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A B S T R A C T

The complex orogenic history and structure of Southern South America, coupled with Pleistocene glacial cycles,
have generated paleoclimatic and environmental changes that influenced the spatial distribution and genetic
composition of natural populations. Despite the increased number of phylogeographic studies in this region and
given the frequent idiosyncratic phylogeographic patterns, there is still the need to focus research especially on
species that are currently distributed within a wide range of bioclimatic regimes, and that historically have been
subject to contrasting scenarios. Liolaemus tenuis is a widely distributed lizard species inhabiting latitudinally in
almost 1000 km through central and southern Chile. Here we describe the geographical patterns of genetic
variation and lineage diversification within L. tenuis, and their association with geography and Pleistocene
glaciations, using sequences from one mitochondrial and two nuclear genes, and five microsatellite loci, and
covering most of the species distributional range. Our results revealed a high diversity both within and among
populations, as well as two phylogeographic breaks, which are consistent with two of the larger rivers of central
Chile, the Maipo and Biobío Rivers. Liolaemus tenuis is characterized by several allopatric lineages, especially in
its north and central range, which suggest a history of multiple vicariance processes. Conversely, populations
found in the southern range, south of the Biobío River, show signatures of recent decreases in effective popu-
lation sizes, coupled with recent range expansions and secondary contact. Niche “envelope” data are consistent
with patterns of genetic variation; both suggest a history of discontinuous areas of relatively stable populations
throughout all of the distribution of L. tenuis. These data are also consistent with higher probabilities of habitat
suitability north of the Maipo River (ca. 33°S), in both coastal areas and the “Intermediate Depression” between
34° and 37°S, as well as in the southern Coastal Cordillera between the Biobío and Araucanía regions.
Interestingly, both molecular and niche envelope modeling data suggest that some populations may have per-
sisted in fragmented refugia in Andean valleys, within the limits of the ice sheet. Finally, our results suggest that
several populations of L. tenuis colonized glaciated regions from refugial areas in lowlands and coastal regions,
and in the southern distribution, historic migration events would have occurred from refugial areas within the
limits of the ice sheet.

1. Introduction

Geological events, coupled with past climatic changes have played a
key role in shaping current patterns of genetic diversity (Hewitt, 1996).
Temporal and spatial environmental heterogeneity are among the main
drivers of intraspecific differentiation (e.g., Levy et al., 2012; Wang and
Yan, 2014) and ultimately of species diversification (e.g., Brown et al.,
2014). Consequently, a positive association between habitat

discontinuity (e.g., landscape roughness and/or the occurrence of bar-
riers) and beta levels of intraspecific diversity (population genetic
structure and/or structured lineage distribution) is expected. For ex-
ample, several studies have shown the importance of large rivers acting
as barriers to gene flow and delimiting the distributions of closely re-
lated subspecies or species of tropical birds (Capparella, 1991; Cheviron
et al., 2005; Maldonado-Coelho et al., 2013; Ribas et al., 2011; Smith
et al., 2014; Voelker et al., 2013), lizards (Pellegrino et al., 2005;
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Torres-Pérez et al., 2007), and mammals (Link et al., 2015; Nicolas
et al., 2011; Patton and da Silva, 1998). In the same context, histori-
cally restricted stable habitats, which allow populations to remain in
place over time, are positively correlated with high levels of in-
trapopulation genetic variability and demographic equilibrium. The
opposite situation is expected for areas that have been repeatedly ex-
posed to climatic fluctuations, as the Pleistocene glaciations, during
which populations exhibit signatures of recent colonization and de-
mographic expansion suggested, due to, for example, a lack of muta-
tion-drift equilibrium and high historical levels of gene flow (e.g., Ding
et al., 2011; Zhang et al., 2008a, 2008b).

One example of dynamic and heterogeneous scenario is western
temperate South America, where the uplift of the Andes and Pleistocene
glaciation cycles would have had important evolutionary consequences
for the biota. The Andes, whose uplift started approximately 23 million
years ago, have acted as a barrier between the current western slope
and the Argentine Patagonia, and have shaped a high topographic
heterogeneity along the western slope (Gregory-Wodzicki, 2000). This
orogenic event history would have facilitated evolutionary diversifica-
tion, ultimately forming much of the biota to what is now referred to as
the “Chilean Biodiversity Hotspot” (Antonelli et al., 2010; Myers et al.,
2000).

Along the north-south axis of the western Andean range, there is a
pronounced altitudinal gradient, which is characterized by high alti-
tudes and more heterogeneity in relief from south to north. This topo-
graphical gradient is also characterized by an increasing latitudinal
gradient of fragmentation of the Chilean “lowlands” that lay between
the Andes and the Pacific Coastal Cordillera (Fig. 1). The opposite to-
pography is observed in the Andean Cordillera as it extends to the
south; overall elevations are lower and intervening valleys are more
connected.

Over this orogenic history, and interacting with it, four Pleistocene
climatic events occurred that had important demographic consequences
(McCulloch et al., 2000; Rabassa and Clapperton, 1990; Ruzzante et al.,
2008). Such cycles had a greater impact along the southern Andes.
During the Last Glacial Maximum (LGM) the ice sheet coverage in-
creased in extension towards the south, also extending onto low altitude
areas (Hulton et al., 2002; Markgraf et al., 1995; Villagrán, 1991;
Villagrán et al., 1995). In the western slope of the Andes in Central
Chile, the northern limit of the ice sheets reached approximately the
latitude of 33°S at high Andean regions and covering all the land up the
Pacific Coast south of the 42°S. According to this, the coastal mountain
range, as well as coastal areas north of 41°S, would have constituted
stable areas where species would have survived during the LGM
(Armesto et al., 1994; Sérsic et al., 2011; Villagrán, 2001; Villagrán
et al., 1995). As such, in the western slope of the Andes the intensity of
the glacial effects on the biota would have increased towards the south
(Amigo and Ramírez, 1998; Heusser, 2003; Smith-Ramirez, 2004), re-
ducing effective population sizes (Ne) mainly in Andean and Southern
populations (e.g., Lessa et al., 2010; Vera-Escalona et al., 2012;
Victoriano et al., 2008).

Another distinctive feature of Chile is the series of parallel steep,
high gradient, east-to-west flowing rivers (e.g., Aconcagua, Maipo,
Maule, Biobío). These rivers may also act as barriers to gene flow
structuring intraspecific genetic diversity in Chilean vertebrates and
plants (Chesser, 1999; Lamborot et al., 2003; Sallaberry-Pincheira
et al., 2011; Torres-Pérez et al., 2007; Unmack et al., 2009; Vásquez
et al., 2013; Viruel et al., 2014). Nevertheless, no study has formally
evaluated the combined effect of rivers, topographic relief, and shifting
climates (glacial advances and retreats) in structuring the intraspecific
genetic variation/phylogeographic history of any Chilean species. The
north-south axis of over 4000 km of the Chilean Andes, combined with
its west-east elevational gradient (sea level to above 6000 m), coupled
to multiple ice sheet glacial advances and retreats in addition to si-
multaneous increases in river water volumes due to melting ice, would
have dramatically impacted terrestrial (as well as aquatic) communities

in this region. As such, widely distributed Chilean species constitute a
good system to assess the joint effects of geographical complexity,
glacial cycles, and fluctuating river volumes, on intraspecific popula-
tion differentiation and phylogeographic structure.

Liolaemus is a highly diverse (ca. 250 species; Uetz et al., 2016) and
widely distributed genus of South American lizards. Liolaemus tenuis
(Duméril and Bibron, 1837) is a broadly distributed species that en-
compasses a latitudinal range of 1000 km, from the Chilean regions of
Coquimbo (ca. 30°S) to Los Ríos (ca. 40°S; Fig. 1), with peripheral po-
pulations also present on some eastern Andean slopes in the Argenti-
nean province of Neuquén. The altitude range of this species extends
from sea level up to 1800 m (Donoso-Barros, 1966; Pincheira-Donoso
and Nuñez, 2005; Victoriano et al., 2008), and occurs in distinct habitat
types ranging from “Mediterranean” shrubland to sub-Andean forests
(Di Castri, 1968). As such, the species distribution encompasses both
stable and topographically heterogeneous areas in the north, as well as
southern latitude landscapes that were impacted by Pleistocene gla-
ciations. Victoriano et al. (2008) suggested that the microevolutionary
history of L. tenuis was influenced by Pleistocene glacial cycles, but the
inferred demographic changes were not dated, nor were the locations of
putative stable areas (refugia) identified and subsequent colonization
routes hypothesized.

The aim of this study is to evaluate the phylogeographic structure of
L. tenuis across most of its distributional range in order to test the fol-
lowing predictions. (1) Populations that now occur in previously gla-
ciated areas, mainly distributed in the Andes, will show genetic sig-
natures of demographic expansion and lower levels of genetic structure
and diversity than populations that occur in areas that were free of ice
during glaciations. (2) During glacial advances, refugial areas would
have been located near the Coastal Cordillera in the Southern range of
L. tenuis, and post-glacial population expansions would have occurred
in a predominantly northwest to southeast direction. (3) The east-to-
west flowing rivers have acted as barriers to gene flow, shaping dis-
tribution genetic structure of clades along a north-south latitudinal
arrangement.

2. Materials and methods

2.1. Sample collection

The study is based on 225 specimens of Liolaemus tenuis collected at
84 sites (Fig. 1). Of these, 145 specimens from 41 localities were taken
from the study of Victoriano et al. (2008). The other 80 individuals
were newly collected (between 2007 and 2012) at 45 localities. The
new specimens were captured with collection permits granted by the
Servicio Agrícola y Ganadero (authorizations SAG-1898 and SAG-
4729). All captures were carried out according to the protocols ap-
proved by the Bioethics Committee of the Universidad de Concepción
(Chile). Individuals newly collected were deposited in the collection of
the Museo de Zoología de la Universidad de Concepción (MZUC).

Sampling sites were classified into three groups, corresponding to
the main Chilean bioclimatic zones, as follows: (1) North (N), including
localities north of the Maipo River, an area that corresponds to the dry
Mediterranean bioclimate zone; (2) Central (C), including localities
between the Maipo and Biobío rivers, which correspond to the mesic
Mediterranean area; and (3) South (S), including localities south of the
Biobío River, covering the wet Mediterranean area, which includes the
Valdivian Forests (Di Castri, 1968; Table S1).

2.2. Laboratory procedures

Genomic DNA was extracted from muscle tissue using the com-
mercial kit Wizard SV Genomic (Promega) following manufacturer's
instructions. Detailed amplification and sequencing methods largely
follow Broadley et al. (2006), Victoriano et al. (2008), and Portik et al.
(2011a,b), and are available in Appendix A.
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Fig. 1. Sampling sites of Liolaemus tenuis across its Chilean range. Numbers correspond to those of Table S1. Colors indicate their geographical assignation: red correspond to the dry
Mediterranean bioclimate zone (North); green the mesic Mediterranean area (Central); and blue the wet Mediterranean area (South). The dashed line corresponds to the ice sheet’s limits
during the LGM. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Adapted from Heusser, 2003
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This study is based on DNA sequences of two protein coding genes
(the mitochondrial cytochrome b gene: cyt b; the nuclear Kinesin-like
protein gene: KIF24), a nuclear anonymous gene (LDB5B), and five
nuclear microsatellite loci, three of which tetranucleotide repeats
(TET1177, TET2216, TET1501) and two dinucleotide repeats (DI 159,
DI 7938), developed for Liolaemus fitzingerii (Hanna et al., 2012).

Sequence editing and alignment were done using Codon Code
Aligner v. 3.0.3 (Codon Code Corporation, 2009). Coding sequences
(cyt b and KIF24) were translated into amino acids in order to corro-
borate the absence of stop codons. In cases where sequences from nu-
clear markers presented heterozygous sites, haplotypes were inferred
using the coalescent-based Bayesian method implemented in Phase 2.1
(Stephens and Donnelly, 2003; Stephens and Scheet, 2005; Stephens
et al., 2001). A probability threshold was first established at 0.9 but as
not all haplotypes were resolved, we lowered the threshold to 0.6 fol-
lowing Garrik et al. (2010), who suggested that this value increases the
number of resolved haplotypes with almost no increase in false posi-
tives. In addition, recombination was tested for nuclear sequences using
RDP: Recombination Detection Program v3.44 (Heath et al., 2006;
Martin and Rybicki, 2000; Martin et al., 2005). The resulting hetero-
zygous sequences were split and included separately in the matrix as
paternal and maternal haplotypes for subsequent analyses. The se-
quences obtained in this study were submitted to Dryad (http://dx.doi.
org/10.5061/dryad.jk183).

Microsatellite loci were amplified by PCR for 183 specimens col-
lected at 32 localities (Table S2). The forward primers for all loci were
fluorescently labeled (Applied Biosystems, Foster City, CA, USA) and
each pair of primers was used individually in amplification reactions.
PCR products were checked on a SybrSafe stained 2.0% agarose gel and
sent for direct fragment analysis to Macrogen Inc. (Korea). The software
GeneMarker v2.6.0 (Softgenetics, State College, PA) was used for allele
size identification.

2.3. Genetic diversity and genealogical analysis

For all alignments, we performed the Xia test (Xia et al., 2003) as
implemented in DAMBE 5.0.11 (Xia and Xie, 2001) to evaluate the
degree of sequence saturation. The test was done with 100 replicates
using the proportion of invariant sites found by jModeltest 0.1.1
(Posada, 2008).

Standard indexes (haplotype diversity Hd, nucleotide diversity π)
were calculated with Arlequin 3.5 (Excoffier and Lischer, 2010) both
for the total dataset (for cyt b, KIF24 and LDB5B), and for each clade
obtained from genealogical analysis (see below). Average genetic di-
vergence values for all between-locality pairs were estimated based on
p-distances using Mega 6 (Tamura et al., 2011).

Genealogical analyses were carried out separately for each gene
using non-redundant matrices (i.e., including one sequence per allelic
class) with MrBayes 3.2.1 (Ronquist and Huelsenbeck, 2003) by means
of two runs with four chains each. All analyses ran for 10 million
generations and were sampled every 1000 steps; the first 25% of the
data was discarded as burn-in. The mitochondrial gene tree was rooted
using sequences of the congeners L. nigroviridis, L. lemniscatus, and L.
nitidus. The KIF24 genealogy was rooted using alleles of the species L.
chiliensis and L. pictus, and that of LDB5B with sequences of L. lemnis-
catus and L. pictus.

The age of the most recent common ancestor (MRCA) of the main
clades of L. tenuis was estimated with Beast 1.8.2 (Drummond et al.,
2012) using the cyt b matrix. Because the cyt b rate of evolution for L.
tenuis was unknown, it was estimated with Beast 1.8.2 using a relaxed
molecular clock in a phylogenetic framework. To place the mean priors
in the tree we used two fossils from the subgenus Eulaemus, both from
Argentina. One fossil corresponds to 18.5–20 Mya (Albino 2008) while
the second is a recent fossil associated with the origin of Liolaemus
multimaculatus 70,000 ya (Albino 2005; Etheridge 2000). The model
used for this analysis was the TrN + I + G with a relaxed uncorrelated

log normal clock selected using Bayes factor in Tracer 1.6 (Rambaut
et al., 2013). To ensure convergence, analyses were run four times using
a randomly generated starting tree and a Yule process to speciation. The
length of the chain was 40 x106 steps, sampling parameters every 1000
steps and discarding the first 25%. We obtained a substitution rate of
4.72% per site per million years.

As another way to visualize relationships among sequences, a hap-
lotype network was inferred separately for mtDNA (cyt b) and each
nuclear locus (KIF24 and LDB5B) using statistical parsimony algorithms
(SP; Crandall and Templeton, 1993) as implemented in TCS 1.21
(Clement et al., 2000). Ambiguities (loops) within the network were
resolved following the criteria of Crandall and Templeton (1993).

2.4. Genetic structure

The three genes matrices (cytb, KIF24 and LDB5B), each was used
separately, were used to infer the most likely number of population
clusters with the Bayesian clustering method implemented in Geneland
version 4.0.3 (Guillot et al., 2005) in R version 3.0.2 (R Development
Core Team, 2009). We performed a preliminary run where K (the
number of populations or clusters) was allowed to vary from 1 to
maximum number of sampled localities, in order to determine the
modal number of clusters, using 10 replicates with 5 × 105 Markov
chain Monte Carlo iterations. All runs were conducted using the spatial
Dirichlet model for the priors in allele frequencies. Five runs with a
fixed K number were performed for the spatially explicit model, and for
each run, the posterior probability of subpopulation membership was
computed for each pixel of the spatial domain (100 × 100 pixels). The
Markov Monte Carlo (MCMC) chain was run for 500,000 generations,
thinning was set at 100, and the burn-in period was set at 200 itera-
tions. Once the clusters were determined, we used Arlequin 3.5
(Excoffier and Lischer, 2010) to calculate Fst (Weir and Cockerham,
1984) values among all pairwise combinations of the inferred popula-
tion clusters.

Distinct hierarchical analyses of the distribution of genetic diversity
of L. tenuis, for three genes (cyt b, KIF24 and LDB5B), were conducted in
the form of analysis of molecular variance (Amova) using Arlequin 3.5
(Excoffier and Lischer, 2010). Hierarchical levels were defined on the
basis of sampling localities, results of the Geneland analyses, and river
locations. Amova groups were constructed as follows: comparison 1,
north of Maipo River vs. south of Maipo River; comparison 2, north of
Maipo River vs. between Maipo and Biobío rivers vs. south of Biobío
River; comparison 3, north of Biobío River vs. South Biobío River; and
comparison 4, among clusters inferred by Geneland.

Considering that the cyt b clusters resolved by Geneland suggest
genetic structure associated both to bioclimate and to the Maipo and
Biobío rivers (see below), gene flow between these clusters was esti-
mated under a Bayesian coalescent framework implemented in Migrate-
n version 3.6.4 (Beerli, 2006; Beerli and Felsenstein, 2001). In order to
obtain the posterior distribution of the number of immigrants per
generation (Nm), four possible models of gene flow were tested (Table
S3). The marginal likelihood of each model was estimated by ranking
the Bayes factor (Beerli and Palczewski, 2010). A starting UPGMA tree
was used and the initial theta and M values were derived from the Fst
calculation. Static heating was applied to all four independent chains
using the temperature settings of 1.0, 1.5, 3.0 and 1,000,000.0. A total
of 500,000 steps were run and recorded every 100 generations, from
which 12,500 were discarded as the burn-in. Stationarity was assessed
by examining the effective sample size (ESS) and distribution of each
parameter in Tracer 1.6 (Rambaut et al., 2013).

2.5. Historical demographic changes

The demographic history of each main clade was inferred by pair-
wise mismatch distribution analyses (Rogers and Harpending, 1992)
and Ramos-Onsis and Rozas’s R2 test (Ramos-Onsins and Rozas, 2002)
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was computed under the sudden expansion model. Both implemented
in DNASP. Two neutrality tests implemented in Arlequin, Fu’s Fs (Fu,
1997) and Tajima's D (Tajima, 1989), were used to detect departures
from the mutation–drift equilibrium, which would be indicative of
changes in historical demography or selective sweeps.

Population size fluctuations through time were estimated for each
main clade, identified by Mrbayes, using the Bayesian Skyline Plot
(BSP) method implemented in Beast (Drummond and Rambaut, 2007).
Given Ho (2007) suggests the use of a different substitution rate for
multispecific tree and intraspecific processes, we follow Fontanella
et al., 2012 for BSP. We used a substitution rate of 1.6% for cyt b, which
has been previously used for intraspecific analysis in Liolaemus
(Morando et al., 2007). We ran 50 × 106 generations and discarded the
first 10% as “burn in”. Estimated distributions were used to generate
confidence intervals representing phylogenetic uncertainty and coa-
lescence (Drummond et al., 2005), and we used Tracer 1.6 (Rambaut
et al., 2013) to monitor parameters estimates and ESS values.

2.6. Microsatellite data analysis

Microsatellite summary statistics, including average number of al-
leles per locus and number of private alleles for each locus, observed
(Ho) and expected (He) heterozygosity, and Shannon‘s index, were
calculated in GenAlEx 6.5 (Peakall and Smouse, 2006, 2012).

We used a Bayesian clustering approach, Structure version 2.3.4
(Pritchard et al., 2000), a non-spatial model that ignores geographic
proximity. The number of assumed genetic clusters (K) was set from 1
to 32 (corresponding to the number of sampled localities), and 10 runs
with 100,000 MCMC iterations were performed for each K following a
burn-in of 50,000 iterations. The admixture model was run with cor-
related allele frequencies. The optimal value of K was determined de-
pending on ΔK value (Evanno et al., 2005) using the Structure Har-
vester version 0.6.93 application (Earl and vonHoldt 2012). Consensus

analyses were performed using Clumpp 1.1.2 version (Jakobsson and
Rosenberg, 2007) on the average scores for the inferred K value. Vi-
sualization of clustering outcomes was performed using the program
Distruct 1.1 (Rosenberg, 2004). A membership coefficient (q) above 0.6
has been considered a feasible cut-off membership value to assign in-
dividuals to a population with confidence, since more than 50% of the
genome is assigned to a group and therefore suggests inferred ancestry
(Coulon et al., 2008; Pelletier et al., 2012).

We implemented an analysis of molecular variance (Amova) to
determine if rivers play a significant role in the genetic spatial struc-
turing of L. tenuis. Three Amova hierarchies were constructed: com-
parison 1, north of Maipo River vs. south of Maipo River; comparison 2,
north of Maipo River vs. between Maipo and Biobío rivers vs. south of
Biobío River; comparison 3, north of Biobío River vs. South Biobío
River.

2.7. Present and past distribution modeling

We modeled L. tenuis ecological niche “envelopes” to identify po-
tential refugial areas during the LGM. Distribution models were gen-
erated for the present and the LGM (21 kya) from a total of 146 oc-
currence records, based on 19 bioclimatic variables at a 2.5′ spatial
resolution (WorldClim v1.4; Hijmans et al., 2005) in MAXENT v 3.1.0.
(Phillips et al., 2006). We used the default convergence threshold
(10−5) and maximum number of iterations (500), using 25% of the
localities as “burn-in” for model testing. As suggested by Waltari et al.
(2007), we chose a presence threshold to render each projection into a
binary form, and considered grid cells with a cumulative probability of
more than 10 (from a range of 0–100) as suitable. Model performance
was evaluated using the area under the curve (AUC) (receiver operating
characteristic) calculated by Maxent. Values between 0.7 and 0.9 in-
dicate good discrimination (Swets, 1988).

Table 1
Measures of genetic diversity and demographic expansion for mtDNA and nuclear genes (KIF24 and LDB5B) clades. Numbers in bold indicate statistical significant values. Numbers in
parentheses indicate standard deviations. N: sequence numbers. R2: Ramos-Onsis Roza’s test.

Gene Phylogroup Genetic variability Demographic expansion

Cytb Clade N S H Hd π Fs' Fu D R2

I 140 245 82 0.989 0.0615 −16.27 −0.084 0.062
A 45 117 23 0.954 0.0298 −0.41 −0.831 0.094
B1 25 67 15 0.943 0.0186 −0.36 −1.114 0.088
B2.2.1 23 68 14 0.97 0.0304 −1.56 −1.216 0.119
B2.2.2 22 75 14 0.922 0.0313 1.77 0.411 0.152
B2.2.3 23 47 14 0.933 0.0105 −5.14 −1.073 0.092
II 85 20 14 0.472 0.0015 −9.31 −2.188 0.024

225 261 96 0.931 0.0725 −5.92 0.714 0.049

KIF24 Clade N S H Hd π Fs' Fu D
1 26 16 19 0.942 0.0072 −14.61 0.505
1.3 5 3 5 1 0.0031 −3.304 1.573
1.4 19 12 12 0.895 0.005 −8.332 −0.112
2 132 60 85 0.985 0.0132 −24.7 −0.884
2.1 72 35 40 0.962 0.0078 −25.67 −1.21
2.2 26 24 20 0.951 0.0075 −13.37 −1.048
2.3 5 1 2 0.4 0.0007 0.09 −0.817
2.4 4 1 2 0.667 0.0011 0.54 1.633
2.6 15 17 13 0.971 0.0069 −7.97 −0.95
2.12 2 4 2 1 0.0069 1.39 0

158 71 104 0.988 0.0151 −24.44 −0.818

LDB5B Clade N S H Hd π Fs' Fu D
1 9 20 7 0.917 0.0142 (0.0082) 0.13 0.442
3 147 50 39 0.922 0.0164 (0.0084) −6.012 0.21
3.1 51 28 16 0.89 0.0054 (0.0032) −5.63 −1.622
3.3 74 9 7 0.745 0.004 (0.002) 1.258 0.522
3.4 14 10 9 0.923 0.0064 (0.0038) −2.39 0.454
3.6 4 3 3 0.833 0.0026 (0.0023) −0.2876 −0.754
4 2 1 2 1 0.0017 (0.0024) 0 0

200 71 59 0.94 0.0172 (0.0088) −20.95 −0.544
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Fig. 2. Genealogical relationships of cyt b Liolaemus tenuis haplotypes as inferred by Bayesian analysis. Branch colors correspond to the colors depicted in the map of Fig. 1. Numbers on
branches represent Bayesian posterior probabilities. Haplotype numbers on tips are the same as in Fig. 3. Numbers within parentheses refer to the locality numbers detailed in Table S1.
Vertical black bars correspond to the main clades. Divergence times (in million years) for each clade are shown in the upper left side. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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3. Results

3.1. Genetic diversity and genealogical analysis

We obtained 726 base pairs (bp) of mtDNA sequences for 225 in-
dividuals, the matrix of the nuclear gene KIF24 is composed by 158
sequences of 580 bp and we obtained 196 sequences for the nuclear
gene LDB5B with 611 bp. Variable sites, mean haplotype and mean
nucleotide diversity, for each gene are shown in Table 1. Most of the
shared cyt b haplotypes among localities occur in the southern range
(36–40°S). In general, p-distance values were correlated with the geo-
graphical distance between localities (Table S4a).

The topology of the cyt b gene tree generally corroborates the pre-
vious study of Victoriano et al. (2008); two well supported deep clades
(Fig. 2) were obtained. Clade I includes haplotypes distributed
throughout the whole distribution range of L. tenuis (between 31° and
40°S), while clade II includes most haplotypes south of the Biobío River.
Within clade I, main subclades are generally distributed allopatrically,
and several of these are delimited by rivers. Clade I included six sub-
clades: two of them extends from the northern limit of the distribution
of L. tenuis to the Maipo River (subclades I.1 and A). Subclade B1 is
restricted to the area between the Maipo and Maule rivers. Subclades
B2.2.1, which includes localities distributed in the Andes, and B2.2.2,
mainly distributed in the Coastal range, are restricted to the area be-
tween the Maule and Biobío Rivers. Finally, subclade B2.2.3 occurs
mainly south of the Biobío River, where it is sympatric with the main
clade II. The divergence of the main clades of L. tenuis occurred during
the Pleistocene (Fig. 2). The age of the crown group L. tenuis is ca.
1.63 Ma, while crown ages of the main clades are: Clade I ∼1.34 Ma,
and Clade II ∼0.24 Ma. Haplotype networks were highly congruent
with the Bayesian genealogy. We recovered two main haplogroups
corresponding to mtDNA clades I and II, separated by 50 mutational
steps (mp values in Fig. 3). The two southernmost haplogroups (sub-
clades B2.2.3 and II in Fig. 2) are sympatric in the wet zone in the
south, one of them with a star-like shape (subclade II), and with a high
frequency haplotype (Fig. 3).

In the Bayesian genealogies, the nuclear data failed to recover all
the phylogroups detected by the mtDNA dataset. However both nuclear
genes tend to recover the northern clade A of the mitochondrial gene
(Figs. S1 and S2). The haplotype networks for both nuclear genes were
in general concordance with the cyt b network (Figs. S3 and S4).

3.2. Genetic structure

The mtDNA based Geneland analysis identifies seven clusters
(K = 7; Figs. 4A; S5), with smaller distributions towards the north and
central parts of the species range, and with cluster boundaries defined
by the main rivers (e.g., N1 and N2 separated by the Aconcagua River,
and S6 and S7 mainly towards the south of the Biobío River). Cluster S7
extends to the southern limit of the species distribution, covering the
largest geographic area and including the largest number of localities
relative to all other clusters. This cluster also includes two deeply di-
vergent mitochondrial clades within the same range (subclade B2.2.3
haplotypes and Clade II haplotypes; Fig. 2).

The nuclear KIF24 based Geneland identifies four clusters (Fig. S6).
The clusters boundaries are defined by the main rivers (C1 and C2 se-
parated by Maipo River, C2 and C3 separated by Maule River, C3 and
C4 separated by Biobío River). Geneland based on gene LDB5B identi-
fied six clusters (Fig. S7). As for KIF24, the clusters boundaries are
defined by the main rivers (C1 and C2 separated by Maipo River, C2
and C3–C4 separated by Maule River, C3–C4 separated to C5–C6 by the
Biobío River).

For cyt b, geographically contiguous clusters showed lower Fst va-
lues than comparisons involving distant clusters (Table S4b). High Fst
values were observed for comparisons between clusters north and south
of the Maipo River as well as north and south of the Biobío River.

For the cyt b-based Amova, all values were significant (p < 0.001).
The largest fraction of the observed genetic variation was reached when
localities are grouped according to the seven cyt b Geneland clusters
(45.15%); for the other grouping schemes, and independently if Maipo
is considered as a barrier or not, arrangements where the Biobío River
was considered a barrier showed the highest inter group values (above
43%) (Table 2a).

For the KIF24-based Amova, the largest percentage of variation for
all comparisons, was attributed to among individuals within localities
and only a small portion of the genetic variance was attributed to dif-
ferences between groups (Table 2b). The Amova for the Maipo River
as a barrier, indicated that 29.86% of variance could be attributed to
differences between groups north and south of the Maipo River, com-
pared to 46.20% for differences among populations within groups. For
the Biobío River as a barrier, a lower and significant portion of variance
was explained by differences between groups (21.25%), with a corre-
sponding increase in the among-population/within group variance
(51.10%), compared to the first hierarchical Amova. The variance be-
tween groups is not maximized when populations are grouped in the
four Geneland groups (27.02%), as the variance among individuals
within localities remains higher (52.21%).

For the LDB5B-based Amova, all values were significant
(p< 0.001). The largest fraction of the observed genetic variation was
reached when localities are grouped according to the six LDB5B
Geneland clusters (62.02%). The other group arrangements, which in-
volved the Maipo and Biobío rivers as barriers, always showed higher
percentage of variance for hierarchy between groups (Table 2c).

When comparing migration models, the highest support was for the
Biobío River being a gene flow barrier, with a log Bayes Factor differ-
ence>103 units relative to the other migration models (where a dif-
ference of> 10 units provide very strong support for one model over
another; Kass and Raferty, 1995). The historic migration scenario for
our samples shows a prevalence of asymmetric migration rates. Low
gene flow between the seven mitochondrial population clusters was
estimated (Table S5, Fig. 4A). In general, there is no gene flow after we
contrast all clusters north of the Maipo River (N1 + N2) versus clusters
south of it. In the northern and central areas, gene flow is lower relative
to rates estimated for samples in the southern range. South of the Biobío
River, within cluster S7 but between physiographical zones (Andes–-
Coast), bidirectional gene flow was inferred, but it is highly asymme-
trical in favor of more gene flow from the Andes towards the coast
(Table S5, Fig. 4A).

3.3. Historical demographic changes

The Fu’s, and R2 test suggest population expansion in southern
clades B2.2.3 and Clade II (Table 1). The population stability of most
clades, with exception of Clade II, could not be statistically rejected
(Table 1, Fig. S8). The results of BSP differed between clades of dif-
ferent geographic distributions. At both the northern and southern
distribution, larger changes in effective size were estimated in com-
parison to the central clades. In the north, reductions of Ne would have
started about 100,000 years ago, where the northernmost clade (clade
A) showed no evidence of recovery of genetic variability after such
reduction. Contrarily, clade B1 showed indications of recovery of the
population size after a minimum reached about 20,000 years ago. In the
south, L. tenuis also showed signs of population reduction for the two
co-distributed clades, but with an earlier onset of such reduction, about
400,000 years ago. The dates of the estimated population minimums
were different for these two clades, where clade II reached a minimum
about 100,000 years ago and clade B2.2.3 about 20,000 years ago. The
clades of the central distribution tree of L. tenuis (clades B2.2.1 and
B2.2.2), showed signs of greater population stability (see Fig. 5).
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3.4. Microsatellite data

All five microsatellite markers tested are polymorphic, with a total
of 50 alleles identified, but loci vary both in terms of number of alleles
(from 5 in DI7938 to 15 in TET1177) and number of private alleles
(from 0 in DI7938 to 8 in TET1177). The TET1177 was both the most
variable and the most informative locus for population discrimination
(I = 1.008), whereas DI7938 was the least variable and least

informative marker. Mean values of observed heterozygosity over all
samples were lower than expected under Hardy-Weinberg (HW) equi-
librium at each locus (Table S6). Mean allelic richness, calculated only
for populations with at least 5 individuals (rarefaction sample size=5),
ranged from 4.0 in the northern locality of San Felipe (population 3 in
Fig. 1) to 1.2 at Corral in the south (population 80), with an average
value of 2.65. Mean allelic richness by locus, standardized by sample
size, was higher in northern and central zones (0.17 and 0.15

Fig. 3. Parsimony-based haplotype network of mitochondrial sequences (cyt b) of Liolaemus tenuis. Colors indicate geographic origin as depicted in Fig. 1. Table S1 gives details of
collection site and group assignation for the haplotypes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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respectively) than in the south (0.09). Private alleles were detected in
11 localities, whose means after standardization by number of analyzed
localities ranged from the highest value in the northern cluster (1.0
private alleles/locality) to the lowest in the south (0.4 private alleles/
locality; values not shown).

Implementing methods developed by Evanno et al. (2005) to de-
termine the greatest change in K, Structure (Pritchard et al., 2000)
analysis identified two populations clusters (K = 2; Fig. S9). The con-
sensus membership coefficients, implemented in Clumpp version 1.1.2
(Jakobsson and Rosenberg, 2007) are shown in Fig. S9. Although many
individuals show signs of admixture (mean Q values of cluster 1 = 0.75
and cluster 2 = 0.85), mostly individuals north of Biobío River (i.e.
from Salamanca to Concepcion) associated more strongly with cluster 1
while individuals South of Biobío River (i.e. Curanilahue to Valdivia)
were associated more strongly with cluster 2.

In the multi-locus Amova for all comparisons, the largest percentage
of variation was attributed to among individuals within localities and
only a small portion of the genetic variance was attributed to differ-
ences among groups (Table 2d). The Amova for the Maipo River as a
barrier, indicated that 6.36% of variance could be attributed to differ-
ences between groups north and south of the Maipo River, compared to
23.16% for differences among populations within groups. For the
Biobío River as a barrier, a higher and significant portion of variance
was explained by differences between groups (10.39%), with a corre-
sponding decrease in the among-population/within group variance
(19.39%), compared with the first hierarchical AMOVA.

3.5. Niche modeling

The predictive ability of ecological niche modeling was significantly

Fig. 4. (A) Population clusters (polygons) of Liolaemus tenuis identified by Geneland, based on cyt b sequences. Colors of site circles correspond to those depicted in Fig. 1. Black arrows
represent direction and migration rates between clusters, and grey arrows represent direction and migration rates between Andes–Coast intra Cluster S7. Migration rate values for selected
cluster pairs are shown in the upper left corner. (B) Habitat suitability map for L. tenuis during the Last Glacial Maximum (upper right) and the present (lower right). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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higher than expected under a random model (AUC 0.983). Some po-
pulations north of 34°S would have remained disconnected from the
rest, at areas of the Maipo River basin and Cordón Altos de Cantillana
mountain range (Fig. 1). During the LGM the distribution of L. tenuis
was considerably reduced south of 38°S and along the Andes (Fig. 4B).
South of 37°S the distribution of the species would have been restricted
to the Nahuelbuta region and the coastal area. At the same latitude in
the Andes, we identified small stable habitats around volcanic areas
(38°S). Previous evidence of glacial refuges around volcanoes has been
suggested for other parts of the world (Fraser et al., 2014).

4. Discussion

4.1. Phylogeographic pattern and barriers

Phylogeographic studies focused on the biota of South America and
the Southern Hemisphere in general are still scarce (Beheregaray, 2008;
Turchetto-Zolet et al., 2013; see also Sérsic et al., 2011). However, this
scenario is changing, as prominent phylogeographic contributions have
been made for terrestrial species from the Brazilian Atlantic coast (e.g.,
Carnaval et al., 2009; Valdez and D’Elía, 2013), Patagonia (e.g.,
Breitman et al., 2015; Fontanella et al., 2012; Lessa et al., 2010;
Morando et al., 2004), and areas west of the Andes in Chile (e.g., Núñez
et al., 2011; Sallaberry-Pincheira et al., 2011; Vera-Escalona et al.,
2012; Victoriano et al., 2015). Even when several phylogeographic
studies have focused on vertebrates from Central Chile, none has cen-
tered on an ectothermic species broadly distributed in more than one
bioclimatic zone. This has prevented the evaluation of paleoclimatic
history of contrasting and topographically complex scenarios within the
same species. Moreover, most phylogeographic analyses base their
conclusions on only one genetic marker. Our study constitutes a novel
contribution given its wide geographic coverage, its wide character
sampling (mitochondrial and nuclear loci) and an integrative approach.

Our results suggest a complex phylogeographic history for L. tenuis,
with contrasting population behaviors according to latitude, with sig-
nals of greater stability, structure and levels of genetic variability in
populations from the northern and central range, compared to southern
populations. Evidence for co-distributed deeply divergent clades in the
South suggests two recent invasions to the area resulting in a large
region of secondary contact, where populations lack structure and show
evidence of range expansion. In addition, our results point to some
phylogeographic breaks consistent with large Chilean rivers that bisect
the country from east to west. Results indicate a reduced gene flow
among populations south and north of the Maipo River, which has been
previously identified as a significant barrier to dispersal in other rep-
tiles, such as L. monticola (Torres-Pérez et al., 2007) and Philodryas
chamissonis (Sallaberry-Pincheira et al., 2011). The second break for L.
tenuis is located approximately between 37°S and 38°S, and is associated
with the Biobío River basin, one of the largest Chilean rivers. This river
has been suggested to act as a geographic barrier to the distribution of
other vertebrates, including low vagility birds of the genus Pteroptochos
(Chesser, 1999). Although other rivers could have an important role
limiting the gene flow in L. tenuis, the Maipo and Biobío rivers seem to
be those that generated the greatest impact on the observed pattern of
genetic variability of this species.

4.2. Historical demography and refugia

Demographic analysis supports an historical decrease of Ne both for
the southern and northern populations, as well as a relatively higher
stability for the populations in the central range of the species.
However, changes in population sizes were not synchronous for popu-
lations of L. tenuis. In addition, the beginning of the size reductions in
the populations of the extreme north, and the minimum reached by
those of the southern clade II, around 100,000 years, do not coincide
with the LGM, but with the onset of the Llanquihue glaciations (Rabassa

Table 2
Amova results for (a) cyt b; (b) KIF24; (c) LDB5B and (d) microsatellites. Toponymic for each group corresponds to river names.

a MtDNA

Groups Among groups Among population within groups Within populations

(North of Maipo) vs (South of Maipo) 30.44** 58.79** 10.77**

(North of Maipo) vs (Maipo to Biobío) vs (South of Biobío) 43.83** 44.68** 11.49**

(North of Biobío) vs (South of Biobío) 43.87** 45.46** 10.68**

Among clusters of Geneland 45.15** 42.82** 12.03**

b KIF24

Groups Among groups Among population within groups Within populations

(North of Maipo) vs (South of Maipo) 29.86** 23.93** 46.20**

(North of Maipo) vs (Maipo to Biobío) vs (South of Biobío) 27.33** 22.26** 50.41**

(North of Biobío) vs (South of Biobío) 21.25** 27.65** 51.10**

Among clusters of Geneland 27.02** 20.77** 52.21**

c LDB5B

Groups Among groups Among population within groups Within populations

(North of Maipo) vs (South of Maipo) 50.62** 36.35** 13.03**

(North of Maipo) vs (Maipo to Biobío) vs (South of Biobío) 46.26** 36.49** 17.25**

(North of Biobío) vs (South of Biobío) 41.69** 41.21** 17.11**

Among clusters of Geneland 62.06** 19.04** 18.90**

d Microsatellite

Groups Among groups Among population within groups Within populations

(North Maipo) vs (South Maipo) 6.36* 23.16** 70.48**

(North of Maipo) vs (Maipo to Biobío) vs (South of Biobío) 9.96** 18.75** 71.28**

(North of Biobío) vs (South of Biobío) 10.39** 19.39** 70.22**

* p < 0.05.
** p < 0.001.
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and Clapperton, 1990). In contrast, the lowest effective size values,
both in the north-central (B1) and southern (2.2.3) clades, occurred
about 20,000 ago, coinciding with the LGM. This may have been due to
the different populations of L. tenuis having different biological attri-
butes, or because the environmental conditions during glaciations were
different in different areas of the distribution of the species. Historical
demographic reduction in clades distributed in the northern and
southern range areas, suggests stronger past changes in those environ-
ments; in particular, the decrease in Ne was of greater magnitude in
populations at higher latitudes where glaciations had a larger impact in
habitats, as suggested also for other congeneric lizards such as L. pictus
(Vera-Escalona et al., 2012). For L. tenuis, the occurrence of broadly
distributed haplogroups in the south, less genetic diversity, mismatch
and R2, star-like haplogroups and broadly distributed redundant hap-
lotypes found with high frequency in populations distributed in gla-
ciated areas (especially for clade II), is evidence of a history of recent
colonization of the southern species range. In contrast, a greater de-
mographic constancy, current distribution and times of divergence of
haplotypes outside from the LGM ice borders, suggest more historical
stability in areas without glacial effects. However, in the north end of its

current distribution, although far from glacial ice sheets, where the
direct glacial effects were supposedly smaller, this area would have
been exposed to dynamic environmental conditions throughout its
history, probably conditioned by periglacial changes, such as variation
in vegetation and/or precipitation (Villagrán 1991; Villagrán et al.,
1995). In summary, populations distributed in both northern and
southern ends of the range would have highly reduced their Ne, in
contrast with central populations that would have remained more
stable.

On the other hand, it is interesting the likely low connectivity
promoted by landscape roughness and high altitude, both in the Coastal
and Andean areas at northern and central latitudes. According to this,
overall Fst values indicated a high genetic differentiation between
clusters that suggest a higher structure in the northern-central dis-
tribution of L. tenuis (Balloux and Lugon-Moulin, 2002). One example of
an altitudinal barrier is Cordón Altos de Cantillana (> 2000 m; cca.
33°S; Fig. 1), which could add to the barrier effects of the Maipo River.
Geological data from this region shows that the glaciations in the
Pleistocene period were important over 600 m.a.s.l. at this latitude.
During the LGM, glaciers in the Maipo Valley reached the Intermediate

Fig. 5. Bayesian Skyline Plots (BSP) representing recent demographic trends of each of the six main phylogroups of Liolaemus tenuis based on mitochondrial sequences (cyt b). Light-blue
area represents 95% confidence intervals for Ne.

C. Muñoz-Mendoza et al. Molecular Phylogenetics and Evolution 116 (2017) 157–171

167



Depression (Brüggen, 1950; Vuilleumier, 1971). Although there is
evidence that the western slope of the Cordillera de la Costa in its lower
areas remained free of ice during the Pleistocene (Formas, 1979;
Heusser, 1966), highlands in these mountains were affected by glacia-
tions, probably excluding lizard populations. Evidence suggests that
glaciers have acted as barriers with a greater magnitude towards the
Andes, rather than the Cordillera de la Costa, but in Central Chile, in
transversal and coastal mountains with high altitudes, glaciations could
affect populations nonetheless. Although mtDNA data suggest a strong
genetic structure for L. tenuis, both nuclear sequences and the micro-
satellite data do not corroborate that result. Several other studies have
also found greater population differentiation using mitochondrial ra-
ther than nuclear markers (e.g. Castella et al., 2001; Scribner et al.,
2001), but others have found the reverse (e.g. Bracken et al., 2015;
Johnson et al., 2003; Piertney et al., 2000). Many explanations can
account for differences between nuclear and mtDNA markers, including
different intensities of selection on each marker, different movement
patterns between females and males, as well as the difference in Ne of
maternally inherited markers (such as mtDNA) from the those of bi-
parentally inherited markers (e.g. microsatellites), among others
(Frankham et al., 2002). Amova of the cyt b dataset indicated sig-
nificant high variance among the main groups. In contrast, analyses of
nuclear microsatellite data recovered a low among-groups variance.
Variance between populations is usually higher in mtDNA than mi-
crosatellite data because of the high intrapopulation variance in mi-
crosatellites, and because the higher effective size of the nuclear
genome (Naidoo et al., 2016). In addition, mitochondrial genetic
structure in the presence of low levels of nuclear genetic structure may
indicate a higher female philopatry. Interestingly, differences in gen-
ders’ social behavior in L. tenuis have been suggested by Vidal et al.
(2008).

Despite the fact that we have found differences in the number of
clusters retrieved by Geneland when using mitochondrial DNA (7
clusters) and microsatellites (2 clusters), there is not total conflict be-
tween them, as they can all be classified in northern (north of the Biobío
River) and southern (south of the Biobío River). Finally, our results
based on microsatellite loci should be considered with caution because
our number of loci (five) is relatively low to be able to conclude about
population processes.

Refugia outside the ice sheet limits and close to the Pacific coast in
Central-Southern Chile have been proposed for plants (Sérsic et al.,
2011), which is consistent with the geographic distribution of genetic
variation and demographic estimations for L. tenuis. Interestingly, in
addition to the classical coastal refugia in the south, we detected
probable refugial areas within the boundary of the LGM ice sheet. There
is evidence pointing to the occurrence of small refugia at Andean areas
for other species. For example, the glacial gap of Ñuble (36°30′S) and
the valley of Malalcahuello and Lonquimay would have been free of ice
during the LGM (Heusser, 2003). As such, distinct Andean refugia have
been suggested for the lizard L. pictus (Vera-Escalona et al., 2012), crabs
of the genus Aegla (Xu et al., 2009), and for the frog Eupsophus cal-
caratus (Núñez et al., 2011). In L. tenuis we have evidence for refugial
areas south of the Biobío River, near the Valley of Lonquimay in the
Andes (∼38°S). High haplotype diversity, the occurrence of private
haplotypes, and suitable habitat during the LGM in such area suggest
that populations persisted there over time. Moreover, the results for the
historical migration of L. tenuis suggest that in the southern range, and
consistent with probable Andean refugia, gene flow was lower W-E than
E-W. Evidence for a similar migration pattern was inferred for the lizard
L. pictus (Vera-Escalona et al., 2012). It is likely then that the Andean
populations have acted as a source of recolonization, adding variability
to coastal populations in the same latitude. Although genetic variation
suggests intra-Andes refugia for L. tenuis, we cannot exclude the pos-
sibility that in addition to refugium conditions, the Valley of Lonquimay
constitutes a secondary contact zone of lineages previously differ-
entiated in distinct refugia (Hewitt, 1996; Mraz et al., 2007; Petit et al.,

2002). The results obtained here partially agree with previous proposals
(e.g., Sérsic et al., 2011); in addition to the classical coastal refugia in
Central-Southern Chile, we provide evidence for the persistence of in-
traglacial refugia during the LGM. Although the concept of refugium
refers broadly to areas where biota could grow and survive locally
under unfavorable regional conditions, these may have several defini-
tions depending on spatial scale and location. We have followed some
authors who have clarified the definitions of the different types of re-
fugia. For the case of L. tenuis, the concept of coarse-scale or macro-
refugia with a temporal dynamics according to temperate-adapted
species (Aschcroft, 2010; Birks, 2015; Stewart et al., 2010) is applicable
for most of the stable areas. However, given their limited geographic
extent and location, those areas where L. tenuis persisted within the
LGM limits may well correspond to the concept of microrefugia and/or
cryptorefugia (Stewart et al., 2010; Rull, 2010). In summary, L. tenuis
has behaved as a species sensitive to climate changes associated with
glacial cycles, to orographic and fluvial barriers. Demographic changes
seem to have been more pronounced south of the Biobío River and
mainly at Andean areas. In the northern fraction of the distribution,
populations also were negatively affected, likely due to changes in ve-
getation cover. Meanwhile, populations of the central range have re-
mained more structured and stable.

4.3. Taxonomic implications

Müller and Hellmich (1933) proposed two subspecies for L. tenuis
based on color patterns and distribution (Donoso-Barros, 1966): L. t.
tenuis, with type locality in Santiago de Chile, distributed from the
northern limit in Coquimbo (ca. 30°S) south to Los Ríos (ca. 40°S)
(Donoso-Barros, 1966; Vidal et al., 2004); The second subspecies, L. t.
punctatissimus whose type locality is Lota (ca. 37°S), distributed in the
coastal Biobío Region. According to the above, both subspecies overlap
their distributions, which is incompatible with the concept of sub-
species, which, to be recognized need to be allopatric. Vidal et al.
(2002, 2004, 2005) integrated morphology and population genetic
structure to assess the validity of these subspecies, concluding that the
color pattern varies clinally within a single species with no subspecies.
Nevertheless, the high levels of molecular divergence between both
main lineages of L. tenuis recovered in this study (I and II), cast doubts
on the taxonomic scenario proposed by Vidal et al. (2002, 2004, 2005).
For example, other species of the genus, such as L. fitzingerii and L.
chehuachekenk diverge from each other by a lower value of genetic
distance (approx. 4%; Avila et al., 2008) than that observed between
the major clades of L. tenuis (Clades I and II show a p-distance higher
than 9%). These values may indicate that L. tenuis as currently under-
stood is a species complex. According to our results, there is some
concordance with the sub-species distribution, however the L. t. punc-
tatissimus distribution should be further evaluated (molecular and mo-
phological approach) to see if there is a possible agreement with our
results. The hypothesis about the occurrence of more than one species
within L. tenuis should be tested with an integrative taxonomic ap-
proach.

5. Conclusions

Based on thorough sampling of the species Liolaemus tenuis, and
using both mitochondrial and nuclear markers, we conclude that both
landscape heterogeneity and Pleistocene glaciations have shaped this
species phylogeographic history. We found evidence of recent coloni-
zation of the southern range of the species, as well as signs of higher
stability, genetic structure and higher haplotype diversity in the central
(as in the Intermediate Depression), and coastal ranges, relative to the
southern populations. Our results point to phylogeographic breaks
concordant with some large Chilean rivers, mainly, the Maipo (∼34°S)
and the Biobío (∼37–38°S) rivers, which have been previously identi-
fied as significant barriers to dispersal for other vertebrates. Finally,
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based on p-distance and Fst values, as well as on the occurrence of co-
distributed divergent clades in the southern range of the species, we
predict that L. tenuis probably constitutes a species complex with
cryptic diversity. Therefore, we posit that this taxon merits a thorough
taxonomic revision in order to determine if the evolutionary lineages
reported in this study merit full species status.
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Appendix A

PCR protocols. Three genes were amplified through the polymerase
chain reaction (PCR): a fragment of the mitochondrial Cytochrome b
(cyt b), an exon of the nuclear Kinesin-like protein gene (KIF24), and
the anonymous nuclear gene LDB5B. Amplification and sequencing of
cyt b was performed using primers GluDG-L (Palumbi, 1996) and WWR
(Broadley et al., 2006) following the protocol of Victoriano et al.
(2008). Nuclear genes were amplified following the protocol published
by Portik et al. (2011a) using primers B5BF, B5BR, KIF24F, and KIF24R
(Portik et al., 2011b). Amplifications occurred in 25uL volume reac-
tions initiated at 95 °C for 2 min followed by 35 cycles of 95 °C for 35 s,
50 °C for 35 s and 72 °C for 1 min 35 s (with extension increasing 4 s per
cycle). All PCR products were checked using a SybrSafe stained 1.5%
agarose gel. Both forward and reverse strands of each amplicon were
sequenced at Macrogen Inc. (Korea).

Appendix B. Supplementary material

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.ympev.2017.08.016.

References

Albino, A.M., 2008. Lagartos iguanios del Colhuehuapense (Miocenoi temprano) de
Gaiman (provincia del Chubut, Argentina). Amehiniana 45, 775–782.

Albino, A.M., 2005. A late quaternary lizard assemblage from the southern pampean
region of Argentina. J. Vert. Paleontol. 25, 185–191.

Amigo, J., Ramírez, C., 1998. A bioclimatic classification of Chile, woodland communities
in the temperate zone. Plant Ecol. 136, 9–26. http://dx.doi.org/10.1023/
A:1009714201917.

Antonelli, A., Quijada-Mascareñas, A., Crawford, A.J., Bates, J.M., Velazco, P.M., Wüster,
W., 2010. Molecular studies and phylogeography of Amazonian tetrapods and their
relation to geological and climatic models. In: Hoorn, C., Wesselingh, F.P. (Eds.),
Amazonia, Landscape and Species Evolution: A Look into the Past. John Wiley & Sons,
pp. 386–404. http://dx.doi.org/10.1002/9781444306408.ch1.

Armesto, J., Villagrán, C., Donoso, C., 1994. La historia del bosque templado chileno.
Ambiente y Desarrollo 3, 66–72.

Ashcroft, M.B., 2010. Identifying refugia from climate change. J. Biogeogr. 37,
1407–1413.

Avila, L., Morando, A., Sites, J., 2008. New species of the iguanian lizard genus Liolaemus
(Squamata, Iguania, Liolaemini) from central Patagonia, Argentina. J. Herp. 42 (1),
186–196.

Balloux, F., Lugon-Moulin, N., 2002. The estimation of population differentiation with
microsatellite markers. Mol. Ecol. 11 (2), 155–165. http://dx.doi.org/10.1046/j.
0962-1083.2001.01436.x.

Beerli, P., 2006. Comparison of Bayesian and maximum-likelihood inference of popula-
tion genetic parameters. Bioinformatics 22 (3), 341–345. http://dx.doi.org/10.1093/
bioinformatics/bti803.

Beerli, P., Felsenstein, J., 2001. Maximum likelihood estimation of a migration matrix and
effective population sizes in n subpopulations by using a coalescent approach. Proc.
Natl. Acad. Sci. 98 (8), 4563–4568. http://dx.doi.org/10.1073/pnas.081068098.

Beerli, P., Palczewski, M., 2010. Unified framework to evaluate panmixia and migration

direction among multiple sampling locations. Genetics 185 (1), 313–326. http://dx.
doi.org/10.1534/genetics.109.112532.

Beheregaray, L.B., 2008. Twenty years of phylogeography: the state of the field and the
challenges for the Southern Hemisphere. Mol. Ecol. 17 (17), 3754–3774. http://dx.
doi.org/10.1111/j.1365-294X.2008.03857.x.

Birks, H.J., 2015. Some reflections on the refugium concept and its terminology in his-
torical biogeography, contemporary ecology. Biodiversity 16 (4), 196–212. http://
dx.doi.org/10.1080/14888386.2015.1117022.

Bracken, F.S., Hoelzel, A.R., Hume, J.B., Lucas, M.C., 2015. Contrasting population ge-
netic structure among freshwater resident and anadromous lampreys: the role of
demographic history, differential dispersal and anthropogenic barriers to movement.
Mol. Ecol. 24 (6), 1188–1204. http://dx.doi.org/10.1111/mec.13112.

Breitman, M.F., Bonino, M.F., Sites Jr., J.W., Avila, L.J., Morando, M., 2015.
Morphological variation, niche divergence, and phylogeography of lizards of the
Liolaemus lineomaculatus section (Liolaemini) from Southern Patagonia. Herpetol.
Monogr. 29 (1), 65–88. http://dx.doi.org/10.1655/HERPMONOGRAPHS-D-14-
00003.

Broadley, D.G., Whiting, A.S., Bauer, A.M., 2006. A revision of the East African species of
Melanoseps Boulenger (Sauria: Scincidae: Feyliniinae). Afr. J. Herpetol. 55 (2),
95–112.

Brown, J.L., Cameron, A., Yoder, A.D., Vences, M., 2014. A Necessarily complex model to
explain the biogeography of the amphibians and reptiles of Madagascar. Nat.
commun. 5. http://dx.doi.org/10.1038/ncomms6046.

Brüggen, J., 1950. Fundamentos de la Geología de Chile. Instituto Geográfico Militar,
Santiago.

Capparella, A.P., 1991. Neotropical avian diversity and riverine barrier. Acta Congressus
Int. Ornithologici 20, 307–316.

Carnaval, A.C., Hickerson, M.J., Haddad, C.F.B., Rodrigues, M.T., Moritz, C., 2009.
Stability predicts genetic diversity in the Brazilian Atlantic forest hotspot. Science
323, 785–789. http://dx.doi.org/10.1126/science.1166955.

Castella, V., Ruedi, M., Excoffier, L., 2001. Contrasted patterns ofmitochondrial and nu-
clear structure among nursery colonies ofthe Myotis myotis. J. Evol. Biol. 14,
708–720. http://dx.doi.org/10.1046/j.1420-9101.2001.00331.x.

Chesser, R.T., 1999. Molecular systematics of the rhinocryptid genus Pteroptochos. Condor
439–446. http://dx.doi.org/10.2307/1370012.

Cheviron, Z.A., Hackett, S.J., Capparella, A.P., 2005. Complex evolutionary history of a
Neotropical lowland forest bird (Lepidothrix coronata) and its implications for his-
torical hypotheses of the origin of Neotropical avian diversity. Mol. Phylogenet. Evol.
36, 338–357. http://dx.doi.org/10.1016/j.ympev.2005.01.015.

Clement, M., Posada, D., Crandall, H., 2000. TCS: a computer program to estimate gene
genealogies. Mol. Ecol. 9 (10), 1657–1660.

Codoncode Corporation, 2009. Codon Code aligner v. 3.5.1.
Coulon, A., Fitzpatrick, J.W., Bowman, R., Stith, B.M., Makarewich, C.A., et al., 2008.

Congruent population structure inferred from dispersal behaviour and intensive ge-
netic surveys of the threatened Florida scrub-jay (Aphelocoma coerulescens). Mol.
Ecol. 17, 1685–1701.

Crandall, K.A., Templeton, A.R., 1993. Empirical test of some predictions from coalescent
theory with applications to intraspecific phylogeny reconstruction. Genetics 134,
959–969.

Di Castri, F., 1968. Esquisse écologique du Chili. In: Delamare-Deboutteville, C.,
Rapoport, T. (Eds.), Biologie de l’Amérique austral. Edition du Centre National de la
Recherche Scientifique, Paris, France, pp. 7–52.

Ding, L.I., Gan, X.N., He, S.P., Zhao, E.M., 2011. A phylogeographic, demographic and
historical analysis of the short-tailed pit viper (Gloydius brevicaudus): evidence for
early divergence and late expansion during the Pleistocene. Mol. Ecol. 20 (9),
1905–1922.

Donoso-Barros, R., 1966. Reptiles de Chile. Ediciones de la Universidad de Chile,
Santiago, Chile.

Drummond, A.J., Rambaut, A., 2007. BEAST: Bayesian evolutionary analysis by sampling
trees. BMC Evol. Biol. 7 (214), 1–8. http://dx.doi.org/10.1186/1471-2148-7-214.

Drummond, A.J., Rambaut, A., Shapiro, B., Pybus, O.G., 2005. Bayesian coalescent in-
ference of past population dynamics from molecular sequences. Mol. Biol. Evol. 22
(5), 1185–1192. http://dx.doi.org/10.1093/molbev/msi103.

Drummond, A.J., Suchard, M.A., Xie, D., Rambaut, A., 2012. Bayesian phylogenetics with
BEAUti and the BEAST 1.7. Mol. Biol. Evol. 29, 1969–1973. http://dx.doi.org/10.
1093/molbev/mss075. Epub 2012 Feb 25.

Duméril, A.M.C., Bibron, G., 1837. Erpétologie Genérale ou Histoire Naturelle Complète
des Reptiles. Volume 4. Histoire de Quarante-six Genres et de Cent Quarante-six
Espèces de la Famille des Iguaniens, de l’Ordre des Sauriens. Librarie Enclyclopedique
de Roret, Paris.

Earl, D.A., VonHoldt, B.M., 2012. STRUCTURE HARVESTER: a website and program for
visualizing STRUCTURE output and implementing the Evanno method. Conserv.
Genet. Resour. 4, 359–361.

Etheridge, R., 2000. A review of lizards of the Liolaemuswiegmannii group (Squamata,
Iguania, Tropiduridae), and a history of morphological change in the sand-dwelling
species. Herpetol. Monogr. 14, 293–352.

Evanno, G., Regnaut, S., Goudet, J., 2005. Detecting the number of clusters of individuals
using the software STRUCTURE: a simulation study. Mol. Ecol. 14, 2611–2620.

Excoffier, L., Lischer, H.E., 2010. Arlequin suite ver 3.5: a new series of programs to
perform population genetics analyses under Linux and Windows. Mol. Ecol. Res. 10
(3), 564–567. http://dx.doi.org/10.1111/j.1755-0998.2010.02847.x.

Fontanella, F.M., Olave, M., Avila, L.J., Sites Jr., J.W., Morando, M., 2012. Molecular
dating and diversification of the South American lizard genus Liolaemus (subgenus
Eulaemus) based on nuclear and mitochondrial DNA sequences. Zool. J. Linn. Soc. –
Lond. 164, 825–835. http://dx.doi.org/10.1111/j.1096-3642.2011.00786.x.

Formas, J.R., 1979. La herpetofauna de los bosques temperados de Sudamérica. The South

C. Muñoz-Mendoza et al. Molecular Phylogenetics and Evolution 116 (2017) 157–171

169



American herpetofauna: its origin, evolution and dispersal. Museum of Natural
History, University of Kansas, Monograph 7, 341–369.

Fraser, C.I., Terauds, A., Smellie, J., Convey, P., Chown, S.L., 2014. Geothermal activity
helps life survive glacial cycles. Proc. Natl. Acad. Sci. 111, 5634–5639. http://dx.doi.
org/10.1073/pnas.1321437111.

Frankham, R., Ballou, J.D., Briscoe, D.A., 2002. Introduction to Conservation Genetics.
Cambridge University Press, Cambridge.

Fu, Y.X., 1997. Statistical test of neutrality of mutations against population growth,
hitchhiking and background selection. Genetics 131, 479–491.

Garrick, R., Sunnucks, P., Dyer, R., 2010. Nuclear gene phylogeography using PHASE:
dealing with unresolved genotypes, lost alleles, and systematic bias in parameter
estimation. BMC Evol. Biol. 10, 118. http://dx.doi.org/10.1186/1471-2148-10-118.

Gregory-Wodzicki, K.M., 2000. Uplift history of the Central and Northern Andes: a re-
view. Geol. Soc. Am. Bull. 112 (7), 1091–1105.

Guillot, G., Mortier, F., Estoup, A., 2005. GENELAND: a computer package for landscape
genetics. Mol. Ecol. Notes 5 (3), 712–715. http://dx.doi.org/10.1111/j.1471-8286.
2005.01031.x.

Hanna, N., Brown, D., Avila, L.J., Sites, J.W., Morando, M., Fontanella, F.M., 2012.
Characterization of 10 polymorphic microsatellite loci in the South American lizard
Liolaemus fitzingerii with cross-amplification in L. chehuachekenk. Conserv.Genet.
Resour. 4 (1), 105–107. http://dx.doi.org/10.1007/s12686-011-9485-5.

Heath, L., van der Walt, E., Varsani, A., Martin, D.P., 2006. Recombination patterns in
aphthoviruses mirror 596 those found in other picornaviruses. J. Virol. 80,
11827–11832. http://dx.doi.org/10.1128/JVI.01100-06.

Heusser, C.J., 1966. Late-Pleistocene pollen diagrams from the Province of Llanquihue,
southern Chile. P. Am. Philos. Soc. 110 (4), 269–305.

Heusser, C.J., 2003. Ice age southern Andes, A chronicle of paleoecological events.
Developments in quaternary science, 3. Elsevier, 238 p.

Hewitt, G.M., 1996. Some genetic consequences of ice ages, and their role in divergence
and speciation. Biol. J. Linn. Soc. 58, 247–276.

Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G., Jarvis, A., 2005. Very high re-
solution interpolated climate surfaces for global land area. Int. J. Climatol. 25,
965–1978.

Ho, S.Y.W., Shapiro, B., Phillips, M., Cooper, A., Drummond, A.J., 2007. Evidence for
time dependency of molecular rate estimates. Syst. Biol. 56, 515–522.

Hulton, N.R., Purves, R.S., McCulloch, R.D., Sugden, D.E., Bentley, M.J., 2002. The last
glacial maximum and deglaciation in southern South America. Quatern. Sci. Rev. 21
(1), 233–241. http://dx.doi.org/10.1016/S0277-3791(01)00103-2.

Johnson, J.A., Toepfer, J.E., Dunn, P.O., 2003. Contrasting patterns of mitochondrial and
microsatellite population structure in fragmented populations of greater prairie
chickens. Mol. Ecol. 12 (12), 3335–3347. http://dx.doi.org/10.1046/j.1365-294X.
2003.02013.x.

Jakobsson, M., Rosenberg, N.A., 2007. CLUMPP: A cluster matching and permutation
program for dealing with label switching and multimodality in analysis of population
structure. Bioinformatics (Oxford, England) 23, 1801–1806.

Kass, R.E., Raftery, A.E., 1995. Bayes factors. J. Am. Stat. Assoc. 90 (430), 773–795.
http://dx.doi.org/10.1080/01621459.1995.10476572.

Lamborot, M., Eaton, L., Carrasco, B.A., 2003. The Aconcagua River as another barrier to
Liolaemus monticola (Sauria: Iguanidae) chromosomal races of central Chile. Rev.
Chil. Hist. Nat. 76, 23–34. http://dx.doi.org/10.4067/S0716-078X2003000100003.

Lessa, E.P., D’Elía, G., Pardinas, U.F., 2010. Genetic footprints of late Quaternary climate
change in the diversity of Patagonian-Fueguian rodents. Mol. Ecol. 19 (15),
3031–3037. http://dx.doi.org/10.1111/j.1365-294X.2010.04734.x.

Levy, E., Kennington, W.J., Tomkins, J.L., LeBas, N.R., 2012. Phylogeography and po-
pulation genetic structure of the Ornate Dragon Lizard, Ctenophorus ornatus. PloS one
7 (10), e46351. http://dx.doi.org/10.1371/journal.pone.0046351.

Link, A., Valencia, L.M., Cespedes, L.N., Duque, L.D., Cadena, C.D., Di Fiori, A., 2015.
Phylogeography of the critically endangered brown spider monkey (Ateles hybridus):
testing the riverine barrier hypothesis. Int. J. Primatol. 36, 530–547. http://dx.doi.
org/10.1007/s10764-015-9840-6.

Maldonado-Coelho, M., Blake, J., Silveira, L., Batalha-Filho, H., Ricklefs, R., 2013. Rivers,
refuges and population divergence of fire-eye antbirds (Pyriglena) in the Amazon
Basin. J. Evolution. Biol. 26, 1090–1107. http://dx.doi.org/10.1111/jeb.12123.

Markgraf, V., McGlone, M., Hope, G., 1995. Neogene paleoenvironmental and paleocli-
matic change in southern temperate ecosystems – a southern perspective. Trends
Ecol. Evol. 10, 143–147.

Martin, D.P., Williamson, C., Posada, D., 2005. RDP2: recombination detection and
analysis from sequence alignments. Bioinformatics 21 (2), 260–262. http://dx.doi.
org/10.1093/bioinformatics/bth490.

Martin, D., Rybicki, E., 2000. RDP: detection of recombination amongst aligned se-
quences. Bioinformatics 16, 562–563. http://dx.doi.org/10.1093/bioinformatics/16.
6.562.

McCulloch, R.D., Bentley, M.J., Purves, R.S., 2000. Climatic inferences from glacial and
paleoecological evidence at the last glacial termination, southern South America. J.
Quatern. Sci. 15, 409–417. http://dx.doi.org/10.1002/1099-1417(200005)
15:4<409::AID-JQS539>3.0.CO;2-#.

Morando, M., Avila, L.J., Baker, J., Sites Jr., J.W., 2004. Phylogeny and phylogeography
of the Liolaemus darwinii complex (Squamata: Liolaemidae): evidence for introgres-
sion and incomplete lineage sorting. Evolution 58 (4), 842–861.

Morando, M., Avila, L.J., Turner, C.R., Sites Jr., J.W., 2007. Molecular evidence or a
species complex in the Patagonian lizard Liolaemus bibronii and phylogeography of
the closely related Liolaemus gracilis (Squamata: Liolaemini). Mol. Phylogenet. Evol.
43, 952–973.

Mráz, P., Gaudeul, M., Rioux, D., Gielly, L., Choler, P., Taberlet, P., 2007. Genetic
structure of Hypochaeris uniflora (Asteraceae) suggests vicariance in the Carpathians
and rapid post-glacial colonization of the Alps from an eastern Alpine refugium. J.

Biogeogr. 34 (12), 2100–2114. http://dx.doi.org/10.1111/j.1365-2699.2007.
01765.x.

Müller, L., Hellmich, E., 1933. Beiträge zur Kenntnis der Herpetofauna Chiles.
Zoologischer Anzeiger 103, 128–142.

Myers, N., Mittermeier, R.A., Mittermeier, C.G., Da Fonseca, G.A., Kent, J., 2000.
Biodiversity hotspots for conservation priorities. Nature 403 (6772), 853–858.
http://dx.doi.org/10.1038/35002501.

Naidoo, T., Schoeman, M.C., Goodman, S.M., Taylor, P.J., Lamb, J.M., 2016. Discordance
between mitochondrial and nuclear genetic structure in the bat Chaerephon pumilus
(Chiroptera: Molossidae) from southern Africa. Mamm. Biol. 81 (2), 115–122. http://
dx.doi.org/10.1016/j.mambio.2015.11.002.

Nicolas, V., Missoup, A.D., Denys, C., Kerbis Peterhans, J., Katuala, P., Couloux, A., Colyn,
M., 2011. The roles of rivers and Pleistocene refugia in shaping genetic diversity in
Praomys misonnei in tropical Africa. J. Biogeogr. 38, 191–207.

Nuñez, J.J., Wood, N.K., Rabanal, F.E., Fontanella, F.M., Sites Jr., J.W., 2011. Amphibian
phylogeography in the Antipodes, Refugia and postglacial colonization explain mi-
tochondrial haplotype distribution in the Patagonian frog Eupsophus calcaratus
(Cycloramphidae). Mol. Phylogenet. Evol. 58 (2), 343–352. http://dx.doi.org/10.
1016/j.ympev.2010.11.026.

Palumbi, S.R., 1996. Nucleic acids I: the polymerase chain reaction. In: Hillis, D.M.,
Moritz, C., Mable, B.K. (Eds.), Molecular Systematics, second ed. Sinauer Associates,
Sunderland, MA, pp. 205–247.

Patton, J.L., da Silva, M.N.F., 1998. Rivers, refuges, and ridges: the geography of spe-
ciation of Amazonian mammals. In: Howard, D.J., Berlocher, S.H. (Eds.), Endless
Forms: Species and Speciation. Oxford University Press, New York, pp. 202–213.

Peakall, R.O.D., Smouse, P.E., 2006. GENALEX 6: genetic analysis in Excel. Population
genetic software for teaching and research. Mol. Ecol. Notes 6 (1), 288–295. http://
dx.doi.org/10.1111/j.1471-8286.2005.01155.x.

Peakall, R.O.D., Smouse, P.E., 2012. GenAlEx 6.5: genetic analysis in Excel. Population
genetic software for teaching and research—an update. Bioinformatics 28,
2537–2539. http://dx.doi.org/10.1093/bioinformatics/bts460.

Pellegrino, K.C.M., Rodriges, M.T., Waite, A.N., Morando, M., Yassuda, Y.Y., Sites, J.W.J.,
2005. Phylogeography and species limits in the Gymnodactylus darwinii complex
(Gekkonidae, Squamata): genetic structure coincides with river systems in the
Brazilian Atlantic Forest. Biol. J. Linn. Soc. 85, 13–26.

Pelletier, A., Obbard, M.E., Mills, K., Howe, E.J., Burrows, F.G., et al., 2012. Delineating
genetic groupings in continuously distributed species across largely homogeneous
landscapes: a study of American black bears (Ursus americanus) in Ontario, Canada.
Can. J. Zool. 90, 999–1014.

Petit, R.J., Brewer, S., Bordács, S., Burg, K., Cheddadi, R., Coart, E., Cottrell, J., Csaikl,
U.M., Dam, B., Deans, J.D., Espinel, S., Fineschi, S., Finkeldey, R., Glaz, I.,
Goicoechea, P.G., Jensen, J.S., König, A.O., Lowe, A.J., Madsen, S.F., Mátyás, G.,
Munro, R.C., Popescu, F., Slade, D., Tabbener, H., Vries, S.G.M., Ziegenhagen, B.,
Beaulieu, J., Kremer, A., 2002. Identification of refugia and post-glacial colonization
routes of European white oaks based on chloroplast DNA and fossil pollen evidence.
Forest Ecol. Manag. 59, 49–74.

Phillips, S.J., Anderson, R.P., Schapire, R.E., 2006. Maximum entropy modelling of spe-
cies geographic distributions. Ecol. Model. 190, 231–259. http://dx.doi.org/10.
1016/j.ecolmodel.2005.03.026.

Piertney, S.B., MacColl, A.D.C., Bacon, P.J., Racey, P.A., Lambin, X., Dallas, J.F., 2000.
Matrilineal genetic structure and female mediated gene flow in red grouse (Lagopus
lagopus scoticus): an analysis using mitochondrial DNA. Evolution 54, 279–289.

Pincheira-Donoso, D., Núñez, H., 2005. Las especies del genero Liolaemus Wiegmann,
1834 (Iguania, Tropiduridae, Liolaeminae). Taxonomía, sistemática y evolución.
Publicación Ocasional del Museo de Historia Natural. Chile 59, 7–486.

Portik, D.M., Bauer, A.M., Jackman, T.R., 2011a. Bridging the gap: western rock skinks
(Trachylepis sulcata) have a short history in South Africa. Mol. Ecol. 20, 1744–1758.
http://dx.doi.org/10.1111/j.1365-294X.2011.05047.x.

Portik, D.M., Wood Jr, P.L., Grismer, J.L., Stanley, E.L., Jackman, T.R., 2011b.
Identification of 104 rapidly-evolving nuclear protein-coding markers for amplifica-
tion across scaled reptiles using genomic resources. Conserv. Genet. Resour. 4 (1),
1–10. http://dx.doi.org/10.1007/s12686-011-9460-1.

Posada, D., 2008. JModeltest: phylogenetic model averaging. Mol. Biol. Evol. 25,
1253–1256.

Pritchard, J.K., Stephens, M., Donnelly, P., 2000. Inference of population structure using
multilocus genotype data. Genetics 155, 945–959.

R Development Core Team, 2009. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Austria.

Rabassa, J., Clapperton, C., 1990. Quaternary glaciations of the southern Andes. Quatern.
Sci. Rev. 9, 153–174. http://dx.doi.org/10.1016/0277-3791(90)90016-4.

Rambaut, A., Drummond, A.J., Suchard, M., 2013. Tracer v1.6. Available from:< http://
tree.bio.ed.ac.uk/software/tracer/> .

Ramos-Onsins, S.E., Rozas, J., 2002. Statistical properties of new neutrality tests against
population growth. Mol. Biol. Evol. 19, 2092–2100.

Ribas, C.C., Aleixo, A., Nogueira, A.C., Miyaki, C.Y., Cracraft, J., 2011. A palaeobiogeo-
graphic model for biotic diversification within Amazonia over the past three million
years. Proc. R. Soc. B 279, 681–689. http://dx.doi.org/10.1098/rspb. 2011.1120.

Rogers, A.R., Harpending, H., 1992. Population growth makes waves in the distribution of
pairwise genetic differences. Mol. Biol. Evol. 9 (3), 552–569.

Ronquist, F., Huelsenbeck, J.P., 2003. MRBAYES 3: Bayesian phylogenetic inference
under mixed models. Bioinformatics 19, 1572–1574.

Rosenberg, N.A., 2004. DISTRUCT: a program for the graphical display of population
structure. Mol. Ecol. Notes 4, 137–138.

Rull, V., 2010. On microrefugia and cryptic refugia. J. Biogeogr. 37, 1623–1627.
Ruzzante, D.E., Walde, S.J., Gosse, J.C., 2008. Climate control on ancestral population

dynamics: insight from Patagonian fish phylogeography. Mol. Ecol. 17, 2234–2244.

C. Muñoz-Mendoza et al. Molecular Phylogenetics and Evolution 116 (2017) 157–171

170



http://dx.doi.org/10.1111/j.1365-294X.2008.03738.x.
Sallaberry-Pincheira, N., Garin, C.F., González-Acuña, D., Sallaberry, M.A., Vianna, J.A.,

2011. Genetic divergence of Chilean long-tailed snake (Philodryas chamissonis) across
latitudes: conservation threats for different lineages. Divers. Distrib. 17 (1), 152–162.
http://dx.doi.org/10.1111/j.1472-4642.2010.00729.x.

Scribner, K.T., Petersen, M.R., Fields, R.L., Talbot, S.L., Pearce, J.M., Chesser, R.K., 2001.
Sex-biased gene flow in spectacled eiders (Anatidae): inferences from molecular
markers with contrasting modes of inheritance. Evolution 55, 2105–2115. http://dx.
doi.org/10.1111/j.0014-3820.2001.tb01325.x.

Sérsic, A., Cosacov, A., Cocucci, A.A., Johnson, L., Pozner, R., Avila, L.J., Sites, J.W.,
Morando, M., 2011. Emerging phylogeographical patterns of plants and terrestrial
vertebrates from Patagonia. Biol. J. Linn. Soc. 103, 475–494. http://dx.doi.org/10.
1111/j.1095-8312.2011.01656.x.

Smith, B.T., McCormack, J.E., Cuervo, A.M., Hickerson, M.J., Aleixo, A., Cadena, C.D.,
Pérez-Emán, J.L., Burney, C.W., Xie, X., Harvey, M.G., Faircloth, B.C., Glenn, T.C.,
Derryberry, E.P., Prejean, J., Fields, S., Brumfield, R.T., 2014. The drivers of tropical
speciation. Nature 515, 406–409. http://dx.doi.org/10.1038/nature13687.

Smith-Ramírez, C., 2004. The Chilean coastal range, a vanishing center of biodiversity
and endemism in South American températe rainforests. Biodivers. Conserv. 13,
373–393. http://dx.doi.org/10.1023/B:BIOC.0000006505.67560.9.

Stephens, M., Donnelly, P., 2003. Ancestral inference in population genetics models with
selection (with discussion). Aust. N. Z. J. Stat. 45 (4), 395–430.

Stephens, M., Smith, N.J., Donnelly, P., 2001. A new statistical method for haplotype
reconstruction from population data. Am. J. Hum. Genet. 68, 978–989. http://dx.doi.
org/10.1086/319501.

Stephens, M., Scheet, P., 2005. Accounting for decay of linkage desequilibrium in hap-
lotype inference and missing-data imputation. Am. J. Hum. Genet. 76, 449–462.
http://dx.doi.org/10.1086/428594.

Stewart, J.R., Lister, A.M., Barnes, I., Dalen, L., 2010. Refugia revisited: individualistic
responses of species in space and time. Proc. R. Soc. B 277, 661–671. http://dx.doi.
org/10.1098/rspb.2009.1272.

Swets, J.A., 1988. Measuring the accuracy of diagnostic systems. Science 240 (4857),
1285–1293.

Tajima, F., 1989. Statistical method for testing the neutral mutation hypothesis by DNA
polymorphism. Genetics 123, 585–595.

Tamura, K., Peterson, N., Stecher, G., Nei, M., Kumar, S., 2011. MEGA 5: molecular
evolutionary genetics analysis using maximum likelihood, evolutionary distance and
maximum parsimony methods. Mol. Biol. Evol. 28, 2731–2739. http://dx.doi.org/10.
1093/molbev/msr121.

Torres-Pérez, F., Lamborot, M., Boric-Bargetto, D., Hernandez, C.E., Ortiz, J.C., Palma,
R.E., 2007. Phylogeography of a mountain lizard species: an ancient fragmentation
process mediated by riverine barriers in the Liolaemus monticola complex (Sauria:
Liolaemidae). J. Zool. Syst. Evol. Res. 45, 72–81. http://dx.doi.org/10.1111/j.1439-
0469.2006.00392.x.

Turchetto-Zolet, A.C., Pinheiro, F., Salgueiro, F., Palma-Silva, C., 2013.
Phylogeographical patterns shed light on evolutionary process in South America.
Mol. Ecol. 22 (5), 1193–1213. http://dx.doi.org/10.1111/mec.12164.

Uetz, P., Freed, P., Hošek, J. (Eds.), 2016. The Reptile Database.< http://www.reptile-
database.org> (accessed).

Unmack, P.J., Bennin, A.P., Habit, E.M., Victoriano, P.F., Johnson, J.B., 2009. Impact of
ocean barriers, topography, and glaciation on the phylogeography of the catfish
Trichomycterus areolatus (Teleostei: Trichomycteridae) in Chile. Biol. J. Linn. Soc. 97
(4), 876–892. http://dx.doi.org/10.1111/j.1095-8312.2009.01224.x.

Valdez, L., D'Elía, G., 2013. Differentiation in the Atlantic Forest: phylogeography of
Akodon montensis (Rodentia, Sigmodontinae) and the Carnaval-Moritz model of
Pleistocene refugia. J. Mammal. 94 (4), 911–922. http://dx.doi.org/10.1644/12-
MAMM-A-227.1.

Vásquez, D., Correa, C., Pastenes, L., Palma, R.E., Méndez, M.A., 2013. Low phylogeo-
graphic structure ofRhinella arunco(Anura: Bufonidae), an endemic amphibian from
the Chilean Mediterranean hotspot. Zool. Stu. 52 (1), 35. http://dx.doi.org/10.1186/
1810-522X-52-35.

Vera-Escalona, I., D’Elía, G., Gouin, N., Fontanella, F.M., Muñoz-Mendoza, C., Sites, J.W.,
Victoriano, P.F., 2012. Lizards on ice: evidence for multiple refugia in Liolaemus pictus
(Liolaemidae) during the last glacial maximum in the Southern Andean beech forests.
PLoS ONE 7 (11), e48358. http://dx.doi.org/10.1371/journal.pone.0048358.

Victoriano, P.F., Ortiz, J.C., Benavides, E., Adams, B.J., Sites Jr., J.W., 2008. Comparative
phylogeography of codistributed species of Chilean Liolaemus (Squamata,
Tropiduridae) from the central-southern Andean range. Mol. Ecol. 17, 2397–2416.
http://dx.doi.org/10.1111/j.1365-294X.2008.03741.x.

Victoriano, P.F., Muñoz-Mendoza, C., Sáez, P.A., Salinas, H.F., Muñoz-Ramírez, C.,
Sallaberry, M., Méndez, M.A., 2015. Evolution and conservation on top of the world:
phylogeography of the marbled water frog (Telmatobius marmoratus species complex;
anura, telmatobiidae) in protected areas of Chile. J. Hered. 106 (S1), 546–559.
http://dx.doi.org/10.1093/jhered/esv039.

Vidal, M.A., 2002. Variación morfológica, cromosómica e isoenzimática en Liolaemus
tenuis (Duméril & Bibron, 1837) (Tropiduridae). Thesis of Science. Universidad de
Concepción, Concepción, Chile.

Vidal, M., Ortiz, J.C., Astorga, M., Victoriano, P., Lamborot, M., 2004. Revision of
Liolaemus tenuis subspecies (Duméril and Bibron, 1837) by analysis of population
genetic structure. Amphibia-Reptilia 25, 438–445.

Vidal, M., Ortiz, J.C., Ramírez, C.C., Lamborot, M., 2005. Intraspecific variation in
morphology and sexual dimorphism in Liolaemus tenuis (Tropiduridae). Amphibia-
Reptilia 26, 343–351. http://dx.doi.org/10.1163/156853805774408658.

Vidal, M.A., Ortiz, J.C., Labra, A., 2008. Intraspecific variation in a physiological ther-
moregulatory mechanism: the case of the lizard Liolaemus tenuis (Liolaeminae). Rev.
Chil. Hist. Nat. 81, 171–178. http://dx.doi.org/10.4067/S0716-
078X2008000200002.

Villagrán, C., 1991. Historia de los bosques templados del sur de Chile durante el
Tardiglacial y Postglacial. Rev. Chil. Hist. Nat. 64, 447–460.

Villagrán, C., Moreno, P., Villa, 1995. Antecedentes palinologicos acerca de la historia
cuaternaria de los bosques chilenos. In: Armesto, J.J., Villagrán, C., Arroyo, M.T.K.
(Eds.), Ecología de Los Bosques Nativos de Chile. Editorial Universitaria, Universidad
de Chile, Santiago, pp. 51–53.

Villagrán, C., 2001. Un modelo de la historia de la vegetación de la Cordillera de La Costa
de Chile central-sur: la hipótesis glacial de Darwin. Rev. Chil. Hist. Nat. 74, 793–803.
http://dx.doi.org/10.4067/S0716-078X2001000400007.

Viruel, J., Catalán, P., Segarra-Moragues, J.G., 2014. Latitudinal environmental niches
and riverine barriers shaped the phylogeography of the central Chilean endemic
Dioscorea humilis (Dioscoreaceae). PLoS ONE 9 (10), e110029. http://dx.doi.org/10.
1371/journal.pone.0110029.

Voelker, G., Marks, B.D., Kahindo, C., A'genonga, U., Bapeamoni, F., Duffie, L.E., Huntley,
J.W., Mulotwa, E., Rosenbaum, S.A., Light, J.E., 2013. River barriers and cryptic
biodiversity in an evolutionary museum. Ecol. Evol. 3, 536–545. http://dx.doi.org/
10.1002/ece3.482.

Vuilleumier, B.S., 1971. Pleistocene changes in the fauna and flora of South America.
Science 173, 771–780.

Waltari, E., Hijmans, R.J., Peterson, A.T., Nyari, A.S., Perkins, S.L., Guralnick, R.P., 2007.
Locating Pleistocene refugia: comparing phylogeographic and ecological niche model
predictions. PLoS ONE 2 (7). http://dx.doi.org/10.1371/journal.pone.0000563.

Wang, Y., Yan, G., 2014. Molecular phylogeography and population genetic structure of
O. longilobus and O. taihangensis (Opisthopappus) on the Taihang Mountains. PLoS
ONE 9 (8), e104773. http://dx.doi.org/10.1371/journal.pone.0104773.

Weir, B.S., Cockerham, C.C., 1984. Estimating F-statistics for the analysis of population
structure. Evolution 38, 1358–1370. http://dx.doi.org/10.2307/2408641.

Xia, X., Xie, Z., 2001. DAMBE.Software package for data analysis in molecular biology
and evolution. J. Hered. 92 (4), 371–373. http://dx.doi.org/10.1093/jhered/92.4.
371.

Xia, X., Xie, Z., Salemi, M., Chen, L., Wang, Y., 2003. An index of substitution saturation
and its application. Mol. Phylogenet. Evol. 26 (1), 1–7.

Xu, J., Pérez-Losada, M., Jara, C.G., Crandall, K.A., 2009. Pleistocene glaciation leaves
deep signature on the freshwater crab Aegla alacalufi in Chilean Patagonia. Mol. Ecol.
18 (5), 904–918. http://dx.doi.org/10.1111/j.1365-294X.2008.04070.x.

Zhang, W., Niu, Y., Yan, L., Cui, Z., Li, C., Mu, K., 2008a. Late Pleistocene glaciation of the
Changbai Mountains in northeastern China. Chinese Sci. Bull. 53 (17), 2672–2684.
http://dx.doi.org/10.1007/s11434-008-0347-9.

Zhang, H., Yan, J., Zhang, G., Zhou, K., 2008b. Phylogeography and demographic history
of Chinese black-spotted frog populations (Pelophylax nigromaculata): evidence for
independent refugia expansion and secondary contact. BMC Evol. Biol. 8 (1), 1.
http://dx.doi.org/10.1186/1471-2148-8-21.

C. Muñoz-Mendoza et al. Molecular Phylogenetics and Evolution 116 (2017) 157–171

171

View publication statsView publication stats

https://www.researchgate.net/publication/319499506

