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Phylogenomic data reveal cryptic diversity and deep
phylogeographical structure within the common
chuckwalla, Sauromalus ater (Squamata: Iguanidae)
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Understanding how historical geological processes drive diversification and shape the contemporary distribution of
species is fundamental to phylogeography. We take a genomic approach in order to elucidate the deep phylogeographical
history and species limits of chuckwallas (Sauromalus), a conspicuous group of lizards of the arid lands of south-
western North America. Phylogenetic and population genomic analyses of double digest restriction site-associated
DNA sequencing data confirm the presence of at least two major lineages, peninsular and continental groups, within
the widespread and morphologically variable common chuckwalla (Sauromalus ater). These lineages diversified in
the vicinity of the head of the Gulf of California in north-eastern Baja California in the early Pliocene to late Miocene,
during the formation of the northern gulf. The peninsular lineage of S. ater subsequently gave rise to the four insular
endemic species of Sauromalus associated with the Baja California peninsula. Genomic analyses strongly support
the continued recognition of the insular gigantics Sauromalus varius and Sauromalus hispidus as distinct species,
although their relationship as sister species remains unresolved. Weaker phylogenetic signal for the insular species
Sauromalus slevini and Sauromalus klauberi is provided by the genomic data; thus, it is advocated to continue
recognizing these species until additional data can be analysed to evaluate their distinctiveness.

ADDITIONAL KEYWORDS: Baja California — biogeography — genomics — phylogeography — reptiles — species
delimitation.

INTRODUCTION between populations over time. More than two decades
ago, Murphy (1983) and Grismer (1994) presented
vicariance-based biogeographical scenarios that have
served as a framework to explain the contemporary
distribution and phylogenetic relationships of
squamate reptiles around the Gulf of California. The
first scenario is hypothesized to have occurred during
the early formation of the gulf, as the peninsula
separated from mainland Mexico ~5.5 Mya, in the
late Miocene. This southern gulf vicariance scenario
postulates that lineages formed during this time
should occur in southern Baja California and have
a sister taxon located in mainland Mexico, ranging
south of Isla Tiburon. In contrast, the Northern gulf
vicariance scenario is hypothesized to have occurred
“Corresponding author. E-mail: sumarli.alex@gmail.com more recently, during the flooding of the northern

A central goal of phylogeographical studies in Baja
California and the broader Sonoran Desert has been to
link concordant phylogenetic breaks with the timing of
known geomorphological processes (Riddle et al., 2000;
Dolby et al., 2015). Among taxonomic groups spanning
opposite sides of the Gulf of California, speciation
has largely been attributed to the formation of the
Baja California peninsula and subsequent creation of
the modern gulf. This is because of populations with
continental origins becoming geographically isolated
on the peninsula, resulting in restricted gene flow
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Gulf of California ~3 Mya, in the late Miocene—
early Pliocene. Lineages that diversified under this
scenario should exhibit a circum-gulf distribution and
sister-species relationship at the vicinity of the head
of the gulf, where they might come into secondary
contact. Other biogeographical scenarios, based on
climate-driven dispersal (Savage, 1960), overwater
dispersal (de Queiroz & Lawson, 2008; Wood et al.,
2008) and the presence of transpeninsular seaways
across Baja California (Upton & Murphy, 1997), have
also been proposed as possible drivers of speciation.
Regardless of the wealth of studies in the region,
the phylogeographical history of the fauna of Baja
California remains largely understudied from a
coalescent phylogenetic perspective.

Given the high levels of unique biodiversity among
squamate reptiles in the region, including > 40 insular
endemic reptile species (Grismer, 2002; Lovich et al.,
2009), it is imperative that the species limits and
underlying speciation patterns of these taxa are
well understood, in order to inform conservation
management strategies adequately. Historically,
phylogenetic inferences of squamates of Baja
California and the gulf islands were based exclusively
on morphological characteristics (e.g. Klauber, 1947;
Montanucci, 1987; Weins, 1993; Hollingsworth, 1998)
or mitochondrial DNA (mtDNA) (e.g. Upton & Murphy,
1997; McGuire et al., 2007; Wood et al., 2008; Davy et al.,
2011). In more recent years, studies have incorporated
microsatellites (Valdivia-Carrillo et al., 2017) and
multilocus nuclear data (Leaché & Mulcahy, 2007;
Mulcahy & Macey, 2009; Leavitt et al., 2017, 2020), and
an even smaller but growing number of studies have
begun to use high-throughput sequencing techniques
for genomic perspectives (Gottscho et al., 2017;
Harrington et al., 2017; Meik et al., 2018). Genomic
studies have also begun to adopt more sophisticated and
rigorous analytical approaches under the multispecies
coalescent (MSC) model to test and determine species
limits (Leaché & Oaks, 2017; Flouri et al., 2018).
Although they have limitations (Carstens et al., 2013;
Sukumaran & Knowles, 2017; Chambers & Hillis, 2020),
species delimitation analyses under the MSC model
have several advantages over more traditional single-
gene and concatenated phylogenetic analyses. These
advantages include estimating species tree topologies
while accommodating gene tree heterogeneity and
estimating demographic parameters, such as ancestral
population sizes and population divergence times,
that are important in the speciation process (Fujita
et al., 2012; Edwards et al., 2016; Leaché et al., 2019).
Taken together, multilocus genome-level data coupled
with adequate sampling offer the ability to inform
biogeographical hypotheses and interrogate species
boundaries previously delimited using morphological
or single-locus molecular data.

Here, we sought to examine the phylogeography
and early diversification history of the chuckwalla
(Sauromalus), a geographically widespread,
herbivorous member of the Iguanidae. Sauromalus
is morphologically divergent from other iguanas and
adapted to retreating to rock crevices. Within the
genus, they are also morphologically diverse in adult
male coloration, scalation and body size. They inhabit
rocky outcroppings throughout the south-western
deserts of the USA, north-western Mexico and islands
of the Gulf of California. Four species (Sauromalus
varius, Sauromalus hispidus, Sauromalus slevini and
Sauromalus klauberi) are insular endemics, occurring
nowhere else in mainland Mexico or the Baja California
peninsula (Hollingsworth, 1998). There have been
several hypotheses about the historical biogeography
of Sauromalus and the evolution of body size between
continental and peninsular forms (Murphy, 1983;
Grismer, 1994, 2002; Grismer et al., 1995; Petren &
Case, 1997, 2002; Hollingsworth, 1998; Welsh, 1988).
However, such questions about the biogeography
and evolutionary diversification of Sauromalus have
yet to be investigated with genomic data and recent
phylogenetic systematic methods.

Within Sauromalus, the greatest uncertainty
in species limits lies within the geographically
widespread Sauromalus ater. The species was once
partitioned among three morphologically variable
species: Sauromalus obesus, S. ater and Sauromalus
australis. Sauromalus obesus was further divided into
four subspecies (S. 0. obesus, S. o. multiforminatus, S. o.
tumidus and S. o. townsendi) and restricted primarily
to the continental USA, Sonora and the northern Baja
California peninsula. Sauromalus ater (with its two
subspecies: S. a. shawi and S. a. ater) was restricted
to the islands of the southern Gulf of California.
Sauromalus australis, being the least morphologically
variable of the three species, was restricted to the
middle to southern portion of the Baja California
peninsula (Fig. 1). The insular S. slevini and S.
klauberi have been treated differentially as subspecies
of S. ater, without discussion (Soulé & Sloan, 1966;
Robinson, 1974; Case, 1982). In the last taxonomic
revision, Hollingsworth (1998) demonstrated that
the three species, with their subspecies, exhibited
morphological overlap explained by clinal variation,
namely from north to south, in scalation traditionally
used in Sauromalus taxonomy. Based on a lack of fixed
diagnosable morphological characters, Hollingsworth
(1998) hypothesized that this widespread continental
complex represented a single polymorphic species
and synonymized S. obesus and S. australis with S.
ater, the oldest name available in the genus. For the
insular endemics, Hollingsworth (1998) recognized
four species: S. slevini, S. klauberi, S. varius and S.
hispidus.
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Figure 1. Distribution map of all the named taxa within Sauromalus following Shaw (1945), with some modifications (*). A
blue star represents the type locality of Sauromalus interbrachialis Dickerson (1919); a yellow star represents the restricted
type locality of Sauromalus ater Duméril (1856).
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Although Hollingsworth (1998) recognized a single
geographically widespread S. ater, phylogenetic
results based on morphology (Petren & Case, 1997,
2002) demonstrated substantial cryptic diversity
within S. ater using mtDNA [cytochrome & (Cytb)].
Furthermore, the inferred phylogenetic relationships
(gene tree) were incongruent with a single S. ater.
Specifically, the results provided by Petren & Case
(1997, 2002) supported four major mtDNA clades
that are incongruent with the previous taxonomies of
Sauromalus based on morphology that fail to explain
the geographical morphological variation within S.
ater; these include: (1) an eastern/northern (EN) clade,
including S. o. tumidus, S. o. townsendi and portions
of S. 0. obesus; (2) a southern peninsular (SP) clade,
including S. australis and insular S. ater; (3) a northern
peninsular (NP) clade, including a portion of S. o.
obesus; and (4) an island gigantics (IG) clade, including
S. hispidus and S. varius. The mtDNA results support
the existence of divergent genetic lineages within S.
ater s.l., thus leading one to question whether S. ater
represents a single morphologically variable species.
Despite its sparse sampling at crucial contact zones,
the mitochondrial study by Petren & Case (2002)
remains the most comprehensive molecular systematic
study on Sauromalus to date.

The specific objectives of this study were to explore
the phylogeographical structure and phylogenetic
relationships of Sauromalus from a genomic
perspective. With extensive geographical sampling, we
applied various coalescent-based species delimitation
approaches to test whether S. ater is a single species or
represents multiple independent species as suggested
by previous mtDNA studies. We included individuals
from other currently recognized insular species of
Sauromalus (S. varius, S. hispidus, S. klauberi and
S. slevini) and, to a lesser extent, we evaluate their
validity as species. Finally, we explore the historical
biogeography and early diversification history of major
lineages of Sauromalus using both concatenated and
coalescent-based analyses for divergence dating.

MATERIAL AND METHODS
TAXON SAMPLING

Genomic DNA sequence data were generated from a
total of 93 individuals across the geographical range
of S. ater, and other species of Sauromalus (65 S.
ater, 5 S. hispidus, five S. varius, 4 S. klauberi and 2
S. slevini), in addition to two individuals of Iguana
iguana as an outgroup taxon (Supporting Information,
Table S1). Iguana iguana was chosen as an outgroup
to Sauromalus based on its close relationship in
previous phylogenetic studies, in comparison to other
species within Iguanidae (Wiens & Hollingsworth,

2000; Pyron et al., 2013; Malone et al., 2017). We
included individuals from across the range of S. ater
and targeted sampling from potential contact zones
(i.e. where mtDNA and/or traditional subspecies
boundaries meet), in addition to including samples
from type localities or reasonably close proxies.

All work on live animals was conducted under
TACUC approval (APF 17-05-005R) at San Diego
State University. We obtained permits to collect
and/or sample from wild animals from the Arizona
Department of Game and Fish (LIC #SP620177),
Bureau of Land Management (Palm Springs, South
Coast Field Office), California Department of Fish and
Wildlife (SCP 13684), National Park Service (ORPI-
2017-SCI-0010) and Secretariat of Environment and
Natural Resources of Mexico (DGVS—SEMARNAT
2017-09012).

GENOMIC DATA COLLECTION AND BIOINFORMATICS

Genomic DNA was extracted from liver, muscle, tail,
nail and/or blood samples. Sequence data were collected
using the double-digest restriction site-associated
DNA sequencing (ddRADseq) method of Peterson et al.
(2012). We prepared three separate libraries using the
same restriction enzymes (Sbfi and Mspl) and methods
as Gottschoet al. (2017). Each library was sequenced on
three separate NextSeq v.2.5 mid-output flow cell lanes
at the Institute for Integrative Genome Biology Core
Instrumentation Facility (University of California,
Riverside) to generate 2 x 75 bp reads. Raw Illumina
reads were demultiplexed, then combined, if from
separate sequencing lanes, using the merging function
in IPYRAD v.0.7.25 (Eaton & Overcast, 2020). Although
we recognize that multiple library preparation and
sequencing efforts were not ideal, we were limited
by logistical difficulties in acquiring permits and
tissues during the course of data collection. All data
processing and computationally intensive analyses
were performed on the UCR Biocluster (University of
California, Riverside, Institute for Integrative Genome
Biology).

DNA sequence reads were processed further in
IPYRAD to produce de novo loci using the following
parameters: clustering threshold for de novo assembly
set to 0.88 and a minimum depth of ten for statistical
base calling and majority-rule base calling. Multiple
assemblies of the final datasets were constructed
with different numbers of individuals and taxa for
use in different downstream analyses. The majority
of dataset assembly analyses were performed without
the outgroup taxon to avoid issues with allelic drop-
out (Arnold et al., 2013; Leaché et al., 2015) when
constructing RADseq assemblies with distantly related
species. We also used different missing data thresholds
(i.e. setting the minimum number of samples at a
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given locus parameter in IPYRAD) because of a lack of
consensus about how to accommodate for missing data
in phylogenomic analyses (Huang & Knowles, 2016;
Xi et al., 2016), acquisition biases when constructing
phylogenies with higher missing data (Leaché et al.,
2015) and decreased efficiency in certain programs
that tolerate less missing data (i.e. SNAPP; Bryant
etal.,2012).

CLUSTERING ANALYSES AND CONCATENATED
PHYLOGENETIC INFERENCE

Genomic variation among individuals was visualized
using principal component analysis (PCA).
Then individuals were assigned to groups using
ADMIXTURE (Alexander et al., 2009), a maximum
likelihood (ML) population clustering method
that operates under Hardy—Weinberg equilibrium
assumptions, and two methods of concatenated
phylogenetic inferences. Initially, the R program
SNPRELATE (Zheng et al., 2012) was used to perform
PCA on the variant call format (VCF) file output from
IPYRAD of all 91 ingroup individuals (i.e. Sauromalus).
In ADMIXTURE, the optimal number of populations
was determined using cross-validation, testing
K values from 1 to 5, then selecting the lowest cross-
validation score as the optimal number of populations.
Maximum likelihood phylogenetic inference was
performed in IQ-TREE v.1.68 (Nguyen et al., 2015).
The best-fitting molecular evolutionary model and
partitioning scheme was inferred using MODELFINDER
(Kalyaanamoorthy et al., 2017; GTR+F+R2 based on
the Bayesian information criterion). Branch support
was accessed via 500 bootstrap replicates using
ultrafast bootstrap (UFB) approximation (Hoang et
al., 2018), with UFB values > 95 being indicative of
strongly supported clades (Minh et al., 2013; Hoang
et al., 2018). To explore phylogenetic relationships
within lineages of Sauromalus and to identify distinct
populations without enforcing a strict bifurcating
topology, phylogenetic networks were inferred using
the NEIGHBORNET algorithm in SPLITSTREE v.4.15.1
(Hudson & Bryant, 2006). This approach has been
used in similar studies to identify population clusters
and to visualize phylogenetic conflict and uncertainty
attributable to potential reticulated evolution (e.g.
Barley et al., 2019).

To estimate divergence dates across Sauromalus,
we constructed two time-calibrated relaxed clock
phylogenies in BEAST 2 v.2.6.3 (Bouckaert et al.,
2014) using reduced sets of individuals. Previous
attempts at divergence dating using all 91 ingroup
individuals consistently failed to converge with a
lognormal relaxed clock under HKY- and GTR-based
substitution models. The first reduced time calibrated
phylogeny was based on a dataset including only 20

Sauromalus individuals and 1451 loci. The other
phylogeny was based on a reduced dataset including
the same 20 Sauromalus individuals, two outgroup
I. iguana individuals and 1276 loci. Although fossil
calibrations are available for more distant relatives
within Iguanidae (Norell, 1989; Norell & de Queiroz,
1991), there are no fossils ancestral to Sauromalus or
the divergence between Iguana and Sauromalus. We
assumed a mutation rate of 0.00077 per site/Myr based
on neutral substitution rate estimates calculated for
lizard genomes (Perry et al., 2018). We used a GTR+G
substitution model and selected the Yule model as the
tree prior. For the reduced time-calibrated phylogeny
including only ingroup taxa, two chains were run
for 150 million generations, sampling every 5000
generations. The reduced time-calibrated phylogeny
including I. iguana was run with two chains for 500
million generations, sampling every 5000 generations.
Adequate convergence between runs was assessed in
TRACER v.1.6 to ensure that effective sample size (ESS)
values were > 200. A maximum clade credibility tree
was constructed in TREEANNOTATER, discarding the
first 10% as burn-in.

Finally, we inferred a dated phylogeny of 36 existing
Cytb sequences [28 from the studies by Petren & Case
(1997, 2002) and 8 from other studies] of Sauromalus
as a comparison to our dated ddRADseq phylogenies
(Supporting Information, Table S2). Sequences were
acquired from GenBank, aligned using MUSCLE
(Edgar, 2004; Madeira et al., 2019) and partitioned by
codon position. A Yule model tree prior and lognormal
relaxed clock were selected, and each partition
was assigned an HKY+G model because previous
runs using a GTR model failed to reach adequate
convergence. This mtDNA phylogeny was calibrated
with a known mtDNA squamate mutation rate (Barley
et al., 2014), using a 95% normal distribution prior,
with the mean set to 0.00895 and SD set to 0.0025. Two
chains were run for 150 million generations, sampling
1000 generations, then assessed for convergence and
combined as above.

SPECIES TREE INFERENCE AND SPECIES DELIMITATION

Two MSC species tree methods, SVDQUARTETS
(Chifman & Kubatko, 2014) and SNAPP, were used to
infer the phylogenetic relationships among divergent
lineages of Sauromalus identified from the previous
clustering analyses. Using PAUP v.4 (Swofford,
2003), SVDQUARTETS species trees were inferred
using the dataset that included the outgroup taxon I.
iguana. This species tree estimation consisted of 1000
bootstrap replicates, and all possible quartets were
evaluated. These SVDQUARTETS species tree analyses
inferred the relationships among six divergent lineages
(putative species) of Sauromalus [i.e. continental (C)
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group, peninsular (P) group, S. varius (V), S. hispidus
(H), S. slevini and S. klauberi].

The Bayesian species tree method SNAPP
estimates species trees directly from single nucleotide
polymorphisms (SNPs) without sampling from
gene trees at each locus. This method avoids the
computational and statistical difficulties of sampling
gene trees from hundreds of loci for phylogenomic
species tree inference (Bryant et al., 2012). However,
it tolerates only small amounts of missing data
(Schmidt-Lebuhn et al., 2017) and is still very
computationally intensive. The VCF output from
IPYRAD was converted to unlinked biallelic SNP data
using VCFTOOLS v.4.2 (Danecek et al., 2011). Owing
to the computational intensiveness of SNAPP, we
constructed a reduced dataset of 489 unlinked biallelic
SNPs of 27 individuals, with at least two individuals
representing the four main putative species within
Sauromalus: a continental (C) group, peninsular (P)
group, S. varius (V) and S. hispidus (H). A species
tree was inferred from SNAPP using default priors
and only ingroup taxa (i.e. Sauromalus). Attempts to
generate a species tree also including individuals of
S. slevini and S. klauberi as putative species failed to
reach adequate convergence. Thus, we chose to lump
them with the peninsular group for this analysis
to save computational time. Two Markov chain
Monte Carlo (MCMC) chains were run for 5 000 000
generations (10 000 pre-burn-in), and convergence
was accessed in TRACER v.1.6. Independent runs were
combined in LOGCOMBINER v.2.5.2, discarding the first
10% of trees as burn-in for each run, and subsequently,
a maximum clade credibility tree was constructed in
TREEANNOTATOR v.2.5.2. The posterior distribution
of trees was then visualized in DENSITREE v.2.5.2
(Bouckaert, 2010). An additional SNAPP tree that
included the outgroup I. iguana was also inferred. This
dataset included the same 27 ingroup Sauromalus, 2 I.
iguana and 490 unlinked biallelic SNPs. The analysis
was run following the same parameters as the SNAPP
analysis of only ingroup taxa.

To validate putative species identified in the
previous analyses and those recognized in the
current taxonomy, Bayes factor delimitation (BFD¥*;
Grummer et al., 2014) was implemented in SNAPP
within BEAST v.2.6.1 using the same dataset as the
previous SNAPP Bayesian species tree inference.
Three species delimitation models (Table 1)
of different numbers of putative species were
evaluated. Putative species were chosen based on the
current taxonomy and our clustering and phylogenetic
analyses. Marginal likelihoods for each model were
estimated using 48 path sampling steps, an a-value of
0.3 and a MCMC chain length of 5 000 000 generations
(10 000 pre-burn-in) (Leaché et al., 2014). The strength
of each alternative species delimitation model was

determined by calculating and comparing the Bayes
factors (BFs) of each model using the following
equation: BF = 2 x (marginal likelihood of model 1
minus marginal likelihood of model 2), where model 1
is the more species rich of the two. Positive BF values
indicate support for model 1, whereas negative values
indicate support for model 2.

COALESCENT DIVERGENCE DATING ANALYSES

Finally, we used G-PHOCS v.1.3 (generalized
phylogenetic coalescent sampler; Gronau et al., 2011)
to estimate divergence times between major divergent
lineages of Sauromalus. G-PHOCS is a Bayesian
MSC method that allows for the joint estimation
of divergence times, migration rates and effective
population size. To reduce computational time and
intensiveness, we constructed a reduced dataset of
850 SNPs of 20 individuals, with five individuals
representing each of the four major lineages within
Sauromalus: a continental (C) group, peninsular (P)
group, S. varius (V) and S. hispidus (H). Given that
the focus of this study was to estimate the timing of
deep divergences within S. ater, particularly between
peninsular and continental lineages, we chose not to
include S. klauberi and S. slevini in these analyses.
Based on the results of our clustering analyses and
phylogenetic inferences, individuals located near the
contact zone between peninsular and continental
lineages were chosen as representatives for these
respective groups for this analysis. Divergence
dates were calculated for each model using the fixed
species topology of the SNAPP tree as a guide. Model
A estimated parameters between the continental
group and all three peninsular lineages lumped
together (= VHP). This model is consistent with all
phylogenetic analyses that provide strong support
for the continental group being the sister taxon to all
remaining Sauromalus. Model B estimated parameters
for three species: the peninsular group, S. varius and

Table 1. Summary of the three Bayes factor delimitation
species delimitation models

Number Model Marginal Bayes Rank
of species Likelihood factor
3 (H)(V)(ater) -6254.4699 2270.4452 3
5 H)(V)(ater) -5940.6221 1642.7496 2
(klaub)
(slev)*
4 (CO)V)H)(P) -5489.8066 741.1186 1

Abbreviations: C, continental group; H, Sauromalus hispidus;
klaub, Sauromalus klauberi; P,peninsular group; slev, Sauromalus
slevini; V, Sauromalus varius.

*Current taxonomy (Hollingsworth, 1998).
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S. hispidus, with S. varius and S. hispidus designated
as sister species. Owing to uncertainty in the sister-
species relationship of S. varius and S. hispidus,
model C estimated parameters for the same species
as model B, except that the peninsular group and S.
hispidus were designated as sister species. All three
models were run with and without migration bands
between species to compare the effects of potential
migration on inferred divergence dates. We assumed
a gamma distribution on the priors for each model.
Default values of a = 1, = 10 000 were used for t and
0, and default values of o = 0.002, = 0.00001 were
used for migration rates. For each model, two replicate
analyses were run for 1 000 000 generations, and the
first 10% of samples were discarded as burn-in. Runs
were combined in LOGCOMBINER v.2.5.2, and TRACER
v.1.6 was used to ensure that runs had converged
adequately and that all ESS values were > 200.

To convert coalescent units from G-PHOCS to
absolute time, we used the equation: T = (1g)/11. As in
the previous time-calibrated phylogeny, a mutation
rate of 0.00077 per site/Myr was assumed. We used
the earliest age of reproductive maturity as a proxy
for generation time (g). To account for uncertainty and
variation in growth rates between populations and
species, generation times of 2 and 3 years were used,
based on life-history observations on wild S. ater (Berry,
1974; Abts, 1987; but see Tracy, 1999) and S. varius
(Sylber, 1985). Finally, we calculated the proportion of
migrants per generation by multiplying raw migration
rate(m) by the per-generation mutation rate ().

RESULTS

DOUBLE-DIGEST RESTRICTION SITE-ASSOCIATED DNA
SEQUENCING DATA

Processing of DNA sequence reads in TPYRAD resulted
in two final alignments, which were modified further
in downstream analyses. The total number of reads
per individual from the first alignment, including
all Sauromalus and I. iguana, ranged from 119 923
to 2 363 563, with an average of 673 769 raw reads
per individual and a total of 32 621 prefiltered loci.
After filtering, the alignment contained 1122 loci
present in a minimum of 41 out of 93 individuals, 154
880 bp and 10 092 SNPs. The median coverage per
sample after filtering was 777 loci. The total number
of reads per individual from the second alignment,
including only Sauromalus, had an identical range to
the first alignment, with an average of 672 385 raw
reads per individual and 30 082 prefiltered loci. After
filtering, the alignment contained 1146 loci present
in a minimum of 40 out of 91 individuals, 157 670 bp
and 9051 SNPs. The median coverage per sample after
filtering was 790 loci.

The first and second alignments had 31.94% and
31.68% of missing data, respectively. Previous studies
have shown that RADseq datasets with moderate
to high levels of missing data still produce robust
phylogenetic inferences because they often contain a
large and significant number of parsimony-informative
SNPs and are not biased towards slowly evolving sites
(Huang & Knowles, 2016; Tripp et al.,2017; Crottiet al.,
2019). We acknowledge that missing data in our study
might have been caused by technical inconsistencies
between our three separate library preparation and
sequencing efforts, despite using identical protocols;
however, this is a common concern for all studies
based on the combining of genomic data from multiple
libraries. Furthermore, although I. iguana represents
the closest outgroup to Sauromalus, their more distant
relationship might have been a source of allelic drop-
out leading to missing data.

PHYLOGEOGRAPHICAL STRUCTURE AND
PHYLOGENETIC RELATIONSHIPS

The ML phylogenetic inferences of the concatenated
dataset of Sauromalus strongly supported at
least four major groups within Sauromalus that
corresponded broadly to a continental group
consisting of S. ater (in part) and a peninsular group
containing S. ater (in part) and the four insular
endemics (Fig. 2A). Within the peninsular group,
there was a gradual progression from the northern
to southern peninsula, in addition to the monophyly
of S. klauberi and S. slevini, although they were
nested within S. ater samples and were not each
other’s closest relative. Sauromalus slevini was
sister to an individual from Isla San Cosme (SDF
4040), whereas S. klauberi was closely related to
southern peninsular samples. The topology of the ML
phylogeny strongly supported the basal positions of
S. varius and S. hispidus to the peninsular group,
with S. hispidus being sister to the peninsular group.
This differs from the conclusions of the mtDNA
studies of Petren & Case (1997, 2002), which placed
the insular gigantics nested within peninsular
S. ater, although this result was not strongly
supported (bootstrap < 70%). Within continental
S. ater, the ML phylogeny yielded roughly four
geographically structured groups [eastern Sonoran
(east of the Salton Sea), western Sonoran, Mojave
and southern Sonoran (south of Caborca, Mexico and
along the coast)], with moderate to strong support.
Phylogenetic network results from SPLITSTREE of
all Sauromalus individuals were largely concordant
with the results from the ML phylogeny and
displayed a deep divergence between the continental
and peninsular groups of S. ater (Fig. 2C).

In the PCA (Fig. 3A), the first principal component
axis (PC1) clearly distinguished continental S. ater
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from the rest of Sauromalus. The second (PC2)
distinguished S. varius as a distinct group from
peninsular Sauromalus. Separation of S. hispidus
from peninsular Sauromalus was present along PC2
but was not as distinct. The third principal component
axis (PC3) clearly distinguished S. hispidus from all
Sauromalus and moderately separated the continental
group from the rest of peninsular Sauromalus,
including S. varius, S. slevini and S. klauberi. Along the
fourth principal component axis (PC4), the continental
group was spread along a north-to-south axis, with
individuals from Isla Pajaros, the southernmost extent
of S. ater in Sonora, Mexico, forming a distinct cluster
from the continental group. Sauromalus slevini and S.
klauberi did not form distinct clusters along any PC
axes and were grouped within peninsular S. ater.

ADMIXTURE (Fig. 3B) supported K = 4 (out of
5) as the optimal number of populations, and these
populations corresponded to similar groupings as
the previous clustering and phylogenetic analyses.
However, under K = 4 the continental group was
split roughly into north-western and south-eastern
groups, and there appeared to be admixture between
individuals in south-western Arizona. Sauromalus
varius and S. hispidus were clustered into a single
distinct group, whereas the other insular endemics
were grouped within peninsular S. ater. There
appeared to be slight admixture between continental
and peninsular groups near the vicinity of the contact
zone in northern Baja California. Interestingly, there
also appeared to be slight admixture between some
continental and peninsular individuals and the island
gigantics.

COALESCENT SPECIES TREE INFERENCE AND SPECIES
DELIMITATION

Both Bayesian species trees inferred in SNAPP of
the higher-level species relationships of Sauromalus
strongly supported the basal position of the continental
group of S. ater relative to the rest of Sauromalus (Fig.
4). However, the SNAPP tree of only ingroup taxa (Fig.
4A) strongly supported the sister relationship between
S. varius and S. hispidus (posterior probability = 0.97),
similar to the mtDNA studies by Petren & Case (1997,
2002). The SNAPP tree including an outgroup (Fig. 4B)
strongly supported I. iguana as sister to Sauromalus
and inferred a similar topology to the concatenated
ML and Bayesian phylogenies. Sauromalus varius
was weakly supported as sister to a clade including

peninsular S. ater and S. hispidus. The sister
relationship of S. hispidus and peninsular S. ater was
also weakly supported.

The SVDQUARTETS species tree of all Sauromalus
individuals and the outgroup taxon I. iguana was
inferred using six a priori putative species, which were
identified in the clustering analyses and represent the
current taxonomy. This resulted in a similar topology to
both concatenated ddRAD phylogenies and the SNAPP
species tree that included an outgroup. However, most
of the SVDQUARTETS inferred relationships appeared
to be weakly supported (Supporting Information,
Fig. S1). This analysis also inferred the continental
group of S. ater to be the sister lineage to the rest
of Sauromalus. Within the remaining Sauromalus,
S. varius was weakly supported as sister to the
more exclusive clade containing S. hispidus and the
peninsular group of S. ater. The sister relationship of
S. slevini and S. klauberi was moderately supported.
Furthermore, BFD* analyses supported the continental
and peninsular groups as a distinct lineage (Table
1). Models hypothesizing that all S. ater populations
(i.e. the continental and peninsular groups) should be
grouped within a single wide-ranging species were the
poorly supported.

DIVERGENCE DATING ANALYSES

The Bayesian relaxed clock time trees using reduced
sets of individuals broadly estimated the split
between the continental and peninsular groups to
be 7.1 Mya [95% highest posterior density (HPD):
3.57-11.28 Myal] in the phylogeny including I. iguana
(Supporting Information, Fig. S2) and 5.42 Mya (95%
HPD: 2.98-8.24 Mya) in the phylogeny including only
ingroup taxa (Supporting Information, Fig. S3). In
both time trees, S. varius diverged from S. hispidus
and peninsular Sauromalus in the early Pleistocene
to late Miocene. These dates corresponded to 4.38 Mya
(95% HPD: 2.07-7.12 Mya) in the phylogeny including
I. iguana and 3.66 Mya (95% HPD: 1.95-5.66 Mya) in
the phylogeny with only ingroup taxa. The timing of
the split of S. hispidus from peninsular Sauromalus
ranged from the mid-Pleistocene to early Pliocene and
late Miocene. These dates corresponded to 3.22 Mya
(95% HPD:1.48-5.46 Mya) in the phylogeny including
I iguana and 2.66 Mya (95% HPD: 1.42-4.14 Mya)
in the phylogeny with only ingroup taxa. The time
tree including an outgroup (Supporting Information,
Fig. S2) also confirmed the sister relationship of

correspond to individual field numbers labelled on the ML phylogeny, and colours correspond to currently recognized taxa
or major groups. C, phylogenetic network of all Sauromalus based on concatenated double-digest restriction site-associated
DNA sequencing data. Numbers indicate bootstrap proportions. Major lineages and currently recognized species are
labelled. Colours correspond to groups identified in the ML phylogeny.
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Figure 3. A, principal component analysis of all Sauromalus. B, ADMIXTURE results for all Sauromalus. Pie chart sections
represent the proportion of ancestry for each individual at a site. Results are shown for K = 2 and the optimal value of K = 4.
Colours correspond to the following populations: red, continental; purple, peninsular; light blue, south-eastern continental;

yellow, Sauromalus varius and Sauromalus hispidus.

Sauromalus and Iguana and suggest that the two
genera diverged ~13.85 Mya (95% HPD: 6.96-21.1
Mya), similar to dates inferred by Malone et al. (2017).
The dated Cytb phylogeny (Supporting Information,
Fig. S4) estimated that continental and peninsular
groups diverged in the late Pliocene to late Miocene
(5.92 Mya; 95% HPD: 2.98-9.72 Mya).

Divergence times and demographic parameters
estimated by G-PHOCS are summarized in Figure 5
and Supporting Information, Table S3, respectively.
Overall, models run with migration produced older
dates than those run under an isolation model,
especially in model A. Furthermore, dates inferred
using a generation time of 3 years were older than
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Figure 4. Bayesian species trees based on double-digest restriction site-associated DNA sequencing single nucleotide
polymorphism data showing the higher-level species relationships of Sauromalus of only ingroup taxa (A) and higher-level
species relationships of Sauromalus including the outgroup taxon, Iguana iguana (B). To the right of the putative species
are the posterior distributions visualized with DENSITREE (blue represents the dominant topology, and red/green represent
alternative topologies), and on the left are the maximum clade credibility trees.

those using 2 years. Divergence dates across all
models were mostly within the margin of error or
similar to those estimated in BEAST, regardless
of the generation time used. For model A the dates
were within the early Pliocene to early Miocene, and
for models B and C the dates were within the early
Pleistocene to late Pliocene. However, dates inferred
under model A using a generation time of 3 years and
run with migration produced the oldest range of dates,
within the mid-Miocene. Interestingly, model C, which
used the topology of the concatenated ddRADseq
phylogeny, SVDQUARTETS species tree and SNAPP
species tree including I. iguana, produced slightly

older dates than model B, which used the topology of
the SNAPP species tree of only ingroup taxa and Cytb
phylogeny. G-PHOCS detected little to no gene flow
across all three models [effective population migration
rate (2NM) < 1; Supporting Information, Table S3].

DISCUSSION

Several previous studies have proposed the
phylogenetic relationships and historical
biogeography of Sauromalus. However, those
studies have been limited by their primary reliance
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on morphology (Hollingsworth, 1998), restriction
site polymorphisms of mtDNA (Lamb et al., 1991),
single-locus mitochondrial data, limited geographical
sampling and less sophisticated phylogenetic methods
(i.e. unweighted maximum parsimony; Petren &
Case, 1997, 2002). This study represents the first
phylogenetic study on Sauromalus using genomic data
(ddRADSeq), coalescent model-based phylogenetic
methods and improved geographical sampling. It is
also the most comprehensive molecular phylogenetic
study on Sauromalus to date and the first to generate
genomic species-level phylogenetic hypotheses.
Although our study is focused explicitly on the
evolutionary history of what is currently recognized as
the widespread and morphologically variable S. ater,
it also includes individuals from the other currently
recognized species: S. varius, S. hispidus, S. klauberi
and S. slevini.

HIGHER-LEVEL SPECIES RELATIONSHIPS WITHIN
SAUROMALUS

All concatenated and species tree analyses moderately
to strongly supported the phylogenetic position of
the continental group of S. ater as the sister lineage
to the remaining Sauromalus, which includes the
peninsular group of S. ater, the insular chuckwallas
S. klauberi and S. slevini, and the ‘islands gigantics’
S. hispidus and S. varius. The relatively basal
positions of S. varius and S. hispidus to the rest of
the peninsular group were strongly supported in the
concatenated ML phylogeny and weakly supported in
the SVDQUARTETS species tree and SNAPP species
tree including I. iguana. However, similar to the
mtDNA study of Petren & Case (1997, 2002) and
unlike the other genomic phylogenetic inferences
presented in this study, the species tree from SNAPP
of only ingroup taxa strongly supported the sister
relationship of S. varius and S. hispidus and placed
this clade as sister to the remaining peninsular
group. In SNAPP, species relationships appeared to be
influenced by the inclusion or exclusion of I. iguana.
Excluding I. iguana resulted in stronger support for
the sister relationship of S. varius and S. hispidus.
The competing relationships and varying amounts of
support at the base of peninsular Sauromalus suggest
that the divergence time between peninsular S. ater,
S. varius and S. hispidus might have been short in
comparison to the deeper split between continental
and peninsular groups. These short divergence
intervals were supported by the similar ranges of
dates inferred in G-PHOCS for both models B and C
(Fig. 5). Owing to the uncertainty between topologies,
we treat the two species hypotheses for peninsular
Sauromalus as equivocal to one another until future
analyses are conducted.

PHYLOGEOGRAPHICAL STRUCTURE WITHIN MAJOR
GROUPS OF S. ATER

Comparative analyses across several taxonomic
groups have shown that the Mohave/Sonoran Desert
ecotone and lower Colorado river might limit or
promote genetic divergence by facilitating geneflow
between populations (Lamb et al., 1991; Wood et
al., 2013; Dolby et al., 2019). Within the continental
group of S. ater, our concatenated phylogenetic and
genomic clustering analyses strongly suggest there
are geographically distinct genetic clusters that
correspond roughly to the different desert regions in
south-western North America. Our results are similar
to early genetic studies by Lamb et al. (1991) and
Petren & Case (1997, 2002) that identified significant
mtDNA geographical variation within continental
S. ater. Because of the wide-ranging and continuous
geographical distribution of continental S. ater and the
difficulty this poses for species delimitation, especially
under the MSC (Chambers & Hillis, 2020), we did
not attempt to validate any putative species within
this group. The additional genetic clusters within
continental S. ater require further investigation
using demographic modelling and landscape genomic
approaches to understand the diversification history
of this lineage. Much denser sampling is also needed
at potential contact zones, especially given evidence of
admixture between south-eastern and north-western
continental S. ater.

Numerous studies across a wide set of taxa
occurring in Baja California (Riddle et al., 2000; Crews
& Hedin, 2006; Leaché & Mulcahy, 2007; Harrington
et al., 2017) have focused on evaluating the nature
and timing of mid-peninsular vicariant events. These
phylogeographical breaks correspond to the following
regions: the mid-peninsula in the central Vizcaino
region, near the town of Loreto, and the Isthmus
of La Paz (Riddle et al., 2000). Our concatenated
phylogeny did not clearly support the presence of any
of the aforementioned breaks, and instead supported
a gradual north-to-south cline within peninsular S.
ater. This cline was similar to the structure presented
by Petren & Case (2002), although their study had
significantly less sampling. Petren & Case (2002)
demonstrated that the genetic distance between the
north and south peninsula was strongly correlated
with geographical distance (i.e. isolation by distance),
and there is a possibility that a similar pattern might
be occurring within our data. Further sampling across
the peninsular and additional landscape genomic and
demographic analyses are required to determine the
mechanisms causing such population structure and/or
to evaluate whether this genomic structure exists.

Lastly, common garden experiments by Tracy
(1999)demonstrated that populations of S. ater collected
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from varying environmental conditions, habitat types
and elevations exhibited heritable differences in body
size and patterns of growth. Generally, populations of
S. ater collected from higher elevations experienced
lower frequencies of drought and longer growing
seasons in comparison to low-elevation populations.
This allowed them to allocate more resources to
reaching larger adult body sizes, in comparison to
the more quickly maturing but smaller low-elevation
S. ater. Although we did not test for a correlation
between genetic variation and adaptation to different
environmental conditions, this might explain some
of the phylogeographical structure observed in both
continental and peninsular groups.

HISTORICAL BIOGEOGRAPHY

Murphy (1983) and Welsh (1988) hypothesized
that Sauromalus evolved in the cape region of the
Baja California peninsula, whereas Grismer (1994)
suggested a continental (i.e. non-peninsular) origin
for Sauromalus, followed by a relatively recent
westward expansion into the peninsula. The deep
phylogenetic divergence between the continental and
peninsular groups of S. ater in the vicinity of the head
of the Gulf of California supports neither of these
previous biogeographical scenarios. Our phylogenetic
and divergence dating analyses instead support the
northern gulf vicariance scenario proposed by Grismer
(1994) and Murphy (1983). Grismer (1994) suggested
that lineages belonging to this biogeographical scenario
exhibit a contemporary circum-gulf distribution
and sister relationship between a peninsular and
non-peninsular lineage at the vicinity of the head of
the Gulf of California. Following this scenario, the
ancestral Sauromalus is likely to have had a historical
distribution around the head of the Gulf of California
before the northernmost extent of the Gulf of California
at San Gorgonio Pass in southern California. Grismer
(1994) placed the date of northern gulf vicariance at
3 Mya, whereas more recent geomorphological studies
have established an older date at ~6.3 Mya (Oskin &
Stock, 2003; Bennett & Oskin, 2014). Our study placed
the Sauromalus split at ~5.92 Mya in the Cytb time
tree (Supporting Information, Fig. S4). The relaxed
clock analyses of the concatenated ddRAD data and
G-PHOCS (Fig. 5; Supporting Information, Figs S2, S3;
Table S3) inferred mostly similar dates ranging from
the early Pliocene to mid-Miocene. Thus, the basal
split of the common ancestor of Sauromalus (i.e. the
formation of a basal continental and peninsular clades)
is likely to have occurred owing to the northwardly
extension of the Gulf of California in the late Miocene,
which then separated the basal Sauromalus clades
onto opposite sides of the gulf. The regression of the
gulf to its current distribution then allowed for the

secondary contact of these sister lineages around the
vicinity of northern Baja California.

The continental and peninsular clades are likely to
come into contact with one another in northern Baja
California, although the exact location and nature of
this contact zone is currently unknown, and there are
few records of chuckwallas from this region. Despite
the paucity of samples in this region, there is no reason
to believe there is an absence of chuckwallas, because
the few known records fall within our sampling gap,
and there is an abundance of rocky habitat. If there is
a secondary contact, it is likely to occur in the north-
eastern portion of the peninsula, between Canon
Guadalupe along the eastern escarpment of the Sierra
Juarez and Arroyo Matomi (~200 km apart). Although
not a significant result of this study, G-PHOCS
detected minimal unidirectional gene flow (Supporting
Information, Table S3) from the peninsular lineage
to the continental lineage. Furthermore, admixture
analysis detected minimal proportions of peninsular
ancestry within continental samples from Cafon
Guadalupe (SDF3961) and Sierra Cucapa (JAM11822),
which represent the sampling locations closest to where
this major contact zone could be. Other squamate
(Leaché & Mulcahy, 2007; McGuire et al., 2007; Wood
et al., 2008; Blair & Sanchez-Ramirez, 2016; Leavitt
et al., 2020), mammal (Riddle et al., 2000) and spider
(Crews & Hedin, 2006) species from south-western
North America share a similar biogeographical
scenario to continental and peninsular S. ater. Of
the lizard species that diversified in northern Baja
California, Leavitt et al. (2020) demonstrated that
within western banded geckos (Coleonyx variegatus)
two subspecies of this group, Coleonyx variegatus
variegatus and Coleonyx variegatus abbotti, come into
secondary contact and form a narrow hybridization
zone in the Puertecitos region of north-eastern Baja
California. This same study estimated that continental
and peninsular C. variegatus diverged from each other
~6.28 Mya (5.28-7.32 Mya), which overlaps with dates
estimated in our divergence dating analyses of the
ddRAD and Cytb data.

Although not the focus of our study, the evolution
of large body size in Sauromalus has remained a
contentious biogeographical inquiry for several
decades. Based on ecological models, Case (1982)
hypothesized that large body size evolved in S.
varius and S. hispidus as an adaptation to the island
environment (‘insular gigantism’). In both species,
insular gigantism might then have evolved rapidly
owing to intense selection pressures on the islands
(Case, 1976, 1982). This hypothesis was supported by
the placement of S. varius and S. hispidus as sister taxa
relative to peninsular and continental Sauromalus in
the mtDNA phylogenies of Petren & Case (1997, 2002).
Similar to Shaw (1945) and based on phylogenetic
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relationships in the study by Norell & de Queiroz
(1991) inferred using fossil data, Grismer et al. (1995)
presented an alternative hypothesis that the small size
of mainland Sauromalus evolved through ‘continental
dwarfism’ rather than ‘insular gigantism’. Specifically,
Grismer et al. (1995) suggested that because large
iguanid body sizes were thought to be a characteristic
of the ancestral Sauromalus, a continental dwarfism
scenario would be more parsimonious than an insular
gigantism scenario. Overall, because our results for
the relationships between peninsular S. ater, S. varius
and S. hispidus are equivocal, both body size evolution
scenarios remain equally parsimonious.

Dates inferred in our divergence dating analyses
among S. varius and S. hispidus (Fig. 5; Supporting
Information, Figs S2, S3; Table S3) mostly overlap
with those proposed for the ages of the formation of
the volcanic Isla San Esteban (2.5-4.5 Mya; Calmus et
al., 2008) and the disconnection of the north-western
shoreline of Isla Angel de la Guarda (2-3.3 Mya;
Aragoén-Arreola & Martin-Barajas, 2007). The ancestor
of S. varius would probably have needed to colonize
Isla San Esteban through overwater dispersal,
whereas the ancestor of S. hispidus could have existed
in the vicinity of Isla Angel de la Guarda before its
disconnection from the peninsula. Alternatively, it
could have reached Isla Angel de la Guarda through
overwater dispersal from the peninsula or from a
neighbouring midriff island.

TAXONOMIC IMPLICATIONS

Genomic species relationships within S. ater were
mostly incongruent with any of the previous species
and subspecies boundaries of Sauromalus based on
morphology and failed to explain the geographical
variation within S. ater. Both continental and
peninsular S. ater exhibit similarly high levels of
morphological variation compared with the single,
widespread S. ater. Taken together, our results
highlight the cryptic diversity within S. ater and
strongly suggest that the continental and the
peninsular groups of S. ater represent at least two
separately evolving metapopulations (de Queiroz,
2007).

The taxonomy of S. ater has been complicated
traditionally by the absence of the type locality of the
holotype of S. ater, which was eventually restricted to
southern Sonora based on the morphological analyses
by Hollingsworth (1998) and further restricted to
Guaymas, Sonora, Mexico by Montanucci (2008) based
on historical ship logs from the expedition on which
the type specimen was collected. Thus, the continental
group would retain the name S. ater and the oldest
available name for peninsular ‘S. ater’ (exclusive
of S. klauberi and S. slevini) would be Sauromalus

interbrachialis (Dickerson, 1919). Both Schmidt
(1922) and Shaw (1945) commented extensively on
the proper type locality of S. interbrachialis, which
they believed to be one of the southern islands off the
coast of the Baja California peninsula, rather than the
listed location of La Paz. Either way, both locations
fall within the peninsular S. ater group, making it the
oldest available name. Junior synonyms would include
S. australis (Shaw, 1945) and S. shawi (Cliff, 1958).
Problematic to the recognition of S. interbrachialis
are the embedded relationships of S. klauberi and
S. slevini, within the peninsular clade. Sauromalus
klauberi and S. slevini have been recognized as full
species since the work of Murphy (1983). However, the
validity of S. slevini and S. klauberi as distinct lineages
is questionable because they do not form distinct groups
in any genomic clustering analyses. We hypothesize
that the insular morphology of S. slevini and S. klauberi
might be caused by recent isolation from the peninsula
and rapid phenotypic diversification associated with
drift and/or local adaptation to island environments.
However, because both S. slevini and S. klauberi have
consistently represented a distinct morphological
cluster in several studies (i.e. Hollingsworth, 1998;
Montanucci, 2004), we advocate for further studies
with improved sampling of individuals from S. slevini,
S. klauberi and other southern Baja California islands.
Such studies are necessary to investigate the genomic
distinctiveness of S. slevini and S. klauberi before
they can be synonymized with the peninsular species.
There has been little dispute about the species status
of S. varius and S. hispidus, and although testing their
validity was not the focus of our study, the genomic
results mostly supported their continued recognition.

CONCLUSION

Adopting a genomic approach, we argue that the
widespread and morphologically variable S. ater
represents at least two distinct continental and
peninsular lineages that diversified around the vicinity
of the head of the Gulf of California. Divergence dating
estimates using concatenated and coalescent methods
suggest that these two lineages speciated in the early
Pliocene to mid-Miocene, during the formation of the
northern Gulf of California. Although the exact location
and nature of the contact zone are unknown, the two
lineages are likely to come into secondary contact in
northern Baja California, along the desert slopes of the
eastern Sierras Juarez and San Pedro Martir. Higher-
level phylogenetic relationships within peninsular
and insular lineages of Sauromalus, namely the sister
relationship of S. varius and S. hispidus, are largely
dependent on the inclusion of the outgroup taxon I.
iguana. The insular species S. klauberi and S. slevini
should continue to be recognized as full species, but their
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species status requires further investigation with much-
improved geographical sampling. The evolution of large
body size in S. varius and S. hispidus is more complex
than previous biogeographical studies have hypothesized
and requires further examination. Our study contributes
to our understanding of the herpetofauna of the Baja
California peninsula and the evolution and systematics
within Sauromalus. It also lays a foundation for future
studies to explore potential secondary contact zones,
additional species limits, trait evolution and island
biogeography using chuckwallas as a model system.
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Table S1. Individuals used for genomic DNA sequencing separated by sample identity, taxon and locality
information.

Table S2. Individuals obtained from GenBank for dated Cytb phylogeny separated by accession number, sample
identity, taxon and locality information.

Table S3. Results of the three G-PHOCS models tested in this study.

Figure S1. Quartet species tree based on double-digest restriction site-associated DNA sequencing data showing
all putative Sauromalus species. The Sauromalus tree is rooted with Iguana iguana. Numbers indicate bootstrap
support.

Figure S2. Bayesian time tree of the reduced set of individuals of Sauromalus and Iguana iguana using a
relaxed clock based on concatenated double-digest restriction site-associated DNA sequencing data. Numbers at
nodes indicate posterior probabilities, and shaded bars on nodes indicate 95% highest posterior density confidence
intervals. Major groups and currently recognized taxa are labelled.

Figure S3. Bayesian time tree of reduced set of individuals of only Sauromalus using a relaxed clock based on
concatenated double-digest restriction site-associated DNA sequencing data. Numbers at nodes indicate posterior
probabilities, and shaded bars on nodes indicate 95% highest posterior density confidence intervals. Major groups
and currently recognized taxa are labelled.

Figure S4. Bayesian time tree of individuals of Sauromalus based on Cytb data

obtained from GenBank (Supporting Information, Table S2). Numbers at nodes indicate posterior probabilities,
and shaded bars on nodes indicate 95% highest posterior density confidence intervals. Major groups and currently
recognized taxa are labelled.
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