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understanding specific factors (e.g. body size) or properties 
(e.g. phylogenetic signal) related to range size evolution, and 
for discussing its implications (e.g. body size or phylogenetic 
signal, Gaston and Blackburn 1996a, b, Agosta et al. 2013, 
Lee et al. 2013). However, multivariate approaches often 
detect confounding factors in the relationships between 
body size and range size (Taylor and Gotelli 1994, Böhning-
Gaese et al. 2006). This suggests that analyses contrasting 
multiple morphological traits might render more informa-
tive conclusions (Böhning-Gaese et al. 2006). Another major 
difficulty comes through comparative studies in the form of 
our uncertainty on the phylogenetic relationships among 
studied species (Donoghue and Ackerly 1996, Huelsenbeck 
et al. 2000). Very often, published phylogenies are not 
completely resolved or lack some species, which means that 
multiple variations of the phylogenetic relationships are 
possible (see Rangel et al. 2015 for a comprehensive descrip-
tion of sources of phylogenetic uncertainty). This situation 
hinders estimating which part of the variance in a model 
is actually explained by species phylogenetic relationships. 
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Understanding the factors that constrain species range size 
is a central task for evolutionary biogeographical theory 
(Brown et al. 1996, Gaston and Blackburn 1996a, Jablonski 
2008, Gaston and Fuller 2009, Agosta et al. 2013). This 
endeavor has important conservation planning implications 
since species with small ranges can increase both regional 
diversity levels (Scott et al. 1999, Arita and Rodríguez 2002) 
and species extinction risk (Gaston and Blackburn 1996b, 
Jablonski, 2008). Macroevolutionary patterns of range size 
evolution have been actively explored, especially regarding 
how the evolution of organismal traits affect range size 
(Taylor and Gotelli 1994, Pyron 1999, Böhning-Gaese et al. 
2006, Machac et al. 2011, Lee et al. 2013). However, we 
are still far from knowing the generality of those patterns 
and the underlying processes that lead to them (Vamosi and 
Vamosi 2012).

Several difficulties undermine our understanding of 
range size patterns. A first issue is that most comparative 
analyses of range size consist of univariate studies. Studies 
on single range size predictors may be valid for detecting or 
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However, we can use these multiple variations (trees) by 
repeating our analyses across them and bracketing the 
obtained variance in model parameters (Huelsenbeck and 
Ronquist 2001).

In addition to that, the revolution in phylogenetic data 
and analytical techniques is rapidly improving our view 
of species phylogenies and taxonomy (Nunes et al. 2012) 
and consequently, of species range size. Moreover, current 
techniques for species geographic modeling are subjected to 
potential biases and errors (Lobo et al. 2008, Peterson et al. 
2008, Hijmans et al. 2012, Jiménez-Valverde 2012), whose 
exact magnitude is very hard to assess when studies com-
pare many species. Problems of determining species ranges are 
especially acute at tropical regions, where a still developing 
knowledge of species’ phylogeny and geography prevents 
conservation planning from being informed by patterns in 
range size (Scott et al. 1999). To be helpful, those patterns 
should be robust to potential changes in range size derived 
from advances in taxonomic and geographic knowledge.

Morphological traits have raised much interest as 
potential drivers of range size. Body size is the most studied 
and correlates positively with range size in many groups 
of endothermic animals (Brown and Maurer 1987, 1989, 
Gaston and Blackburn 1996b, Agosta et al. 2013) and also 
with individuals’ energetic demands in both ectothermic 
and endothermic animals (Nagy et al. 1999). In general, 
bigger individuals require larger home ranges to satisfy 
larger energetic demands (Perry and Garland Jr 2002). 
Accordingly, the sizes of species’ range have been proposed 
as the necessary area to sustain the energetic requirements 
for the total number of individuals of a species (Brown and 
Maurer 1987, 1989, Gaston and Blackburn 1996a, b). A 
second and less studied trait is body shape. Changes in the 
shape of the locomotor apparatus have direct effects on indi-
viduals’ locomotor performance. For example, sprint speed 
is lower in limb reduced and elongated lizards (Bergmann 
and Irschick 2010) and tetrapods with relatively shorter 
hind limbs present increased energetic requirements for 
locomotion (Pontzer 2007). Consequently, species with 
reduced limbs/elongated bodies might be poorer dispers-
ers and thus exhibit smaller range sizes. Congruently, range 
size correlates with body shape evolution (wing, beak and 
tail shape), which in turn is related to dispersal ability in 
North American Silvia birds (Böhning-Gaese et al. 2006). 
It also correlates with limb reduction and body elongation 
in Australian Lerista lizards (Lee et al. 2013), and although 
body size was not accounted for in that case, most lineages 
of limb reduced and body elongated lizards rarely disperse 
far from the region where they evolved (Wiens et al. 2006).

Visual inspection of morphology–range size relationships 
scatter plots may allow differentiating among the processes 
constraining range–morphology relationships (Agosta et al. 
2013). In brief, if the scatter broadly fits a triangular shape 
occupying the above-diagonal region of the graph, then 
it suggests there can be two types of constraints acting on 
range size (Fig. 1A): one type is that a minimum range size is 
required by species with specific morphologies. For example, 
bigger species might require more energy to sustain viable 
numbers of individuals (Brown and Maurer 1987, 1989, 
Gaston and Blackburn 1996b). A second type is a common 
top limit for dispersal across all studied morphologies, like the 

total extent of the continent or of available habitat (Brown 
and Maurer 1987, Machac et al. 2011). An example of that 
is the range of species endemic to an island. Conversely, 
scatters distributed below the graph diagonal (Fig. 1B) may 
suggest morphologically induced dispersal costs (Gaston 
and Blackburn 1996b, Agosta et al. 2013). Exemplifying 
this case, Lee et al. (2013) found that while typical lizards 
showed both big and small ranges, limbless ones showed 
only smaller ranges. The lower bounds of such relationships 
can be imposed by the minimum measuring unit size (e.g. 
the size of raster cells). All these facts suggest that tests of 
morphology–range size relationships should employ spe-
cies groups that evolved across a single large piece of land 
(i.e. a continent), and use very small units of measurement 
compared to the size of the ranges studied (i.e. small raster 
cells).

The low energetic requirements and often relatively small 
size of terrestrial ectothermic animals raise the question of 
whether energetic requirements would be an important 
correlate of range size, or if dispersal costs might be more 
important. The limited evidence available on this topic is still 
conflicting, with some studies showing significant relation-
ships between body size and range size, whereas others not 
(Taylor and Gotelli 1994, reviewed by Gaston and Blackburn 
1996b, Lee et al. 2013, see Discussion). This evidence mostly 
comes from unifactorial studies that did not control for phylo-
genetic relationships in the tests or any kind of uncertainties. 
At this respect, lizards represent especially good opportunities 
for testing morphology–range size relationships because they 
can evolve striking changes in both traits. Among lizards, 
snake-like species tend to be lighter for their snout vent length 
than typical lacertoid species. This is a likely consequence of 
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Figure 1. Two potential relationships between phenotypic (e.g. 
morphological) evolution and range size in a multivariate world. 
(A) Variation across studied species phenotypes imposes a lower 
limit for range size while factors not accounted for in the model set 
the upper limit. (B) Variation in morphology imposes the upper 
limit to range size, while factors not in the model set the lower 
limit.
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limb-loss (Meiri 2010). That also notably increases locomo-
tion costs (Pontzer 2007, Bergmann and Irschick 2010) In 
this way, the evolution of snake-like lizards poses an oppor-
tunity to test the relative effect of energetic demands (i.e. 
represented by body mass) against locomotion costs (i.e. 
represented by changes in body shape associated with limb 
reduction) on lizards range size.

Herein, we tested whether body size or shape correlates 
with range size during the radiation of South American 
gymnophthalmid lizards (Fig. 2). To produce a robust result, 
we used different methods to account for phylogenetic 
relationships and uncertainty, and also developed a new 
method that accounts for error in taxonomic and geographic 
distribution of species. Within this lizard family, snake-like 
shapes have evolved independently at least twice, one time 
within the genus Bachia, and at least another time within 
the clade composed by Nothobachia and Calyptommatus 
(Pellegrino et al. 2001, Castoe et al. 2004). Despite the fact 
that important phylogenetic and biogeographic uncertain-
ties remain, gymnophthalmids have been intensively studied 
during the last decades (Rodrigues 1996, Pellegrino et al. 
2001, 2011, Castoe et al. 2004, Kohlsdorf and Wagner 
2006, Rodrigues et al. 2007, 2008, Rodrigues and Santos 
2008, Grizante et al. 2012, Nunes et al. 2012, Teixeira Jr 
et al. 2013, Recoder et al. 2014), providing essential mor-
phological, taxonomic, geographic and phylogenetic data to 
proceed with such analysis.

Methods

Morphology description and range size estimation

We compiled morphometric variables for 36 species of 
gymnophthalmids with phylogenetic and geographic infor-
mation. Morphological traits were taken from Grizante 
et al. (2012): snout–vent length, trunk length, forelimb 
and hind limb lengths, head width and head length (see 
description in Supplementary material Appendix 1) and we 
measured additional species for which there was no pub-
lished data. Species mean body mass data were compiled 
from the literature (Meiri 2010, Camacho et al. 2015) 
and we measured additional species for which there was 
no published data. Because size is an overarching measure 
affecting all morphological traits in an individual, changes 
in size and shape were separated by multivariate techniques 
to avoid significant interactions that might appear during 
multivariate regressions of correlated factors. Hence, we 
performed a phylogenetic PCA (pPCA) based on correla-
tion among these variables (Revell 2010). This approach 
allowed generating two multivariate descriptors free of phy-
logenetic effects. PC1 was discarded because it represents 
both variation in body size and correlated changes in shape 
across species. Our regressions’ factors were body mass (rep-
resenting size) and PC2 (representing size-free change in 
body shape). Morphology and PC scores are given for all 
species in Supplementary material Appendix 1.

Range size for each of the 36 gymnophthalmids was 
modelled using locality data. These data have been accu-
mulated as a result of numerous faunal inventories made by 

MTR during the past 20 yr, and an extensive compilation of 
literature and museum records. MTJ compiled 9864 locality 
records. Errors like zero value coordinates, implausible and 
unverified outliers, records in the ocean or ‘mirrored’ in the 
northern hemisphere were revised by MTJ and ACG. We 
followed the same steps described in Lee et al. (2013). The 
range size for each species was estimated using the MaxEnt 
algorithm in R (ver. 2.14.1) and a raster database includ-
ing both climatic and soil layers. The database contained 
all the climatic variables, plus altitude, available from the 
WorldClim database (Hijmans et al. 2005), and all of the 
soil derived attribute layers available from the Harmonized 
World Soil Database (Batjes 2009). The resolution of these 
databases is measured by the dimensions of the sides of 
the square cells that compose the raster layers. We used 
the highest resolution available for soil layers (5 min). We 
estimated species range size as the sum of raster cells with 
suitable environment, within the latitudinal and longitu-
dinal range known for each studied species (a.k.a. area of 
occupancy, Gaston and Fuller 2009). Suitable environment 
for each species was considered herein as the portion of the 
predicted surface whose environmental conditions are at 
levels that maximize the probability of correctly predict-
ing the occurrences of that species. That portion is deter-
mined for each species by a threshold value at which the 
probability of correctly predicting occurrences and absences 
within the geographical region considered was maximized 
(‘dismo’ package vignette, Hijmans et al. 2012). The ras-
ter cells with suitable environment were estimated using 
the package ‘raster’ (Hijmans and Van Etten 2012) and 
‘dismo’ in R (Hijmans et al. 2012) following guidelines in 
the package’s vignette (Hijmans and Elith 2014). This tuto-
rial follows specific procedures (Hijmans 2012) for avoiding 
potential biases in the receiver operating characteristic curve 
(  AUC) (identified in Lobo et al. 2008, Peterson et al. 
2008). This index assesses the accuracy of the model predic-
tions discriminating between localities where the species is 
present and those where it is absent. AUC values over 0.5 
indicate discriminations better than random (Hanley and 
McNeil 1982). Our corrected AUC values were all above 
0.8, suggesting good general accuracy of the models. The 
use of raw range size values demonstrated heteroscedasticity, 
so these were log-transformed prior to regressions. MaxEnt 
performs well with samples as low as five records (Pearson 
et al. 2007). However, a few species (specially limbless ones) 
had very small range sizes, with only 4 non repeated records. 
For those species, we calculated the projected area (in raster 
cells) of the initial distribution polygon or transect (i.e. with-
out cropping the polygon with a MaxEnt model). Despite 
the fact that this means using a different approach for cal-
culating range size, biases in range size due to using these 
different approaches for the endemic species seem mini-
mal (less than 10 square kilometers) compared to the huge 
differences in distribution range present among the study 
species (thousands of square kilometers). Locality records 
and the R scripts for generating surfaces of environmentally 
suitable habitat for each species and calculate range size are 
available on request to AC. Range size and other parameters 
of the modeling process (e.g. AUC values) are given in the 
Supplementary material Appendix 1.
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The trait correlation analyses described below only 
use information from relative branch lengths, though for 
computational purposes they require some absolute scale 
(which can be arbitrary, e.g. root age  1). Rather than 
using an arbitrary root age, we constrained the root age 
(teiid-gymnophthalmid divergence  crown Teiioidea) to 
lie between the maximum and minimum values obtained in 
Hugall and Lee (2007), i.e. 64–72 my, so that trees could 
also be interpreted as chronograms. Some recent stud-
ies have placed this divergence much earlier, based on the 
fragmentary 99 my of Bicuspidon (Brandley et al. 2008). 
However, Bicuspidon appears to be a polyglyphanodontid 
(Nydam and Cifelli 2005); the most comprehensive study  
of polyglyphanodontid affinities concludes they are not 
closely related to teiioids (Gauthier et al. 2012).

Relationship between range size, body size and body 
shape

Non phylogenetic regressions
We first performed a non-phylogenetic multiple regres-
sion where species were treated as independent data points. 
Because inferred range size likely has much higher error 
(extrapolated using complex models, often from sparse 
sampling) than measures of limb reduction, least-squares 
(LS) regressions were used, with range size as the depen-
dent variable, instead of major axis regression. LS regression 
results are also directly comparable to the Bayesian phyloge-
netic comparative analyses (Pagel and Meade 2013).

Phylogenetic regressions accounting for phylogenetic 
uncertainty
Phylogenetic regressions between morphological traits 
(shape and size) and range size, were performed using the 
Continuous module in BayesTraits ver. 2 (Pagel and Meade 
2013), which implements the generalized least-squares 
model across the pool of Bayesian tree samples. Using 
any single tree was inappropriate as many nodes within 
Gymnophthalmidae have posterior probabilities below 
0.95 and could be considered poorly supported (Fig. 4, 
see also Supplementary material Appendix 2). Analyses 
were performed for the 36 core taxa which had informa-
tion on both range size and the two phenotypic variables; 
we used the full trees of 73 taxa, coding the remaining 
taxa as missing data. We assessed both the lambda param-
eter (which models the variance expected from species 
phylogenetic relationships), and the covariance parameter 
(which models the variance attributable to the correlation 
between range size and body size/shape). All BayesTraits 
analyses were run for 11 million generations, with a burnin of  
1 million generations and sampling frequency of 10 000 
generations. Each BayesTraits analysis was replicated four 
times and the post-burnin samples were concatenated; 
Tracer 1.5 (Rambaut and Drummond 2009) confirmed 
convergence of all runs (each run had essentially identical 
sampled parameter distributions, with effective sample sizes 
of all parameters  200).

To evaluate model fit (i.e. the influence of morphological 
traits, and lambda on range size), Bayes Factor comparisons 
(sensu Kass and Raftery 1995; hereafter abbreviated BFKR) 

Reconstruction of phylogenetic relationships among 
Gymnophthalmid lizards

Nucleotide sequence data for two nuclear gene regions (pro-
tein-coding cmos and 18S RNA) and three mitochondrial 
gene regions (protein-coding ND4, 12S and 16S RNA) 
were obtained for the core 36 gymnophthalmid species, and 
three teiid outgroups. Most species and all outgroups were 
represented in previous phylogenies of gymnophthalmids 
(Pellegrino et al. 2001, Castoe et al. 2004); Bachia panoplia 
and Bachia scolecoides, sequenced later for 12S, 16S and 
c-mos (Kohlsdorf and Wagner 2006). The RNA alignments 
based on secondary structure from Pellegrino et al. (2001) 
were adopted; alignment of the protein-coding genes was 
straightforward based on reading frame. The reliability of 
the 18S RNA has been questioned (Castoe et al. 2004), but 
the relatively low signal in this highly conserved locus meant 
that excluding the 18S data resulted in the same consensus 
topology and almost identical branch lengths.

Because increased taxon sampling improves phylogenetic 
reconstruction, we also included 29 other species of gym-
nophthalmids for which relevant sequences were available 
(Pellegrino et al. 2001, Castoe et al. 2004), and sequenced 
a further 5 taxa (Vanzosaura_rubricauda_PHV3051, 
Vanzosaura_savanicola_MTR14967, Psilophthalmus_pae-
minosus_MRT5058, Psilophthalmus_SP1_MNRJ19105, 
Psilophthalmus_SP2_MTR11787). The full alignment 
(composed of 3 outgroups, the 36 focal species and 29 other 
gymnophthalmidae species) is in the Supplementary mate-
rial Appendix 3 and all new sequences are in Genbank.

The data were analyzed using Bayesian Markov Chain 
Monte Carlo (MCMC) phylogenetic methods implemented 
in MRBAYES 3.2 (Ronquist et al. 2012). Model compari-
sons used Kass and Raftery’s (1995) criterion of twice the 
marginal ln-likelihood differences (herein abbreviated BFKR). 
The independent gamma rates relaxed clock (across-lineage 
rate variability) was favoured (BFKR  5) over a strict clock 
(no rate variability). PartitionFinder selected a 2-parti-
tion scheme, from 8 candidate partitions (12S, 16S, nd4 
codons 1–3, cmos codons 1–3). Partition finder selected the 
GTRig model for Partition 1 (12S, 16S, nd4 codons 1–2, 
cmos codons 1–3), and the HKYg model for Partition 2 
(nd4 codon 3). Stepping-stone analysis favored the indepen-
dent gamma clock (marginal likelihood –29522.1) over the 
autocorrelated TK02 clock (–29525.1) and the strict clock 
(–29625.8). Four separate runs of 40 million generations 
were performed, each employing four chains, with sampling 
every 4000 generations; the first 10 million generations were 
discarded as burnin, leaving 7500 trees (per run) for analy-
sis, from which a majority-rule consensus tree was obtained 
(Supplementary material Appendix 2). Full analytical details 
(alignment, partitions, nucleotide models, chain length and 
number, heating, burnin, MrBayes commands, and others) 
are in the Supplementary material Appendix 3. Convergence 
of parameters within the burnin was confirmed with poten-
tial scale reduction factors approaching 1 ( 1.002), and 
overlapping traces for each parameters across all runs (in 
Tracer: Rambaut and Drummond 2009). Convergence in 
topology was confirmed with each run sampling essentially 
the same topologies (standard deviation of clade frequencies 
 0.01).
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from mean and variance). Finally, we summarized changes 
in model fit showing the ranges in the Akaike information 
criterion (AIC) and in the Bayesian information criterion 
(BIC) (Wang and Liu 2006), obtained across permutations.

Results

Morphology description and range size estimation

From the principal components generated (Supplementary 
material Appendix 1), the first (pPC1) was highly related 
to body mass (loading  –0.764) and explained most varia-
tion in morphology (75.12%), as usual for PCA procedures 
describing morphology. PC2 explained only 14.04% of vari-
ation and showed lower loadings, but its scores clearly rep-
resented a size-free cline from relatively long-limbed species 
to elongated and limbless ones (Supplementary material 
Appendix 1, Fig. A1A and B). Estimated range sizes varied 
from the size of a single raster cell (6.25 km2) to 128 069.19 
km2 (mean: 069 376.33 km2, log10 mean: 5.05); three spe-
cies were known from fewer than 5 records (Calyptommatus 
sinebrachiatus, C. nicterus, Nothobachia ablephara) and one 
from a single raster cell (Procellosaurinus tetradactylus). 
Values for estimated range sizes (km2) are presented in Fig. 
3 and at the Supplementary material Appendix 1.

Reconstruction of phylogenetic relationships among 
gymnophthalmid lizards

The full phylogeny for the 73 taxa is presented in the 
Supplementary material Appendix 2. The tree presents 
especially low support for important relationships among 
typically lacertoid and snake-like species of the two lineages 
with snake-like morphs (e.g. between Gymnophthalmus 
and the snake-like clade formed by Nothobachia and 
Calyptommatus and also within Bachia genus). Thus, we will 
not discuss on phylogenetic advances in the understanding 
of phylogenetic relationships among Gymnophthalmidae, 
or the order of character evolution, and rather focus on the 
robustness of the relationships between geography, size and 
shape evaluated herein.

Relationships between range size, body size and 
shape

The phylogenetically-informed Bayesian approach 
(BayesTraits) showed congruent results (full results in 

were performed for analyses which included both covariance 
(between morphological traits and range size) and lambda 
parameters, and analyses which excluded each parameter 
(i.e. fixed to 0); Stepping stone analyses to estimate marginal 
likelihoods are not implemented yet in BayesTraits, thus we 
make the caveat that these comparisons again used BFKR as 
was calculated using the less accurate AICM method, in by 
exporting the sampled likelihoods into Tracer 1.5 (Rambaut 
and Drummond 2009).

The parameters used in these analyses are summarized in 
Table 1 (see also the supporting online file 1), which shows 
logn-likelihoods for the BayesTraits analyses, along with the 
95% highest posterior density (HPD) intervals for lambda 
(phylogenetic conservatism) and covariance (correlation 
between range size and each morphological traits (shape 
and size), separately. Finally, we examined the same relation-
ship in a phylogenetically-informed multivariate regression 
in BayesTraits. The relative importance of each trait was 
identified using BFKR via measuring the decrease in mean 
log-likelihoods after exclusion of the relevant trait (Pagel and 
Meade 2013).

Phylogenetic regressions accounting for geographic 
uncertainty

We tested the sensitivity of the studied relationships to 
potentially extensive reductions in range size derived from 
improvements in taxonomic and geographic knowledge of 
the analyzed species. Herein, we randomly sample from 1 to 
to a half of the species with the biggest range size among the 
ones studied and subjected them to a random reduction of 10 
to 90% of their range before applying pGLS multiple regres-
sion. The procedure was repeated 10 000 times and after that 
we summarized the results in two ways: following Berger and 
Boos (1994), we constructed a 95% confidence interval for 
the slope and intercept across the permutated regressions. 
The correspondent p-value was calculated as the largest 
p-value found across trees plus 0.01. The R script to perform 
this procedure is available in the Supplementary material 
Appendix 1. The second way exactly follows Liam Revell’s 
recommendations for summarizing results from regressions 
repeated across multiple trees (< http://blog.phytools.org >). 
We also calculated a value of t across permutations (t.beta), 
dividing the mean value of model slopes (mean.beta) by the 
variance existing among the variances obtained for the fitted 
models (var.beta), plus the standard deviation of those mea-
sures. The new p-value (p.beta) is the probability of t.beta in 
a t-distribution with degrees of freedom equal to the number 
of species minus the number of parameters estimated (two, 

Table 1. Relationships of body size and body shape to geographic range size in gymnophthalmid lizards, based on Bayesian comparative 
phylogenetic analyses. The best model only includes size; shape alone fits poorly and shape  size is no better (actually, slightly worse) than 
size alone. The regression slopes relating size to geographic range are always large and positive, the regression slopes relating shape to 
geographic range are always small and with 95% highest posterior density intervals (HPDs) that broadly straddle zero. Abbreviations: 
LognL  marginal log likelihood, BFKR comparison  change in Bayes factor across models (lower means worse). HPD  highest posterior 
distribution interval.

Models compared Lambda mean (95%HPD) Regression slopes mean (95%HPD) LognL BFKR comparison

Size 0.59 (0.1, 0.96) 2.242 (0.61, 3.68) –61.96 best (0)
Shape (PC) 0.63 (0.21, 0.97) 0.02 (–0.06, 0.09) –66.06 –8.2

2.22 (0.70, 3.77) [size]
Size  shape 0.60 (0.13, 0.99) 0.01 (–0.06, 0.08) [shape] –62.47 –1.0
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still keep relatively large ranges even after 90% reductions 
in their range size. Nevertheless, model fit was significantly 
affected, which suggest that model selection approaches 
should take this variability into account during range size 
analyses. Despite the fact that there are long standing argu-
ments in favor of sensitivity analyses in comparative studies 
(Donoghue and Ackerly 1996, Huelsenbeck et al. 2000), 
specific methods dedicated to comparative studies of range 
size are just arising (Rangel et al. 2015, herein). Our method 
for accounting for geographic uncertainty performs reason-
ably fast (a few hours for 10 000 permutations in a personal 
4 Gibabytes and an Intel Pentium 4 processor laptop). The 
analysis output also provides uncertainty for the intercept 
of the regression (Fig. 2), which is currently readily retrived 
for multiple Bayesian regressions performed in BayesTraits 
ver. 2 (Pagel and Meade 2013). The R script for perform-
ing this sensitivity analysis and visualizing uncertainty on the 
resulting regressions is provided in Supplementary material 
Appendix 1. This script can be easily adjusted to circum-
stances when uncertainty in species range size affects all or 
a specific subset of the analyzed species, like the half dataset 
with larger range size, for species that live in less sampled 
areas or that have more cryptic habits. It can also be modi-
fied to allow for range increase if we suspect the ranges are 
underrepresented. The frequent distribution extensions 
notes for lizards in the neotropics may suggest that ranges 
are more often underestimated. However, the latest taxo-
nomic reviews of gymnophthalmid lizards take those notes 
into account and more often led to drastic subdivisions in 
range size following detailed morphological or genetic stud-
ies (e.g. in Iphisa, Nunes et al. 2012, Vanzosaura, Recoder 
et al. 2014; L. guianensis or P. paeminosus, unpubl.). That 
made us control for reductions in range size only. Finally, 
one reviewer pointed out the importance of understanding 
the interactions between the two types of uncertainties (i.e. 
phylogenetic and geographic). We acknowledge this is an 
important field for more methodological development.

Our results also highlight the importance of including 
multiple factors to investigate a topic usually approached 
with unifactorial analyses (e.g. review by Gaston and 
Blackburn 1996b). The study of morphological correlates 
of range size may be especially affected by confounding 
factors because morphological traits often correlate with 
each other. For example, the high loadings of several mor-
phological traits in our pPC1 showed that a great deal of 
morphological variation is highly correlated to the evolution 
of body size in Gymnophthalmidae (Supplementary mate-
rial). In a previous univariate study, body shape was found 
to correlate with range size in Australian Lerista lizards (Lee 
et al. 2013). In that study, body shape was represented by 
morphological proportions (traits divided by head width). 
Herein, we also plotted traits divided by head width versus 
range size (Supplementary material Appendix 1, Fig. A2) 
and it shows that, as in Lerista, limbless species have rela-
tively small range size in Gymnophthalmidae. Nonetheless, 
at least in Gymnophthalmidae, limb reduction and body 
elongation seem not to account for important variation 
in GRS, likely because small species retaining prominent 
limbs can also have very small GRS (e.g. Psilophtalmus spp., 
Procellosaurinus tetradatylus, Leposoma spp.). Elongated 
bodies might compensate for locomotion costs in limbless 

Supplementary material Appendix 2). When size was consid-
ered alone, there was a strong positive correlation with range 
size (BFKR  6.43; gradient  2.242 and significantly posi-
tive); however, the phylogenetic signal in this size data was 
not significant (BFKR  0.02), which explains the congruence 
with our non-phylogenetic approach. When shape (PC2) 
was considered alone, there was no-correlation with range 
size (BFKR  –2.93, i.e. including shape decreased model fit; 
gradient  0.015 and not significantly different from zero); 
there was some evidence for phylogenetic signal in this data 
(BFKR  3.1). When both size and shape were considered 
simultaneously, addition of the two traits improved model 
fit (BFKR  4.18). However, the gradient was significant for 
size (2.22, significantly positive) but not shape (0.01, and 
not significantly different from 0). Thus, the combined 
analysis results are similar to the separate analyses in iden-
tifying an effect of size and not shape. Full model statistics  
are presented within Supplementary material Appendix 1.

Our permutative procedure accounting for both phylo-
genetic relationships and geographic uncertainty also gave 
robust results, congruent with the previous ones. It was 
again size (Berger’s p  0.039, Revell’s p.beta  0.036) but 
not shape (Berger’s p  0.925, Revell’s p.beta  0.922) that 
significantly predicted range size among gymnophthalmids. 
The 95% confidence intervals for the slope and intercept for 
body size–range size regressions were: slope  1.63–2.40; 
intercept  4.46–4.70. This indicates that morphologically 
related differences in range size among species are so big that 
disparate reductions (10–90%) in range size of up to a half 
of the species analyzed with the largest range size would not 
change the obtained results. While smaller bodied species 
showed both very small or large range size, larger species 
consistently showed larger range size (Fig. 3). Nonetheless, 
randomly changing the range sizes lead to statistically sig-
nificant changes in model fit. AIC ranged from 121.15 to 
133.59 while BIC ranged from 128.63 to141.07.

Discussion

We showed it is possible to overcome important phyloge-
netic and geographic uncertainties and produce robust 
results during comparative studies of range size. The robust-
ness of our analyses to phylogenetic uncertainty potentially 
derives from a low phylogenetic signal in the studied traits. 
While phylogenetic signal might vary across different trees, 
under a general case of low phylogenetic signal, non phy-
logenetic methods might perform better than phylogenetic 
ones (Revell 2010), this is a situation that makes interesting 
comparing the output of both approaches. Still, the different 
potential phylogenetic relationships lead to a great range of 
variation in the obtained slopes (Fig. 3) which highlights the 
importance of accounting for phylogenetic uncertainty over 
the estimated relationhips, even in a situation of high uncer-
tainty with respect to phylogenetic signal.

On the other hand, the robustness of our pattern to geo-
graphic uncertainty seems to derive from the huge differ-
ences existing among the range size of different species (e.g. 
Fig. 4), which are nonetheless common among many other 
taxonomic groups (Brown and Maurer 1989, Gaston and 
Blackburn 1996a, b). Due to that, widespread species may 
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percarinatum, Neusticurus spp., Bachia flavescens) and set the 
upper limit for the studied range sizes. We also add two more 
potential explanations for this above-diagonal pattern. One 
is that processes of niche specialization that constrain dis-
persal (e.g. becoming fossorial) might be more frequent in 
smaller lizard species. The other is that the species inhabit-
ing the biggest patches of homogeneous habitat dictate the  
top limit of the above diagonal shape pattern (following 
reasoning in Machac et al. 2011).

Interestingly, the biggest ranges analysed here (e.g. 
Neusticurus) are as big or bigger than the ranges of endother-
mic vertebrates living in South America, with much bigger 
body size (e.g. Psophiidae birds, Ribas et al. 2011). Do these 
lizard species really need such large areas to keep long term 
viable populations or is it just that they are filling all the avail-
able habitat space? The former might be the case if lizards are 
less efficient in obtaining energy from their habitats or there 
are any other hidden reasons for requiring a big range. This 
interpretation is supported by positive relationships between 
energetic requirements, body size and home ranges, found 
in lizards and other vertebrates (Nagy et al. 1999, Perry and 
Garland Jr 2002). Nonetheless, the huge komodo dragons 
are restricted to very small islands but they have occupied a 
niche with comparatively enormous energetic access, preying 
upon big herbivores. On the other hand, a big body might 
simply give individuals better dispersal abilities, by increas-
ing the variability of prey they can access and the amount of 
energy they can store (Brown and Maurer 1989). Psophiidae 
birds have their distributions limited by main rivers within 
the Amazon basin (Ribas et al. 2011), while the aquatic liz-
ards Neusticurus bicarinatus are widespread nearly all across 
it (at least until further taxonomic revisions). All that again 
suggests that range size is determined by an interplay between 
ecology, morphology and habitat availability.

Answering the above question is important for applying 
patterns of range size evolution to conservation planning.  

species of lizards that live in the leaf litter (e.g. Heterodactylus 
imbricatus, Bachia bresslaui). Also, in intermediate species 
(e.g. Nothobachia ablephara), hind limbs remain relatively 
well developed while forelimbs have been nearly lost. This 
situation is common across Lerista transitions (Skinner and 
Lee 2009) and might also allow energetically efficient sur-
face locomotion (Pontzer 2007) until species have developed 
completely fossorial habits (e.g. Calyptommatus spp.). In this 
study, however, the addition of body mass to the analysis of 
range size in lizards shows for first time an allometric effect 
on range size among lizard species. Notwithstanding, while 
here we addressed only morphological factors, ecology (e.g. a 
burrowing life) might still be more important than morphol-
ogy in constraining the size of lizard ranges. Such hypothesis 
is currently under test with new data.

The relationships between range size and body size 
conforms to the above-diagonal triangular shape found by 
Brown and Maurer (1987; see Introduction), and subsequent 
studies in endothermic species groups (Brown and Maurer 
1989, Gaston and Blackburn 1996b, Agosta et al. 2013). 
While smaller species may have big or small ranges, bigger 
species generally only show relatively big ranges. This pattern 
suggests that a relatively small body does not necessarily 
constrain dispersal in lizards, which makes then interesting 
to identify why so many small species show small distribution 
ranges (e.g. difficulties for foraging, physiological or ecologi-
cal restrictions to dispersal, Wiens et al. 2006, Machac et al. 
2011). Gaston and Blackburn (1996b) proposed some non 
morphological factors driving range size, like species age or 
latitudinal gradients in range size. However, both relatively 
young and old species (short or long terminal branches) 
exhibit big ranges (Fig. 3). This suggests that species age 
is not driving our results. Nonetheless, gymnophthalmids 
extending at lower latitudes across the relatively homog-
enous Amazon rainforest tend to be the ones with the larg-
est range sizes (Cercosaura ocellata, Iphisa elegans, Leposoma 

Figure 2. Four species of Gymnopthalmidae representing variation in limb proportions within the family. Species in the figure are:  
(A) Neusticurus sp. nov. from bicarinatus group, (B) Heterodactylus imbricatus, (C) Vanzosaura rubricauda, (D) Scriptosaura catimbau. Photo: 
(A), (B) and (D) by Agustín Camacho, (C) by Mario Sacramento.
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knowledge. Scott et al. (1999) suggested creating more 
and smaller reserves in regions containing many taxa with 
small range size and low range overlap. This is the case for 
a diverse group of small and snake-like gymnophthalmids 
with very small range sizes from the middle section of the 
São Francisco River, and the Planalto dos Gerais, two regions 
with high endemicity: Rodrigues 1996, Rodrigues et al. 2007, 
2008, Werneck et al. 2012, Teixeira Jr et al. 2013, Recoder 
et al. 2014). Six (Calyptommatus nicterus, C. sinebrachiatus, 
C. leiolepis, Nothobachia ablephara, Bachia psammophila, B. 
micromela, P. tetradactylus) of the ten recognized species of 
small ranged Gymnophthalmidae are not included within 
any federal conservation unit, highlighting the need for  
conservation planning at these regions. In contrast, small 
lacertoid species from the Atlantic Rainforest show both 
relatively small to medium range size, and can be found 
sympatrically at reserves of the Atlantic Rainforest (e.g. 
Leposoma genus, Rodrigues et al. 2013). Gaston and 
Blackburn (1996a, b) proposed that given a lower bounded 
relationship between body size and range size, bigger spe-
cies may require larger areas to persist in the long term. 
Amazonian lineages of relatively large body and range 
size for the family (Leposoma percarinatum, Iphisa elegans, 
Neusticurus spp.) belong to this group. However, the recent 
identification of cryptic diversity in these clades (e.g. within 
Iphisa elegans, Nunes et al. 2012) suggests further mapping  

For reserve systems to be effective, their location and extent 
should protect species with different range requirements, 
a difficult task without reliable taxonomic and geographic 
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Figure 4. Phylogenetic relationships for 36 species of gymnophthalmid lizards and their geographic range sizes (GRS). Red names identify 
limbless species, blue names identify limb-reduced species; black names identify stout, long legged species. Uncertain clades (posterior 
probability  1.0) are indicated. This figure also suggests that species age (length of terminal branch) is not an important correlate of range 
size evolution in this group. This phylogeny is pruned from a bigger tree of 73 species (Supplementary material Appendix 2).

Figure 3. Relationships between range size (log10km2) and body size 
(log10 body mass) in 36 species of Gymnophthalmidae. Dots indi-
cate species valves. Light purple block represents the 95% HPD 
limits on the Bayesian phylogenetic regressions (integrated across 
sampled tree topologies: Pagel and Meade 2013); solid dark blue 
lines are phylogenetic GLS regressions with introduced random 
reductions in range size. White dashed line show the result of the 
non phylogenetic regression. Regions with more intense blue color 
indicate more frequent superimposition of regression lines.
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of cryptic diversity is crucial for adequately locating future  
big Amazonian reserves. Those studies should include mea-
sures of mean and maximum body size (Meiri 2010) and 
environmental requirements of species (Teixeira Jr et al. 
2013). In the mean time a potential workaround for obtain-
ing body size data might come from developing specific 
allometric equations for less known groups (Meiri 2010). 
However, creating these equations for gymnophthalmid 
groups with extensive changes in shape (e.g. Bachia) is still 
difficult.

In conclusion, as datasets on species morphology, 
biogeography and phylogeny get more comprehensive, 
more complex models will be necessary to identify the 
factors that actually shape the multivariate factors driving 
range size evolution and its use in conservation planning. 
Sensitivity tests like the one presented herein may become 
essential to obtain reliable results while facing data uncer-
tainty. However, future modeling of range size relationships 
should go further, coupling analyses of trends in the mean, 
like the one presented herein, with formal analyses of the 
bounds in range size patterns.    
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