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Abstract

In this study, we present a phylogeographic analysis of a group of lizards distributed in north-western Patagonia, the Liolaemus elongatus complex.
We sequenced 581 individuals for one mitochondrial gene (cytochrome-b), and for a subset, we sequenced another mitochondrial gene (/25 rRNA)
and two nuclear genes: kinesin family member 24 (KIF24) and the anonymous nuclear locus LDABID. We estimated gene trees, mitochondrial and
nuclear haploytpe networks, standard molecular diversity indices, genetic distances between lineages and Bayesian skyline plots. Our results provide
evidence for recognition of seven species previously described within the L. elongatus complex: Liolaemus antumalguen, Liolaemus chillanensis,
Liolaemus carlosgarini, Liolaemus burmeisteri, Liolaemus smaug, Liolaemus elongatus and Liolaemus crandalli, but we did not find sufficient evi-
dence to support Liolaemus choique, Liolaemus shitan or Liolaemus sp. 6 as distinct species. We identified four candidate species (Liolaemus sp. 1,
Liolaemus sp. 2, Liolaemus sp. 3 and Liolaemus sp. 7), and we discuss evolutionary processes that may have contributed to the origin of these lineages

and their taxonomic and conservation implications.
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Introduction

The lizard genus Liolaemus is emerging as a model group for a
variety of studies (Breitman et al. 2014), and it includes over
257 currently described species in temperate South America
(Abdala and Quinteros 2014). The genus not only is one of the
most species-rich temperate terrestrial vertebrate genera, but it is
also ecologically very diverse (Harmon et al. 2003; Pincheira-
Donoso et al. 2009), and distributed over a wide geographic area
that includes climatic regions ranging from the world’s driest
desert to the humid Nothofagus forests (Donoso Barros 1966;
Cei 1986, 1993; Lobo et al. 2010). This distribution extends over
a latitudinal range of 14-52°S (Etheridge and Espinoza 2000)
and altitudes from sea level to almost 5000 m. Liolaemus
includes two major clades usually referred to as subgenera, Lio-
laemus and FEulaemus (Laurent 1983; Etheridge 1995; Schulte
et al. 2000; Pincheira-Donoso et al. 2008; Lobo et al. 2010).
Within the subgenus Liolaemus, also known as the L. chiliensis
group, several species clades and complexes have been recog-
nized, one of which is the L. elongatus-kriegi group that includes
the L. elongatus Koslowsky, 1896, L. kriegi Miiller and Hell-
mich, 1939, and L. petrophilus Donoso-Barros and Cei, 1971,
complexes (sensu Morando et al. 2003).

The L. elongatus complex includes species confined to the
Patagonian region, which extends latitudinally from 35°06'S to
45°27'S. Morando et al. (2003) found that the nominal species,
Liolaemus elongatus Koslowsky, 1896, is distributed from south-
ern Mendoza to south-western Chubut and included several
related and geographically concordant haploclades [L. sp. 5, later
described as Liolaemus smaug Abdala, Quinteros, Scrocchi and
Stazzonelli, 2010; (Abdala et al. 2010), Liolaemus sp. 6, Liolae-
mus sp. 7 and Liolaemus elongatus sensu stricto]. Several subse-
quent studies (Torres-Pérez et al. 2009; Abdala et al. 2010;
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Avila et al. 2010, 2012, 2015; Esquerré et al. 2013) have consid-
ered or suggested as part of this complex up to eight additional
species: Liolaemus chillanensis Miiller and Hellmich, 1932, Lio-
laemus burmeisteri Avila, Perez, Medina, Sites and Morando,
2012; Liolaemus shitan Abdala, Quinteros, Scrocchi and Staz-
zonelli, 2010; Liolaemus choique Abdala, Quinteros, Scrocchi
and Stazzonelli, 2010; Liolaemus smaug, Liolaemus crandalli
Avila, Medina, Perez, Sites and Morando, 2015; Liolaemus antu-
malguen Avila, Morando, Perez and Sites, 2010; and Liolaemus
carlosgarini Esquerré, Nunez and Scolaro, 2013; the majority of
these have been described in the last decade.

The geographic distributions of the described and candidate
species of the L. elongatus complex overlap in several localities
(Fig. 1), and taxonomic identifications are ambiguous. One par-
ticular case is L. parvus Quinteros, Abdala, Gomez and Scrocchi,
2008, which was described on the basis of morphological charac-
ters, and hypothesized by some to be part of the L. capillitas
Hulse, 1979 clade (Diaz Gomez and Lobo 2006). This clade is
considered to be part of the L. petrophilus complex, but pheno-
typically, it is more similar to L. elongatus than to the other spe-
cies in this complex. Furthermore, studies based on nuclear and
mitochondrial ~ sequences inferred L. parvus  within  the
L. petrophilus complex (Morando et al. 2003; Avila et al. 2004;
Feltrin 2013). These contradictions highlight the point that spe-
cies boundaries within the L. elongatus complex, and their phy-
logenetic relationships, are limited and have not advanced much
beyond the original phylogeographic study published more than
a decade ago (Morando et al. 2003).

This complex inhabits north-western Patagonia, a geographi-
cally complex region characterized by mountains up to 4500 m,
large volcanic fields, deep canyons and high plateaus. These fea-
tures are the products of an Andean orogenic history that
includes sporadic volcanic eruptions and cyclic glacial advances
and retreats that produced pronounced climatic changes through-
out the last myr (Rabassa and Clapperton 1990; Ramos and Kay
2006; Ramos and Ghiglione 2008; Martinez and Kutschker
2011; Ramos and Folguera 2011). As a result, this climate his-
tory superimposed on a complex topography likely fostered
multiple  population-divergence processes across different
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Fig. 1. Localities sampled for the L. elongatus complex as follows:
L. antumalguen + L. sp. 7, blue triangles (1 6); L. burmeisteri, purple cir-
cle (7); L. chillanensis, dark green squares (8 13); L. crandalli, pink
squares (14 16); L. elongatus + L. shitan, blue circles (17 79); L. carlos-
garini + L. sp. 1, light green triangles (80 94); L. smaug, red squares
(95 105); L. sp. 2, brown circle (106); L. sp. 3, orange circle (107); L. sp.
6, yellow triangles (108 113). Although we sampled the type locality of
L. choique [*4], these individuals are genetically related to L. antu-
malguen and L. smaug; thus, we do not have a colour code for this spe-
cies on this map. Ch, Chubut Province, Nq, Neuquén Province, Mza,
Mendoza Province and RN, Rio Negro Province. The numbers corre-
spond to those given in Table S1 (Colours match those given in Figs. 3
and 4). Type localities or candidates species localities appear identified
with an asterisk: *1 — L. smaug, *2 — L. sp. 1, *3 — L. carlosgarini, *4 —
L. choique, *5 — L. antumalguen, *6 — L. chillanensis, *9 — L. shitan,
*10 — L. elongatus (this type locality is ‘territorio del oeste de Chubut’,
thus the position of this asterisk is approximate) and *11- L. sp. 7.

geographical and temporal scales (Morando et al. 2013), which
may explain the unusually high number of lizard biodiversity in
this region (Corbalan et al. 2011; Avila et al. 2013a). As an
example, several new species of lizards from this and other gen-
era were recently described from this area (Abdala et al. 2012a,
b; Avila et al. 2012, 2013b, 2015; Lobo and Nenda 2015), and
several new candidate species have been identified (Medina et al.
2013; Olave et al. 2017). The most boreal area of this region,
corresponding to northern Neuquén Province (Fig. 1), has been
identified as a biodiversity ‘hot spot’ due to high levels of ende-
mism in South American beetle species (Carabidae, Casagranda
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et al. 2009; Dominguez et al. 2006), as well as a high percentage
of priority and irreplaceable Patagonian conservation areas
(Chehébar et al. 2013). These earlier studies lead to predictions
of a high number of lizard species for this region (Corbalan et al.
2011; Avila et al. 2013a). Therefore, we expect to find a higher
number of haploclades than in previously published phylogenies.

The main goal of this study was to use molecular data to
examine the phylogenetic/phylogeographic structure and patterns
of variation in the L. elongatus complex, based on samples from
throughout its known distributional range. We included 12 taxa:
nine described species (L. chillanensis, L. antumalguen,
L. burmeisteri, L. smaug, L. carlosgarini, L. elongatus, L. shi-
tan, L. choique and L. crandalli), one being described (L. sp. 1,
Esquerré, personal communication) and two candidate species
(L. sp. 6 and L. sp. 7, Morando et al. 2003).

Materials and Methods
Sampling

We sampled 113 localities that cover the known distributional range of
the L. elongatus complex, from southern Mendoza (35°11’S) to southern
Chubut (45°71’S) provinces in Argentina, and six localities from a small
range in Chile (Fig. 1), from which we obtained 581 individuals. To test
the proposal that L. parvus could be part of this complex, we also
included individuals from its type locality, 58 km west of Jagiie, General
Sarmiento Department, La Rioja Province, Argentina. Table S1 includes
specimen voucher numbers with localities details. We collected speci-
mens by hand and euthanized them with a pericardial injection of sodium
pentothal. We took liver samples and stored these in 96% ethanol, fixed
specimens in 20% formalin, and later transferred these to 70% ethanol.
Voucher specimens and tissues are deposited on the herpetological collec-
tion LIAMM-CNP housed at the Instituto Patagénico para el Estudio de
los Ecosistemas Continentales (IPEEC), Centro Nacional Patagénico
(CENPAT-CONICET) in Puerto Madryn, Argentina (http://www.cenpa
t.edu.ar/nuevo/colecciones03.html). We also included seven tissue sam-
ples from the personal collection of Miguel 1. Christie (MIC), including
six samples of L. petrophilus, L. buergeri and L. tregenzai Pincheira-
Donoso and Scolaro, 2007, that represent phylogenetically closely related
groups, and a sample of L. bibronii (Bell, 1843) to root the tree.
Sequences determined in this study are deposited in GenBank under the
accession numbers KY127454-KY128171. For each species, specimen
voucher number, haplotype details and GenBank accession numbers are
listed in Tables S2 and S3.

DNA extraction, amplification and sequencing

We extracted DNA using Qiagen DNeasy® tissue kits (Qiagen Inc.,
Valencia, CA) following the protocol provided by the manufacturer. We
sequenced two mitochondrial gene sections (/25 rRNA [12S, 856 bp, 71
individuals] and cytochrome-b [cyt-b, 675 bp, 581 individuals]) and two
nuclear gene sections [a member of the kinesin family 24 (KIF24,
417 bp, 56 individuals, Portik et al. 2011) and an anonymous nuclear
gene LDABID (LDABID, 511 bp, 46 individuals, Camargo et al.
2012a)]. For PCR and sequencing protocols, we followed Morando et al.
(2003, 2004) and Noonan and Yoder (2009) for mitochondrial and
nuclear genes, respectively. PCR protocol for mitochondrial genes:
94°C-3 min; 40x [94°C—1 min, 45°C-1 min, 72°C-1 min]; 72°C—
7 min; 4°C — forever. For nuclear genes, the protocol is a standard touch-
down cycle: 95°C—1.5 min; 10x [95°C-35 s, 63°C-35 s (—0.5°C/cycle),
72°C-1 min]; 10x (95°C-35 s, 58°C-35 s, 72°C-1 min); 15x (95°C—
35s, 52°C-35s, 72°C—1 min); 72—-10 min. For nuclear and mitochondrial
genes, we set up standard PCR reaction conditions: 1.0 pl of template
DNA, 2 pl dNTPs (1.25 mM), 2 pl 10x Taq buffer, 1 pl of each primer
(10 uM), 1 ul MgCl (25 mM), 6.5 pl distilled water and 0.1 pul Taq
DNA polymerase (5 U/ul; Promega Corp., Madison, WI). Primer
sequences: cyr-b gene, two forward primers, GLUDGL (5-TGACTTG
AARAACCAYCGTTG-3) and cyt-b 1 (5-CCATCCAACATCTCAGCA
TGATGAAA-3') and the heavy strand primer CHB-3 (5-GGCAAAT
AGGAARTATCATTC-3'). 125 gene, 12e (5-GTRCGCTTACC W
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TGTTACGACT-3') and tPhe (5-AAAGCACRGCACTGAAGATGC-3).
KIF24 gene, F1 (5-SAAACGTRTCTCCMAAACGCATCC-3') and Rl
(5-WGGCTGCTGRAAYTGCTGGTG-3'). LDABID gene, BID F
(5-GATATCGAGGGATTTCAGTTTCC3’) and B1D R (5-CCAGTGTT
TATGAGCAACTGAGTA-3'). Double-stranded PCR amplified products
were checked by electrophoresis on a 2% agarose gel, purified using a
Multi-Screen PCR (1) 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 analysed on
an ABI3730xl DNA Analyzer in the BYU DNA Sequencing Center. We
used Sequencher v4.10. (Gene Codes Corporation Inc.™ 2007) to edit
and align all the genes, we also translated to protein to verify for stop
codons and alignments were checked by eye. Alignments available at
TreeBASE, http://purl.org/phylo/treebase/phylows/study/TB2:S20311).

We sequenced the cyz-b for all the 581 individuals, and based on the
inferred cyr-b gene tree, we selected a subsample that included at least
two representatives of each haploclade on the tree, for which we
sequenced the mitochondrial /2S5 gene and the two nuclear markers. We
used the complete cyr-b matrix for all of the phylogeographic analyses;
we used the other three markers to infer single-locus networks and a
combined multilocus network for both nuclear genes.

Gene tree analysis and networks

Before we ran the concatenated analyses, we evaluated different codon
partitions for the cyt-b gene through Bayesian factor analysis (Kass and
Raftery 1995) on MrBayes v3.2 (Ronquist and Huelsenbeck 2003). The
first model we tested was an unpartitioned model, and the second one
was partitioned by codon. For both models, we ran 10 million genera-
tions with their respective selected molecular evolution models. Based on
these results, we used a matrix with partitioned cyr-b. To infer a cyt-b
gene tree, we selected non-redundant haplotypes with DnaSP 5.10
(Librado and Rozas 2009), and estimated a gene tree with a Bayesian
inference (BI) method. We used JModelTest v2.1.7 (Guindon and Gas-
cuel 2003; Darriba et al. 2012) to select the evolutionary model that best
fits each cyr-b gene partition, using the corrected Akaike information cri-
terion (AICc). We ran MrBayes v3.2 (Ronquist and Huelsenbeck 2003)
for 5 x 107 generations, and used equilibrium samples (after 25% burn-
in) to generate a 50% majority rule consensus tree; we considered poste-
rior probabilities (PP) significant when >0.95 (Huelsenbeck and Ronquist
2001). To name lineages within the L. elongatus complex, we identified
haploclades that included individuals from type localities of the described
species, and haploclades that included individuals from the localities
assigned to candidate species by Morando et al. (2003). We used the cyz-
b and 12§ matrices and the KIF24 and LDABID nuclear genes (previ-
ously phased with the program phase which is built into DnaSP with the
default settings; Librado and Rozas 2009) to infer statistical parsimony
networks with the 95% probability criteria using TCS 1.21 (Clement
et al. 2000). We also used a nuclear distance matrix to generate a multi-
locus network using POFAD v1.03 (Joly and Bruneau 2006) and visual-
ized the reconstruction of the organism network using the
NeighborNet algorithm implemented in SplitTrees v4.6 (Huson and Bry-
ant 2005) following Leaché et al. (2009). We also constructed a mtDNA
network (both genes combined) with the 95% probability criterion as
implemented in TCS 1.21. We tested recombination for nuclear genes
regions using the RDP program v3.44 (Martin and Rybicki 2000; Heath
et al. 20006).

Phylogeographic analysis

We used Arlequin v3.1 (Excoffier et al. 2005) to calculate genetic dis-
tances (corrected and uncorrected in pairs) between the different lineages
inferred in the gene trees. To generate a first round of candidate species
hypotheses, we followed the criteria described by Fouquet et al. (2007)
which consider a lineage specific genetic distance threshold above which
species may be different in combination with allopatric distributions.
Based on genetic distances of formerly described species based on mor-
phology and following Martinez (2012) and Breitman et al. (2012)
methodology, we calculated specific uncorrected pairwise distances of

cyt-b, which on average was 4% for pairwise comparisons [other Liolae-
mus estimates: 4% in Martinez (2012) and 3% in Breitman et al. (2012)].
Here, we identified haploclades with pairwise genetic distances greater
than 4% and from geographically isolated areas as candidate species. We
used the partitioned cyr-b matrix to estimate divergence times among
major lineages, with their best-fit models of molecular evolution identi-
fied by JModeltest v2.1.7 (Guindon and Gascuel 2003; Darriba et al.
2012), and performed likelihood ratio tests (LRT) implemented in the
program HYPHY (Pond and Muse 2005) to evaluate deviations from a
strict molecular clock. We used the Fontanella et al. (2012) cyt-b evolu-
tionary rate of 2.23-2, as estimated for the Eulaemus clade calibrated
with the only known Liolaemus fossil. We then used BEASTv1.8.1 to
estimate the gene tree under a relaxed molecular clock model (Drum-
mond and Rambaut 2007). We performed two independent analyses for
100 million generations, sampled every 1000 generations, under a
GTR + G nucleotide substitution model for the 1st position and
GTR + G + I for the 2nd and 3rd, and assuming a prior Yule tree. We
verified the effective sample size (ESS) for parameter estimates and con-
vergence using Tracer v1.6 (Rambaut and Drummond 2009).

Demographic analysis

We estimated standard molecular diversity indices: number of sequences
(NS), polymorphic sites (S), haplotypes (H), haplotype diversity (Hd) and
nucleotide diversity (Pi), for each of the major haploclades inferred from
the mitochondrial gene tree, and for these combined lineages: L. antu-
malguen + L. chillanensis + L. sp. 6a + L. sp. 6b (see Results). We per-
formed Tajima neutrality tests (Tajima 1989) and Ramos-Onsins and
Rozas tests (Ramos-Onsins and Rozas 2002) to evaluate possible tempo-
ral changes in population size, using the DnaSP program. We also esti-
mated Bayesian skyline plot (BSP) to model ESS changes over time, for
L. antumalguen + L. sp. 7, L. chillanensis, L. carlosgarini + L. sp. 1,
L. smaug, L. elongatus + L. shitan and L. crandalli. We used a relaxed
molecular clock and a specific model of molecular evolution for each lin-
eage, ran 2 X 107 iterations, sampled each 1000 iterations and analysed
convergence of the parameters with the program Tracer v1.5 (Rambaut
and Drummond 2009). These analyses were not performed for other lin-
eages due to small sample sizes.

Results
Analysis of gene trees and networks

From 581 cyt-b sequences obtained for the L. elongatus com-
plex, we found 249 non-redundant haplotypes. The best-fit
nucleotide substitution models were GTR + G (Ist position),
GTR + I + G (2nd position) and TPM1uf + I (3rd position), and
based on the PartitionFinder results, we combined 2nd and 3rd
positions to infer a cys-b gene tree for this group for which we
obtained high support (posterior probability [PP] = 1, Fig. 2).
We resolved 11 haploclades with high support within this com-
plex, including four described species, L. chillanensis,
L. burmeisteri, L. smaug and L. crandalli, and in two cases
described species were inferred with paraphyletic relationships
with candidate species: L. carlosgarini included L. sp. 1 haplo-
types and L. antumalguen included L. sp. 7 haplotypes. We
inferred two lineages that we designate as candidate species L.
sp. 2 and L. sp. 3, and two lineages corresponding to a candidate
species previously identified as L. sp. 6 by Morando et al.
(2003), that we identify as L. sp. 6a and L. sp. 6b. The last hap-
loclade corresponds to L. elongatus, but it includes four haplo-
types found among 35 individuals from the type locality of
L. shitan; thus, this haploclade was named (L. elonga-
tus + L. shitan).

Other individuals assigned to L. shitan (based on coloration
and geographical proximity) from localities 71 (two individuals)
and 68 and surroundings (4 individuals) were placed outside of
the L. elongatus complex in two different regions of the tree
(Fig. 2). Note that other individuals from the same area had
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Fig. 2. Bayesian 50% majority rule consensus cyt-b gene tree. The numbers above branches are posterior probability values. Asterisks with numbers
within L. antumalguen + L. sp. 7 and L. smaug haploclades represent the number of individuals of L. choique recovered in each of them.

haplotypes that were included within the L. elongatus + L. shi-
tan haploclade (see Table S2). Based on this result, we did not
include the six individuals placed external to this complex in
subsequent analyses. The haplotypes of the six individuals col-
lected at the type locality of L. choique (Fig. 1, localities 6/95)
were inferred in two other species haploclades, two within L. an-
tumalguen and four within L. smaug (asterisks inside triangles
followed by 2 and 4 in Fig. 2).

Relationships among the 11 haploclades were mostly unre-
solved, but we resolved three clades with high support (PP = 1):
((L. elongatus + L. shitan) + L. sp.  3); (L. antumalguen,
L. chillanensis, L. sp. 6a, L. sp. 6b); and ((L. antumalguen,
L. chillanensis, L. sp. 6a, L. sp. 6b) + L. carlosgarini). Liolae-
mus sp. 6 was previously proposed as a candidate species (Mor-
ando et al. 2003), and this same identity we give it here (L. sp.
6a and L. sp. 6b), as we also name L. sp. 2 and L. sp. 3, and
they are not an endorsement of their recognition as distinct spe-
cies; we simply use the label ‘candidate species’ as hypotheses
that require further comprehensive studies to assess their taxo-
nomic status.

The general results of our cyr-b network analysis (Fig. 3) are
consistent with the gene tree (Fig. 2). We obtained separate net-
works for L. sp. 2 (Fig. 3, panel d), L. sp. 3 (Fig. 3, panel e),
L. burmeisteri (Fig. 3, panel f) and L. crandalli (Fig. 3, panel i).
Haplotypes corresponding to the L. carlosgarini + L. sp. 1 hap-
loclade (Fig. 2), formed two separate networks; one included the
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two haplotypes from the type locality of L. sp. 1 (Fig. 1, loc.
*2); and the second network corresponds to L. carlosgarini
(Fig. 1, loc. *3). The L. smaug network (Fig. 3, panel b) identi-
fies haplotypes from the L. smaug type locality (dark green circle
and a black *1) and included the following: 1 — one terminal
haplotype shared among five individuals from the type locality
of L. carlosgarini (Fig. 3, panel b) and 2 — one terminal haplo-
type shared between four individuals from the type locality of
L. choique (Fig. 3, panel b, blue circle with a red *4). The net-
work that included L. antumalguen and L. chillanensis (Fig. 3,
panel g, haplotypes from individuals of the type locality of
L. antumalguen are identified with a pink circle and black star
and those from the type locality of L. chillanensis with a violet
circle and a black star), also included an haplotype shared by
two individuals of the type locality of L. choique (Fig. 1, loc.
*4; Fig. 3, panel g, blue circle with a red *4). Therefore, the six
individuals collected in the type locality of L. choique (Fig. 1,
loc. *4) were inferred in two different networks, two in L. antu-
malguen + L. chillanensis (Fig. 3, panel g, red *4) and four
within L. smaug (Fig. 3, panel b, red *4). The L. antu-
malguen + L. chillanensis network (Fig. 3, panel g) shows that
the three haplotypes found in nine individuals from the type
locality of L. antumalguen (Fig. 3, panel g, three pink circles
with black star, within the blue shaded area) only differ on one
base pair, and the other 32 haplotypes on the network (from 65
individuals collected at four localities) correspond to L. sp. 7
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(Fig. 1, locs. 1 to 4). Within the same network (Fig. 3, panel g),
separated by 10 mutational steps, are the haplotypes correspond-
ing to L. chillanensis (grey shaded area, two purple circles with
a black star correspond to those from the type locality).

The two L. sp. 6 haploclades on the mitochondrial tree
(Fig. 2) were placed in two separate networks (Fig. 3, panel c),
one in L. sp. 6a and the other in L. sp. 6b. The network L. sp.
6a includes two haplotypes, one from a northern locality and the
others from localities in the south (Fig. 3, panel c, blue and yel-
low circles). The network L. sp. 6b includes haplotypes of the
rest of the localities in the south plus one haplotype from the
same locality also inferred as part of the L. sp. 6a network
(Fig. 3, panel c, yellow circle).

The network in panel H (Fig. 3) represents haplotypes from
the distributions of both L. elongatus and L. shitan, and while

individuals from the type locality of L. shitan (Fig. 3, panel h,
purple circle with black star) are not shared with individuals of
L. elongatus, they are only separated by one mutational step.

We obtained one network with the 72S sequences (Fig. 4,
panel a) that shows colour-coded the haploclades identified with
the cyt-b gene (Figs. 2 and 3). The two mitochondrial gene net-
works (Figs. 3 and 4a) are completely consistent with the com-
bined mitochondrial gene network (Fig. S1). The nuclear
network obtained with the KIF24 gene had a connection limit of
eight steps (Fig. 4, panel c), and the singleton that corresponds
to L. burmeisteri was placed outside of this network. Most
nuclear haplotypes are species-specific, but with some excep-
tions: two haplotypes are shared between L. elongatus and L. an-
tumalguen, a third haplotype is shared between L. smaug and
L. carlosgarini, and a fourth haplotype is shared among four

doi: 10.1111/jzs.12163
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Fig. 4. Statistical parsimony haplotype networks based on: a — the mitochondrial /2§ region; b — the nuclear multilocus network (LDABID y KIF24);
¢ — the KIF24 network; and d — the LDABID network. Haplotypes are colour-coded for each recognized lineage within the L. elongatus complex.

Black spots within networks represent mutational steps.

taxa: L. carlosgarini, L. antumalguen, L. chillanensis and L. sp.
6.

The nuclear LDABID network had a nine-step connection
limit (Fig. 4, panel d), and as above showed that most of the
haplotypes are species-specific, but with exceptions. Two haplo-
types are shared between L. smaug and L. antumalguen, and the
remaining three are shared among the following taxa: 1 —
L. chillanensis and L. carlosgarini, 2 — L. sp. 6 and L. antu-
malguen, 3 — L. antumalguen, L. carlosgarini, L. sp. 6 and
L. chillanensis. The two-locus network summarizes average
genetic distances among individuals (Fig. 4, panel b); we found
that almost all taxa, except L. burmeisteri, have equal distances
between them (large circle with nine colours), while other indi-
viduals of a subset of taxa have shorter distances (e.g. L. antu-
malguen, blue circles in the lower right corner).

Phylogeographic analysis

Table 1 shows the 51 pairwise uncorrected genetic distances for the
11 haploclades recognized within the L. elongatus complex
(Fig. 2). Most of the distances are greater than 4%, but with 10
exceptions (note that three of them are very close to 4%): L. chilla-
nensis vs. L. antumalguen (2.7%), L. sp. 3 vs. (L. elonga-
tus + L. shitan) (2.93%), L. carlosgarini vs. L. antumalguen
(3.23%), L. carlosgarini vs. L. chillanensis (3.34%), L. sp. 6a vs.
L. chillanensis (3.02%), L. sp. 6b vs. L. chillanensis (3.11%), L. sp.
3 vs. L. crandalli (3.92%), L. sp. 6a. vs. L. carlosgarini (3.58%), L.
sp. 6b vs. L. carlosgarini (3.69%) and L. sp. 6a vs. L. sp. 6b
(2.96%). The taxon with the largest genetic distance was L. smaug
(>5% in all pairwise comparisons; min: 5.04, max: 6.20).

doi: 10.1111/jzs.12163
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The time calibrated cyz-b gene tree (Fig. 5) places the origin
of L. elongatus complex at 2.2-3.3 million years ago, during the
late Pliocene, and most of the other divergence times within the
complex are estimated within the Pleistocene.

Demographic analysis

Liolaemus sp. 6a had the fewest sequences, polymorphic sites,
haplotypes and the lowest haplotype diversity (Table 2). The
(L. elongatus + L. shitan) clade had the largest sample size, and
the highest number of polymorphic sites and haplotypes. Liolae-
mus crandalli and the clade (L. antumalguen, L. chillanensis, L.
sp. 6a and L. sp. 6b) had the highest haplotype diversity, and
L. burmeisteri had the highest nucleotide diversity. The only taxa
that showed evidence of non-neutrality with both the Tajima’s
and Onsins and Rozas tests were (L. elongatus + L. shitan) and
L. crandalli. Liolaemus chillanensis was inferred to be non-neu-
tral with the Tajima test. The Bayesian skyline plot (BSP) analy-
ses detected a change in population sizes for all lineages, the
most pronounced for (L. elongatus + L. shitan) (Fig. S2).

Discussion

The aim of this work was to estimate the phylogeographic struc-
ture of the L. elongatus lizard complex, based on mitochondrial
and nuclear markers, and including individuals from throughout
its known geographic distribution, as well as the type locality of
the hypothesized closely related species L. parvus. The mito-
chondrial cyr-b gene tree (Fig. 2) inferred 11 major haploclades,
six of which can be assigned to described species
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Pairwise genetic differences between the eleven recognized lineages of the L. elongatus complex. Above diagonal: Average number of pairwise differences corresponding to the cyr-b gene between

lineages of Liolaemus; below diagonal: corrected average pairwise differences (interlineage distance — intralineage distance).
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(L. antumalguen, L. chillanensis, L. carlosgarini, L. burmeisteri,
L. smaug and L. crandalli), as well as the following: (1) one
haploclade included all of the L. elongatus samples interdigitated
with some from L. shitan; (2) two haploclades corresponded to
candidate species L. sp. 2 and L. sp. 3; (3) L. sp. 6 individuals
were inferred in two different haploclades; (4) the L. carlosgarini
haploclade also included individuals of L. sp. 1; and (5) the
L. antumalguen haploclade included individuals of L. sp. 7 iden-
tified by Morando et al. (2003).

Phylogeographic history

The northernmost distributed haploclade in the L. elongatus com-
plex is L. smaug, with localities in Argentina (Mendoza Pro-
vince) and Chile north of the Colorado River (Fig. 1, red
squares). We did not infer a reciprocally monophyletic relation-
ship between L. smaug and three other species, rather the
L. smaug haploclade includes individuals from three type locali-
ties: (1) L. smaug in Malargiie, Mendoza (Fig. 1, loc. *1); (2)
L. carlosgarini in Region VII in Chile (Fig. 1, loc. *3 [locs. 93/
105]); and (3) L. choique (Fig. 1, loc. *4 [locs. 6/95]). We dis-
cuss this result in combination with the network depicted in
Fig. 3, panel g that also included haplotypes from the L. choique
type locality.

The cyt-b haplotype network (Fig. 3, panel b) is structured;
the two haplotypes from the type localities of L. carlosgarini
and L. smaug both have terminal positions (red *4 and black *1)
and are from close geographic areas; thus, current or recent gene
flow or incomplete lineage sorting (ILS) may explain this pattern.
In the nuclear networks, although most haplotypes are exclusive
of L. smaug, some are shared with other species; haplotypes
from L. smaug type locality are shared with haplotypes from the
type locality of L. carlosgarini (Fig. 1, localities *1 and *3,
respectively). The Bayesian skyline plot (BSP) analysis of
L. smaug suggests a recent slight increase in the effective popu-
lation size (Fig. S2) that, given the geographic proximity
between the type localities of L. smaug and L. carlosgarini
(Fig. 1, locs. *1 and *3), suggests a history of gene flow
between these species. In the KIF24 network (Fig. 4, panel d),
haplotypes from the distribution range of L. smaug (including
haplotypes from L. choique type locality, Fig. 1, loc. *4) are
shared (Fig. 4, panel D, red and blue circles) with individuals
from localities 1, 3 and 4 (Fig. 1, blue triangles located south of
the Colorado River) of the L. antumalguen haploclade. Given
that the time of origin of the ancestor of this haploclade was esti-
mated about half a million years ago, reciprocal monophyly is
not expected for most nuclear markers. Further, the Colorado
River has been hypothesized as a barrier to gene flow for lizards
(Morando et al. 2007) and several other taxa (Sérsic et al. 2011),
and if in this context gene flow between L. smaug and L. antu-
malguen is not likely, then shared nuclear haplotypes between
them may result from incomplete lineage sorting. The L. smaug
haploclade had the highest pairwise cys-b distances (Table 1),
and relatively high haplotype and nucleotide diversities with no
statistically detected deviation from neutrality or range expansion
(Table 2). This evidence suggests a history of population stabil-
ity, consistent with the findings for other species of lizards in this
geographic region (Morando et al. 2007; Olave et al. 2011; Med-
ina et al. 2014).

The second haploclade distributed north of the Colorado
River, is L. sp. 2 (Fig. 1, loc. 106), represented by a separate
network with three haplotypes from one locality (Fig. 3, panel d)
east of the known distribution of L. smaug. In the cyt-b tree
(Fig. 2) L. sp. 2 was inferred as monophyletic (PP = 1) and dif-
ferentiated from the other lineages of the L. elongatus complex.

doi: 10.1111/jzs.12163
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Fig. 5. Estimated divergence times on the cyt-b gene tree, marked with light grey, based on BEAST analyses. The x-axis is in millions of years (Myr)

and numbers on nodes are PP > 0.95 from the Bayesian analysis

Table 2. Demographic analyses of the eleven recognized lineages within the L. elongatus complex. All statistics (Tajima’s D and associated p values,
Ramos-Onsins and Rozas’ R* and associated p values) were calculated from a fragment of the cyr-b mitochondrial gene. H, haplotypes; Hd, haplotype
diversity; NS, number of sequences; Pi, nucleotide diversity; S, polymorphic sites

Lineages (NS) (S (H) (Hd (Pi) D de Tajima p[D < Dt] R pIR* < Ri]
L. antumalguen + L. sp. 7 076 056 035 0.9510 0.01029  —1.29419 0.0752  0.0582  0.78600
L. burmeisteri 018 001 002 0.5230 0.09080 1.50518 0.9680  0.2614  0.98305
L. chillanensis 021 024 015 0.9520 0.00959 —0.11134 0.0000  0.1184  0.41100
L. crandalli 036 042 025 09710 0.00745  —1.80422 0.0144  0.0513  0.00320
L. elongatus + L. shitan 262 134 100 0.9327 0.01366 —1.77024 0.0056  0.0332  0.01380
L. carlosgarini + L. sp. 1 060 069 028 0.9570 0.01893  —0.46740 0.3620  0.0908  0.38660
L. smaug 044 037 019 0.9410 0.01218 —0.11458 0.5098  0.1057  0.50880
L. sp.2 008 003 003 0.6790 0.00196 0.58467 0.7794  0.2099  0.37630
L. sp.3 007 002 003 0.6670 0.00113  —0.27492 05132 0.2116  0.21423
L. sp. 6a 004 002 002 0.5000 0.00148  —0.70990 0.6000  0.4330  1.00000
L. sp. 6b 020 012 009 0.8790 0.00370  —0.94209 0.1800  0.0962  0.09218
L. antumalguen + L. sp. 7 + L. sp. 6 ay b + L. chillanensis 121 098 061 0.9760 0.01943  —0.90916 0.1920  0.0648  0.18420

Its pairwise genetic distances were >4% compared to all other
haploclades, but a limited sample size precluded further analyses.
It will be necessary to increase sampling in this area to further
evaluate the status of this candidate species.

South of the Colorado River in north-western Neuquén pro-
vince, the landscape is characterized by numerous mountain
ranges and deep valleys (Martinez and Kutschker 2011). Here,
we identified several haploclades within the L. elongatus com-
plex, including L. carlosgarini, L. chillanensis, (L. antu-
malguen + L. sp. 7), L. burmeisteri, and L. sp. 6a and L. sp. 6b.
The type locality of L. carlosgarini is in Chile but near the
Argentinian border (Fig. 1, loc. *3 [locs. 93/105]), and is the
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only locality of this haploclade north of the Colorado River
(Fig. 1, green triangles). As mentioned above, five of the seven
individuals from the type locality of L. carlosgarini shared hap-
lotypes within the L. smaug cyt-b network (Fig. 3, panel b, yel-
low *3); the remaining two other individuals were inferred
within the L. carlosgarini network (in terminal positions; Fig. 3,
panel a, orange circles, yellow *3). Taking into account the pos-
sible role of the Colorado River as a barrier, the recency of these
divergences, and the geographical context of this genetic struc-
ture, these shared haplotypes may also be best explained by
incomplete lineage sorting. The cyt-b gene tree (Fig. 2) inferred
one haploclade that included L. sp. 1 haplotypes (Fig. 1, loc. *2
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[loc. 82]), a candidate species under formal description
(Esquerré, personal communication) and those from L. carlos-
garini haplotypes (Fig. 1, loc. *3 [locs. 93/105]), while the net-
work analyses inferred these two groups as separate networks
(Fig. 3, panel a). Liolaemus sp. 1 is geographically separated
from L. smaug and L. carlosgarini by cordilleras and valleys
and is isolated in the western part of the Andes; thus, it may rep-
resent incipient differentiation due to geographic isolation.

Individuals of L. chillanensis and L. antumalguen (pairwise
cyt-b distance <4% [2.7%, Table 1]) were all inferred on a single
network. The type locality of L. chillanensis is in Chile but also
close to the Argentinian border (Fig. 1, loc. *6 [loc. 8]). Individ-
uals from the type locality carry two haplotypes (Fig. 3, panel g,
purple circles with a black star) that have an intermediate posi-
tion between the rest of the haplotypes from this species (Fig. 3,
panel g, grey shade, separated by seven mutational steps) and
those of L. antumalguen + L. sp. 7 (Fig. 3, panel g, blue shade).
In the KIF24 nuclear networks (Fig. 4, panel c), L. chillanensis
shares a haplotype with L. antumalguen, L. carlosgarini and L.
sp. 6, and in the other network (Fig. 4, panel d), it shares differ-
ent haplotypes with these species, but it also has unique haplo-
types. While the haplotype diversity of L. chillanensis is high,
the nucleotide diversity is low and less than that of the haplo-
clades distributed north of the Colorado River, which is consis-
tent with the significant signal for deviation from neutrality
detected by Tajima’s test (Table 2), and the Bayesian skyline
plot signal for recent fluctuations in the effective population size.
There are two possible explanations for this pattern: 1 — the
divergence of these haploclades is very recent and they have not
reached reciprocal monophyly with the nuclear markers (Fig. 4,
panels ¢ and d); 2 — the non-neutrality detected by the Tajima
test (Table 2) and the variation in population size (Fig. S2) are
evidence of recent contact and gene flow, also suggested by the
connection on the haplotype network (Fig. 3, panel g). Further
geographic sampling to include intermediate geographic areas
between these species will be needed to clarify their evolutionary
histories.

Within the L. antumalguen haploclade (Fig. 2) and the cyt-b
network (Fig. 3, panel g), the three haplotypes from the type
locality of this species were inferred to be closely related (Fig. 3,
panel g, pink circles with a black star). The original description
of this species records it only from its type locality, at 2300 m
on Domuyo Volcano. Individuals from the four lower elevation
localities we sampled in the area (Fig. 1, locs. 1-4), previously
referred to as L. sp. 7 (Morando et al. 2003), are linked to the
same section of the L. antumalguen network (Fig. 3, panel g,
blue shade area). The pattern is consistent with a model of peri-
patric speciation in which L. antumalguen may have been origi-
nated as a peripheral lineage isolated on this peak. The most
likely ‘source’ population may have been the immediate ancestor
of L. sp. 7, as suggested by this candidate species’ larger altitudi-
nal range (1550-2250 m), and the paraphyletic structure of its
mtDNA gene tree. Morphologically, these two taxa have a
marked cline on their overall size and colour pattern (Avila et al.
2010). The L. antumalguen network also included one haplotype
shared between two individuals from the type locality of
L. choique (Fig. 3, panel g, blue circle with a red *4), highlight-
ing the need to include more individuals and high-resolution
nuclear markers (e.g. SNP data) to disentangle the complex evo-
lutionary history of these lineages.

Further south of the distribution of L. antumalguen and
L. chillanensis, are localities assigned to L. sp. 6 (Fig. 1, locs
108-13, yellow triangles), proposed as a candidate species by
Morando et al. (2003) for localities 108 and 112. In the cyz-b
tree L. antumalguen and L. chillanensis were inferred as closely

related to L. sp. 6 with high statistical support (PP = 1, Fig. 2),
but L. sp. 6 was not monophyletic; some L. sp. 6 haplotypes
formed separate networks (Fig. 3, panel c), and were placed in
different parts of /25 (Fig. 4, panel a) and the nuclear multilocus
networks (Fig. 4, panel d). With the two nuclear markers, L. sp.
6 had shared haplotypes with L. antumalguen and L. chillanensis
(and L. carlosgarini) (Fig. 4, panels ¢ and d). Also, L. sp. 6 (a
and b) had pairwise genetic distances <4% versus these species.
Again, higher resolution multilocus data will be needed to clearly
understand these closely related taxa within this complex.

Within this same north-western Patagonian region (north-wes-
tern Neuquén), is the type (and only known) locality of
L. burmeisteri, whose haplotypes were inferred as a clade with
high support in the cyt-b tree (PP = 1, Fig. 2), and as a separate
network (Fig. 3, panel f). Nuclear genes also showed evidence
that this lineage is the most differentiated of the complex; it had
unique haplotypes not integrated into the networks (Fig. 4, pan-
els ¢ and d). All evidence indicates an independent evolutionary
history for this taxon, but the small sample size precluded further
detailed analyses.

The Protected Natural Area (PNA) Auca Mahuida (Fig. 1,
locs. 14-16 in north-eastern Neuquén Province) includes several
volcanoes, one that gives the area its name. Topographically the
altitude ranges from 223 m up to 2258 m, the highest peak being
on the Auca Mahuida volcano. This area is isolated from the
Cordillera de los Andes, and all published evidence to date indi-
cates that the lizard populations on these volcanoes are also iso-
lated (Avila et al. 2011, 2013b; Martinez and Kutschker 2011).
Our more inclusive samples from the PNA region are all linked
in the L. crandalli haploclade (Fig. 2, PP = 1), with pairwise
genetic distances with other lineages >4% (except vs. L. sp. 3;
Table 1). These halplotypes also form a separate cyt-b network
(Fig. 3, panel i) and had unique nuclear haplotypes (Fig. 4, pan-
els ¢ and d), consistent with a history of isolation for L. cran-
dalli.

Individuals from Pino Hachado locality in Neuquén province
(Fig. 1, loc. 107), close to the northern edge of the distribution
of L. elongatus, form a distinct haploclade (PP = 1) sister to
L. elongatus (PP = 1), which we named L. sp. 3 (Fig. 2). Our
mitochondrial (Figs. 2; 3, panel e) and nuclear data (Fig. 4, pan-
els ¢ and d) indicate that these individuals are different from
L. elongatus; they have unique haplotypes for all loci, but again
our small sample size precluded further phylogeographic infer-
ences.

The (L. elongatus + L. shitan) haploclade is southernmost dis-
tributed in the L. elongatus complex (Fig. 1, blue circles), with
cyt-b haplotypes from the type locality of L. shitan (Fig. 1, *9
[loc. 65]) interdigitated with those from the rest of the distribu-
tion of L. elongatus (Fig. 2). In older literature, the distribution
of L. elongatus was interpreted to extend from southern Chubut
to the provinces of Catamarca and La Rioja, but Morando et al.
(2003) noted that the range of this species most likely would be
limited to south of the Agrio River in central Neuquén. During
the last decade, several new species have been described in the
northern areas of Neuquén and Mendoza (Avila et al. 2010,
2011, 2012; Abdala et al. 2012a,b), and a recent review on the
geographic distribution of this species (Minoli et al. 2013) pro-
posed a distribution for L. elongatus sensu stricto concordant
with what we propose in this study (Fig. 1, blue circles). In the
cyt-b tree, this haploclade was inferred with high support (Fig. 2,
PP = 1), and it is also a separate network (Fig. 3, panel g) that
includes haplotypes from the L. shitan type locality in terminal
positions (Fig. 3, panel g, three purple circles with black stars).
The nuclear genes also do not resolve differences between
L. elongatus and L. shitan; some haplotypes are shared with
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L. antumalguen, two are closely related to L. burmeisteri and
one to L. carlosgarini (Fig. 4, panels ¢ and d). The geographic
range of this haploclade is the largest in the complex (Fig. 1); it
includes the largest number of localities and sequences, and the
highest number of polymorphic sites and haplotypes of the com-
plex (Table 2). Both neutrality tests had significant results
(Table 2), and the BSP graph analysis (Fig. S2) showed a
change in the effective population size over time, strongly sug-
gesting a recent range and/or population expansion, most possi-
bly towards the southern end of its range.

Although we present the most detailed geographic and individ-
ual sampling scheme in terms of populations and markers for this
complex, our results show that it is still necessary to increase
sampling in some areas, and to include dozens of hundreds of
high-resolution nuclear markers (e.g. SNPs) to resolve the evolu-
tionary and demographic histories of these lineages. Our results
suggest that these histories may have been very complex, and
were likely driven by Pleistocene climate cycles on an extremely
topographically diverse landscape (Rabassa et al. 2005). These
successive climate cycles almost certainly drove repeated periods
of population isolation and expansion, some of which likely
involved secondary contact or reinforcement.

Taxonomic implications

Molecular analyses of the L. elongatus complex clearly differen-
tiated L. burmeisteri, L. crandalli, L. chillanensis, L. sp. 2 and
L. sp. 3; these lineages also show morphological differences
among themselves and with other species (Medina 2015), sup-
porting their specific status. Although this evidence does not
allow molecular distinction between L. elongatus and L. shitan,
they show morphological distinction between individuals from
type localities (Medina 2015). Other nominal taxa show various
patterns of haplotype sharing that present a challenge for species
delimitation: (1) L. carlosgarini is not clearly differentiated from
L. sp. 1 and L. smaug, but morphological differences have been
detected among these three taxa (Medina 2015), (2) L. antu-
malguen is not independent from L. sp. 7, but they present mor-
phological differences (Medina 2015). These two cases may
represent recent lineage divergences with incomplete lineage
sorting or some level of gene flow, for which other kinds of data
(e.g. SNP, morphology) are needed to test these species hypothe-
ses. Liolaemus choique does not have any exclusive haplotype,
and it is inferred within the L. smaug and L. antumalguen + L.
sp. 7 haploclades; thus, our molecular evidence does not support
its specific status. For the candidate species L. sp. 6 (here
inferred as two clades, a and b), our results are consistent with a
degree of incipient differentiation from the other taxa, but more
studies are needed to test its candidate species status. In sum-
mary, our results present evidence with different degrees of sup-
port, for the recognition of most of the species previously
described for the L. elongatus complex: L. antumalguen,
L. chillanensis, L. carlosgarini, L. burmeisteri, L. smaug,
L. elongatus and L. crandalli and four candidate species (L. sp.
1, L. sp. 2, L. sp. 3 and L. sp. 7); the evidence is insufficient to
assess the status of L. sp. 6 and does not support L. choique and
L. shitan. Even more, different lines of evidence summarized
within an integrative taxonomy approach (de Queiroz 2005;
Padial and De la Riva 2007; Padial and De La Riva 2009; Agui-
lar et al. 2013, 2016) will shed light for the status of previous or
new candidate species.

The exclusive analysis of mitochondrial genomes in phylogeo-
graphic studies may provide misleading depictions of the species
tree (Brito and Edwards 2009), but this limitation is recognized
and there is an increasing use of multiple nuclear markers in
phylogeographic studies of many types of organisms (Hackett
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et al. 2008; Stock et al. 2008; Camargo et al. 2012b). These
multilocus studies avoid biases associated with mitochondrial loci
and can accommodate nuclear gene tree heterogeneity that might
result from incomplete lineage sorting, interspecific gene flow,
estimation error or mutational stochasticity (Pamilo and Nei
1988; Avise 1989; Maddison 1997). This is now a preferred
approach for reconstructing the evolutionary history of closely
related populations or species (Markolf et al. 2011). Because all
of this, it will be necessary to incorporate other genomic markers
and a comprehensive morphological set (Aguilar et al. 2016) to
delimit species limits and infer evolutionary relationships of the
L. elongatus complex.
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