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ABSTRACT

Coalescent-based algorithms coupled with the access to genome-wide data have become
powerful tools for assessing questions on recent or rapid diversification, as well as delineating
species boundaries in the absence of reciprocal monophyly. In southern South America, the
diversification of Liolaemus lizards during the Pleistocene is well documented and has been
attributed to the climatic changes that characterized this recent period of time. Past climatic
changes had harsh effects at extreme latitudes, including Patagonia, but habitat changes at
intermediate latitudes of South America have also been recorded, including expansion of sand
fields over northern Patagonia and Pampas). In this work, we apply a coalescent-based approach
to study the diversification of the Liolaemus wiegmannii species complex, a morphologically
conservative clade that inhabits sandy soils across northwest and south-central Argentina, and
the south shores of Uruguay. Using four standard sequence markers (mitochondrial DNA and
three nuclear loci) along with ddRADseq data we inferred species limits and a time-calibrated
species tree for the L. wiegmannii complex in order to evaluate the influence of Quaternary sand
expansion/retraction cycles on diversification. We also evaluated the evolutionary independence
of the recently described L. gardeli and inferred its phylogenetic position relative to L.
wiegmannii. We find strong evidence for six allopatric candidate species within L. wiegmannii,
which diversified during the Pleistocene. The Great Patagonian Glaciation (~1 million years
before present) likely split the species complex into two main groups: one composed of lineages
associated with sub-Andean sedimentary formations, and the other mostly related to sand fields
in the Pampas and northern Patagonia. We hypothesize that early speciation within L.
wiegmannii was influenced by the expansion of sand dunes throughout central Argentina and
Pampas. Finally, L. gardeli is supported as a distinct lineage nested within the L. wiegmannii

complex.
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1. INTRODUCTION

Species are the fundamental units in biology, and consequently, species delimitation is a
central issue in systematics. Accurately estimating species limits represents a step towards the
stabilization of alpha taxonomy, upon which many biogeographical, evolutionary and ecological
studies rely. Ultimately, an adequate understanding of species diversity has important
implications for conservation initiatives and their adequate funding (Agapow et al., 2004; Fujita
et al., 2012). Unresolved species complexes are still relatively common in the Tree of Life, and
this problem seems particularly common in species-rich groups that often show conservative
morphology and/or have diverged recently (Bickford et al., 2007; Pfenninger and Schwenk,
2007; Pante et al., 2015a; Struck et al., 2018). In some cases, the use of morphology or gene trees
alone has led to oversplitting of populations that might not represent distinct species, leading to
taxonomic inflation (Fujita and Leaché, 2011; but also see Bauer et al., 2011). Despite these
limitations, the recent development of coalescent-based species delimitation methods has
provided promising tools for testing hypotheses of species boundaries, especially for
morphologically conserved groups and for populations/species that diverged recently (Fujita et

al., 2012).

The genus Liolaemus is one of the most species-rich lizard genera in the world and
contains around 260 recognized species widely distributed across southern South America
(Pincheira-Donoso et al., 2008; Lobo et al., 2010; Breitman, 2011a; Avila et al., 2013; Uetz,
2019). In the last two decades, increased sampling efforts in unexplored areas coupled with the
use of molecular markers have revealed multiple examples of widely distributed “species”
characterized by high levels of cryptic diversity (Olave et al., 2017 and references therein). Many

new species of Liolaemus have been described in the last ten years due to the resolution of



species complexes (e.g., Breitman et al., 2011b, c; Martinez et al., 2011; Avila et al., 2017), or
the discovery of new populations (e.g. Avila et al., 2009, 2012, 2015; Troncoso-Palacios et al.,
2016; Verrastro et al., 2017; Vega et al., 2018). As the result of a complex evolutionary history,
Liolaemus is now interpreted to include two major clades or subgenera (Liolaemus sensu stricto
and Eulaemus), each containing several sections, series, species groups, and complexes (Schulte
et al., 2000; Abdala and Quinteros, 2014; Olave et al., 2014). Within the L. montanus section of
Eulaemus, morphological, behavioral and molecular studies have resolved a clade of arenicolous
lizards known as the Liolaemus wiegmannii group (Etheridge, 1995, 2000; Schulte et al., 2000;
Avila et al., 2006, 2009; Pincheira-Donoso et al., 2008; Olave et al. 2014; Verrastro et al. 2017),

and we focus on part of this clade here.

Liolaemus wiegmannii (Duméril and Bibron 1837) is one of twelve species belonging to
the L. wiegmannii group; it is distributed throughout several provinces of Argentina (Rio Negro,
La Pampa, Buenos Aires, San Luis, Mendoza, Cérdoba, Entre Rios, Catamarca, San Juan,
Tucumén, Salta, and Jujuy, including also a historical record from Santa F¢), and along the
southwest, southern, and eastern shores of Uruguay (Etheridge, 2000; Avila et al., 2013) (Fig.
1i). Across this extensive range, the species occupies a great variety of sandy habitats. For
instance, in Mendoza and some localities in Rio Negro and La Pampa, L. wiegmannii occurs in
sandy soils and small dunes surrounded by Monte Desert vegetation (at sea level or below 500
meters of altitude). Populations in other localities in La Pampa, San Luis, the south of Cérdoba,
Entre Rios and inland Buenos Aires, live in Pampean sand dunes, while coastal populations in
Buenos Aires Province and Uruguay inhabit vegetated coastal dunes. In the surroundings of the
Sierras de Coérdoba, L. wiegmannii is found in open areas of Chaco Serrano environments.

Finally, in Catamarca, Tucuman, Salta, and Jujuy Provinces, the species is observed in



sedimentary formations of sub-Andean mountain ranges where altitudes can reach ~ 2000 meters
above sea level (masl) (Etheridge, 2000; this study). Several authors have pointed out that L.
wiegmannii is probably a species complex, and that some disjunct populations may represent
independent evolutionary lineages (Etheridge, 2000; Avila, 2003; Avila et al., 2006, 2009). In
fact, Avila et al. (2009) inferred a phylogeny of the L. wiegmannii group that resolved four
lineages: L. wiegmannii, L. wiegmannii-Uruguay, L. wiegmannii-Mendoza, and L. wiegmannii-
Catamarca. However, this study did not include either the northernmost known populations (i.e.,
Tucuman, Salta, and Jujuy), or L. gardeli (Verrastro et al., 2017), a recently described species
from isolated sand dunes in central Uruguay, which is a nested lineage within the L. wiegmannii

complex based on a mitochondrial gene tree (Verrastro et al., 2017).

Although there is no study of morphological variation across all L. wiegmannii
populations, published data suggest a very conservative morphology that ultimately may explain
why species boundaries within this complex still remain unresolved (see Etheridge, 2000, Avila,
2002, Verrastro et al., 2003, 2017, Avila et al., 2009, Cabrera et al., 2013, Villamil et al., 2017).
Whether this apparently conservative morphology is reflecting limited divergence (i.e.,
evolutionary stasis) and/or a very recent diversification is unknown. Sand dunes and open
highland habitats in which L. wiegmannii now occurs have experienced several Cenozoic
expansion-retraction cycles associated with climatic changes (Rabassa et al., 2005), which might
have promoted rapid diversification in the complex driven by non-adaptive divergence in
allopatry (Camargo et al., 2010). For instance, dispersal could have taken place across sand fields
that expanded in the glacial periods, while vicariance may have resulted from habitat

fragmentation during the inter-glacials.



Current hypotheses about L. wiegmannii diversification have relied on the observation of
reciprocal monophyly of concatenated gene trees, an approach that ignores the expected
genealogical independence among non-recombining loci. The likely recent diversification of the
L. wiegmannii complex could have established conditions under which incomplete lineage
sorting (ILS) produced discordance between gene trees and the species tree (especially if
ancestral population sizes were large); reciprocal monophyly at multiple loci is unlikely to occur
in such situations (Maddison, 1997; Hudson and Coyne, 2002; Zhang et al., 2011; Fujita et al.,
2012). This incongruence can be explicitly modeled using the multispecies coalescent model
(MSC; Rannala and Yang, 2003; Yang and Rannala, 2010, 2014). Further, new techniques for
obtaining genomic data that are readily applicable to non-model organisms have revolutionized
the fields of molecular systematics and phylogeography, and they are now routinely used to
generate large numbers of rapidly evolving, low-cost markers for assessing questions about
recent or rapid diversification (Morin et al., 2004; Helyar et al., 2011; Wagner et al., 2013; Pante
et al., 2015b; Hung et al., 2016; Leaché and Oaks, 2017; Gibbs et al., 2018). For instance,
ddRADseq data (Peterson et al., 2012) can be used to obtain hundreds to thousands of bi-allelic
markers scattered throughout the genome, which can be directly used to infer a species tree,
bypassing gene tree integration, at a relatively low computational cost (SNAPP, Bryant et al.,
2012). This algorithm has been extended to delimit species using marginal likelihood estimation
and model comparison using Bayes Factors (Grummer et al., 2014; Leaché et al., 2014). This
approach enables statistical comparisons among non-nested hypotheses of species boundaries
consisting of different numbers of species and/or different assignments of samples to species, a
strategy that is not feasible with other species delimitation methods currently available (Leaché

et al., 2018; Oaks et al., 2019).



In this study, we investigate the diversification of the L. wiegmannii complex with
geographic sampling that includes most of the known populations. Our data set includes one
mitochondrial gene (cytochrome b), three nuclear markers (KIF24, PRLR and EXPHS5), and
thousands of bi-allelic genomic markers obtained from ddRADseq data. We analyzed these new
data using coalescent-based approaches for species tree inference and species delimitation. In
addition, we also estimated divergence times in order to evaluate the hypothesis that population
divergence and/or speciation events were associated with the expansion/retraction cycles of
sandy habitats during the Quaternary of southern South America. Finally, we evaluated the
evolutionary independence of L. gardeli and infer its phylogenetic position within the L.

wiegmannii complex using cytochrome b, KIF24, PRLR and EXPHS5 markers.

2. MATERIALS AND METHODS

2.1 Sampling

We obtained samples from throughout nearly the entire distribution of the Liolaemus
wiegmannii complex (Fig. 1ii), including samples from the presumable type locality of the
nominal species, near to the mouth of the Negro River at the border of the Rio Negro and Buenos
Aires Provinces in Argentina (see Etheridge, 2000; black arrow in Fig. 11). A maximum of five
specimens per locality was collected by hand or a noose. Animals were euthanized by an
overdose of sodium thiopental, and samples of liver or muscle and tail were taken and stored in
95% ethanol. Specimens were then fixed in 10% formalin, and deposited in the herpetological
collection of the Centro Nacional Patagonico (CENPAT-CONICET), Puerto Madryn
(Argentina), and the Vertebrate Zoology Collection of the Faculty of Sciences, Montevideo
(Uruguay) (Table S1). All procedures followed ethical and legal requirements established in

Uruguay and Argentina.



Insert Figure 1 near here.

2.2 Laboratory procedures and data collection

2.2.1 Sequences

Genomic DNA was extracted mostly from liver using the NaCl-isopropanol protocol

(available at: https://figshare.com/articles/MacManes_Salt Extraction_Protocol/658946).

Fragments of mitochondrial cytochrome b and the nuclear markers KIF24, PRLR and EXPHS5
were amplified by PCR. Cytochrome b was amplified using IguaCytob F2 - IguaCytob R2 and
GluDGL - Cytb3 primers developed by Corl et al.,, (2010), and Palumbi et al., (1996),
respectively. We used a PCR program with a touchdown of 0.3° C per cycle for Tm: 94°C
(02:45), 35x [94°C (00:15), 51°C (01:00, -0.3°C), 72°C (01:00)], at 72°C (07:00), following
Morando et al. (2003). Each reaction “cocktail” included 18.5 ul of distilled H20, 2.5 pl 10X
buffer, 2.5 ul dANTPs (2 mM), 0.5 ul of each primer and 0.25 pl of polymerase. Nuclear KIF24,
EXPHS5 and PRLR fragments were amplified with the primers designed by Portik et al. (2012);
KIF24 F1-R1, EXPH5 F1-R1, and Townsend et al. (2008): PRLR F1-R3. Reactions for nuclear
markers were prepared following Olave et al. (2014) and contained 8.5 pl of distilled H,O, 1.4 ul
10X buffer, 2 ul dANTPs (2 mM), 1 ul of each primer and 0.1 pl of polymerase. KIF24 and
EXPHS5 were amplified through a touchdown program with three steps of cycling, where Tm
decreased 0.5°C per cycle only in the first step, following Noonan and Yoder (2009) indications:
95°C (1:30), 10x [95°C (0:35), 63°C (0:35, —0.5°C), 72°C (01:00]; 10x [95°C (0:35), 58°C
(0:35), 72°C (01:00)]; 15% [95°C (00:35), 52°C (00:35), 72°C (01:00)]; 72°C (10:00). Finally,
for PRLR we use a similar to CYTB program with a touchdown of 0.3°C per cycle in Tm: 94°C
(02:45); 35x [94°C (00:15), 51°C (00:20, -0.3°C), 72°C (01:00)]; 72°C (07:00) (Reyes-Velazco

and Mulcahy, 2010).


https://figshare.com/articles/MacManes_Salt_Extraction_Protocol/658946

PCR products were checked in agarose gels at 1.5X and purified using the Clean and
Concentrator Kit of ZYMO (ZYMO Research Inc.) for later standard sequencing via the
Macrogen service (www.macrogen.com), using the same primers employed for PCR reactions.
Almost all five individuals collected per locality were sequenced for cytochrome b, whereas for
nuclear KIF24 and PRLR markers we usually obtained sequences from three individuals, and

one sequence for EXPHS.

Sequence chromatograms were visually checked and manually edited with ProSeq 3.4.7.0
(Filatov, 2009). Multiple alignments for each locus were made with Clustal X 2.0 (Larkin et al.,
2007), whereas the reading frame was corroborated in MEGA 6 (Tamura et al., 2013). The
specific identity of the sequences obtained was explored in GenBank via the BLAST tool.
Nuclear loci were phased using the algorithm of DNASp 5.10.1 (Rozas and Rozas, 1995), and
summary statistics T, S 'y ® (Nei, 1987) were estimated for all loci through the same software.
Finally, the fit of different substitution models for each locus was tested with jModelTest2

(Darriba et al., 2012), and the modeltest function of the phangorn package of R (Schliep, 2011).

2.2.2 Genomic data

Genomic sampling of SNPs followed the ddRADseq protocol of Peterson et al. (2012)
and included 113 individuals representing all potential candidate species for the complex. DNA
quality for all samples was checked in agarose gels, and DNA concentrations were measured
with Qubit (Thermo Fisher Scientific). Extractions were digested with the restriction enzymes
Sbfl and Mspl (New England Biolabs), and the obtained fragments were purified with Sera-Mag
SpeedBeads beads before ligation of barcoded Illumina adaptors onto the fragments. The
oligonucleotide sequences used for barcoding and adding Illumina indexes during library

preparation are provided in Peterson et al. (2012). Equal amounts of ligated DNA from each
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sample were combined to create a pool of individuals prior to fragment size selection using
Pippin Prep (Sage Science). The final library was amplified using proofreading Taq and
[llumina’s indexed primers. For each pool, the fragment size distribution and concentration were
assessed with an Agilent 2200 TapeStation and qPCR. Finally, libraries were sequenced in an
Illumina HiSeq 2000 lane for 100 bp single-end reads via the sequencing service of the

University of California (Berkeley, USA).

Primers and adapters were removed from the ddRADseq raw data using FASTX-Toolkit
(Gordon and Hannon, 2010). Sequences resulted from quality filtering and de-multiplexing were
then processed with STACKS 1.43 (Catchen et al., 2013), a set of programs and scripts that
allows data filtering and locus identification. Reads that represented potential loci per individual
were grouped using ustacks considering a minimum of coverage for grouping reads of ten
(m=10) and allowing a maximum of two mismatches (M=2) between groups of reads. Each
unique locus for all individuals was incorporated into a catalog via cstacks using a mismatch
threshold of four (n=4) and removing those loci that showed an elevated coverage, which may
suggest the presence of paralogs. Haplotypes for each individual per locus were resolved with
sstacks and both loci and individuals missed were filtered before final matrices were obtained
via the populations tool. Different thresholds for the number of missing loci allowed were
considered, as well as for the minor allele frequencies. As a final point, a single random SNP

was chosen for each RAD locus, in order to avoid linkage between SNPs (Leaché et al., 2014).

A total of 1509 SNPs were obtained for 80 percent of the 113 individuals (r80), each of
one having no more than 30 percent missing data (30 pMD). Reducing the SNPs present to 50
percent of individuals (r50) and the same tolerance for missing data per individual (30pMD),

results in a matrix of 3912 SNPs for 75 individuals. The retention of all individuals (113) having
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SNPs at least for 50 percent of them is only possible under higher tolerance of missing data per
individual. For instance, r50 with a pMD of 50 (50 pMD) retain 3912 SNPs for 113 specimens.
This trade-off between the number of SNPs retained and the sample size (number of individuals),

is expected for RADseq data (Leaché et al., 2014 and references therein).

2.3 Sequence-based species delimitation and divergence times estimates

In order to assign individuals to candidate species, Bayesian and Maximum Likelihood
cytochrome b genealogies were inferred with Beast 1.8.4 (Drummond et al., 2012) and RAxML
v. 8 (Stamatakis, 2014) respectively, using Liolaemus lutzae as an outgroup. Beast was run with
a Yule model as a prior of the tree, assuming an uncorrelated lognormal relaxed clock with a
HKI+G substitution model. RAXML analysis was conducted with a GTRGAMMA model, and
node support was assessed through 1000 bootstrap replicates. From these genealogies, single
locus species delimitation was carried out with GMYC (Pons et al., 2006) and mPTP (Kapli et
al., 2017). All individuals of a given cluster supported by mPTP and GMYC with also posterior
probabilities > 0.95 or bootstrap support > 75 in the gene trees, were assigned a priori to the
same candidate species. These candidate species were subsequently tested in BPP 3.4 (Yang and
Rannala, 2014) based on the four loci. BPP analyses were run under the A11 configuration (joint
species delimitation and species tree inference), which is an unguided species delimitation
(Yang, 2015). Ploidy variation among loci was taken into account through heredity scalar
settings of 1 for KIF24, PRLR and EXPHS, and 0.25 for cytochrome b. Locus substitution rates
were estimated with a Dirichlet distribution D(a), with 0=2, which reflect rate differences among
loci. Finally, a flag indicating unphased nuclear loci was included in the control file via the

diploid option.
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Taking into account that BPP can result sensitive to ® and 7o prior distributions (Zhang et

al., 2011), these were parametrized through Inverse Gamma distributions (Inv-Gamma(a, f3))
considering a=3 and values of B that cover different alternative scenarios for ancestral population
size and root age (Ruane et al., 2014, Grummer et al., 2014): (a) ®=Inv-Gamma(3, 0.2) and
to=Inv-Gamma(3, 0.2): large population size and deep divergence; (b) ®=Inv-Gamma(3, 0.002)
and ro=Inv-Gamma(3, 0.002): small population size and shallow divergence; (c) ®=Inv-
Gamma(3, 0.2) and ro=Inv-Gamma(3, 0.002): large population size and shallow divergence; and
(d) ®=Inv-Gamma(3, 0.002) and ro=Inv-Gamma(3, 0.2): small population size and deep
divergence, where (c) is the most conservative speciation scenario (Leaché and Fujita, 2010).

Each pair of ® and 7o prior settings were run under four alternative starting tree topologies, and

each combination of these factors was run four times using different random seeds in order to

check convergence among runs.

Divergence times for the lineages supported by BPP were estimated in *BEAST
(Drummond and Rambaut, 2007), which infer divergence times under the multispecies
coalescent, emphasizing incomplete lineage sorting as the principal source of gene-species tree
discordance (Heled and Drummond, 2010). This analysis was run assuming uncorrelated
lognormal relaxed clocks, and used the substitution rates estimated by Olave et al. (2015) for
Eulaemus (cytochrome b: 1.9355 x 10-2 (£3.4639 x 10-5); PRLR: 1.3223 x 10-3 (£ 2.9225 x 10-
6); KIF24: 1.9021 x 10-3 (+ 3.5705 x 10-6); EXPHS5: 1.2955 x 10 (£0.000002806)). Gamma
and Inverse Gamma distributions were used for the priors of species.Pop.mean and
species.yule.Birth.rate. Under Gamma prior, shape (o) and scale parameter (1/B) where,
respectively, setting in 2 and 1/2000 for species.pop.Mean, and 1 and 1/10 for

species.yule.Birth.rate. Inverse Gamma distribution was only used for species.pop.Mean, with an
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initial value of 0.015, and shape and scale of 3 and 0.3, following Grummer et al. (2014). When

Inverse Gamma was used for species.pop.Mean, species.yule.Birth.rate was set as the default.

For both BEAST and *BEAST analyses, stationarity of Markov chain and effective
sampled sized (ESS) for each estimated parameter were assessed with Tracer v1.6 (Rambaut and
Drummond, 2007), where parameter estimates were considered robust enough when traces

reached stationarity, and ESS values were greater than 200. All generations before stability were

discarded.

Runs generated 10,000 trees that were summarized with TreeAnnotator (Drummond
and Rambaut, 2007), discarding the first 1,000 trees. The annotated tree that resulted from this
step was finally visualized in FigTree v1.4.2 (available at:

http://tree.bio.ed.ac.uk/software/figtree/).

2.4 Genome-wide species limits, genomic variation and species tree estimation

The SNP matrix that includes 3912 loci for 113 individuals was transformed to a genind
class object in adegenet package (Jombart et al., 2008) of R 3.5.0 (R Core Team 2018), with
which it is possible to analyze thousands of SNPs at low computational costs. From this object
we ran a Principal Component Analysis to explore the general structure of the dataset. SNP
clusters ranging from K=I to 20 were evaluated through the snapclust.choose.k function of
adegenet using AIC and BIC. Best K values were then considered for a Discriminant Analysis of
Principal Components (DAPC). Finally, membership probabilities of each individual to the

DAPC clusters were inspected through the compoplot function of adegenet.

In addition, a maximum likelihood SNPs tree was inferred with RAXML-NG (Kozlov et

al., 2018) using a GTR+G+ASC_LEWIS model, 100 starting trees and 1000 bootstrap replicates


http://tree.bio.ed.ac.uk/software/figtree/
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to assess node support. Given that SNPs only contain variable sites, the ASC option was used to

correct for an ascertainment bias in the likelihood calculations.

Both adegenet and RAXML-NG analyses were used to assign individuals to putative
species for subsequent testing with a Bayes Factor Species Delimitation approach (Leaché et al.,
2014). This allows comparing alternative species delimitation hypotheses under the Multispecies
Coalescent Model based on marginal likelihood estimations. Bayes Factor Species Delimitation
(BFD*) was implemented via the SNAPP (Bryant et al., 2012) and Path Sampler packages of
BEAST 2.5 (Bouckaert et al., 2014). A matrix composed by 3912 SNPs and 113 individuals was

transformed to the SNAPP format with Phrynomics (https://github.com/bbanbury/phrynomics),

allowing the inclusion of original missing data. Missing loci per individual were counted through
a while loop with egrep in Bash. Then, considering six individuals for each of the candidate
species suggested by the adegenet and RAXML analyses, those individuals with the fewest
missing loci were retained in a new matrix. Each locus was inspected for missing data with a
spreadsheet, in which a value of 1 was assigned to those loci present in all individuals; otherwise,
a missing locus was flagged with a value of 0. This information was used to process the 3912
loci x 36 individuals matrix with a for loop in R 3.5.0, which transferred only those loci labeled
with 1 to a new file. At the end of the pipeline, we obtained a matrix of 214 loci for 36

individuals with no missing data.

SNAPP mutation rate parameters # and v were set to 1, and the coalescent rate was
sampled from the prior with an initial value of 10. Speciation rate of the Yule model (A) and ®
were parametrized through Gamma prior distributions with a=2 and =200 for A, and a=1 and
=250 for ®. Marginal likelihood for each model was estimated through Path Sampling

considering 40 steps, with an MCMC length of 400000 for each step, a pre-burning of 40000,


https://github.com/bbanbury/phrynomics
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and 10% of final burning. This MCMC sampling frequency was sufficient to ensure that the
majority of ESS values were > 200. Marginal likelihood values were then used to compare
alternative models of species limits via Bayes Factors (2/og.BF), calculated as twice the
difference in marginal likelihood between two models: 2/og BF= 2(MLE(model;)-MLE(model,).
The strength of support for a model was assessed following the framework of Kass and Raftery
(1995) in which 2/og,BF values between 6 and 10 strongly support model 1 over 2, and values
above 10 decisively support model 1 over 2. Finally, the species tree of the best-ranked model

was summarized with TreeAnnotator, discarding the first 1000 trees.

Both Marginal Likelihood estimates for BFD* and Maximum Likelihood tree inference
with RAXML-NG were conducted in a linux supercomputer cluster composed of 28 nodes with
20 CPUs (40 cores), and ~125 Gb of RAM each (National Supercomputing Center ClusterUY,
www.cluster.uy). For BFD*, RAM and CPU usage varied across models, but in general, the
more species the model has, the more RAM and computing time it requires. For instance, 6
species models required 7 days, allowing the use of 20 CPUs (2 core each) and 125 Gb of RAM.
The RAXML SNPs tree inference took ~18 hours with 10 CPUs and 10 Gb of RAM through 5

threads.

The topology of the SNP-based species tree was also inferred with SVDquartets
(Chifman and Kubakto, 2014), for which 1509 and 3912 SNPs matrices were used. SVDquartets
is a recently developed method of species tree estimation under the multispecies coalescent that
uses site patterns to estimate unrooted topologies based on quartet taxa relationships.
SVDquartets assess the uncertainty in species relationships via non-parametric bootstrapping,
and has been recently incorporated to PAUP 4.0 (Swofford, 1998). Using a standard computer,

this software can estimate a species tree topology for thousands of SNPs and 100 individuals in
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minutes, which makes it an excellent tool for recovering species trees once the limits between

lineages have been previously inferred.

3. RESULTS
3.1 Summary statistics and substitution models

We obtained 162 sequences of cytochrome b. Fragment lengths differed between
primers; PCR amplicons obtained with IguaCytob F-R are almost 300 bp longer than those
amplified with GluDGL-Cytb3. Final alignments for cytochrome b were 743 bp in length.
Nuclear loci were sequenced for a subset of individuals with the following results: 98 sequences
were obtained for KIF24, 47 for PRLR, and 19 for EXPHS. Final alignments for these markers
were 420 bp, 370 bp and 737 bp length, respectively. Cytochrome b exhibited the highest
variability of the four loci sequenced, on average having an order of magnitude greater variation
than KIF24, EXPH5 and PRLR. According to Bayesian Information Criteria (BIC), the HKI

model was the best fit for all loci (Table 1).

Insert table 1 near here.

3.2 Cytochrome b genealogy and single locus species delimitation

No topological differences are observed between the ML and Bayesian CYTB gene
trees; both BEAST and RAXML (not shown in figure 2) analyses recovered seven strongly
supported haploclades. Three haploclades are novel for the L. wiegmannii complex,
corresponding to populations from Tucuman, Salta, and Jujuy Provinces (Argentina); these
localities were not included in earlier molecular studies of this species complex. Further, two
well-supported haploclades were found in Uruguay; one occurs in the locality of Las Canas
(Department of Rio Negro) to the north of the Negro River (black circles in figure 2, black arrow

in figure 1iii), and is widely distributed throughout south-central Argentina. The second
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haploclade of Uruguay is exclusively distributed along the shores of the lower Uruguay River,
the La Plata River, and along the Atlantic Coast from south of Negro River to west of the Valizas
creek (light blue in figure 2). Structure is also resolved within the south-central Argentinian
lineage (light green in figure 2) because many haplotypes are recovered in well-supported

groups, but none of them has geographic correspondence.

Single locus species delimitation with mPTP supports five of the seven haploclades
resolved in the gene tree, combining (C + D) and (F + G) as single candidate species (Fig. 2).
However, the GMYC, supports (C + D) and (F + G) as separate species, and also recovers other

unsupported candidate species nested within A and B (light gray blocks in figure 2).

We collected CYTB data for only four individuals of the recently described L. gardeli
(not included in Fig. 2), and these four sequences have only one polymorphic site. When these
are included in the genealogy, L. gardeli, south-central Argentina (A) and Uruguay (B) are
recovered as a strongly-supported haploclade (PP=0.98), although the relationships among these
three lineages are not resolved [PP (Uruguay, South-Central Argentina) = 0.63] (Fig. S1).
Finally, there are two unique CYTB haplotypes (not shown in Fig. 2), that when considered are
recovered closer to L. gardeli than the South-Central Argentina haplotypes, although without
support (Fig. S1). One of these (LJAMM 13266), occurs 25 km north of Villa Mercedes in the
Department of General Pedernera (San Luis Province), and might be an ancestral polymorphism
of the South-Central lineage. The other haplotype (LJAMM 3132), represents the only individual
that we collected in the locality of Copacabana in the Sierras de Cordoba (Province of Cordoba),
part of the Chaco Serrano region where the species was historically known to occur from several

localities at about 900 meters, but individuals are now hard to find (LJA personal observation).
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These two haplotypes were included as part of the South-Central Argentina candidate species in

the subsequent delimitation and species tree analyses.

Insert Figure 2 near here.

3.3 Species limits

3.3.1 Sequence-based species limits

An eight species model is inferred by BPP under three of the four scenarios (a-d) with
varying priors for ® and 7o. However, posterior probabilities for eight species were > 0.95 for b

and d only. The most conservative scenario (¢), suggests eight species with an associated
posterior probability < 0.95, which is likely related to the uncertainty of candidate species F and
G. Finally, seven species are suggested under scenario a, which implies F and G are conspecific,
although there is no support for neither the model nor the (F + G) candidate species (Table 2).
Candidate species A, B, E and Liolaemus gardeli are strongly supported under all the scenarios
explored, although it is important to note that we included only four individuals of L. gardeli.
Furthermore, candidate species C and D are supported in three of the four scenarios explored,
and F and G have strong support in two of these (Table 2). Despite high convergence among
runs, both b and d priors returned a seven species model under the topology 3 of the starting tree
[(((A, B), H), ((C, D), (E, (F, G))))] with a posterior probability of ~0.6 and 0.9, respectively. Again,

this seven species model resolves (F + G) as one species (Table S2).

Insert Table 2 near here.

Seven of the eight candidate species resolved in the most frequently supported model
occur in allopatry (Fig. 1iii). Spatial overlap between the widely distributed lineage of the South-

Central Argentina (light green) and the Mendoza lineage (red star) occurs at a single locality in
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La Paz, Mendoza, Argentina (km 276 of the national route 146) both candidate species can be

collected in the same sand dune area.

3.3.2 Genome-wide species limits and genomic variation

Principal Component Analysis based on 3912 SNPs suggests six main groups of
individuals that largely correspond to the A+C, B, D, E, F and G candidate species supported by
BPP (Fig. 31). Individuals from South-Central Argentina (A+C) and Uruguay (B) are clearly
separated from northern individuals of Catamarca (D), Tucuman & Salta I (E), Jujuy (F) and
Salta (G) along the first principal component. Differentiation within these two groups is also
observed along the second principal component (JAC + B] and [D, E, F, G]; Fig. 3i). The
snapclust.k function of adegenet suggests between 5 and 6 clusters considering BIC and AIC
respectively (Fig. S2), which in general is consistent with the structure observed in the PCA, and
corresponds to A (+C), B, D, E, F and G lineages from resolved in BPP. From this structure of
six clusters, DAPC shows a clear differentiation of most of the groups. Lineage assignments A-G
were included as a proxy, and all the individuals belonging to the C lineage identified in BPP,
are totally overlapped with individuals from A (Fig. 3ii, Table S3). No admixture is observed
between clusters (Fig. 3iii). Again, all the individuals from the Mendoza (C) linecage of BPP,
show a membership probability of 1 to the South-Central Argentina (A) cluster. This last group
and Uruguay (B) appear very close in both PCA and DAPC (particularly), which might suggest
that under K=5, A and B would belong to the same group (Fig. 3i and ii). However, no
admixture between A and B is recovered by adegenet (Fig. 3iii), and consequently, we kept K=6

for subsequent analyses.

A maximum likelihood tree based on 3912 SNPs strongly supports lineages B, D, F and

G as monophyletic (Fig. 41). A+B is also supported, however, there is no reciprocal monophyly
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between A and B lineages; A is paraphyletic with respect to a monophyletic B, and again it
includes all the individuals of C (with genomic data). The monophyly of (E + (F, G)) is also

recovered, but the reciprocal monophyly of E respect to the (F, G) clade is not well supported.

Insert Figure 3 near here.

Bayes Factor Species Delimitation decisively supports Model 1 —six candidate species for
the Liolaemus wiegmannii complex— over all other alternative hypotheses. Model 4, in which
candidate species A and B are conspecific, is the second best-ranked model, which is consistent
with DAPC and ML tree result that suggest the possibility of 5 groups within the complex. Even

so, model 1 is decisively supported over the above model by a 2/log,BF of +305.45 (Table 3).

Insert table 3 near here.

3.4 Species tree topology

3.4.1 Sequence-based species tree estimation

Taking into account the maximum splitting scenario supported by BPP, only the (A, B) and (E,
(F, G)) clades are strongly supported in the species tree inferred with *BEAST; these results are
independent of the prior parametrization of species.PopMean and the species.yule.birthrate used.
The (C, D) relationship is also recovered under the priors mentioned above, although it is not
well supported. Under Gamma priors for species.PopMean and species.yule.birthrate, the (C, D)
clade is recovered as sister to (A, B), whereas for Inverse Gamma (C, D) is placed sister to (E,

(F, G)), although both relationships are weakly supported (Fig. 51 and ii).

Moreover, lumping lineage C (Mendoza) with A (South-Central Argentina) as suggested by the

SNP data, does not impact the support of (E, (F, G)) and (A, B) clades for both Gamma and
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Inverse Gamma priors (Fig. 5iii and iv). For this seven species scenario, lineage D (Catamarca)

is recovered as sister of (L. gardeli (A, B)), although the support for this relationship is low.

Liolaemus gardeli is clearly nested within the Liolaemus wiegmannii complex, but its

position has only moderate support under Inverse Gamma prior for species.PopMean (Fig. 5ii).

3.4.2 Genomic-based species tree estimation

Species tree estimation of Model 1 from BFD* recovered a strongly supported dichotomy
between (A, B) and (D, (E, (F, G)) clades, which resolves the basal polytomy observed in the
sequence-based species tree. Monophyly of northernmost lineages (E, (F, G)) is also recovered,
relationships among these three are unresolved (Fig. 4ii). Finally, the unrooted species tree
estimated by SVDquartet is in general concordance with both the SNAPP tree and the sequence-
based *BEAST topology, (A, B) and (E, (F, G)) nodes strongly supported by bootstrap values of
100. The relation (F, G) is also well supported although with lower bootstrap value than the

mentioned above (Fig. 4iii).

Insert figure 4 near here.

3.5 Divergence times

Divergence time estimates by *BEAST suggest that early diversification of the complex
occurred during the Lower Pleistocene, between 1.27 (HPD 95%: [0.82-1.80]) and 1.41 (HPD
95% [0.98-1.98]) million years before present (YBP). Within strongly supported lineages,
divergence took place in the Middle Pleistocene. The candidate species from Uruguay (B)
diverged from its sister species in south-central Argentina (A) between 310 (HPD 95%:[131-
575]) and 342 (HPD 95%:[147-573]) thousand YBP, whereas divergence between Tucuman and

Salta I (E) and the pair Jujuy and Salta II (F, G) range from 383 (HPD 95%: [196-634]) and 415
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(HPD 95%: [211-679]) thousand YBP. Finally, the split of Jujuy (F) from Salta II (G) had been

taking place between 187 (HPD 95%: [70-363]) and 198 (HPD 95%: [73-389]) thousand YBP

(Fig. 5).

Insert Figure 5 near here.

4. DISCUSSION
4.1 Species limits

We find strong evidence of a species complex for L. wiegmannii, which is in general
agreement with the results of Avila et al. (2009). Three of the four lineages resolved by Avila et
al. (2009) are recovered as distinct candidate species with our multispecies coalescent approach
based on both sequence and ddRADseq data: L. wiegmannii, L. wiegmannii Uruguay, and L.
wiegmannii Catamarca [here identified as: A (South-Central Argentina), B (Uruguay), D
(Catamarca) respectively]. The L. wiegmannii Mendoza from Avila et al. (2009) [here called: C
(Mendoza)] is supported only by the BPP analysis based on sequence data. Both the ML SNP-
based tree and DAPC clearly show that “Mendoza” individuals belong to the “South-Central
Argentina” lineage, which suggests that this pattern is probably the result of deep coalescence of
cytochrome b haplotypes. Other potential ancestral polymorphisms in the cytochrome b are also
observed in this lineage, but at lower levels of divergence (LJAMM 13266 and 3132, see Fig. S1
and Table S3). The three northernmost L. wiegmannii lineages (E, F and G) are supported as
distinct species by BPP and *BFD, although under two scenarios for ® and t in BPP, posterior
probabilities of F and G are well below 0.95, which suggest that F and G be conspecific. Even
so, BFD* decisively supports a model of six candidate species, (which are suggested by DAPC
and the RAXML tree), over the model that lumps F and G together. Populations of the E, F, G

lineages were previously known (Etheridge, 2000), but remained unexplored from a molecular



23

perspective until this study. In addition, the second best-ranked BFD* model implies that A and
B represent a single candidate species, which is concordant with the paraphyly of A recovered in
the RAXML tree, the proximity of A and B in the PCA and DAPC plots, and the K=5 value
inferred with BIC. Although BFD* could overestimate species limits, no admixture between
individuals of A and B was observed. Collectively these results suggest incipient speciation for

A and B, possibly involving large ancestral population sizes.

Sukumaran and Knowles (2017) point out that genome-wide data could inflate species-
level diversity given its power to detect fine-grained population genetic structure. In this study
however, the detailed genomic data, enabled us to limit overestimation of candidate species (i.e.,
considering “Mendoza” as a distinct lineage) that would result from the use of coding sequences
alone. Nevertheless, our study is not exempt from the limitations of the Multispecies Coalescent
approach when infraspecific genetic structure is strong (see Sukumaran and Knowles, 2017), and
therefore the candidate species presented here should be taken as working hypotheses. Despite
these limitations, the multispecies coalescent is the most objective approach available to explore
species limits using multi-locus sequence and genome-wide data (Fujita and Leaché, 2011; Fujita
et al., 2012; Leaché et al., 2014, 2019). Additional empirical evidence for delimiting species may
still be needed in our study, given that all candidate species supported by *BFD occur in
allopatry (Leaché et al., 2019). In this sense, the contrasting environments in which the
northernmost lineages (E, F and G) occur with respect to A and B (i.e., sub-Andean sedimentary
formations surrounded by a transitional dry Chaco vegetation, vs. extensive northern Patagonian,
Pampean and coastal sand dune regions) might suggest some grade of ecological differentiation

among them, but further study is needed.
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Empirical studies often show that BFD* tends to favor the “most species-rich” models
(Battey and Klicka, 2017; Nieto-Montes de Oca et al., 2017; O’Connell et al., 2018; O’Connell
and Smith, 2018; Noguerales et al., 2018), although there is no strong relationship between the
species richness in delimitation models and their MLE values (Leaché et al., 2018).
Independently from the potential oversplitting trend of the method, this bias in BFD* seems to be
caused by differences in the number of loci retained for each competing model when missing
data are included (Leaché¢ et al., 2018). Given that SNAPP will remove loci not shared among all
the species in the model, those with more species will have fewer loci and will rank better in
marginal likelihood estimates (Leaché et al., 2018; Noguerales et al., 2018). Consequently,
models with different numbers of loci are not comparable because their differences in MLE are
not related to the probability of each competing model given the same data. We explored this
problem here using an alternative dataset of 595 SNPs that allows 5% missing data. As expected,
as different numbers of loci were removed by SNAPP in each model, a strong correlation
between the number of SNPs and the marginal likelihood estimates was observed (Appendix A).
In fact, this matrix led to the decisive retention of an arbitrary split model over the model
supported by our discovery methods (e.g., DAPC or RAXML). For instance, a model that
arbitrarily split B into two species was decisively favored over the model that assumed B as a
single species, by a 2/og,BF value of +311.4. However, when this “arbitrary split” scenario is
analyzed using the matrix without missing data, BFD* strongly supports the six species model
over the arbitrary split model with a 2/og,BF = +10.03. Although this 2/og.BF is not fully in the
range of a decisive choice, clearly illustrates how the inclusion of missing data could lead to the
retention of different numbers of loci, and artificially inflate MLE differences between models

(compare Table 3 and Appendix A).
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4.2 Phylogeny and diversification of the complex

4.2.1 Phylogeny

The species tree based on sequence data recovers the three northernmost candidate species of the
complex (E, F and G) as monophyletic with high support. Within this clade, Tucuman and Sierra
de la Candelaria (E) lineage is recovered as the sister clade of the [Cachipunco and Sierras de
Santa Barbara (F) + localities at the Department of Guachipas and Coronel Moldes in Salta (G)]
clade. The [South-Central Argentina (A) + Uruguay (B)] clade is also strongly supported, but
this clade forms a basal polytomy with Catamarca (D) and Liolaemus gardeli. In this case short
internal branches and lack of support could result from either: (1) rapid diversification due to
roughly simultaneous lineage splitting (i.e., "hard polytomy"), which cannot be resolve with
additional data; or (2) a "soft polytomy" (Hoelzer and Melnick, 1994; Rokas et al., 2005), which
may be resolved with additional data. Several recent studies have used RADseq data to resolve
phylogenetic uncertainties in taxa that have diversified at both deep and shallow timescales
(Wagner et al., 2013; Diaz-Arce et al., 2016; Herrera and Shank, 2016; Wang et al., 2017).
However, the utility of RADseq data to resolve polytomies at “deep” phylogenetic scales may be

limited by “locus dropout” and a high proportion of missing data (Lee et al., 2018).

Despite these limitations, we show that ddRADseq data has the power to resolve
topological uncertainties in the recent diversification of the Liolaemus wiegmannii complex; the
basal polytomy between (E, (F, G)), (A, B) and D is recovered by SNAPP in a fully resolved
nested hierarchy as: (D, (E, (F, G))) and (A, B). Although uncertainty remains within the clade

(E, (F, G)) in the SNAPP tree, (F, G) is strongly supported in the SVD quartet tree, which is
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based on about ten times more SNPs than the SNAPP tree. Future inclusion of RADseq data for

L. gardeli will be essential for a better understanding of the L. wiegmannii complex species tree.

4.2.2 The diversification of the complex

Divergence time estimates show that the L. wiegmannii complex diversified during the
Pleistocene, suggesting that the conservative morphology observed might derive from this very
recent diversification. However, we cannot rule out selective pressures favoring the apparent
morphological conservatism in the complex. The final resolution of the species tree and the
application of phylogenetic comparative approaches will be necessary in future studies to infer

the evolutionary processes that may have constrained morphological divergence in the complex.

Pleistocene diversification has been hypothesized for several Patagonian Liolaemus
species complexes (Morando et al., 2004, 2007; Breitman et al., 2011a, 2012; Medina et al.,
2015, 2017), possible driven by the climatic changes that characterized this period (Morando et
al., 2004, Breitman et al., 2012, Fontanella et al., 2012). Climatic changes (i.e., glaciations) have
almost certainly played a major role, especially at higher latitudes (e.g., Patagonia), but habitat
changes at intermediate latitudes of South America have also been recorded (Tonni et al., 1999,
Rabassa et al., 2005), albeit these are also likely secondary effects of recurrent glaciations. In
particular, expansion of sand dune fields over northern Patagonia and Pampas has been
documented for the Last Glacial Maximum (Iriondo, 1999), and probably represented a recurrent
pattern across other Cenozoic glaciations (Rabassa et al., 2005). For instance, a number of fossil
assemblages suggest the aridization of the Pampas associated with the Great Patagonian
Glaciation (Soibelzon and Tonni, 2009). The first divergence event in the complex largely
coincides with the Great Patagonian Glaciation (~1.68—1.02 my) (Rabassa et al., 2005), and our

genome-wide species tree suggests that this event split the complex in two main groups: one
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including all lineages associated with sub-Andean sedimentary formations, and the other
including the “sand fields” lineages in the Pampas and northern Patagonia. Therefore, we suggest
early speciation in part of the L. wiegmannii complex might have been driven by the expansion
of sand dunes throughout central Argentina and Pampas, in whose relicts, lineages A and B, and
even L. gardeli, are now found. We further suggest that the ancestor of the northwestern lineages
could have been restricted to sub-Andean mountains, where cyclic expansion and retraction of
open habitats during climatic fluctuations would have favored diversification (Ortiz and Jayat,
2012 and references therein). Finally, the ancestor of the lowland arenicolous lineages (A & B)
might have experimented subsequent speciation as a result of habitat fragmentation in more

humid and warmer interglacial periods.

4.3 Taxonomic considerations
4.3.1 Nomenclatural considerations

The “South-Central Argentina” lineage has the broadest distribution of the complex,
including the area of the type locality of L. wiegmannii in the surroundings of El Condor, near to
the mouth of the Negro River in the Rio Negro Province of Argentina (Etheridge, 2000).
Apparently, D’Orbigny and Gay collected specimens of L. wiegmannii in this area (along with L.
multimaculatus and Stenocercus pectinatus) that were erroneously attributed to “Chile” in the
original description of the species by Duméril and Bibron in 1837 (Etheridge, 2000). Moreover,
from the perspective of cytochrome b, this lineage also occurs in the locality of Las Cafias in
Uruguay, on the northern bank of the Negro River's mouth (Department of Rio Negro, Uruguay);
south of this river is the only known range of the “Uruguay” lineage. A similar pattern was also
inferred for two mitochondrial haploclades of Scapteromys rodents (D’Elia and Pardifias, 2004).

The “Argentinean” lineage (S. aquaticus) is widely distributed between the Parana and Uruguay
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Rivers also occurs in Las Cafas, Uruguay. As in L. wiegmannii, a second (S. tumidus) haploclade
occurs further south of the Negro River’s mouth, and is restricted to Uruguay and southeastern
Rio Grande do Sul, Brazil. The concordance between these patterns suggests that the Uruguay
River was a permeable geographic barrier at some point in the past, possibly during the Last
Glacial Maximum (Iriondo, 1999; Tonni et al., 1999). If the candidate species inferred here are
eventually diagnosed and described, the name L. wiegmannii should be reserved for those
populations distributed in the south-central (and Atlantic coast) region of Argentina, and
possibly, including also the population of Las Cafias (Rio Negro, Uruguay). The latter population
needs further genomic study to confirm its affinity to either to lineage A or B, or if both lineages

co-occur at this locality.

4.3.2 Liolaemus gardeli

BPP strongly supported Liolaemus gardeli as a distinct lineage under all the scenarios
explored, but sampling was based on four individuals only, which show almost no variation
among them, and therefore this result should be taken with caution. In general, our analyses
clearly show that L. gardeli comprises another lineage of the Liolaemus wiegmannii complex,
closely related to Uruguay (B) and South-Central Argentinian (A) lineages. However, the
phylogenetic relationships among these three lineages remain unresolved. For instance, when L.
gardeli haplotypes are included in the cyfochrome b tree, they group with LJAMM 13266 and
3132: two highly divergent haplotypes from the South-Central Argentina candidate species (A)
(see Fig. S1). Increasing the number of individuals and inclusion of genomic data will be needed

to adequately test the independence and phylogenetic position of L. gardeli within the complex.

Liolaemus gardeli is poorly differentiated morphologically from the other lineages of the

complex (see Verrastro et al., 2017), which is again consistent with a very recent diversification.
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Issues of species boundaries and diagnoses for this and the other lineages of the L. wiegmannii
complex warrant further study. Future studies should include genomic data for L. gardeli and a
thorough study of morphological variation of the L. wiegmannii complex. This taxonomic
clarification will also provide insight on whether the recent diversification of the complex
represents complete speciation events or just the beginning of a process that has generated

"incipient" species (sensu Sukumaran and Knowles, 2017).
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Tables

Table 1. Summary data for the four loci amplified for the Liolaemus wiegmannii complex. S:
number of polymorphic sites; m: nucleotide diversity (expressed as the average number of pair
differences); ©,, : Watterson’s Theta.

Locus Length Model S T 0,

CYTB 743 bp HKY + G 156 0.03997 0.03709
KIF24 420 bp HKY 50 0.01208 0.02052
PRLR 370 bp HKY 19 0.00342 0.01004

EXPHS 737 bp HKY +1 25 0.00491 0.00807
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Table 2. Posterior probabilities for the candidate species (A-G and L. gardeli) delimitated by BPP
3.4 under four scenarios for ® and t. Runs were conducted using four different starting trees and
replicated under four alternative seeds. a) ®=Inv-Gamma(3, 0.2) and ro=Inv-Gamma(3, 0.2); b)
O=Inv-Gamma(3, 0.002) and ro=Inv-Gamma(3, 0.002); ¢) ®=Inv-Gamma(3, 0.2) and ro=Inv-
Gamma(3, 0.002); d) ®=Inv-Gamma(3, 0.002) and ro=Inv-Gamma(3, 0.2). N Sps is the number
of species delimited and PP N the associated posterior probability of the model. A: South-
Central Argentina; B: Uruguay; C: Mendoza; D: Catamarca; E: Tucuman-Salta I; F: Jujuy; G:
Salta II. Values reported here correspond to one replicate. All results across the different starting
trees and seed used are shown in Table S2.

O®andt NSps PPN A B C D E F G L.gardeli FG
a 7 0.62 1 1 0.86 0.86 1 034 034 1 0.66
b 8 1 1 1 1 1 1 1 1 1 0
c 8 0.63 1 1 095 096 1 0.66 0.66 1 0.34
d 8 1 1 1 1 1 1 1 1 1 0

Table 3. Bayes Factor Species Delimitation results for the Liolaemus wiegmannii complex using
a matrix composed of 214 SNPs with no missing data and 36 individuals. Model 1 represents the
most species-rich scenario suggested by PCA, DAPC and Maximum likelihood inference (6
candidate species: A: South-Central Argentina; B: Uruguay; D: Catamarca; E: Tucuman-Salta I;
F: Jujuy; G: Salta II). Subsequent models derive from lumping two or more of these lineages.

Model Species Marginal Likelihood Rank 2log ,BF
1 6:A,B,D,E,F,G -3299.7 1 -
2 5:A,B,D,E, FG -3519.4 4 +439.46

3 5:A,B,D, EG,F -3492.2 3 +385.02



5:AB,D,E,F,G
4: AB, D, E, FG
4: AB, D, EG, F
3: AB, D, EFG
4: A, B, D, EFG

O 0 9 N n B

2: AB, DEFG
10 2: ABD, EFG

-3452.4
-3672.4
-3644.8
-3870.1
-3717.9
-4911.1
-5969.5

NeREEE e Y e N \)

+305.45
+745.48
+690.23
+1140.7
+836.34
+3222.8
+5339.6
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Appendix A. Bayes Factor Species Delimitation results for the Liolaemus wiegmannii complex
using a 595 SNPs matrix that allows 5% of missing data. Model 1 represents the most speciose
scenario where each group from the DAPC represent a distinct candidate species. Subsequent
models derive from lumping some of these lineages. A: South-Central Argentina; B: Uruguay;
D: Catamarca; E: Tucuman-Salta I; F: Jujuy; G: Salta II. Models numbered here are not
necessary equivalent to the ones presented in table 3.

Model Species Retained SNPs  Marginal Likelihood Rank  2log,BF
1 6:A,B,D,E, F,G 325 -2097.03 1 -
2 5:A,B,D, E, FG 406 -2618.98 2 +1043.90
3 4: AB, D, E, FG 412 -2741.41 3 +1288.76
4 3: AB, D, EFG 483 -3241.61 5 +2289.18
5 4: A, B, D, EFG 477 -3111.98 4 +2029.92
6 2: AB, DEFG 595 -4351.16 6 +4508.27
7 2: ABD, EFG 584 -5258.49 7 +6322.94

Figure captions

Figure 1. 1) Distribution of the Liolaemus wiegmannii complex, re-drawn after Etheridge (2000),
Avila et al. (2009), and Stellatelli et al. (2014). Black arrow indicates the type locality according
to Etheridge (2000). ii) Distribution of the sampled localities for this study. The square in
Uruguay shows the type locality for L. gardeli. iii) Distribution of the candidate species inferred
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for L. wiegmannii based on sequence and ddRADseq data. Both data sets are in general
concordance with the exception of the BPP “Mendoza” clade that included the South-Central
Argentina candidate species, based on genome-wide data (lower right square: “SNPs”). Light
green circles: South-Central Argentina (A); Light blue circles: Uruguay (B); Red stars: Mendoza
(C); Orange circles: Catamarca (D); Dark Blue circles: Tucuméan & Salta 1 (E); Dark green
circles: Jujuy (F); Purple Circles: Salta II (G). Black arrow: Las Cafas, Rio Negro, Uruguay.

Figure 2. Bayesian cytochrome b genealogy of the Liolaemus wiegmannii complex and results of
species delimitation with mPTP (left column) and GMYC (right column). Darker grey blocks
identify distinct candidate species, strongly supported by these methods, whereas lighter blocks
identify unsupported splits. Seven main haploclades are identified by different colors, and their
general distributions are indicated in the lower left box. Black circles identify haplotypes present
in Las Canas, Uruguay, and black stars identify haplotypes from the type locality area of L.
wiegmannii suggested by Etheridge (2000). Numbers above branches represent posterior
probabilities and the scale bar correspond to 0.6 million years. The tree was rooted with L. lutzae
as outgroup.

Figure 3. Results of PCA and DAPC analyses of Liolaemus wiegmannii complex from 3912
SNPs. Bi-dimensional projection of the genomic variation summarized by the Principal
Component analysis (1) and the Discriminant Analysis of Principal Components (i1). Membership
probabilities of each individual to the clusters of DAPC (iii).

Figure 4. Maximum likelihood and species trees of the Liolaemus wiegmannii complex based on
ddRADseq data. i) Maximum Likelihood tree inferred from 3912 SNPs with RAxML-ng.
Numbers above nodes represent bootstrap support (values below 75 are not shown). Lineages A-
D are represented in the same colors as in figure 2, and their general distribution is presented in
the interior left box. Individuals from C (red branches) are nested within A. i1) SNAPP species
tree inferred with 214 SNPs and the Model 1 from BFD*, which considered the six distinct
candidate species. Numbers above branches are posterior probabilities. ii1) SVDquartet species
tree of the 6 species delimited from BFD*, estimated with 3912 SNPs. Numbers above branches
represent non-parametric bootstrap values.

Figure 5. Species tree and divergence times for the Liolaemus wiegmannii complex inferred from
cytochrome b, KIF24, PRLR and EXPHS. 1) and ii) considered the eight species delimited by
BPP, whereas (iii)) and (iv) lumped C with A. Priors for species.pop.Mean and
species. Yule.birth.rate were parametrized with Gamma (i and ii1) and Inverse Gamma (ii and 1v).
Posterior probabilities are shown above or below branches whereas divergence times are shown
next to the nodes.
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Supplementary Figures

Figure S1. Bayesian cyfochrome b genealogy of the Liolaemus wiegmannii complex considering
haplotypes of L. gardeli and two unique haplotypes of Argentina: LJAMM 13266 (25 km N
Villa Mercedes, General Pedernera Department, San Luis Province) and LJAMM 3132
(Copacabana, Sierras de Coérdoba, Cérdoba Province). Correspondence between colors and
lineages are the same as in figure 2. Numbers above branches represent posterior probabilities.

Figure S2. K values explored for the Liolaemus wiegmannii complex based on 3912 SNPs. Blue
circle represents the best K under BIC (A) and AIC (B) criteria.
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Highlights
e Species limits tested with an extensive geographic sample and thousands of SNPs
e Genome-wide data supports six candidate species for the L. wiegmannii complex
e First diversification of the complex occurred during the Lower Pleistocene

¢ Quaternary sand dune expansion might have influenced early speciation in the complex
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