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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 [UCN 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, 1 focus on a study of convergent evolution of desert phenotype in Liolaemus
species and Ctenoblepharys adspersa. 1 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



ACKNOWLEDGMENTS

I would like to express my gratitude to different people and institutions that help me in
many ways with my research. First I want to thank my advisor Jack W. Sites Jr. who since 2010
when [ started my PhD studies, has been incredibly wise, patient and supportive. I would like to
thank my committee for their constant positive attitude towards my research. I want to show
appreciation to my friends Ana Almendra, Robert Langstroth, Catherine L. Malone, Cintia
Medina and Andrea Roth; all of them in one way or another, and in different moments, shared
with me unforgettable moments during my time as PhD student. I am also grateful to Peruvian
students and researchers in the Department of Herpetology in San Marcos Natural History
Museum for their help with my fieldwork and providing material for my research. I also thank
Jesus Cordova, curator of the Department of Herpetology in Peru, for providing me with a loan
of specimens and helping me with permits. I would like to thank my lab partners, especially
Perry L. Wood Jr., and my colleagues Mariana Morando, Luciano Avila, Ignacio de la Riva and
Jaime Troncoso for their help in different aspects of my research.

I am indebted to the BYU Biology Department, Monte L. Bean Life Science Museum,
Waitt Foundation-National Geographic Society, BYU Graduate Studies and National Science
Foundation for their financial support without which my research would not be possible. I am
grateful to researchers of the San Marcos Natural History Museum and friends in the Ministerio
de Agricultura for their advice and help in getting permits.

My family deserves special consideration. My brother Alex and sister Silvia as well as

my sister’s children were always supportive and happily welcomed me every time I went to Peru.



TABLE OF CONTENTS

01000 o i
ABSTRACGT s s b s s ii
ACKNOWLEDGMENTS . sses iii

LIST OF TABLES ...ttt bbb bbb s s s s vii
LIST OF FIGURES ... bbb ix

CHAPTER 1: Integrative taxonomy and preliminary assessment and preliminary assesment
of species limits in the Liolaemus walkeri complex from Peru (Squamata, Liolaemidae) with

descriptions Of thI€E NEW SPECIES ...t sses bbb s bbb 1

00 L = VPSP
2 1] o = Vot o PP
9 U0 (0T 10 Uot o o) o PRSP
1Y =] (o o L PSSR
RESUILS ..t et e sre e e sn e e e e sneeen e esn e sreesnnessneesnnnssneensns L0

U1 W W N

SPECIES AESCIIPIONS ..cvii ettt ettt et e es e e e e e e sreeenne s sreeen e sneeenene 2
DISCUSSION ..uuii ittt e e e e e s s e O
ACKNOWIEAGIMENTS ....eiieii ettt et ettt e e e e e e e sre e enne s sre e en e sne e e e D O
REFEIEINCES ... oot e e e e 3 O
CHAPTER 2: Placental Morphology in Two Sympatric Andean Lizards of the Genus

Liolaemus (Reptilia: LIola@midae) ......c.cocmureereereeneereeneeneenesessessessessesssssessessessessessessesssssssssssessesssssssssssssseans 47

010 L = VPRSP PPPPPTPPPPPPPPPPPRPRPIRRY * o
1] o = Vot o PO PTOPPPPTPTRSR
39 T0 0T 10 Uot o 0 ) o PP PRSP PRPOP )
1Y =3 (o o PP 1
RESUILS .. e e e e enn e e e sne e nnnes e eenne D O

| E o 1) Lo ) o W TRRTTUTTTRTC 1o

iv



ACKNOWIEAZMENTS ... oottt e e e sr e e e n e e e sne e e sne e e e DO

|5 ) = 0 D Sl o) L =Y e R 1° |

CHAPTER 3: Different roads lead to Rome: Integrative taxonomic approaches lead to the
discovery of two new lizard lineages in the Liolaemus montanus group (Squamata:

50 =123 40 U 1) TP 61

010 L = VPP TOPSTPPRPPRTPRRPPRON ¢ /2
1] = Vot o OO PRRPRPOPN o /2
9 U0 0T 10 Uotu o) o PP TRROPURPRN o ¥/
Material and Methods.........ccveiiiiiien e e O
RESUILS ...t e e e e sn e e e e e e e sen e sreeennessneesnnessnenens OO
1 TS0 0B () o TR TRURPTPPRRRPY 4 o

ACKNOWIEAZMENTS ... ettt e e sr e e e n e e e sne e e e sne e nene £ O

RS (<) ) 0 (o114 ¢ |

CHAPTER 4: The shadow of the past: convergence of young and old South American desert

lizards as measured by quantitative and categorical traits.......erereneeseseesesesseesessessessesnees 82

THELE PAGE. ettt bbb 83

7 011 0= (ot o 84

| s U o (0o 18 o{ 5 Lo ) o NPTHN R 85

Y BT G =1 B= o e BT =3 s Vo Yo K 88

ST 0 92

D E 1§ 1 10 ) o 99

ACKNOWIEAZGEIMENTS ...ttt ses s s s s s s s s s s annes 104
R (53 (= Lol 105
ADPPENAIXES .ot bR ARt 108

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

(000101 4 Ut o0 TSP 108

Appendix 2. Maximum likelihood tree based on cyt-b and 12S mitochondrial markers

INCIUAING 198 LEIMINALS. ...eueereereereeeererererese et 113



Appendix 3. Number of specimens per species examined for geometric morphometric

and categoriCal trails. ... ——————————— 114

Appendix 4. Bayesian time calibrated tree of the montanus group (green rectangle),

and its relationship with Liolaemus lentus, Cteblepharys adspersa and other taxa.....116

vi



LIST OF TABLES

Chapter 1

Table 1. Binomial characters for females (F) and males (M) of focal populations of Liolaemus
lizards sampled for this study. ..o e 12

Table 2. Descriptive statistics of morphometric and meristic characters for three new species of
Liolaemus described herein, and L. tacnae and L. walkeri...............cccoooiiiiiiiiiiiiiiinnnn.. 16

Table 3. Normal tolerance intervals for morphometric variables of three species of Liolaemus
described herein, plus L. tacnae and L. walkeri................cooiiiiiiiiiiiiiiiiiiiiiiaaiaanenn, 17

Table 4. Normal tolerance intervals for meristic characters of three species of Liolaemus
described herein, plus L. tacnae and L. walkeri...............cccooiiiiiiiiiiiiii i, 17

Table 5. Percentage contributions of most important bioclimatic variables to the ecological niche
envelopes for all population samples of three species of Liolaemus described herein, plus L.

1ACHAC ANA L. WALKCFT. ... e e e e e e, 19

Table 6. Schoener’s D values and Niche Identity test results between focal populations and

] 002 L1 21
Chapter 2
Table 1. Female adult specimens used in this study and their locality information................. 50

Table 2. Sample size and embryonic stages (see text for details) of L. robustus and L. walkeri
used for SEM and cLSM in this StUdY........ovniiniiiiiii e 50

Table 3. Means and standard errors of vessel diameter (Dv) and number of measured blood
vessels (n) in embryonic uterine (EU), allantoic (A), and abembryonic uterine (AU) tissues.....51

Table 4. Parenthetical relationships of main species groups within each subgenus of
LIOIAOIMUS . ..o e e e e e e 57

Chapter 3
Table 1. Molecular markers and primers used in this study (ANL, anonymous nuclear loci) ....65
Table 2. Interspecific tree distances (ITD) and Rosenberg’s probabilities P(AB) based on

mitochondrial markers between focal taxa and selected northernmost species of the L. montanus

Table 3. Summary of species limits inferences from the step-by-step approach, multilocus
divergence time and species tree, Gaussian clustering and final delimitation grouping............ 76

vii



Chapter 4

Table 1. SURFACE analysis parameters for different models of evolution.......................... 97
Table 2. C1-C5 convergence metrics derived from CONVEVOL analyses...............ccoeuvnane. 97
Table 3. Results of WHEATSHEAF IndeX.........ooviniiiiiii e, 100

viil



LIST OF FIGURES
Chapter 1

Figure 1. Concatenated maximum likelihood (-Log L = 8452.31415) tree based on cyt-b and 12S
hap-lotypes of focal taxa (Ancash, Ayacucho Cusco) and species assigned to the alticolor group
AN OULZTOUDS . .ttt ettt et ettt ettt et e e et e ettt et et e et et et et et 11

Figure 2. Detailed view of the cloaca region showing absence (A, D) or presence (B, C, E) of
precloacal pores: A Ancash, B Ayacucho, C Cusco, D L. tacnae, and E L. walkeri.................. 13

Figure 3. Ventral view showing the color patterns of the belly and tail: A Ancash, B Ayacucho, C
Cusco, D L. tacnae, and E L. Walkeri............c.coooeiiiioie ittt i 14

Figure 4. Lateral view showing the color patterns of A Ayacucho B Cusco, and C L. walkeri....15

Figure 5. First and second principal components (PC) and correspondence axes (CA) of
morphometric (A) and meristic (B) data of Ancash, Ayacucho, Cusco, L. tacnae and L. walkeri
TESPECHIVELY ..t te cet ettt e et e e e ees eet et et e e e e eee een e et s e bee vee ae aen een ean as ne vae veeaees L]

Figure 6. Predicted area and known geographic distribution (A) used to develop distributional
models of Ancash (B) Ayacucho (C) Cusco (D) L. tacnae (E) and L. walkeri (F) ...................20

Figure 7. Receiver operating characteristic curves and AUC values for A Ancash, B Ayacucho, C
Cusco, D L. tacnae, and E L.
L7 = ORI, |

Figure 8. Dorsal (A) and ventral (B) views of the holotype of Liolaemus chavin sp. n. (C) Type
locality... e et et eeteeees ee et et eeeee teeeeeee een ek es ee bee tee eee een een s he ae bee tee tee aen en an ae bee bee 2ees 28

Figure 9. Lateral (A) dorsal (B) and ventral (C) views of the holotype of Liolaemus pachacutec
sp. n. (D) Habitat of L.
DACHACULEC ... ... o iee e e e e et it et e e e e et et et e ee e ee een et ettt vt tee 2e 2en een en s ae aee vee 20e0n 28

Figure 10. Lateral (A) dorsal (B) and ventral (C) views of the holotype of Liolaemus wari sp. n.
(D) Type

LJOCALIEY ... vt it e e e e e et e e e e e e eet eet et e e e e tee ee een et s e ae bee te aen een s as ne tae aee eeee 32
Figure 11. Geographic distribution of L. chavin, L. pachacutec, L. tacnae, L. walkeri, and L.

WATT . ettt e e ees e et et e et et et e e e et e e e e e eee ees tee tee et et et et et et e s s e se ee ees eeees D3
Chapter 2

Figure 1. Uterine chambers (uc) of (A) L. robustus and (B) L. walkeri. ..................c.............52
Figure 2. Fetal components of the chorioallantoic .............ccccociii il 52

X



Figure 3. Fetal components of the chorioallantoic placenta.............cccco e ev i iii i .53

Figure 4. Maternal components of the chorioallantoic placenta................oo oo i .53
Figure 5. Fetal components of the yolk sac placenta.............cccco i cei v i v e 54
Figure 6. Maternal components of the yolk sac placenta.....................coiiiinin 255

Figure 7. Autofluorescent confocal micrographs of uterine microvasculature in the embryonic (e)

and abembryonic hemisphere (a) of L. robustus (A, C, E, G) and L. walkeri (B, D, F, H).......... 56
Figure 8. Autofluorescent confocal micrographs of allantoic microvasculature of L. robustus (A,
C)and L. Walkeri (B, D). ... uue et oot e ees e e ees e e e e e e e et et e e e e e ee aee aee vee vee veeena D ]
Chapter 3

Figure 1. Distribution of northernmost species and populations of the Liolaemus montanus group
based 0N MUSEUM TECOTAS. ... .eetru it it et et it e ettt e et e e et et e cen it e cen e e een en e eee e, O4

Figure 2. Bayesian mitochondrial gene tree (cyt-b and 12S) showing the relationships of
northernmost species of the Liolaemus montanus
o010 o O PO A 0

Figure 3. Concatenated time-calibrated (A) and species (B) trees showing the relationships
among the northernmost species of the Liolaemus montanus group.............coeeeveevevvev v 71

Figure 4. Inference of gaps between Abra Apacheta (red) and Liolaemus polystictus (blue) based
on meristic data (A—C), and L. thomasi (red) and L. ortizi (blue) based on head shape data (D-F)

Figure 5. Gap analyses between Liolaemus melanogaster (red) and Abra Toccto (blue) based on
morphometric (A, D), meristic (B, E) and head shape data (C, F) ... oo iee e .73

Figure 6. Inference of gaps based on head shape data between Liolaemus insolitus (red) and
Nazca (blue) (A—C), and between L. poconchilensis (red) and Nazca (blue) (D-F) ................. 74

Figure 7. Histograms of the niche identity tests showing the observed Schoener’s D values (red
arrow) and frequencies of pseudoreplicates: (A) Abra Apacheta vs. Liolaemus polystictus, (B) L.

ortizi vs. L. thomasi, (C) Abra Toccto vs. (L. melanogaster + L. williamsi) ........................... 75
Chapter 4
Figure 1. Distribution map of Liolaemus species of the montanus group............cc.ceoceeuv e ... 86

Figure 2. Morphological traits in non-focal (left) versus focal (right) species of the Liolaemus

X



TNOREANUS GTOUP ... e ee ee et et et ettt et et eae een een eee sen ees eee ees tee tee bee bee bee ae ns et ae nan sn sen een aes aee eaes O ]

Figure 3. Maximum likelihood tree of the montanus group (high-lighted) and its relationship
WIth Other TAXA... ...t ee et e ettt e et et et e e et e e e e e e e e e e 94

Figure 4. Results of SURFACE analysis.........c.oiiiiiien e e s e e e e et e e e e e ee a0 00022, 96
Figure 5. Phylomorphospace of head shape...............oooiiiiiiiiiiiiiii 20098

Figure 6. CONVEVOL phylomorphospace of 42 species in two NMMS dimensions (V1 and V2)

Xi



CHAPTER 1: Integrative taxonomy and preliminary assessment of species limits in the
Liolaemus walkeri complex from Peru (Squamata, Liolaemidae) with descriptions of
three new species



























10



11



12



13



14



15



16



17



18



19



20



21



22



23



24



25



26



27



28



29



30



31



32



33



34



35



36



37



38



39



40



41



42



43



44



45



46



CHAPTER 2: Placental Morphology in Two Sympatric Andean Lizards of the Genus
Liolaemus (Reptilia: Liolaemidae)

47



48



49



50



51



52



53



54



55



56



57



58



59



60



CHAPTER 3: Different roads lead to Rome: Integrative taxonomic approaches lead to the
discovery of two new lizard lineages in the Liolaemus montanus group (Squamata:
Liolaemidae)

61



62



63



64



65



66



67



68



69



70



71



72



73



74



75



76



77



78



79



80



81



CHAPTER 4: The shadow of the past: convergence of young and old South American
desert lizards as measured by quantitative and categorical traits

82



The shadow of the past: convergence of young and old South American desert lizards as
measured by quantitative and categorical traits.
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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 128 region (~788 bp), and five nuclear gene regions: CMOS (398 bp), EXPHS5
(888 bp), KIF24 (478 bp), MXRAS (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 ABI3730x] 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
Mabhler, 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 A (0,
0.1, 1) and alternative models (correlated, relaxed, discrete), and selected the one with the best

penalized-log likehood score (A = 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 PCland 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-CS5 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.

96



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 oul1 BM

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

¢ (number of shifts that are
towards convergent regimes 7 0 0
occupied by multiple lineages)

k' conv (number of convergent

regimes reached by multiple 2 0 0
shifts

AlCc (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 Cl C2 C3 C4 C5

C. adspersa, L. lentus,
L. stolzmanni, L.
poconchilensis, L.
manueli

0.723 0.197 0.025 0.027 5
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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”, L1 = 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.

Lower 95% Upper 95%

Convergent taxa ~ Wheatsheaf Index p-value

CI CI
C. adspersa, L.
lentus, L.
stolzmanni, L. 2.398 2.153 2.975 0.44
poconchilensis, L.
manueli

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 Mabhler, 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 Mabhler, 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”.
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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  LIAMM-CNP 15797 Liolaemus cazianae Argentina
8 LJIAMM-CNP 15690 Liolaemus porosus Argentina
9 LJIAMM-CNP 14735 Liolaemus poecilochromus  Argentina
10 LJAMM-CNP 14730 Liolaemus sp5 Argentina
11 LJIAMM-CNP 14725 Liolaemus poecilochromus  Argentina
12 LJAMM-CNP 14731 Liolaemus sp5 Argentina
13 LJAMM-CNP 14727 Liolaemus spS 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  LJIAMM-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 LIAMM-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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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

114



39
40
41
42
43
44

Liolaemus williamsi
Liolaemus "MinasMartha"
Liolaemus "Moquegua"
Liolaemus "Nazca"
Liolaemus "Parinacochas"
Phymatarus patagonicus
Total

12

10
12

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
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