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ABSTRACT 
 

Phylogenetic Relationships, Species Boundaries, and 
Studies of Viviparity and Convergent Evolution  

in Liolaemus Lizards 
 

Cesar Augusto Aguilar 
Department of Biology, BYU 

Doctor of Philosophy 
 

In this thesis I have connected different evolutionary studies of Lioalemus lizards. In 
Chapter 1, I followed an integrative approach to delimit species in the Liolaemus walkeri 
complex. Using mitochondrial markers, morphological data, bioclimatic information and 
methods appropriate for each data type, we found that the name L. walkeri was covering three 
new lineages. Three new species were described and one of them (L. chavin) is now categorized 
as Near Threatened in the IUCN red list.  
 

In Chapter 2, I change the subject from species boundaries to the study of viviparity and 
placentation. In this paper we employed scanning electron and confocal microscopy to compare 
the placental ultra-structure and pattern of blood vessels in two Liolaemus species. One of the 
most remarkable traits found is the complete reduction of the eggshell in both placentae, a 
possible adaptation to improve gas exchange in the hypoxic environments of the high Andes.  

 
In chapter 3, I returned to the issue of species delimitation and employed two integrative 

approaches: a hypothetical deductive framework and a model-based procedure. I applied both 
approaches in lowland and highland Liolaemus species of the montanus group. I found that in 
only one case (of four) an unnamed lowland lineage (“Nazca”) was delimited concordantly by 
both procedures.  

 
In Chapter 4, I focus on a study of convergent evolution of desert phenotype in Liolaemus 

species and Ctenoblepharys adspersa. I performed a Bayesian time calibrated and maximum 
likelihood tree based on 55 taxa and seven molecular markers. We employed quantitative and 
categorical traits based on 400 specimens and non-metric multidimensional scaling to obtain new 
quantitative variables. I used three phylogenetic comparative methods to identify and measure 
the strength of convergence.  My results found a strong case of convergent traits in C. adspersa, 
L. lentus, L. manueli, L. poconchilensis and L. stolzmanni that are probably related to predator 
avoidance in the Peruvian-Atacama and Monte deserts. In addition, my time calibrated tree 
resolves the origin of these traits first in C. adspersa at about 80 million years (My) and later 
independently in Liolaemus species at about 25 My suggesting the present of evolutionary 
constraints.  

 
 
 
 
 
Keywords: Liolaemus, lizards, species delimitation, placentation, convergence 
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Abstract 
Convergence is a pervasive phenomenon in the Tree of life. The study of convergence 

has improved with the development of methods that identify and quantify this phenomenon. 

However most methods that measure the strength of convergence have relied on quantitative 

data, and limited use of categorical data. Here we use non-metric multidimensional scaling 

(NMMS) to combine categorical and quantitative traits and estimate new multivariate 

quantitative variables. We applied this approach to test putative convergent evolution of desert 

traits in several species of South American lizards in the Liolaemus montanus and L.  anomalous 

groups, and Ctenoblepharys adpersa.  We estimated a multilocus time-calibrated phylogeny 

based on seven molecular markers and including 44 species. We collected quantitative head 

shape and categorical data for 401 specimens, and used three phylogenetic comparative methods 

(SURFACE, CONVEVOL and WHEATSHEAF index) to test for and estimate the strength of 

convergence based on NMMS dimensions.  We found strong evidence for convergence among 

C. adspersa, L. lentus, L. manueli, L. poconchilensis and L. stolzmanni, which we hypothesize as 

adaptation to a “sand-diving” behavior for predator avoidance. We hypothesize that these traits 

evolved first in C. adspersa (~93 My) and more recently independently in two different 

Liolaemus groups (≤25 My), suggesting that constraints to achieve a similar phenotype might 

have also been involved in this evolutionary convergence.  
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Introduction 
Evolutionary convergence is a pervasive phenomenon in the Tree of Life and can be 

defined as the repeated, independent evolution of the same trait (or complex of traits) in two or 

more clades at different points in geological time (McGhee, 2011). However, some definitions of 

convergence are linked to methods used to identify and quantify it (Stayton, 2015; Speed and 

Arbuckle, 2016; Arbuckle and Speed, 2016). For instance, convergence is sometimes defined as 

result of a process (in contrast to a pattern), and methods that identify cases of convergence 

assume an adaptive process (e.g., Ingram and Mahler, 2013). Because convergence might be due 

to processes other than natural selection, it should be defined as a process-neutral pattern, and 

then independently tested for adaptation or other processes (Losos, 2011; Stayton 2015; 

Pontarotti and Hue, 2016).  

Two possible goals in the study of evolutionary convergence are its identification 

(whether convergence is present) and quantification (estimating its frequency and strength); 

(Arbuckle and Speed, 2016). The frequency of convergence can be achieved by enumerating the 

cases in a group of taxa, while the strength of convergence estimates how similar is/are the 

trait(s) of the convergent taxa. Categorical traits have only been used to identify convergence or 

quantify its frequency (Speed and Arbuckle, 2016; Arbuckle and Speed, 2016), but not to 

estimate its strength in combination with quantitative traits. Here we standardize quantitative and 

categorical traits using Gower distances and Non-Metric Multidimensional Scaling (NMMS), 

and use the NMMS dimensions as quantitative traits.  

We used these NMMS dimensions to identify and measure the strength of convergence in 

South American lizards of the Liolaemus montanus group (Fig. 1). Some species in this group 

are toad-like (“phrynosauroid”) in head shape, have a pronounced serrated combs formed by the 

projecting outer ciliary scales, and smooth (not keeled) dorsal scales (Fig. 2).  These lizards 

inhabit the extremely arid desert environments of the South American Pacific coast, and are 

morphologically different from remaining (mostly Andean) species of the montanus group. 

Moreover, they resemble another linage present in the same arid desert, the monotypic 

Ctenoblepharys adspersa, as well as species of the L. anomalous group indigenous to the Monte 

Desert of Argentina (Abdala and Juarez-Heredia, 2013).  

The taxonomic history of these desert species is a good example of how convergence has 

confused taxonomists.  Lizards from the montanus and anomalous groups were originally 
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considered distinct from Liolaemus and recognized as different genera were created for them 

(Abas, Ceiolaemus, Phynosaura), or assigned to Ctenoblepharys within Liolaemidae. These 

putative new genera were later rejected and all species except C. adspersa were returned to 

Liolaemus (reviewed in Etheridge, 1995). Independent evolution of this lizard phenotype in the 

montanus group as a local adaptation to sandy habitats has been suggested previously 

(Valladares, 2004), but quantative analysis of these phenotypes within a phylogenetic context has 

not been done for this species group of Liolaemus.  

The aims of this paper are to: 1) test the monophyly of “phrynosauroid” lizards of the 

montanus group and estimate their divergence times; and 2) test for phenotypic convergence in 

desert lizards of the montanus and anomalous groups, and Ctenoblepharys adspersa, using head 

shape and qualitative traits. 

 

 

 
Figure 1. Distribution map of Liolaemus species of the montanus group, L. lentus (anomalous 

group) and Ctenoblepharys adspersa. Focal species of the montanus group (L. insolitus, L. 

manueli, L. poconchilensis, L. stolzmanni and Liolaemus “Moquegua”) are represented by green 

dots, and non-focal species by black dots. 
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Figure 2. Morphological traits in non-focal (left) versus focal (right) species of the Liolaemus 

montanus group: A (L. melanogaster) and B (L. poconchilensis) show differences in head 

shapes; C  and D show eyes framed by reduced ciliary scales in C (Liolaemus “Nazca”) versus 

conspicuous comb-like ciliaries in D (L. poconchilensis). E and F show keeled dorsal body scales 

in E (L. thomasi) and smooth in F (L. poconchilensis).  
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Material and Methods 
DNA EXTRACTION, AMPLIFICATION AND SEQUENCING 

Lizards were collected by hand, photographed and euthanized with an injection of 

sodium pentobarbital. After liver and muscle tissues were collected for DNA samples, whole 

specimens were fixed in 10% formaldehyde, and transferred to 70% ethanol for permanent 

storage in museum collections. Tissue samples were collected in duplicate, stored in 96% ethanol 

and deposited at the M. L. Bean Life Science Museum at Brigham Young University (BYU) and 

Museo de Historia Natural de San Marcos (MUSM) in Lima, Peru, and voucher specimens were 

shared between these same institutions on a 50:50 basis.  

Total genomic DNA was extracted from liver/muscle tissue using the animal tissue 

extraction protocol in the Qiagen protocol (Qiagen, Inc., Valencia, CA). The mitochondrial cyt-b 

gene (652 bp) was sequenced for all individuals and non-redundant haplotypes were sequenced 

for the mtDNA 12S region (~788 bp), and five nuclear gene regions: CMOS (398 bp), EXPH5 

(888 bp), KIF24 (478 bp), MXRA5 (776 bp), and PRLR (~534 bp). All new sequences will be 

deposited in GenBank and Dryad, respectively. Double stranded polymerase chain reactions 

(PCR) amplified target regions under the conditions described in Aguilar et al. (2016). PCR 

products were visualized on 10% agarose gels to ensure the targeted products were cleanly 

amplified, then purified using a MultiScreen PCR (mu) 96 (Millipore Corp., Billerica, MA), and 

directly sequenced using the BigDye Terminator v 3.1 Cycle Sequencing Ready Reaction 

(Applied Biosystems, Foster City, CA). The cycle sequencing reactions were purified using 

Sephadex G-50 Fine (GE Healthcare) and MultiScreen HV plates (Millipore Corp.).  Samples 

were then analyzed on an ABI3730xl DNA Analyzer in the BYU DNA Sequencing Center.   

 

TAXON SAMPLING FOR PHYLOGENETIC INFERENCE 

 Some individuals of the montanus group could not be assigned to any known species 

because they are juveniles or females lacking diagnostic morphological features, or they may 

represent new species.  All individuals sequenced in this study, along with their taxonomic 

assignments and localities, are summarized in Appendix 1. To resolve taxonomic uncertainties, 

we implemented a maximum likelihood (ML) phylogenetic analysis (see below for details) of the 

mitochondrial data (12S and cyt-b combined) using all individuals (198 terminals, Appendix 2); 

and from this analysis we estimated tree distances and Rosenberg probabilities for clades or 
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terminals representing unnamed taxa. Clades recovered with bootstrap support ≥ 70 and single 

terminals were considered candidate species when tree distances ≥ 3% and Rosenberg 

probabilities ≤ 0.01 (Aguilar et al., 2016). We subsampled the mtDNA gene tree by selecting 

single individuals representing either species or candidate species of the L. montanus group for 

further analyses. 

 

PHYLOGENETIC ANALYSES  

Our analyses included 42 taxa assigned to the montanus group (Lobo et al., 2010) and 13 

candidate species (see above, Aguilar et al., 2016). We also included Liolaemus lentus 

(anomalous group), L. puelche, L. canqueli, L. ornatus, L. rothi and L. baguali (representing 

other species groups in the subgenus Eulaemus), L. walkeri (subgenus Liolaemus), and 

Phymaturus sitesi (Liolaemidae) were also included in the analyses. Ctenoblepharys adspersa 

(Liolaemidae) was selected as the outgroup to root the tree (Schulte, 2013). For some of these 

taxa homologous regions were obtained from GenBank. 

All sequences were aligned in the MUSCLE (Edgar, 2004) plugin in GENEIOUS®PRO 

v5.6.6 (Kearse et al., 2012), and protein coding sequences were translated to check for premature 

stop codons. Bayesian Information Criteria in JMODELTEST v2.1.3 (Darriba et al., 2012) were 

used to identify the best-fit models of evolution. ML phylogenetic analyses were performed 

using RAXML (Stamadakis, 2014) partitioned by gene, and 1000 bootstrap replications were 

estimated using CIPRES. The ML analysis based on all markers was completed for all taxa and a 

subset of 42 species for which morphological data are available for convergence analyses (see 

below).  

To estimate divergence times, a concatenated tree was generated using the same 

terminals but including members of different families as outgroups. The Eulaemus clade was 

calibrated as in Aguilar et al. (2016), but two fossils were added to calibrate: 1) the Pleurodont 

clade formed by Liolaemidae, Leiosaurus catamarcensis (Leiosauridae), Anolis carolinensis 

(Polychrotidae) and Phrynosoma platyrhinos (Phrynosomatidae), setting a prior to 48 million 

years (My) (Conrand and Norell, 2007; Jones et al., 2013); and 2) the Iguania clade formed by 

the Pleurodont clade + Chamaeleo calyptratus (Chamaeleonidae), and setting a prior to 168.9 

My (Evans et al., 2002).   
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This analysis was implemented in BEAST v1.8 (Drummond et al., 2012) and run for 100 

million generations. We used TRACER v1.6 (Drummond et al., 2012) to ensure effective 

samples sizes (ESS) were greater than 200. We discarded 10% of the trees as burn-in and the 

remaining trees were combined using LOGCOMBINER v1.8.0 and sampled at a lower 

frequency, resulting in 10,000 trees. A maximum clade credibility tree (MCC) was then 

constructed using TREEANNOTATOR v1.8 (Drummond et al., 2012), and keeping mean and 

95% confident intervals for node ages.  

 

MORPHOLOGICAL DATA  

To examine convergence traits in the L. montanus group, the ML tree was combined with 

head shape data as quantified using geometric morphometric methods. Ten landmarks on the 

dorsal head view (Aguilar et al., 2016) of 401 lizards representing 44 species (Appendix 3) were 

set on digital pictures using TPSdig v1.4 (Rohlf, 2004), and shape analyses were performed 

using PCA after a Generalized Procrustes approach. Because specimens of Liolaemus lentus and 

Phymaturus sitesi were not available we used another species of the same group (L. 

pseudoanomalus) or same genus (P. patagonicus), respectively. Procustes and PCA analyses 

were performed using MORPHOJ v1.03d (Klingenberg, 2011), and PCA scores were extracted 

for further analyses using the GEOMORPH package (Adams and Otarola-Castillo, 2013) in R (R 

Development Core Team, 2014). The first two principal components explained 58.9% of the 

variance and were retained. Average of PC1 and PC2 scores for specimens representing each 

species were estimated.  

Two discrete traits for each species were examined and added to the data set: scales 

keeling (present/absent) and enlarged ciliary scales (present/absent). Euclidian and Gower 

distances were calculated for PC1, PC2 and the two discrete variables using the CLUSTER 

package in R (Maechler et al., 2015). The distance matrix was standardized using non-metric 

multidimensional scaling (NMDS) using the MASS package (Venables and Ripley, 2002), and 

retained the two dimensions with stress values below 10%. These two quantitative dimensions 

(V1 and V2) were used for the convergence analyses. Morphological data will be deposited in 

MorphoBank.  

 

CONVERGENCE ANALYSES  
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 Three convergence analyses were performed using traits V1 and V2 and the phylogeny of 

44 terminals. The first analysis was performed using the R package SURFACE (Ingram and 

Mahler, 2013); this algorithm employs a Ornstein-Uhlenbeck (OU) process to identify cases 

without the a priori designation of convergent taxa. The method has a forward phase in which 

selective regimes are inferred using a phylogenetic tree and quantitative traits, and a backward 

phase in which taxa having the same (convergent) regime are identified. In the forward phase, 

selective regimes are added to a Hansen model (Hansen, 1997) and then further regime shifts 

(models) are added in a stepwise process. Model performance is evaluated using a corrected 

Akaike Information Criterion (AICc). In the backward phase, all selective regimes obtained in 

the first phase are combined in a pairwise manner and collapsed into a shared regime. This 

procedure is repeated until no more stepwise combinations improve the models, and convergent 

(collapsed) regimes are estimated (again using AICc). The SURFACE model (OUm) was 

compared with simpler stochastic models such a single regime (OU1) and Brownian motion 

(BM) models.   

 Convergence regimes found in SURFACE were used to code taxa and map PC1 and PC2 

scores onto the ML phylogeny employing a squared-change parsimony (Maddison, 1991) 

method in MORPHOJ. This method was selected to visualize the convergent evolutionary 

changes in head morphology.  

 Convergence regimes found in SURFACE were also used to estimate convergent metrics 

with CONVEVOL (Stayton, 2015). This method estimates four distances (C1, C2, C3, C4) and 

one frequency-based (C5) measure of convergence. C1 is based on the idea that the more 

dissimilar the ancestors, and the more similar the descendants, the more stronger is the 

convergence. C1 represents the proportion of the maximum distance between two lineages that 

has been brought together by subsequent evolution, and ranges from 0 to 1 as convergence 

increases. A value of 1 indicates that lineages are fully convergent, and a value of 0 means that 

lineages are phenotypically different and convergence is absent. C2 is another measure 

representing the absolute amount of evolution that has occurred during convergence, with larger 

values indicating greater convergence. C3 and C4 are based on C2 and allow comparison 

between datasets (in contrast to within datasets). C3 is the proportion between C2 and the total 

amount of evolutionary change along the lineages leading from the common ancestor of the 

convergent taxa to those taxa.  C4 is the proportion between C2 and the total amount of evolution 
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in the entire clade defined by the common ancestor of the convergent taxa (Stayton, 2015).  

 C5 is a frequency-based measure and is defined as the number of focal taxa that reside 

within a limited but convergent region of a phylomorphospace (the phylogenetic connections 

between taxa represented graphically in a plot of morphological space).   

 Statistical tests of convergence as measured by C1, C2, C3 and C4 were evaluated using 

1000 evolutionary simulations via a BM model. Specifically we tested whether the simulated 

measures are significantly different from the observed values. In the same way, the statistical 

significance of convergence as measured by C5 was tested using 1000 simulations. Results of all 

test were considered significant at a p-value ≤ 0.05. 

 We implemented a WHEATSHEAF analysis to measure the strength of convergent 

evolution, as implemented in the R package WINDEX (Arbuckle et al., 2014; Arbuckle and 

Minter, 2015). This index calculates the similarity of focal (convergent) species to each other and 

the separation in phenotypic space of the focal group from non-convergent species, all corrected 

for phylogenetic relatedness. Convergence is stronger when focal species are more 

phenotypically similar to each other, and when focal species are more disparate to the non-focal 

species. As in the previous analysis, convergence cases found in SURFACE were used to 

estimate the WHEATSHEAF Index and 95% confidence intervals. The null hypothesis that the 

observed WHEATSHEAF index is no higher than those expected by chance is rejected when p ≤ 

0.05 (indicating exceptionally strong convergence). Expected WHEATSHEAF indexes were 

derived from 1000 bootstrap replications. Calculations and tests of the WHEATSHEAF index 

were based on an ultrametric tree. The ML tree was converted to an ultrametric tree using the R 

package APE (Paradis et al., 2004). We evaluated ultrametric trees with different values of λ (0, 

0.1, 1) and alternative models (correlated, relaxed, discrete), and selected the one with the best 

penalized-log likehood score (λ = 0, correlated). 

 

Results 
PHYLOGENETIC RELATIONSHIPS AND DIVERGENCE TIMES 

 Results of the multilocus maximum likelihood (ML; Fig. 3) tree with bootstrap support 

values (BS) and main differences with the Bayesian divergence time tree (DT; Appendix 4) are 

mentioned below. The ML shows a well-supported (BS ≥ 70) Liolaemus montanus group formed 

by most species currently assigned to this group, with the exception of L. chlorostictus. This 
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species is more closely related to species of the darwini group (L. ornatus, Liolaemus sp. 1 and 

Liolaemus sp. 6) than those of the montanus group. The montanus group includes three major 

clades; one of which (L. andinus, L. famatinae, L. foxi, L. gracielae, L. nigriceps, L. manueli, L. 

patriciaiturrae, L. rosenmanni, L. rubiali, and L. vallecurensis), is only weakly supported (BS ≤ 

70). However this clade is well supported in the DT tree with posterior probability (PP) ≥ 0.9 

(Appendix 4).  

 This clade is sister to a well supported (BS ≥ 70) clade that in turn includes two subclades: 

one of these includes (BS ≤ 70) L. annectens, L. etheridgei, L. melanogaster, L. ortizi, L. 

polystictus, L. robustus, L. signifer, L. thomasi, L. williamsi, L. “AbraApacheta”, L. 

“AbraToccto”, L. “Castrovirreyna”, L. “Lampa”, L. “MinasMartha”, L. “Parinacochas”, L. 

“Apurimac”, L. forsteri, L. sp. 2, and L. sp. 3.  In addition to these taxa, the DT tree also includes 

a group with low support (PP ≤ 0.9) formed by L. islugensis, L. multicolor, L. pleopholis, L. 

orientalis, L. cf. schmidti, and L. sp. 4 (Appendix 4).  

 The second subclade (BS ≤ 70) is composed of L. aymararum, L. cazianae, L. insolitus, L. 

hajeki, L. halonastes, L. huacahuasicus, L. inti, L. islugensis, L. jamesi, L. multicolor, L. 

orientalis, L. pachecoi, L. pleopholis, L. poconchilensis, L. poecilochromus, L. porosus, L. 

scrocchii, L. stolzmanni, L. vulcanus, L. cf. dorbigny, L. cf. schmidti, Liolaemus “Moquegua”, L. 

“Nazca”, L. sp. 4., and L. sp. 5. However, this subclade without L. islugensis, L. multicolor, L. 

pleopholis, L. orientalis, L. cf. schmidti and L. sp. 4. This clade is well supported in the DT tree 

(PP ≥ 0.9).  

 The ML and DT trees show that “Phrynosauroids” Liolaemus poconchilensis, L. 

stolzmanni and L. manueli do not form a monophyletic group, but instead are recovered in three 

distinct clades, all with strong support in the DT tree. Liolaemus lentus form a well-supported 

group (BS ≤ 70) with the L. montanus group, L. canqueli, L. chlorostictus, L. ornatus, L. 

puelche, L. rothi, L. sp. 1 and L. sp. 6. However in the DT tree (Appendix 4), L. lentus is more 

closely related to L. rothi but with low support (PP ≤ 0.9). 

   The ML tree resolves a well supported (Liolaemus + Phymaturus sitesi). The DT 

(Appendix 4) tree shows a sister relationship of C. adspersa with (Phymaturus sitesi (Liolaemus 

+ Leiosaurus catamarcensis)) but with low support (PP ≤ 0.9).  
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Figure 3. Maximum likelihood tree of the montanus group (high-lighted) and its relationship 

with other taxa. Putative convergent taxa are in blue. Asterisks (*) indicate bootstrap values ≥ 70.  
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This clade diverged from C. adspersa at ~ 80 My (Appendix 4). In the DT tree Liolaemus 

lentus (anomalus group) and the rothi complex (represented by L. rothi) diverged at about 22 My 

(Appendix 4). The montanus group and its sister group (species representing the darwini, 

melanops and donosobarroi “groups”) diverged at about 25 My (Appendix 4). The clade (L. 

insolitus (Liolaemus “Moquegua” + L. poconchilensis)) has a mean age of 10 My (Appendix 4). 

The clade (L. stolzmanni ((L. pachecoi + L. aymararum) (L. jamesi + L. hajeki))) has a mean age 

of 9 My. The clade (L. manueli + L. foxi) has a mean age of 5 My (Appendix 4). 

 

CONVERGENT ANALYSES 

 Our SURFACE analyses identify five phenotypic regimes, two of which are convergent 

(Table 1; Fig. 4A,B).  One convergent regime is achieved independently by Ctenoblepharys 

adspersa, Liolaemus lentus, L. manueli, L. poconchilensis, and L. stolzmanni, while L. insolitus 

and Liolaemus “Moquegua” reach the other convergent regime independently (Fig. 4A,B). The 

best model found by SURFACE (OUm; AICc = -301.9182) is an improvement over the one peak 

model (OU1; AICc = -130.3372) and Brownian model (BM; AICc = -87.79926). Other model 

parameters are shown in Table 1. 

 Geometric morphometric scores of the first two principal components (PC1 and PC2) 

mapped onto the phylogeny are shown in Figure 5. This phylomorphospace shows 

Ctenoblepharys adspersa, L. lentus, L. manueli, L. poconchilensis, L. stolzmanni (red), 

Liolaemus insolitus and Liolaemus “Moquegua” (blue) having mid- to high PC1and PC2 scores 

in comparison with most of the taxa (Fig 5C). This independent evolution in head morphology 

reflects a reduction from the tip of the snout to the nostrils (landmarks 1-3; Fig 5A,B), and a 

widening of the head at the level of the parietal scale (landmarks 5,7-8; Fig 5A,B). 

 C1-C5 metrics of convergences are shown in Table 2. C1-C5 measures were 

estimated for the two convergent regimes found in SURFACE analyses, and when taxa of these 

two regimes are pooled. C1-C4 values show that Cteblepharys adspersa, Liolaemus lentus, L. 

manueli, L. poconchilensis and L. stolzmanni have a significant stronger similarity than taxa L. 

insolitus and Liolaemus “Moquegua”, or when all convergent taxa are pooled together (Table 2). 

The C5 metric of the selective regime that includes Cteblepharys adspersa, L. lentus, Liolaemus 

manueli, L. poconchilensis and L. stolzmanni shows that all five taxa significantly cluster in a 

region of the phylomorphospace (Table 2, Fig. 6).   
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Figure 4. Results of SURFACE analysis. A =  NMMS plot of trait values: small circles identify 

species and large circles are estimated adaptive optima; blue and red circles identify species and 

estimated optima for convergent regimes, respectively. B = phylogeny (reduced from Fig. 1) 

showing placement of convergent regimes (colored) as in A. 
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Table 1. SURFACE analysis parameters for different models of evolution: OUm (model 

obtained in the backward phase), OU1 (model with one adaptative peak) and BM (Brownian 

motion model). 

Parameters Models 
 OUm OU1 BM 

k (regime shifts)    10 1 0 
k' (number of distinct regimes)     5 1 0 
Δk (k-k', the reduction in 
complexity of the adaptive 
landscape when accounting for 
convergence)          

5 0 0 

c (number of shifts that are 
towards convergent regimes 
occupied by multiple lineages)    

7 0 0 

k'_conv (number of convergent 
regimes reached by multiple 
shifts 

2 0 0 

AICc (corrected Akaike 
Information Criteria) -301.9182 -130.3372 -87.79926 

 

The C5 value for all seven taxa combined also includes the same five species, but it is not 

significant (Table 2). C5 could not be estimated to the convergent regime formed by L. insolitus 

and Liolaemus “Moquegua”.  

 

Table 2. C1-C5 convergence metrics derived from CONVEVOL analyses. High numbers in C1-

C4 indicates strong convergence and C5 shows the number of convergent taxa that occupy a 

distinct region in phylomorphospace. Numbers in bold are statistically significant. NA = not 

applicable.  

Convergent taxa C1          C2          C3          C4  C5 
C. adspersa, L. lentus, 

L. stolzmanni, L. 
poconchilensis, L. 

manueli 

0.723 0.197 0.025 0.027 5  

All 0.563 0.276 0.022 0.038 5 
L. insolitus, Liolaemus 

"Moquegua" 0.506 0.081 0.010 0.090 NA 
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Figure 5. Phylomorphospace of head shape. A and B show the grid configurations of head shape 

for scores of principal components (PC) 2 and 1 respectively. C shows the averaged species 

scores of PC1 and PC2 mapped onto the phylogeny. Focal species are colored as in convergent 

regimes found in the SURFACE analysis (Fig. 4). Ca = Ctenoblepharys adspersa, Li = 

Liolaemus insolitus, LM = Liolaemus “Moquegua”, Ll = L. lentus, Lm = L. manueli, Lp = L. 

poconchilensis, Ls = L. stolzmanni.  
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 The WHEATSHEAF index is also higher for Cteblepharys adspersa, Liolaemus lentus, L. 

manueli, L. poconchilensis and L. stolzmanni than when all convergent taxa are pooled, but these 

differences were not significant (Table 3). The WHEATSHEAF index could not be estimated to 

the case L. insolitus and Liolaemus “Moquegua”. 

 

Table 3. Results of WHEATSHEAF index. Higher values of this index indicate that the 

convergent taxa are more similar to each other than non-focal taxa. CI= confidence interval, NA 

= not applicable.  

Convergent taxa Wheatsheaf Index Lower 95%  
CI 

Upper 95% 
CI p-value 

C. adspersa, L. 
lentus, L. 

stolzmanni, L. 
poconchilensis, L. 

manueli 

2.398 2.153 2.975 0.44 

All 0.820 0.737 0.843 0.45 
L. insolitus, 
Liolaemus 

"Moquegua" 
0.521 0.468 NA NA 

 

Discussion 
QUANTITATIVE AND CATEGORICAL TRAITS IN MEASURING CONVERGENCE 

 Quantifying convergence (frequency and strength) is important for one of the 

most important question in evolutionary biology: is biodiversity constrained and hence 

predictable (McGhee, 2011; Speed and Arbuckle, 2016)? Categorical traits have only been used 

for estimating the frequency of convergence, and methods to measure the strength of 

convergence focused on continuous traits (Ingram and Mahler, 2013; Stayton, 2015; Speed and 

Arbuckle, 2016; Arbuckle and Speed, 2017).   

 Here we employed non-metric multidimensional scaling (NMMS) to estimate convergence 

by combining continuous head shape traits (estimated via geometric morphometric methods) and 

categorical traits. One concern about using the NMMS approach is whether this data 

transformation will confound the biological significance of the original variables. 
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Figure 6. CONVEVOL phylomorphospace of 42 species in two NMMS dimensions (V1 and 

V2). The black lines connect only non-focal species and red arrows connect non-focal species to 

5 convergent species (Ctenoblepharys adspersa, Liolaemus lentus, L. manueli, L. poconchilensis 

and L. stolzmanni). The location of these five taxa defines a separate distinct region in the 

phylomorphospace, defined by the violet ellipse.  
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  First, shape data are necessarily a multivariate trait (Collyer et al., 2015). Geometric 

morphometric (GM) variables are usually reduced using principal components (PC) analyses, 

and the first two or three PC axes that explain most of the variance are employed instead of the 

original data (e.g., Muschick et al., 2012; Esquerre and Scott, 2016). The use of PC scores in 

phylogenetic comparative studies has been criticized in cases of high dimensional data (when 

more variables are used to describe a phenotype than the number of phenotypes analyzed), or 

when only a few PC axes have been selected (Uyeda et al., 2015). Although here we have chosen 

only the first two principal components that explain more than 50% of the variance, the number 

of variables (10 landmarks) selected for our study does not exceed the number of phenotypes (42 

species).  

Second, for taxa differing in qualitative characteristics, such as the presence or absent of 

traits, quantification is not possible because the variables only have a categorical scale (Chartier 

et al., 2014).  This lack of mensuration is probably why categorical variables are only used for 

identification and frequency of evolutionary convergence (Arbuckle and Speed, 2017). However, 

the inclusion of categorical traits might be important in the construction of a phylomorphospace 

and in quantifying convergence.  NMMS is one of the methods suited for categorical and 

quantitative data as long as a notion of similarity (e.g. Gower distance) can be expressed 

numerically (Chartier et al., 2014). The objective of NMMS is to determine the configuration of 

objects (e.g., taxa) in a distance space of minimal dimensions that best represents the original 

objects distances (Atchley and Bryant, 1975). One issue in applying distances is that the number 

of chosen categorical or quantitative variables might have an impact on its estimation (Huttegger 

and Mitteroecker, 2011). What if instead of two PC axes from GM analysis we had chosen three 

or four? If a different number of measurements or discrete traits is taken from distinct parts of a 

species morphology, this decision can affect the interpretation of the data when it is transformed 

into distances and NMMS dimensions. Further research is needed to address this and others 

issues. For instance, a possible concern that should be examined is the use of standard NMMS 

scores instead of scores that take into account phylogenetic dependence between taxa, as it is 

done for PC scores before any comparative analysis (Uyeda et al., 2015).  

 

ADAPTIVE CONVERGENCE OR CONSTRAINTS? 

 Convergence might be due to chance, developmental constraints or natural selection 
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(Losos, 2011). Adaptive convergence implies that natural selection have produced the same 

phenotype in similar environments in unrelated taxa (Losos, 2011). Two of the three methods 

applied in our study, SURFACE and the WHEATSHEAF index, are based on the assumption 

that convergence is adaptive (Ingram and Mahler, 2013; Arbuckle et al., 2014). Both of these 

methods employ the metaphor of Wright and Simpson that evolution is a local search by fitter 

geno/phenotypes climbing higher peaks in an adaptive landscape (Niklas, 1995; Arnold et al., 

2001). These methods identify convergent taxa via their occupation of the same adaptive peak, 

which is then taken to characterize a selective regime (Ingram and Mahler, 2013; Arbuckle et al., 

2014).   

Results of our SURFACE analysis identify two convergent selective regimes, one of 

them reached by five species: Ctenoblepharys adspersa, Liolaemus lentus, L. manueli, L. 

stolzmanni and L. poconchilensis (Fig. 4). Convergence of these five taxa is strongly supported 

by C1-C4 metrics, and all occupy a separate region of the phylomorphospace as measured by C5 

(Table 2, Fig. 6). In contrast, the WHEATSHEAF Index, although high, was not significant, 

indicating that their phenotypic similarity is not enough to qualify as strong convergence (Table 

3). Despite this, it seems that these five species have reached a convergent adaptive peak.  

Ctenoblepharys adspersa, Liolaemus manueli, L. stolzmanni and L. poconchilensis are 

distributed in the Peruvian and Atacama Desert (Fig. 1), while L. lentus and all members of the 

monophyletic anomalous group (L. acostai, L. anomalous, L. ditadai, L. millcayac, L. pipanaco, 

and L. pseudoanomalus) occupy the Monte Desert (Abdala and Juarez-Heredia, 2013).  These 

are the most prominent arid and semiarid regions of South America; the Peruvian and Atacama 

Desert are characterized by a mean annual rainfall ~1–15 mm while this ranges from  ~ 30–350 

mm in the Monte Desert (Rundel et al., 2007). Further, the origin of the hyper-aridity in the 

Peruvian and Atacama Deserts (~ 25 My) and semiarid conditions in Monte (~ 56 My) is 

consistent with the ages of focal Liolaemus clades in our time-calibrated tree (Appendix 4; 

Rundel et al., 2007).   

The arid conditions and sandy substrates of these deserts likely have exerted strong 

selective pressures for the evolution of convergent phenotypes in these five taxa.  A distinct head 

shape with a blunt snout, enlarged ciliaries and smooth scales may have facilitated an escape 

behavior characterized by diving under the sand, and exclusion of sand from the eyes while 

diving (Etheridge, 2000). Sand diving is in turn a mechanism for predator avoidance (Arnold, 
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1995).  However, details of sand diving in this group of five species are only known in 

Ctenoblepharys adspersa (CA, personal observation), and sand diving is known in other 

Liolaemus species characterized by different morphologies (Etheridge, 2000). Assuming sand 

diving is present in desert species of the anomalous and montanus groups, our time-calibrated 

phylogeny resolves the origin of traits associated with this predator-scape mechanism first in C. 

adspersa, later in the anomalous group, and finally three times in the montanus group. This 

suggests that, in addition to natural selection, developmental constraints may also limit 

phenotypes in these clades of arid zone lizards.  

Our SURFACE analysis also recovered another selective regime for L. insolitus and 

Liolaemus “Moquegua”, but the C1-C4 values and WHEATSHEAF index for these two taxa 

were lower than the above case, and when all taxa are forced to be convergent (Table 2). This 

lack of statistical support for the convergence of L. insolitus and Liolaemus “Moquegua” may be 

due their phylogenetic relationship and recency of divergence (Figs. 3 and 4B). If so, these 

species may represent intermediate “steps” toward a more derived sand diving morphology. 

Liolaemus insolitus is included in a well-supported clade with Liolaemus “Nazca”, Liolaemus 

“Moquegua” and L. poconchilensis (Figs. 3 and 4). Liolaemus “Nazca” and L. insolitus have a 

more “normal” head shape as most species of the montanus group, compared to Liolaemus 

“Moquegua” and L. poconchilensis (Fig. 5). For example, both L. insolitus and Liolaemus 

“Moquegua” have smooth scales and lack enlarged comb-like ciliaries, but enlarged ciliaries are 

present in L. poconchilensis. This may again represent transitional states within this small clade: 

L. insolitus and Liolaemus “Moquegua” may represent “intermediate stages”, between normal 

phenotypes and those fully modified for “sand diving”.  

 

 



 

104 
 

Acknowledgments 
 
We thank J. Córdova, C. Torres (MUSM), Herman Nuñez (MNHN), A. Resetar (FMNH), J. 

Losos, J. Rosado (MCZ), F. Glaw (ZSM), L. Welton and R. Brown (KU) for loans and 

accessions of specimens under their care. Fieldwork was supported by the Waitt Foundation-

National Geographic Society (award W195-11 to CA and JWS, Jr.), the BYU Bean Life Science 

Museum (JWS, Jr.), and lab work by NSF-Emerging Frontiers award (EF 1241885 to JWS, Jr.), 

Dr. C.G. Sites to JWS, Jr., and a NSF-Doctoral Dissertation Improvement Grant (award 

#1501187 to JWS, Jr. and CA). Permits (RD N˚ 1280-2012-AG-DGFFS-DGEFFS, RD N˚ 008-

2014-MINAGRI-DGFFS-DGEFFS) were issued by the Ministerio de Agricultura, Lima, Peru, 

and the work was approved by the BYU Institutional Animal Care and Use Committee protocol 

number 12001 and in accordance with US law. 



 

105 
 

References 
 
Abdala C.S, Juárez-Heredia, V.I. 2013. Taxonomía y filogenia de un grupo de lagartos 

amenazados: el grupo de Liolaemus anomalus (Iguania: Liolaemidae). Cuadernos de 
Herpetología 27: 109-153. 

Adams D.C, Otarola-Castillo E. 2013. geomorph: an R package for the collection and analysis 
of geometric morphometric shape data.  Methods in Ecology and Evolution. 4: 393-399. 

Aguilar C., Wood Jr. P.L. Belk, M.C., Duff M.H., Sites Jr. J.W.  2016. Different roads lead 
to Rome: Integrative taxonomic approaches lead to the discovery of two new lizard 
lineages in the Liolaemus montanus group (Squamata: Liolaemidae). Biological Journal 
of the Linnean Society. 

Arbuckle K, Bennett, C.M., Speed M.P. 2014. A simple measure of the strength of convergent 
evolution. Methods in Ecology and Evolution 5: 685–693. 

Arbuckle K, Minter, A. 2015. Windex: analyzing convergent evolution using the Wheatsheaf 
index in R. Evolutionary Bioinformatics 11: 11-14. 

Arbuckle K, Speed M. P. 2016. Analysing Convergent Evolution: A Practical Guide to 
Methods. In: Pontarotti P, ed. Evolutionary Biology. Convergent Evolution, Evolution of 
Complex Traits, Concepts and Methods. Switzerland: Springer Nature. 23-36. 

Arnold N. 1995. Identifying the effects of history on adaptation - origins of different sand-diving 
techniques in lizards. Journal of Zoology 235: 351-388. 

Arnold S.J., Pfrender M.E., Jones A. G. 2001. The adaptive landscape as a conceptual bridge 
between micro and macroevolution. Genetica 112–113. 

Atchey W.R., Bryant E.H. 1975. Multivariate Statistical Methods. Halsted Press: Pennsylvania. 
Chartier M., Jabbour F., Gerber S.,  Mitteroecker P., Sauquet H., von Balthazar, M., 

Staedler Y., Crane P. R., Schonenberger, J. 2014. The floral morphospace – a modern 
comparative approach to study angiosperm evolution. New Phytologist 204: 841–853. 

Collyer M.L., Sekora D.J., Adams D.C. 2015. A method for analysis of phenotypic change for 
phenotypes described by high-dimensional data. Heredity 115: 357-365. 

Conrad J.L, Norell M.A. 2007. A Complete Late Cretaceous Iguanian (Squamata, Reptilia) 
from the Gobi and Identification of a New Iguanian Clade. American Museum Novitates 
3584: 47 pp. 

Drummond A., Suchard M.A, Xie D., Rambaut A. 2012. Bayesian Phylogenetics with Beauti 
and the Beast 1.7. . Molecular Biology and Evolution 29: 1969–1973. 

Edgar R. 2004. MUSCLE: multiple sequence alignment with high accuracy and high 
throughput. Nucleid Acids Research 32: 1792-1797. 

Esquerre D., Keogh J. S. 2016. Parallel selective pressures drive convergent diversification of 
phenotypes in pythons and boas. Ecology Letters 19: 800–809. 

Etheridge R. 1995. Redescription of Ctenoblepharys adspersa Tschudi, 1845, and the 
Taxonomy of Liolaeminae (Reptilia: Squamata: Tropiduridae). American Museum 
Novitates 3142: 34 pp. 

Etheridge R. 2000. A Review of Lizards of the Liolaemus wiegmannii Group (Squamata, 
Iguania, Tropiduridae), and a History of Morphological Change in the Sand-Dwelling 
Species. Herpetological Monographs 14 293-352. 

Evans S.E, Prasad G.V.R., Manhas B.K. 2002. Fossil lizards from the jurassic kota formation 
of India. Journal of Vertebrate Paleontology 22: 299-312. 



 

106 
 

Hansen T. 1997. Stabilizing selection and the comparative analysis of adaptation. Evolution: 
1341-1351. 

Huttegger SM, Mitteroecker P. Invariance and Meaningfulness in Phenotype spaces. 
Evolutionary Biology 38: 335–351. 

Ingram T, Mahler D. L. 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. 

Jones M.E.H., Anderson C.J., Hipsley C.A., Müller J., Evans S.E, Schoch R.R. 2013. 
Integration of molecules and new fossils supports a Triassic origin for Lepidosauria 
(lizards, snakes, and tuatara). BMC Evol. Biol. 13: 1-21. 

Kearse M., Moir R., Wilson A., Stones-Havas S., Cheung M., Sturrock S., Buxton S., 
Cooper A., Markowitz S., Duran C., Thierer T., Ashton B., Mentjies P., Drummond 
A. 2012. Geneious Basic: an integrated and extendable desktop software platform for the 
organization and analysis of sequence data. Bioinformatics 28: 1647–1649. 

Klingenberg C.P. 2011. MorphoJ: an integrated software package for geometric morphometrics. 
Molecular Ecology Resources 11: 353-357. 

Lobo F., Espinoza R.E., Quinteros S. 2010. A critical review and systematic discussion of 
recent classification proposals for liolaemid lizards. Zootaxa 2549: 1–30. 

Losos J.B. 2011. Convergence, Adaptation, And Constraint. Evolution 65: 1827–1840. 
Maddison W.P. 1991. Squared-change parsimony reconstructions of ancestral states for 

continuous-valued characters on a phylogenetic tree. Systematic Zoology 40: 304–314. 
Maechler M., Rousseeuw P., Struyf A., Hubert M., Hornik K. 2015. cluster: Cluster Analysis 

Basics and Extensions. R package version 2.0.3. 
McGhee G. 2011. Convergent evolution: limited form most beautiful. The MIT Press: 

Cambridge. 
Muschick M., Indermaur, A., Salzburger W. 2012. Convergent evolution within an adaptive 

radiation of cichlid fishes. Current Biology 22: 2362–2368. 
Niklas K.J. 1995. Morphological Evolution Through Complex Domains of Fitness. In: Fitch 

WM, Ayala F. J., ed. Tempo And Mode In Evolution. Genetics And Paleontology 50 
Years After Simpson. Washington D.C.: National Academy Press. 145-166. 

Paradis E., Claude J., Strimmer K. 2004. APE: analyses of phylogenetics and evolution in R 
language. Bioinformatics 20: 289–290. 

Pontarotti P., Hue, I. 2016. Road Map to Study Convergent Evolution: A Proposition for 
Evolutionary Systems Biology Approaches. In: Pontarotti P, ed. Evolutionary Biology. 
Convergent Evolution, Evolution of Complex Traits, Concepts and Methods. Switzerland: 
Springer Nature. 3-21. 

Rohlf F. 2004. tpsDig 1.4. Stony Brook, NY: Department of Ecology and Evolution, State 
University of New York at Stony Brook. 

Rundel P.E, Villagra, P.E.,   Dillon, M.O., Roig-Juñent, S., Debandi G. 2007. Arid and Semi-
Arid Ecosystems. In: Veblen TT, Young, K. R., Orme A.R, ed. The Physical Geography 
of South America. New York: Oxford Regional Environments. 

Speed MP, Arbuckle K. 2016. Quantification provides a conceptual basis for convergent 
evolution. Biological Reviews. doi: 10.1111/brv.12257 

Stamatakis A. 2014. RAxML version 8: a tool for phylogenetic analysis and post-analysis of 
large phylogenies. Bioinformatics 30: 1312–1313. 



 

107 
 

Stayton C.T. 2015. The definition, recognition, and interpretation of convergent evolution, and 
two new measures for quantifying and assessing the significance of convergence. 
Evolution 69: 2140–2153. 

Uyeda J.C, Caetano D.S., Pennell M.W. 2015. Comparative analysis of principal components 
can be misleading Systematic Biology 64: 677–689. 

Valladares J.P. 2004. Nueva especie de lagarto del género Liolaemus (Reptilia: Liolaemidae) 
del norte de chile, previamente confundido con Liolaemus (=phrynosaura) reichei. 
Cuadernos de Herpetología 18: 41-51. 

Venables W., Ripley B.D. 2002. Modern Applied Statistics with S. Springer: New York. 
 
 
 



 

108 
 

Appendixes 
Appendix 1. Specimens sequenced for this study, their museum or field numbers and country.  

  
Museum/Field 

Acronym Number Genus Species Country 
1 CAP 1346 Ctenoblepharys adspersa Peru 
2 CAP 1398 Ctenoblepharys adspersa Peru 
3 LJAMM-CNP 5019 Liolaemus cf.dorbigny Argentina 
4 LJAMM-CNP 5018 Liolaemus cf.dorbigny Argentina 
5 LJAMM-CNP 14395 Liolaemus andinus Argentina 
6 LJAMM-CNP 14394 Liolaemus andinus Argentina 
7 LJAMM-CNP 15797 Liolaemus cazianae Argentina 
8 LJAMM-CNP 15690 Liolaemus porosus Argentina 
9 LJAMM-CNP 14735 Liolaemus poecilochromus Argentina 
10 LJAMM-CNP 14730 Liolaemus sp5 Argentina 
11 LJAMM-CNP 14725 Liolaemus poecilochromus Argentina 
12 LJAMM-CNP 14731 Liolaemus sp5 Argentina 
13 LJAMM-CNP 14727 Liolaemus sp5 Argentina 
14 LJAMM-CNP 12025 Liolaemus sp4 Argentina 
15 LJAMM-CNP 14720 Liolaemus poecilochromus Argentina 
16 LJAMM-CNP 14734 Liolaemus poecilochromus Argentina 
17 LJAMM-CNP 12464 Liolaemus ruibali Argentina 
18 LJAMM-CNP 15767 Liolaemus famatinae Argentina 
19 LJAMM-CNP 14728 Liolaemus poecilochromus Argentina 
20 LJAMM-CNP 12827 Liolaemus huacahuasicus Argentina 
21 LJAMM-CNP 14743 Liolaemus poecilochromus Argentina 
22 LJAMM-CNP 12555 Liolaemus gracielae Argentina 
23 LJAMM-CNP 12465 Liolaemus ruibali Argentina 
24 LJAMM-CNP 12466 Liolaemus sp Argentina 
25 LJAMM-CNP 12008 Liolaemus multicolor Argentina 
26 LJAMM-CNP 14726 Liolaemus sp5 Argentina 
27 LJAMM-CNP 14715 Liolaemus poecilochromus Argentina 
28 LJAMM-CNP 12006 Liolaemus multicolor Argentina 
29 LJAMM-CNP 14718 Liolaemus poecilochromus Argentina 
30 LJAMM-CNP 13978 Liolaemus ruibali Argentina 
31 LJAMM-CNP 14696 Liolaemus poecilochromus Argentina 
32 LJAMM-CNP 12007 Liolaemus multicolor Argentina 
33 LJAMM-CNP 16081 Liolaemus porosus Argentina 
34 LJAMM-CNP 16032 Liolaemus sp Argentina 
35 LJAMM-CNP 15768 Liolaemus famatinae Argentina 
36 LJAMM-CNP 15766 Liolaemus famatinae Argentina 
37 LJAMM-CNP 15750 Liolaemus nigriceps Argentina 
38 LJAMM-CNP 12826 Liolaemus huacahuasicus Argentina 
39 LJAMM-CNP 15759 Liolaemus nigriceps Argentina 
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40 LJAMM-CNP 12828 Liolaemus huacahuasicus Argentina 
41 LJAMM-CNP 15756 Liolaemus nigriceps Argentina 
42 LJAMM-CNP 16075 Liolaemus chlorostictus Argentina 
43 LJAMM-CNP 16055 Liolaemus chlorostictus Argentina 
44 LJAMM-CNP 16056 Liolaemus chlorostictus Argentina 
45 LJAMM-CNP 16077 Liolaemus chlorostictus Argentina 
46 LJAMM-CNP 16057 Liolaemus chlorostictus Argentina 
47 LJAMM-CNP 16054 Liolaemus sp3 Argentina 
48 LJAMM-CNP 15761 Liolaemus nigriceps Argentina 
49 LJAMM-CNP 15662 Liolaemus inti Argentina 
50 LJAMM-CNP 15664 Liolaemus inti Argentina 
51 LJAMM-CNP 15659 Liolaemus inti Argentina 
52 LJAMM-CNP 15661 Liolaemus inti Argentina 
53 LJAMM-CNP 16105 Liolaemus cazianae Argentina 
54 LJAMM-CNP 16079 Liolaemus porosus Argentina 
55 LJAMM-CNP 16034 Liolaemus orientalis Argentina 
56 LJAMM-CNP 16090 Liolaemus sp4 Argentina 
57 LJAMM-CNP 16033 Liolaemus orientalis Argentina 
58 LJAMM-CNP 16093 Liolaemus porosus Argentina 
59 LJAMM-CNP 16094 Liolaemus porosus Argentina 
60 LJAMM-CNP 2709 Liolaemus vallecurensis Argentina 
61 LJAMM-CNP 2034 Liolaemus famatinae Argentina 
62 LJAMM-CNP 12022 Liolaemus sp6 Argentina 
63 LJAMM-CNP 12023 Liolaemus sp6 Argentina 
64 LJAMM-CNP 12024 Liolaemus sp4 Argentina 
65 LJAMM-CNP 12026 Liolaemus sp4 Argentina 
66 LJAMM-CNP 12027 Liolaemus sp4 Argentina 
67 LJAMM-CNP 12740 Liolaemus sp4 Argentina 
68 LJAMM-CNP 12741 Liolaemus sp4 Argentina 
69 LJAMM-CNP 2033 Liolaemus famatinae Argentina 
70 LJAMM-CNP 15691 Liolaemus halonastes Argentina 
71 LJAMM-CNP 15792 Liolaemus halonastes Argentina 
72 LJAMM-CNP 12818 Liolaemus huacahuasicus Argentina 
73 LJAMM-CNP 12821 Liolaemus huacahuasicus Argentina 
74 LJAMM-CNP 15721 Liolaemus multicolor Argentina 
75 LJAMM-CNP 15723 Liolaemus multicolor Argentina 
76 LJAMM-CNP 15803 Liolaemus scrocchii Argentina 
77 LJAMM-CNP 15801 Liolaemus scrocchii Argentina 
78 LJAMM-CNP 2696 Liolaemus vallecurensis Argentina 
79 LJAMM-CNP 2697 Liolaemus vallecurensis Argentina 
80 LJAMM-CNP 14736 Liolaemus vulcanus Argentina 
81 MNCN 34755 Liolaemus sp.3 Bolivia 
82 MNCN 34757 Liolaemus sp.3 Bolivia 
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83 MNCN 34758 Liolaemus sp.3 Bolivia 
84 MNCN 34762 Liolaemus sp.3 Bolivia 
85 MNCN 34763 Liolaemus sp.3 Bolivia 
86 MNCN 34775 Liolaemus sp.3 Bolivia 
87 MNCN 34776 Liolaemus sp.3 Bolivia 
88 MNCN 34753 Liolaemus sp.3 Bolivia 
89 MNCN 34803 Liolaemus sp.3 Bolivia 
90 MNCN 34802 Liolaemus sp.3 Bolivia 
91 MNCN 48521 Liolaemus sp.3 Bolivia 
92 MNCN 48522 Liolaemus sp.3 Bolivia 
93 MNCN 48540 Liolaemus sp.3 Bolivia 
94 MNCN 48541 Liolaemus sp.3 Bolivia 
95 MNCN 48556 Liolaemus sp.3 Bolivia 
96 MNCN 48557 Liolaemus sp.3 Bolivia 
97 MNCN 48569 Liolaemus sp.3 Bolivia 
98 MNCN 48571 Liolaemus sp.3 Bolivia 
99 MNCN 48572 Liolaemus sp.3 Bolivia 
100 MNCN 39892 Liolaemus pachecoi Bolivia 
101 MNCN 39893 Liolaemus pachecoi Bolivia 
102 MNCN 39898 Liolaemus pachecoi Bolivia 
103 MNCN 39899 Liolaemus pachecoi Bolivia 
104 MNCN 39902 Liolaemus pachecoi Bolivia 
105 MNCN 39903 Liolaemus pachecoi Bolivia 
106 MNCN 39906 Liolaemus pachecoi Bolivia 
107 MNCN 39907 Liolaemus pachecoi Bolivia 
108 MNCN 39909 Liolaemus pachecoi Bolivia 
109 MNCN 39910 Liolaemus pachecoi Bolivia 
110 MNCN 39915 Liolaemus pachecoi Bolivia 
111 MNCN 39916 Liolaemus pachecoi Bolivia 
112 MNCN 39894 Liolaemus islugensis Bolivia 
113 MNCN 39895 Liolaemus islugensis Bolivia 
114 MNCN 39912 Liolaemus islugensis Bolivia 
115 MNCN 39913 Liolaemus islugensis Bolivia 
116 MNCN 48666 Liolaemus islugensis Bolivia 
117 MNCN 48667 Liolaemus islugensis Bolivia 
118 MNCN 48674 Liolaemus islugensis Bolivia 
119 MNCN 48506 Liolaemus signifer Bolivia 
120 MNCN 48507 Liolaemus signifer Bolivia 
121 MNCN 48602 Liolaemus signifer Bolivia 
122 MNCN 5588 Liolaemus forsteri Bolivia 
123 MNCN 5589 Liolaemus forsteri Bolivia 
124 MNCN 5598 Liolaemus forsteri Bolivia 
125 MNCN 34747 Liolaemus forsteri Bolivia 
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126 MNCN 34748 Liolaemus forsteri Bolivia 
127 MNCN 48584 Liolaemus forsteri Bolivia 
128 MNCN 48585 Liolaemus forsteri Bolivia 
129 MNCN 48603 Liolaemus forsteri Bolivia 
130 MNCN 48613 Liolaemus sp.2 Bolivia 
131 MNCN 48614 Liolaemus sp.2 Bolivia 
132 MNCN 39889 Liolaemus sp.1 Bolivia 
133 MNCN 39890 Liolaemus sp.1 Bolivia 
134 MNCN 39891 Liolaemus sp.1 Bolivia 
135 SSUC 151 Liolaemus rosenmanni Chile 
136 SSUC 394 Liolaemus rosenmanni Chile 
137 SSUC 162 Liolaemus patriciaiturrae Chile 
138 SSUC 362 Liolaemus hajeki Chile 
139 SSUC 388 Liolaemus foxi Chile 
140 SSUC 569 Liolaemus pleopholis Chile 
141 SSUC 622 Liolaemus stolzmanni Chile 
142 JT 98 Liolaemus aymararum Chile 
143 JT 326 Liolaemus jamesi Chile 
144 JT 285 Liolaemus manueli Chile 
145 JT 328 Liolaemus islugensis Chile 
146 JT 327 Liolaemus islugensis Chile 
147 SSUC 337 Liolaemus cf.schmidti Chile 
148 SSUC 135 Liolaemus cf.schmidti Chile 
149 BYU 50507 Liolaemus Nazca Peru 
150 BYU 50508 Liolaemus Nazca Peru 
151 BYU 51569 Liolaemus Moquegua Peru 
152 BYU 51566 Liolaemus Moquegua Peru 
153 BYU 51568 Liolaemus Moquegua Peru 
154 MUSM 31547 Liolaemus Moquegua Peru 
155 MUSM 31528 Liolaemus Moquegua Peru 
156 AQILO 2 Liolaemus poconchilensis Peru 
157 MUSM 31545 Liolaemus poconchilensis Peru 
158 MUSM 31543 Liolaemus poconchilensis Peru 
159 MUSM 31544 Liolaemus poconchilensis Peru 
160 MUSM 31490 Liolaemus insolitus Peru 
161 BYU 50462 Liolaemus insolitus Peru 
162 MUSM 31510 Liolaemus ortizi Peru 
163 MUSM 31513 Liolaemus ortizi Peru 
164 BYU 50469 Liolaemus thomasi Peru 
165 BYU 50466 Liolaemus thomasi Peru 
166 MUSM 31504 Liolaemus robustus Peru 
167 MUSM 31508 Liolaemus robustus Peru 
168 BYU 50438 Liolaemus MinasMartha Peru 



 

112 
 

169 MUSM 31446 Liolaemus polystictus Peru 
170 MUSM 31452 Liolaemus polystictus Peru 
171 MUSM 31455 Liolaemus Castrovirreyna Peru 
172 MUSM 31481 Liolaemus AbraApacheta Peru 
173 MUSM 31371 Liolaemus AbraToccto Peru 
174 MUSM 31374 Liolaemus AbraToccto Peru 
175 BYU 50426 Liolaemus AbraToccto Peru 
176 MUSM 31461 Liolaemus AbraToccto Peru 
177 MUSM 31373 Liolaemus AbraToccto Peru 
178 BYU 50151 Liolaemus melanogaster Peru 
179 BYU 50152 Liolaemus melanogaster Peru 
180 BYU 50463 Liolaemus williamsi Peru 
181 MUSM 31485 Liolaemus williamsi Peru 
182 BYU 50489 Liolaemus annectens Peru 
183 BYU 50486 Liolaemus annectens Peru 
184 MUSM 31433 Liolaemus annectens Peru 
185 BYU 50494 Liolaemus etheridgei Peru 
186 BYU 50495 Liolaemus etheridgei Peru 
187 MUSM 31443 Liolaemus signifer Peru 
188 MUSM 31434 Liolaemus signifer Peru 
189 MUSM 27688 Liolaemus Apurimac Peru 
190 MUSM 27694 Liolaemus Apurimac Peru 
191 MUSM 26393 Liolaemus Parinacochas Peru 
192 MUSM 26387 Liolaemus Parinacochas Peru 
193 LJAMM-CNP 12190 Phrymaturus sitesi Argentina 
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Appendix 2. Maximum likelihood tree based on cyt-b and 12S mitochondrial markers including 
198 terminals. Terminals in red and blue are those found to be convergent in our SURFACE 
analysis. Asterisks represent  ≥70% bootstrap support. 
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Appendix 3. Number of specimens per species examined for geometric morphometric and 
categorical traits.  
 

Taxa Number of specimens 
1 Ctenoblepharys adspersa 6 
2 Liolaemus "Abra Apacheta" 10 
3 Liolaemus "Abra Toccto" 24 
4 Liolaemus "Apurimac" 31 
5 Liolaemus "Castrovirreyna" 1 
6 Liolaemus annectens 35 
7 Liolaemus aymararum 9 
8 Liolaemus baguali 2 
9 Liolaemus canqueli 2 
10 Liolaemus etheridgei 9 
11 Liolaemus forsteri 9 
12 Liolaemus foxi 9 
13 Liolaemus hajeki 2 
14 Liolaemus insolitus 9 
15 Liolaemus islugensis 16 
16 Liolaemus jamesi 2 
17 Liolaemus pseudoanomalus 1 
18 Liolaemus manueli 11 
19 Liolaemus melanogaster 9 
20 Liolaemus nigriceps 4 
21 Liolaemus orientalis 3 
22 Liolaemus ornatus 3 
23 Liolaemus ortizi 7 
24 Liolaemus pachecoi 11 
25 Liolaemus patriciaiturrae 5 
26 Liolaemus pleopholis 1 
27 Liolaemus poconchilensis 8 
28 Liolaemus poecilochromus 5 
29 Liolaemus polystictus 37 
30 Liolaemus robustus 20 
31 Liolaemus rosenmanni 4 
32 Liolaemus rothi 3 
33 Liolaemus scrocchii 1 
34 Liolaemus signifer 13 
35 Liolaemus stolzmanni 6 
36 Liolaemus sp.3 10 
37 Liolaemus thomasi 4 
38 Liolaemus walkeri 5 
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39 Liolaemus williamsi 12 
40 Liolaemus "MinasMartha" 9 
41 Liolaemus "Moquegua" 9 
42 Liolaemus "Nazca" 10 
43 Liolaemus "Parinacochas" 12 
44 Phymatarus patagonicus 2 
  Total  401 
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Appendix 4. Bayesian time calibrated tree of the montanus group (green rectangle), and its 
relationship with Liolaemus lentus, Cteblepharys adspersa and other taxa. Focal taxa are colored 
according to the same convergent regimes found in SURFACE (see below).  Asterisks (*) 
indicate posterior probabilities ≥ 0.9 
 

 

 

 

   

 

 

  

 

  

 


