 2 = 0.5, P ≤ 0.8), perch type (χ 2 = 2.2, P ≤ 0.3) 
or body size (χ 2 = 2.7, P ≤ 0.3).

Species and microhabitat use in each anole 
community

The most diverse habitat was the ‘forest’, where 14 
species (five in Chocó, five in Amazonas and four in 
Magdalena) and 109 individuals were found (49, 22 and 
38 in Chocó, Magdalena and Amazonas, respectively), 
followed by ‘forest edge’ (11 species and 63 individuals) 
and ‘open vegetation’, where we recorded only three 
species and 11 individuals (Table 1). The highest anole 
abundance was recorded in the ‘canopy’ stratum in 
Chocó (28 individuals) and Magdalena (21 individuals), 
whereas the ‘understorey’ in Amazonas was the 
stratum that harboured the highest abundance of 
lizards (Table 1). Also, in Chocó and Magdalena, anoles 
used trunks more frequently than branches or twigs, 
whereas in Amazonas the branches or twigs were the 
most frequently used perches rather than the trunks 
(Table 1).

Anoles were observed on perches of different sizes 
from ground level to > 30 m high. Anolis chloris 

Boulenger, 1898 in Chocó, Anolis sulcifrons Cope, 
1899 in Magdalena and Anolis ortonii Cope, 1868 
in Amazonas used the highest perches (Table 2). 
The lowest perches were used by Anolis granuliceps 
in Chocó, A.  auratus in Magdalena and Anolis 
trachyderma Cope, 1875 in Amazonas (Table 2). The 
widest perches were used by Anolis latifrons Berthold, 
1846, Anolis sulcifrons and Anolis ortonii in Chocó, 
Magdalena and Amazonas, respectively (Table 2). The 
narrowest perches were used by A. triumphalis in 
Chocó, Anolis sp. in Magdalena and A. trachyderma in 
Amazonas (Table 2).

Regarding the Chocó, Magdalena and Amazonas 
communities, the microhabitats surrounded by 
dense vegetation were preferred by A. granuliceps, 
A. vittigerus and A. trachyderma, whereas less densely 
vegetated microhabitats were preferred by A. chloris, 
A. auratus and A. punctatus, respectively. With regard 
to the microhabitat exposure, most of the anole species 
preferred shaded microhabitats, with the exception of 
A. chloris and Anolis maculiventris Boulenger, 1898 in 
Chocó, A. sulcifrons and A. auratus in Magdalena, and 
A. ortonii and A. punctatus in Amaonas, which were 
more common in sunny microhabitats (Table 2).

The morphology of anoles was described in a different 
manner in each community. In Chocó, it was described 
mainly by HH and HW (first principal component, with 
26.1% of variance), FLL and HLL (second principal 

Table 1.  Percentage of observed individuals according to habitat, stratum, perch type and perch exposure for the 17 
species of anoles observed in the three tropical rain-forest localities of north-western South America

Sites Anolis species N Habitat Stratum Perch type

FE F OV I II III IV G Gb Tr B-T V L

Chocó A. anchicayae 13 – 100.0 – – – 38.5 61.5 – – 92.3 7.7 – –
A. chloris 9 100.0 – – – – – 100.0 – – 55.6 44.4 – –
A. granuliceps 16 6.3 93.8 – 50.0 37.5 12.5 – 46.7 – 26.7 – – 26.7
A. latifrons 5 – 100.0 – – – 40.0 60.0 – – 80.0 20.0 – –
A. maculiventris 19 15.8 73.7 10.5 15.8 31.6 31.6 21.1 15.8 5.3 36.8 15.8 10.5 15.8
A. triumphalis 1 100.0 – – – – – 100.0 – – – 100 – –
A. vittigerus 2 – 100.0 – – – 50.0 50.0 – – 50.0 – 50.0 –

Magdalena A. auratus 28 75.0 – 25.0 14.3 71.4 7.1 7.1 21.4 57.1 10.7 10.7 – –
A. frenatus 8 – 100.0 – – – 25.0 75.0 – – 100.0 – – –
A. sp. 5 20.0 80.0 – – 40.0 60.0 – – – 60.0 40.0 – –
A. sulcifrons 12 100.0 – – – – – 100.0 – – 91.7 8.3 – –
A. tropidogaster 11 27.3 72.7 – 9.1 18.2 72.7 – 9.1 9.1 27.3 – 54.5 –
A. vittigerus 2 – 100.0 – 50.0 – 50.0 – 50.0 – 50.0 – – –

Amazonas A. fuscoauratus 19 52.6 36.8 10.5 10.5 21.1 63.2 5.3 11.8 – 29.4 35.3 5.9 17.6
A. ortonii 9 – 100.0 – – – – 100.0 – – 22.2 66.7 11.1 –
A. punctatus 4 25.0 75.0 – – – – 100.0 – – 50.0 50.0 – –
A. trachyderma 14 7.1 92.9 – 35.7 50.0 14.3 – 35.7 28.6 14.3 – 7.1 14.3
A. transversalis 6 – 100.0 – – – 66.7 33.3 – – 33.3 66.7 – –

Habitat: F, forest; FE, forest edge; OV, open vegetation. Perch type: B-T, branches and twigs; G, ground; Gb, grass and bushes; L, leaves; Tr, trunks; V, 
vines. Stratum: I, terrestrial; II, herbaceous; III, understorey; IV, canopy.
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component, with 18.8% of variance) and SVL and HL 
(third principal component, with 17.7% of variance). 
In Magdalena, it was described by HH and HW (first 
principal component, with 25.7% of variance), NL 
(second principal component, with 21.1% of variance) 
and FLL and HLL (third principal component, with 
16.2% of variance). In Amazonas, it was described 
by FLL and HLL (first principal component, with 
34.1% of variance), SVL and LN (second principal 
component, with 23.1% of variance) and HW and HH 
(third principal component, with 12.6% of variance).

The observed values of niche overlap were lower 
than the values of niche overlap estimated by the null 
models in all communities (Table 3). The mean value of 
niche overlap did not differ among axes in Magdalena 
(H = 1.45, P = 0.48) and Amazonas (H = 0.96, P = 0.62), 
but it did in Chocó (H = 11.29, P = 0.003). The overlap 
in thermal and spatial axes ware greater than that in 

the morphological axis in the Chocó and Amazonas 
communities, but in Magdalena the overlap of these 
axes was lower than that in the morphological axis 
(Table 3). In each community, all pairs of species 
were differentiated along at least one axis, except 
for the species pairs A. vittigerus and A. latifrons in 
Chocó, Anolis sp. and A.  tropidogaster Hallowell, 
1856 in Magdalena and A. ortonii and A. punctatus 
in Amazonas (Supporting Information, Appendix S2, 
Table S1).

Niche overlap and habitat use across anole 
communities

The extent of niche overlap showed the same pattern 
across Chocó and Amazonas communities, with the 
greatest niche overlap being observed in the thermal 
axis (0.42), followed in order by the spatial (0.41) and 

Table 2.  Mean (SD) microhabitat features and frequency of perch exposure of 17 species of anoles from three tropical rain 
forests of north-western South America

Site Anolis species Perch  
height (cm)

Perch  
diameter (cm)

Nearest  
perch (cm)

Perch  
exposure

Temperature (°C)

Sun Shade Perch Air

Chocó A. anchicayae 182.3 (20.6) 32.7 (7.3) 48.2 (12.2) 30.8 69.2 26.7 (0.1) 26.4 (1.2)
A. chloris 765.8 (140.4) 17.0 (5.6) 62.2 (15.1) 100.0 0.0 28.3 (1.5) 29.0 (0.8)
A. granuliceps 30.5 (8.19) 25.4 (12.9) 30.2 (9.2) 0.0 100.0 26.0 (1.1) 25.9 (1.2)
A. latifrons 332.6 (41.9) 33.6 (19.1) 50.3 (21.1) 25.0 75.0 26.4 (1.7) 25.7 (1.1)
A. maculiventris 221.6 (43.9) 9.8 (4.0) 46.3 (8.5) 53.3 46.7 26.6 (1.5) 26.4 (1.5)
A. triumphalis – 0.5 (0.0) – 100.0 0.0 27.7 (0.0) 28.4 (0.0)
A. vittigerus 97.5 (50.5) 9.5 (0.0) 19.5 (14.5) 50.0 50.0 28.0 (0.0) 28.5 (0.0)

Magdalena A. auratus 32.5 (8.0) 13.3 (11.4) 265.8 (16.6) 92.6 7.4 28.0 (2.0) 28.5 (0.9)
A. frenatus 172.6(25.8) 11.2 (2.9) 68.4 (15.1) 0.0 100.0 27.6 (0.0) 27.5 (1.7)
A. sp. 46.4 (14.6) 5.6 (3.3) 22.4 (4.4) 0.0 100.0 27.7 (0.0) 28.8 (0.0)
A. sulcifrons 326.8 (48.2) 54.6 (11.2) 77.3 (35.9) 66.7 33.3 28.2 (0.6) 29.1 (0.3)
A. tropidogaster 100.0 (19.9) 20.1 (17.4) 42.7 (6.9) 20.0 80.0 28.5 (0.0) 27.9 (1.4)
A. vittigerus 100.0 (50.0) 12.5 (2.5) 32.5 (7.5) 0.0 100.0 27.5 (0.0) 29.0 (0.0)

Amazonas A. fuscoauratus 205.8 (35.3) 4.3 (2.6) 29.5 (7.1) 58.8 41.2 29.6 (0.6) 28.0 (0.9)
A. ortonii 3633.3 (89.7) 33.3 (6.6) 58.9 (12.7) 88.9 11.1 27.5 (0.4) 27.8 (0.0)
A. punctatus 1909.2 (947.5) 22.7 (4.5) 79.0 (22.85) 75.0 25.0 28.4 (0.5) 28.6 (0.5)
A. trachyderma 56.41 (17.34) 1.2 (0.8) 13.0 (4.3) 23.1 76.9 27.0 (1.4) 27.4 (0.9)
A. transversalis 407.5 (143.86) 2.7 (0.6) 14.0 (1.0) 16.7 83.3 27.4 (0.2) 26.5 (0)

Table 3.  Univariate values of mean niche overlap for Chocó, Magdalena and Amazonas communities and 
[pseudocommunities] of anoles

Site Overall Thermal Spatial Morphology

Chocó 0.40 [0.56] 0.48 [0.67] 0.48 [0.63] 0.28 [0.43]
Magdalena 0.38 [0.58] 0.36 [0.63] 0.36 [0.64] 0.41 [0.50]
Amazonas 0.33 [0.55] 0.37 [0.58] 0.35 [0.60] 0.30 [0.48]

For all pseudocommunities, the mean values for niche overlap were significantly different from the mean niche overlap recorded.
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morphological (0.37) axes, with the last axis being 
different from the other two (H = 25.3, P = 0.000003). 
There were no significant correlations between values 
of niche overlap along axes, but there was a general 
negative trend between morphological and spatial 
overlap values, suggesting niche complementarity 
among these axes (thermal vs. morphological, r = 0.13, 
P = 0.15; spatial vs. morphological, r = 0.10, P = 0.35; 
and thermal vs. spatial, r = 0.14, P = 0.11).

Based on similarities in resource use and the 
significant differences in niche overlap across axes 
(Fig. 1; Supporting Information, Appendix S2, Table 
S2), we recognized the following eight groups of 
ecologically equivalent species or ecomorphs.

Leaf-litter anole
This category included small forest species found 
mostly in leaf litter and on secondary perches < 0.25 m 
in diameter located on herbaceous plants and trees of 
understorey strata. Perches were not exposed to direct 
sun and were typically < 1.0 m off the ground.

Trunk–ground anole
This category included medium-sized forest species that 
mostly used trunks and secondarily leaf litter. They were 

characterized by their tendency to perch on branches 
< 0.12 m in diameter located on trees of understorey 
and canopy strata. Perches were usually not exposed to 
the sun and typically < 1.5 m off the ground. We did not 
record species of this ecomorph in Amazonas.

Bush–forest anole
This category included small species found in forest 
and forest edge habitat. They used trunks, branches 
and twigs of trees of the understorey stratum. Perches 
were typically < 0.10 m in diameter and occurred 
< 2.5 cm off the ground.

Grass–bush anole
This category included small species found in forest 
edge habitat and open vegetation. They used exposed 
trunks, branches and twigs of bushes, grass and herbs 
from ground to understorey strata. Perches were 
< 0.13 m in diameter and < 0.4 m off the ground. We 
recorded species of this ecomorph only in Magdalena.

Trunk anole
This category included small species found in canopy 
forest and forest edge habitat. They were characterized 
by a tendency to use wide, exposed trunks and branches 
of trees of understorey and canopy strata. Perches were 
> 0.3 m in diameter and occurred ~3–35 m off the ground.

Edge–trunk–crown anole
This category included medium-sized species found 
mostly in forest edge habitat on exposed trunks and 
branches of trees of understorey and canopy strata. 
Perches were < 0.3 m diameter and occurred ~7–35 m 
off the ground. We did not record species of this 
ecomorph in Magdalena.

Forest–trunk–crown anole
This category included medium-sized species found in 
forest habitat on trunks of trees of understorey and 
canopy strata. Perches might be narrow or wide, were 
typically not exposed and were found ~2 m off the 
ground. We did not record species of this ecomorph in 
Magdalena.

Crown giant anole
This category included the largest species, inhabiting 
forest habitat on trunks and branches of trees of the 
understorey and canopy strata. Perches were > 0.10 m 
in diameter and were typically not exposed and found 
> 2 m off the ground. We did not record species of this 
ecomorph in Amazonas.

Figure 1.  Ordination of 16 species of anoles of tropical 
rain forests of north-western South America, according to 
their overall niche similarity. Colours indicate ecomorphs, 
as follows: red, grass–bush; yellow, trunk–ground; light 
blue, leaf litter; dark blue, bush–forest; purple, trunk; light 
green, edge–trunk–crown; medium green, forest–trunk–
crown; dark green, crown giant.
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Evolution of habitat use by anoles found in 
tropical rain forests in north-western South 

America

Estimates of the magnitude and significance of the 
phylogenetic signal between phylogenies were similar 
for all traits, with the exception of hindlimb length and 
perch type (Table 4), for which the phylogenetic signal 
values significantly exceeded one in the study by Poe 
et al. (2017). In addition, both phylogenies performed 
with similar power (Table 4; Supporting Information 
Appendix 3, Fig. S3). Our phylogeny could estimate 
the phylogenetic pattern for nine traits, whereas the 
phylogeny of Poe et al. (2017) was able to estimate 
the phylogenetic pattern for eight traits (Table 4). 
The Blomberg’s K statistic was significantly less than 
one for most traits, indicating greater trait variation 
within clades than would be expected by Brownian 
motion and an evolutionary pattern of dependence 
across the phylogeny (Table 4). For the remaining 
traits, the evolutionary pattern fitted a model expected 
by Brownian motion, but the statistical power of both 
phylogenies to estimate this evolutionary pattern was 
poor (10–45%; Table 4).

The fitting of different models of evolution to the 
combined ecological data supported an explanation 
of ecological differentiation via non-random processes 
as the most likely cause of ecomorph diversification 
(Fig. 2; Supporting Information Appendix 3, Fig. 

S4). The Ecomorph-Bwd model provided the best 
fit to explain the evolution of ecological traits. All 
the remaining models provided a poor explanation 
of ecological trait evolution for the studied species. 
The Ecomorph-Bwd model was able to identify eight 
adaptive regimen shifts across the phylogeny in four 
distinct adaptive peaks: two non-convergent adaptive 
peaks corresponding to the crown giant and grass–
bush ecomorphs, and two convergent adaptive peaks 
corresponding to ecomorphs inhabiting the highest 
strata with high solar radiation (trunk and edge–
trunk–crown) and ecomorphs exclusively inhabiting 
the forest at intermediate to lower forest strata (leaf 
litter, bush–forest, trunk–ground and forest–trunk–
crown; Fig. 2).

DISCUSSION

The 17 species of Anolis recorded in the present study 
exhibit ecological diversity that can be summarized 
into eight different ecomorphs, with most ecomorphs 
being present in each of the three anole communities 
studied (Choco, Magdalena and Amazonas). Species 
exhibit local habitat partitioning along spatial, 
thermal and dietary niche axes, both within and across 
anole communities. Inferences regarding feeding 
characteristics (using attributes of the morphological 

Table 4.  Blomberg’s K values (probability of being different from one) [probability of being in the Blomberg’s K null 
distribution calculated in 100 random trees]

Trait Phylogeny from this study Phylogeny from Poe et al. (2017) 

Snout–vent length 1.318 (0.001) [0.02]* 1.828 (0.001) [0.02]*
Hindlimb length 0.703 (0.006) [0.05]* 1.474 (0.001) [0.01]*
Head width 0.750 (0.006) [0.05]* 0.746 (0.136) [0.05]*
Head height 0.420 (0.212) [0.41] 0.531 (0.549) [0.18]
Head length 0.262 (0.735) [0.79] 0.401 (0.899) [0.45]
Number of lamellae 0.703 (0.013) [0.05]* 0.983 (0.014) [0.02]*
Perch height 0.417 (0.243) [0.35] 0.542 (0.500) [0.17]
Perch diameter 0.580 (0.040) [0.05]* 0.604 (0.352) [0.06]
Nearest perch 1.104 (0.002) [0.03]* 1.039 (0.009) [0.03]*
Stratum d1 1.045 (0.001) [0.01]* 1.276 (0.004) [0.01]*
Stratum d2 0.377 (0.252) [0.56] 0.568 (0.423) [0.20]
Perch type d1 0.761 (0.015) [0.03]* 1.574 (0.001) [0.01]*
Perch type d2 0.423 (0.150) [0.32] 0.651 (0.229) [0.10]
Habitat type d1 0.331 (0.420) [0.54] 0.559 (0.402) [0.17]
Habitat type d2 0.407 (0.226) [0.44] 0.763 (0.083) [0.04]
Perch exposure d1 0.643 (0.020) [0.05]* 0.891 (0.050) [0.02]*
Perch exposure d2 0.372 (0.289) [0.45] 0.457 (0.727) [0.31]
Perch temperature 0.342 (0.440) [0.54] 0.468 (0.715) [0.29]
Air temperature 0.360 (0.353) [0.53] 0.575 (0.380) [0.12]

Values in bold are significantly different from one. d1 and d2 indicates values of species in the first and second axes from NMDS analyses.
*Values significantly different from the null distribution calculated in 100 random trees with probability ≤ 0.95.
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axis as a proxy) are restricted to partitioning on 
prey size and foraging behaviour rather than prey 
composition (e.g. Duellman, 1978; Castro-Herrera, 
1988; Vitt et al., 2003a). Furthermore, morphological 
overlap values are likely to underestimate the degree 
of partitioning in food resources, especially if species 
differ greatly in the type of prey they eat. Therefore, 
we assume that our niche overlap in morphology 
represents the extreme scenario of species eating the 
same types of prey items.

Niche  part i t ioning  is  s imi lar  across  two 
communities, Chocó and Amazonas, where species 
share more attributes along the spatial and thermal 
axes than along the morphological axis. In contrast, in 
the Magdalena community, species are more similar 
along the morphological axis than along the spatial or 
thermal axes. Despite the difference in niche overlap 
values, these results permit us to interpret two aspects 
of the relationship between anole species. Firstly, the 
lower than expected values from null models in all 
communities indicate that at present the resources are 
highly partitioned as result of a past competition, i.e. 
‘the ghost of past competition’ sensu Connell (1980). 

Secondly, the higher values of overlap in spatial and 
thermal resources than in morphology suggests that 
the present similarity among species for spatial and 
thermal resources is most likely to be a consequence of 
food being more scarce than microhabitat and habitat 
resources. The inverse trend found in the Magdalena 
community is likely to be related to an evident 
reduction in spatial and thermal resources owing to 
the high degree of habitat loss and fragmentation that 
has occurred at this site compared with the much more 
conserved sites of the Amazonas and Chocó. In this 
sense, future research on niche overlap trends across 
gradients from non-disturbed to anthropogenically 
disturbed habitats could be useful to assess the 
conservation status of anole communities and species.

The importance of food for niche partitioning in 
mainland anoles has been demonstrated previously, 
with species exhibiting differences in prey types 
(Vitt et al., 2003b) or, more commonly, in prey size 
when anoles occupy the same forest stratum (Vitt 
et al., 2001, 2002, 2003a). This pattern has also been 
reported for Caribbean anole communities, where 
species partition more by food than by other resources 

Figure 2.  Models of ecological evolution of Anolis species from tropical rain forests of north-western South America. 
Colours indicate ecomorphs, as follows: red, grass–bush; yellow, trunk–ground; light blue, leaf litter; dark blue, bush–forest; 
purple, trunk; light green, edge–trunk–crown; medium green, forest–trunk–crown; dark green, crown giant. Branches not 
shown in bold indicate no regimen. Species of the Dactyloa clade are inside the box. Abbreviations: A, Amazonas; C, Chocó; 
M, Magdalena.
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(Losos, 2009 and references therein). Despite the 
documented importance of high prey partitioning 
in anoles, Castro-Herrera (1988) reported a lower 
partitioning (greater niche overlap) in food resources 
than in microhabitat structure. However, their results 
probably reflect the fact that they used a finer scale 
of resolution to describe the dietary axis than to 
describe the spatial axis, which would have the effect 
of inflating overlap in spatial resources with respect 
to food resources. Here, we found the smallest values 
of overlap along morphological axis (a low-resolution 
proxy of feeding behaviour). This is most likely to 
reflect the fact that we used a finer scale of resolution 
to describe the thermal and spatial axes than to 
describe the food axis, suggesting a much greater 
(and probably underestimated) partitioning in food 
resources. Regardless of the differences in resolution 
of niche axes, our results would appear to suggest 
that a greater overlap between spatial and thermal 
resources compared with dietary resources could be 
a ubiquitous pattern for mainland lowland anole 
communities.

Further field experiments are required to 
corroborate this interpretation, with greater attention 
on improving the resolution of niche axes through 
the incorporation of more characters that describe 
the partitioning of niche space among species more 
accurately. In addition, a standardized framework 
to define and measure niche axes is required. Such 
a standardized framework will provide a key tool to 
compare Anolis communities and provide a better 
understanding of their ecological structure.

Several studies have suggested that mainland anoles 
should exhibit partitioning across resources other 
than food, because food is not a limiting resource (e.g. 
Irschick et al., 1997). Many other features of mainland 
anole species, such as earlier maturation, low adult 
survivorship or absence of niche complementarity 
(Andrews, 1979; Losos, 2009), have been used to support 
differences in ecological structuring of mainland anole 
communities compared with their island counterparts. 
Lower interspecific competition in mainland anole 
communities would suggest that other processes, such 
as predation, drive the ecological structure in mainland 
anole communities (Irschick et al., 1997; Losos, 2009 
and references therein). Alternatively, the non-random 
distribution of mainland anoles in their habitat could 
also be attributed to apparent competition, because 
microhabitat use in two species sharing the same 
predator could diverge if the less abundant species 
were to move away from the microhabitat occupied 
by the second species to avoid predation (Losos, 
2009). However, data reported for some predators of 
anoles do not support this hypothesis, because many 
snakes from Neotropical rain forests are generalists, 
predating on several species of anoles and other lizards 

(Duellman, 1978; Martins & Oliveira, 1998). This lack 
of evidence does not necessarily reflect an absence of 
competition. Therefore, further data are required for a 
thorough assessment of the importance of predation or 
its interactions with other ecological relationships in 
structuring anole communities.

Furthermore, it has been suggested that high 
levels of predation in anoles shape their demographic 
strategies and low population densities, owing to low 
levels of recruitment and earlier maturation as a 
result of high adult mortality (Moreno-Arias & Urbina-
Cardona, 2013). In addition, although there appears 
to be an abundance of food for anoles in mainland 
habitats, this might not necessarily be the case. This 
is because food in mainland habitats is shared among 
more species competing for the same food resource, 
such as the highly abundant insectivorous birds in 
rain forests (Anderson & Naka, 2011) and many 
other arboreal or semi-arboreal insectivorous lizards. 
The presence of a greater number of competitors in 
mainland habitats might ultimately result in less 
food for anoles, which would impact anole population 
dynamics by increasing the mortality and translating 
into low anole densities. Thus, it is reasonable to 
think that, rather than predation, interspecific 
competition among anoles is a more important driver 
of ecological process structuring in mainland anole 
communities. However, the possibility that predation 
or other processes could interact synergistically with 
interspecific competition is a hypothesis that remains 
to be tested.

In contrast to the work of Vitt et al. (1999), which 
showed a positive relationship between spatial and 
food niche overlap values for Amazonian anoles, 
and contradicting the trend predicted by the niche 
complementarity hypothesis, our results support 
the existence of niche complementarity in the anole 
communities studied. All anole communities studied 
here exhibit inverse relationships between spatial or 
thermal niche overlap and food niche overlap. Therefore, 
the niche complementarity hypothesis also appears to 
be applicable to mainland anole communities.

Several studies have demonstrated that mainland 
anole communities contain species ecologically 
equivalent to the ecomorphs described for Caribbean 
island anole communities (Rand & Humphrey, 1968; 
Duellman, 1978; Castro-Herrera, 1988; Pounds, 1988; 
D’Cruze & Stafford, 2006; Moreno-Arias & Calderón-
Espinosa, 2016). However, other studies have indicated 
that most mainland anoles do not correspond to West 
Indian ecomorphs (Irschick et al., 1997; Pinto et al., 
2008; Schaad & Poe, 2010) or, more recently, have 
suggested a combination of exclusive and similar 
ecomorphs among islands and mainland communities 
(Poe & Anderson, 2019). Our results support the 
studies suggesting that patterns of ecological 
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structure are similar among mainland and island 
anole communities, but also indicate the presence of 
ecomorphs exclusive to mainland communities. Both 
mainland and island anole radiations include closely 
related species in terms of structural and thermal 
habitat features, with species occurring from the 
ground to the canopy and using different types of 
perches across shaded or sunny microhabitats, and the 
present study is no exception.

All the sites studied here offer similar ecological 
opportunities for anole communities, but also the same 
ecological constraints. All the sites have the same 
climatic regimens and therefore similar vegetation 
structure and physiognomy, i.e. stratified forests with 
abundant epiphytic plants and heights of 35–40 m 
(Rangel-Ch et  al., 1997; Galeano, 2001; Cantillo 
& Rangel, 2008), with a more anthropogenically 
disturbed habitat in Magdalena. Across sites, not only 
is vegetation structure similar, but also the potential 
lizard predation pressures. Snakes from the lowlands 
of South America are made up of the same historical 
lineages (Cadle, 1985), and omnivorous and raptorial 
bird guilds show similar abundance and biomass 
across Neotropical rain forests (Anderson & Naka, 
2011). In addition, potential competitors for food are 
also comparable among the different rain-forest sites. 
The abundance of insectivorous birds inhabiting the 
understorey is similar across Neotropical rain forests 
(Anderson & Naka, 2011), and other lizard groups 
competing with anoles for food or spatial resources 
are similar across all rain-forest sites; for example, 
species of Basiliscus and Corytophanes in Chocó and 
Magdalena, Plica and Uracentron in Amazonas, and 
Enyalioides and Gonatodes across all rain forests.

Similar features in vegetation structure and in the 
predation and competition regimens across rain forests 
are linked to maintain the ecological structure pattern 
of the communities reported here. This indicates that 
ecological interactions among species, interplaying 
with the evolutionary history of the main clades, play 
an important role in the non-random structuring of 
the rain-forest Anolis communities of north-western 
South America. These results are in agreement 
with the previous adaptive pattern of evolution in 
morphology (Moreno-Arias & Calderón-Espinosa, 
2016) and support the well-known phenomenon that 
ecology and morphology are strongly correlated in 
anoles (Losos, 1990a, b, c).

Eight analysed traits (four of morphology, three of 
spatial habitat and one of thermal habitat) show high 
statistical support in comparative analyses, and they 
are sufficient to reveal several evolutionary patterns 
that could also be confirmed for the traits with low 
support when more species and communities are 
added in future research. These patterns include the 
following: (1) congruence of adaptive regimens and a 

non-random pattern of evolution for most of ecological 
traits, which indicates selective forces acting on 
ecological diversification; (2) the anole clades compose 
rain-forest communities that have diversified in 
different ways, with Dactyloa species exhibiting more 
arboreal ecomorphs and Draconura species exhibiting 
semi-arboreal or terrestrial ecomorphs, and these 
differences could suggest a possible niche conservatism 
of each clade that should be evaluated in a future study; 
(3) in addition to the history of the clade, the changes 
in the early stages of their ecological diversification are 
more strongly related to changes in the microhabitat 
of species with similar body size than to changes in the 
body size of species sharing the same microhabitats, 
suggesting that structuring within individual anole 
communities follows a niche compression path instead 
of a character displacement path.

The ecological diversity of the anole communities 
studied is composed of eight ecomorphs that represent 
four optimal adaptive peaks, with two convergent 
peaks. According to the dated diversification of 
anoles (Poe et al., 2017), this diversity originated 
~34.5 Mya when at least an arboreal Dactyloa and 
a semi-arboreal or terrestrial Draconura ancestor 
already coexisted in north-western South American 
rain forests. During the Miocene (23.0–5.3 Mya), rain 
forests suffered fragmentation owing to uplift of the 
Andes and formation of the Pebas wetland system 
(Hoorn et al., 2010), which most probably resulted 
in the splitting of a widespread anole ancestor 
into trans-Andean and cis-Andean assemblages of 
early anole communities, in addition to the greatest 
ecomorphological diversification, with at least all 
ecomorphs already being present at this time, including 
ancestors of the studied species from the oldest to the 
most recent sensu Poe et al. (2017; A. auratus ~28 
Mya; A. ortonii, A. sulcifrons and A. triumphalis ~27 
Mya; A. anchicayae Poe et al., 2009 and A. chloris ~23 
Mya; A. vittigerus ~16 Mya; A. frenatus Cope, 1877 and 
A. latifrons ~14 Mya; A. tropidogaster, A. granuliceps 
and A. trachyderma ~13 Mya, A. transversalis Duméril, 
1851 and A. punctatus ~12 Mya; and A. fuscoauratus, 
A. maculiventris and Anolis sp. ~11 Mya), and showing 
Draconura species diversifying to arboreality and 
Dactyloa species diversifying to crown giants (only 
in trans-Andean forests). Later, towards the Late 
Miocene (11.6–5.3  Mya) and with all ecomorphs 
already coexisting, the formation of the main basins 
(Magdalena and Chocó), owing to the uplift of the 
most northern Andes (Hoorn et  al., 2010), could 
have promoted diversification inside each ecomorph 
(e.g. leaf litter, bush–forest), to produce the present 
ecological composition of these three rain-forest anole 
communities.

Obtaining large datasets for mainland anole 
communities is a challenge because of their low 
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population densities (Andrews, 1979; Losos, 2009). 
Despite this challenge, the abundance values 
reported here were higher than those reported in 
other studies of mainland anole communities when 
we consider sampling effort (e.g. Rengifo M et al., 
2015). Although our dataset permitted us to describe 
the ecological structure of each anole community, it 
did not perform well when describing the ecology 
of rare species (with fewer than five individuals 
recorded). Therefore, ecological inferences made here 
for rare anole species are weakly supported. However, 
given that the rare species do not belong to a unique 
morphological group (Moreno-Arias & Calderón-
Espinosa, 2016) nor do they belong to any single 
anole community, their inclusion or exclusion from 
the analyses would not have a significant impact on 
the patterns of ecological evolution across the anole 
communities studied here.

ACKNOWLEDGEMENTS

We thank the Universidad Nacional de Colombia 
Sede Bogotá for its support of all fieldwork and 
laboratory work through grant number 19368 of 
‘Convocatoria del programa nacional de proyectos 
para el fortalecimiento de la investigación, la creación 
y la innovación en posgrados 2013–2015’. Sampling 
and access to genetic resources were granted by 
‘Resolución 0255/2014 de la ANLA-MADS, Permiso 
Marco otorgado a la Universidad Nacional de 
Colombia de recolección de especímenes de especies 
silvestres con fines de investigación científica no 
comercial ’ . We thank the Biodiversa Colombia 
Foundation for logistic support during fieldwork in 
Yondó. Special thanks to Miller Castañeda, Alexander 
Trujillo, Miguel Méndez and Simón Quintero-Corzo 
for their help during fieldwork. We are grateful to 
Jaz in Nuquí, Goran in Leticia and all employees of 
Haciendas Pampas and Javas, who always made us 
feel at home during fieldwork. This paper represented 
part of the formal Ph.D. requirements for R.A.M.-A., 
who was supported by the scholarship ‘Generación 
del Bicentenario 2010 ’  of  the Departamento 
Administrativo de Ciencia, Tecnología e Innovación – 
COLCIENCIAS of Colombia.

REFERENCES

Anderson CG, Poe S. 2018. Phylogeny, biogeography and 
island effect drive differential evolutionary signals in 
mainland and island lizard assemblages. Zoological Journal 
of the Linnean Society 185: 301–311.

Anderson DL, Naka LN. 2011. Comparative structure and 
organization of canopy bird assemblages in Honduras and 
Brazil. The Condor 113: 7–23.

Andrews RM. 1979. Evolution of life histories: a comparison 
of Anolis lizards from matched island and mainland habitats. 
Brevoria 454: 1–51.

Blomberg  SP, Garland T, Ives AR. 2003. Testing for 
phylogenetic signal in comparative data: behavioral traits 
are more labile. Evolution 57: 717–745.

Brown WL, Wilson EO. 2006. Character displacement. 
Systematic Zoology 5: 49–64.

Butler  MA, King AA. 2004. Phylogenetic comparative 
analysis: a modeling approach for adaptive evolution. The 
American Naturalist 164: 683–695.

Cadle  JE. 1985. The Neotropical colubrid snake fauna 
(Serpentes: Colubridae): l ineage components and 
biogeography. Systematic Zoology 34: 1–20.

Cantillo E, Rangel O. 2008. Aspectos de la estructura y del 
patrón de riqueza de la vegetación arbórea del trapecio 
amazónico. Colombia Diversidad Biótica VII, Vegetación, 
Palinología y Paleocología de la Amazonia Colombiana. 
Bogotá: ARFO.

Castro-Herrera  F. 1988. Niche structure of an anole 
community in a tropical rain forest within the Chocó region 
of Colombia. Ph.D thesis, Unpublished Thesis, University of 
Texas.

Clavel J, Escarguel G, Merceron G. 2015. mvmorph: an 
r package for fitting multivariate evolutionary models to 
morphometric data. Methods in Ecology and Evolution 6: 
1311–1319.

Connell JH. 1980. Diversity and the coevolution of competitors, 
or the ghost of competition past. Oikos 35: 131–138.

Cox TF, Cox MA. 2001. Multidimensional scaling. Boca 
Raton: Chapman and Hall.

Crump ML, Scott NJ. 1994. Visual encounter surveys. 
In: Heyer WR, Donelly MA, McDiarmid RW, Hayek LC. 
Foster  MS, eds. Measuring and monitoring biological 
diversity: standard methods for amphibians. Washington: 
Smithsonian Institution Press.

D’Cruze NC, Stafford PJ. 2006. Resource partitioning of 
sympatric Norops (beta Anolis) in a subtropical mainland 
community. Herpetological Journal 16: 273–280.

Domínguez C. 1999. Departamento del Amazonas: el hombre 
y su medio. Bogotá: Centro Profesional Gráfico.

Duellman WE. 1978. The biology of an equatorial herpetofauna 
in Amazonian Ecuador. Miscellaneous Publication (University 
of Kansas. Museaum of Natural History) 65: 1–352.

Felsenstein J. 1973. Maximum-likelihood estimation of 
evolutionary trees from continuous characters. American 
Journal of Human Genetics 25: 471–492.

Galeano G. 2001. Estructura, riqueza y composición de plantas 
leñosas en el golfo de Tribugá, Chocó. Caldasia 23: 213–236.

Geange SW, Pledger S, Burns KC, Shima JS. 2011. A unified 
analysis of niche overlap incorporating data of different 
types. Methods in Ecology and Evolution 2: 175–184.

Gotelli NJ. 2000. Null model analysis of species co-occurrence 
patterns. Ecology 81: 2606–2621.

Gould SJ. 1989. Wonderful life: The Burgess shale and the 
nature of history. New York: Norton.

Harmon L, Weir JT, Brock CD, Glor RE, Challenger W. 
2007. GEIGER: investigating evolutionary radiations. 
Bioinformatics 24: 129–131.

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/advance-article-abstract/doi/10.1093/zoolinnean/zlaa006/5802327 by State U

niv N
Y at Stony Brook user on 14 M

arch 2020



14  R. A. MORENO-ARIAS ET AL.

© 2020 The Linnean Society of London, Zoological Journal of the Linnean Society, 2020, XX, 1–16

Harmon  LJ , Losos  JB , Davies  TJ , Gillespie  RG , 
Gittleman JL, Jennings WB, Kozak KH, McPeek MA, 
Moreno-Roark F, Near TJ, Purvis A, Ricklefs RE, 
Schluter D, Schulte JA II, Seehausen O, Sidlauskas BL, 
Torres-Carvajal O, Weir JT, Mooers AØ. 2010. Early 
bursts of body size and shape evolution are rare in 
comparative data. Evolution 64: 2385–2396.

Hoorn C, Wesselingh FP, Ter Steege H, Bermudez MA, 
Mora A, Sevink J, Sanmartín I, Sanchez-Meseguer A, 
Anderson CL, Figueiredo JP, Jaramillo C, Riff D, 
Negri FR, Hooghiemstra H, Lundberg J, Stadler T, 
Särkinen T, Antonelli A. 2010. Amazonia through time: 
Andean uplift, climate change, landscape evolution, and 
biodiversity. Science 330: 927–931.

Ingram T, Mahler DL. 2013. SURFACE: detecting convergent 
evolution from comparative data by fitting Ornstein-
Uhlenbeck models with stepwise Akaike Information 
Criterion. Methods in Ecology and Evolution 4: 416–425.

Irschick DJ, Losos JB. 1996. Morphology, ecology, and 
behavior of the twig anole, Anolis angusticeps. Contributions 
to West Indian Herpetology: a tribute to Albert Schwartz 12: 
291–301.

Irschick DJ, Vitt LJ, Zani PA, Losos JB. 1997. A comparison 
of evolutionary radiations in mainland and Caribbean Anolis 
lizards. Ecology 78: 2191–2203.

Jackman TR, Larson A, de Queiroz K, Losos JB. 1999. 
Phylogenetic relationships and tempo of early diversication 
in Anolis lizards. Systematic Biology 48: 254–285.

Losos JB. 1990a. Ecomorphology, performance capacity 
and scaling of West Indian Anolis lizards: an evolutionary 
analysis. Ecological Monographs 60: 369–388.

Losos  JB. 1990b. The evolution of form and function: 
morphology and locomotor performance in West Indian 
Anolis lizards. Evolution 44: 1189–1203.

Losos JB. 1990c. Concordant evolution of locomotor behaviour, 
display rate and morphology in Anolis lizards. Animal 
Behaviour 39: 879–890.

Losos JB. 1992. The evolution of convergent structure in 
Caribbean Anolis communities. Systematic Biology 41: 
403–420.

Losos JB. 2009. Lizards in an evolutionary tree. Berkeley: 
University of California Press.

Losos JB, Irschick DJ. 1996. The effect of diameter on escape 
behavior of Anolis lizards: laboratory predictions and field 
tests. Animal Behaviour 51: 593–602.

Losos JB, Andrews RM, Sexton OJ, Schuler AL. 1991. 
Behavior, ecology, and locomotor performance of the giant 
anole, Anolis frenatus. Caribbean Journal of Science 27: 
173–179.

Losos  JB, Jackman  TR, Larson  A, de  Queiroz  K, 
Rodríguez-Schettino  L.  1998. Contingency and 
determinism in replicated adaptive radiations of island 
lizards. Science 279: 2115–2118.

Losos  JB, Mahler  DL. 2010. Adaptive radiation: the 
interaction of ecological opportunity, adaptation, and 
speciation. In: Bell MA, Futuyma DJ, Eanes WF, Levinton JS, 
eds. Evolution since Darwin: the first 150 years. Oxford: 
Oxford University Press, 381–420.

MacArthur  R, Wilson  EO. 1967. The theory of island 
biogeography. Princeton: Princeton University Press.

Mahler  DL, Ingram  T, Revell  LJ, Losos  JB. 2013. 
Exceptional convergence on the macroevolutionary landscape 
in island lizard radiations. Science 341: 292–295.

Mahler DL, Revell LJ, Glor RE, Losos JB. 2010. Ecological 
opportunity and the rate of morphological evolution in the 
diversification of greater Antillean anoles. Evolution 64: 
2731–2745.

Martins M, Oliveira ME. 1998. Natural history of snakes 
in forests of the Manaus region, central Amazonia, Brazil. 
Herpetological Natural History 6: 78–150.

Miyata KI. 2013. Studies on the Ecology and Population 
Biology of Little Known Ecuadorian Anoles. Bulletin of the 
Museum of Comparative Zoology 161: 45–78.

Moreno-Arias RÁ. 2014. Diversificación ecomorfológica de 
lagartijas Anolis en bosques húmedos tropicales de Colombia. 
Ph.D thesis, Unpublished Thesis, Universidad Nacional de 
Colombia.

Moreno-Arias  RA , Medina-Rangel  GF , Castaño-
Mora OV. 2008. Lowland reptiles of Yacopí (Cundinamarca, 
Colombia). Revista de la Academia Colombiana de Ciencias 
32: 93–103.

Moreno-Arias RA, Calderón-Espinosa ML. 2016. Patterns 
of morphological diversification of mainland Anolis lizards 
from northwestern South America. Zoological Journal of the 
Linnean Society 176: 632–647.

Moreno-Arias RA, Urbina-Cardona JN. 2013. Population 
dynamics of the Andean lizard Anolis heterodermus: fast-
slow demographic strategies in fragmented scrubland 
landscapes. Biotropica 45: 253–261.

Münkemüller  T, Lavergne  S, Bzeznik  B, Dray  S, 
Jombart T, Schiffers  K, Thuiller W. 2012. How to 
measure and test phylogenetic signal. Methods in Ecology 
and Evolution 3: 743–756.

Nicholson KE, Glor RE, Kolbe JJ, Larson A, Hedges SB, 
Losos JB. 2005. Mainland colonization by island lizards. 
Journal of Biogeography 32: 929–938.

Oksanen J, Blanchet G, Friendly M, Kindt R, Legendre P, 
McGlinn D, Minchin PR, O’Hara RB, Simpson GL, 
Solymos P, Stevens MHM, Szoecs E, Wagner H. 2013. 
Package ‘Vegan’. Community Ecology Package, Version 2. 
Available at: http://CRAN.R-project.org/package=vegan

Paradis E, Schliep K. 2018. Ape 5.0: an environment for 
modern phylogenetics and evolutionary analyses in R. 
Bioinformatics 35: 526–528.

Pianka ER. 1974. Niche overlap and diffuse competition. 
Proceedings of the National Academy of Sciences of the 
United States of America 71: 1241–1245.

Pinto G, Mahler DL, Harmon LJ, Losos JB. 2008. Testing 
the island effect in adaptive radiation: rates and patterns 
of morphological diversification in Caribbean and mainland 
Anolis lizards. Proceedings of the Royal Society B: Biological 
Sciences 275: 2749–2757.

Poe S, Anderson CG. 2019. The existence and evolution of 
morphotypes in Anolis lizards: coexistence patterns, not 
adaptive radiations, distinguish mainland and island faunas. 
PeerJ 6: e6040.

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/advance-article-abstract/doi/10.1093/zoolinnean/zlaa006/5802327 by State U

niv N
Y at Stony Brook user on 14 M

arch 2020

http://CRAN.R-project.org/package=vegan


ECOLOGICAL STRUCTURE OF ANOLE COMMUNITIES  15

© 2020 The Linnean Society of London, Zoological Journal of the Linnean Society, 2020, XX, 1–16

Poe  S, Nieto-Montes  de  Oca  A, Torres-Carvajal  O, 
de Queiroz K, Velasco JA, Truett B, Gray LN, Ryan MJ, 
Köhler  G, Ayala-Varela  FP, Latella  IM. 2017. A 
phylogenetic, biogeographic, and taxonomic study of all 
extant species of Anolis (Squamata; Iguanidae). Systematic 
Biology 66: 663–697.

Pounds  JA.  1988. Ecomorphology, locomotion, and 
microhabitat structure: patterns in a tropical mainland 
Anolis community. Ecological Monographs 58: 299–320.

R Core Team. 2013. R: a language and environment for 
statistical computing. Available at: https://cran.r-project.org/
doc/manuals/fullrefman.pdf

Rand AS. 1964. Ecological distribution in anoline lizards of 
Puerto Rico. Ecology 45: 745–752.

Rand AS, Humphrey SS. 1968. Interspecific competition in 
the tropical rain forest: ecological distribution among lizards 
at Belém, Pará. Proceedings of the National Academy of 
Sciences of the United States of America 125: 1–17.

Rangel-Ch JO, Lowy PD, Aguilar M. 1997. Colombia 
diversidad biótica II. Tipos de vegetación en Colombia. 
Bogotá: Editorial Guadalupe.

Rengifo M JT, Castro Herrera F, Purroy Iraizos FJ. 2015. 
Uso de hábitat y relaciones ecomorfológicas de un ensamble 
(Lacertilia: Dactyloidae) en la región natural chocoana, 
Colombia. Acta Zoológica Mexicana 31: 159–172.

Revell LJ. 2012. phytools: an R package for phylogenetic 
comparative biology (and other things). Methods in Ecology 
and Evolution 3: 217–223.

Revell LJ, Harmon LJ, Collar DC. 2008. Phylogenetic 
signal, evolutionary process, and rate. Systematic Biology 57: 
591–601.

Rummel JD, Roughgarden J. 1985. Effects of reduced perch-
height separation on competition between two Anolis lizards. 
Ecology 66: 430–444.

Sanger TJ, Revell LJ, Gibson-Brown JJ, Losos JB. 
2011. Repeated modification of early limb morphogenesis 
programmes underlies the convergence of relative limb 
length in Anolis lizards. Proceedings of the Royal Society B: 
Biological Sciences 279: 739–748.

Schaad EW, Poe S. 2010. Patterns of ecomorphological 
convergence among mainland and island Anolis lizards. 
Biological Journal of the Linnean Society 101: 852–859.

Schluter D. 2000. The ecology of adaptive radiation. Oxford: 
Oxford University Press.

Schoener TW. 1968. The Anolis lizards of Bimini: resource 
partitioning in a complex fauna. Ecology 49: 704–726.

Urbina-Cardona JN, Olivares-Pérez M, Reynoso VH. 2006. 
Herpetofauna diversity and microenvironment correlates 
across the pasture–edge–interior gradient in tropical 
rainforest fragments in the Los Tuxtlas Biosphere Reserve of 
Veracruz, Mexico. Biological Conservation 132: 61–75.

Velasco JA, Herrel A. 2007. Ecomorphology of Anolis lizards 
of the Chocó region in Colombia and comparisons with 
Greater Antillean ecomorphs. Biological Journal of the 
Linnean Society 92: 29–39.

Vitt LJ, Zani P. 1996. Organization of a taxonomically diverse 
lizard assemblage in Amazonian Ecuador. Canadian Journal 
of Zoology 74: 1313–1335.

Vitt LJ, Avila-Pires TCS, Espósito MC, Sartorius SS, 
Zani PA. 2003a. Sharing Amazonian rain-forest trees: 
ecology of Anolis punctatus and Anolis transversalis 
(Squamata: Polychrotidae). Journal of Herpetology 37: 
276–285.

Vitt LJ, Avila-Pires TCS, Zani PA, Espósito MC. 2002. 
Life in shade: the ecology of Anolis trachyderma (Squamata: 
Polychrotidae) in Amazonian Ecuador and Brazil, with 
comparisons to ecologically similar anoles. Copeia 2002: 
275–286.

Vitt  LJ, Avila-Pires  TCS, Zani  PA, Sartorius  SS, 
Espósito MC. 2003b. Life above ground: ecology of Anolis 
fuscoauratus in the Amazon rain forest, and comparisons with 
its nearest relatives. Canadian Journal of Zoology 81: 142–156.

Vitt LJ, Sartorius SS, Avila-Pires TC, Espósito MC. 2001. 
Life on the leaf litter: the ecology of Anolis nitens tandai in 
the Brazilian Amazon. Copeia 2001: 401–412.

Vitt LJ, Zani PA, Esposito MC. 1999. Historical ecology of 
Amazonian lizards: implications for community ecology. 
Oikos 87: 286–294.

Wiens JJ. 1989. The ecology of bird communities. Cambridge: 
Cambridge University Press.

Williams EE. 1972. The origin of faunas. Evolution of lizard 
congeners in a complex island fauna: a trial analysis. 
Evolutionary Biology 6: 47–89.

Williams EE. 1983. Ecomorphs, faunas, island size, and 
diverse end points in island radiations of Anolis. In: Huey RB, 
Pianka ER, Schoener TW, eds. Lizard ecology: studies of a 
model organism. Cambridge: Harvard University Press, 
326–370.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher's web-site.

Appendix S1. Laboratory procedures, and phylogenetic trees used in comparative analyses.
Appendix S1, Figure S1. Maximum clade credibility tree showing phylogenetic relationships among Anolis 
species from three Northwestern South America tropical rain forests. Numbers in nodes are posterior probabilities. 
Scale indicate number of nucleotide substitutions per 100 sites.
Appendix S1, Figure S2. Poe et al. (2017)´s phylogeny, pruned to include 15 of the 17 species of Anolis studied. 
anch: A. anchicayae, aura: A. auratus, chlr: A. chloris, fren: A. frenatus, fusc: A. fuscoauratus, gran: A. granuliceps, 
lati: A. latifrons, macv: A. maculiventris, orto: A. ortonii, punc: A. punctatus, sulc: A: sulcifrons, trac: A. trachyderma, 
tran: A. transversalis, trgs: A. tropidogaster, vitt: A. vittigerus.
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Appendix S2. Pairwise comparison of overall niche overlap among species.
Appendix S2, Table S1. Pairwise comparison of niche overlap in thermal, spatial and morphological axes 
for anoles from three tropical rain forests of north-western South America. The standard deviation is given in 
parentheses. Values shown in bold indicate different niches at P ≤ 0.05.
Appendix S2, Table S2. Pairwise comparison of overall niche overlap and thermal, spatial and morphology 
axes of 16 species of anoles from tropical rain forests of north-western South America. The standard deviation is 
given in parentheses. Values shown in bold indicate different niche overlap at P ≤ 0.01. Abbreviations: anc, Anolis 
anchicayae; Asp, Anolis sp.; aur, Anolis auratus; chl, A. chloris; fre, Anolis frenatus; fus, Anolis fuscoauratus; gra, 
Anolis granuliceps; lat, Anolis latifrons; mac, Anolis maculiventris; ort, Anolis ortonii; pun, Anolis punctatus; 
sul, Anolis sulcifrons; trac, Anolis trachyderma; tran, Anolis transversalis; tro, Anolis tropidogaster; vit, Anolis 
vittigerus.
Appendix S3. Statistical power of the phylogenetic comparative methods used.
Appendix S3, Figure S2. Blomberg’s K values of traits obtained with our phylogeny vs. the null distributions of 
Blomberg’s K values of traits obtained from 100 randomly generated trees.
Appendix S3, Figure S3. Phylogeny from the study by Poe et al. (2017), pruned to include 15 of the 17 species 
of Anolis studied. Abbreviations: anch, Anolis anchicayae; aura, Anolis auratus; chlr, Anolis chloris; fren, Anolis 
frenatus; fusc, Anolis fuscoauratus; gran, Anolis granuliceps; lati, Anolis latifrons; macv, Anolis maculiventris; orto, 
Anolis ortonii; punc, Anolis punctatus; sulc, Anolis sulcifrons; trac, Anolis trachyderma; tran, Anolis transversalis; 
trgs, Anolis tropidogaster; vitt, Anolis vittigerus.
Appendix S3, Figure S4. Number of regimen shifts (k), number of distinct regimens (k prime) and reduction in 
complexity of the adaptive landscape when accounting for convergence (delta k) observed in the best SURFACE 
model vs. the null distributions obtained from 100 randomly generated trait datasets.
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