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Abstract

In the face of anthropogenic change and the potential loss of species, documenting
biodiversity - including accurately delimiting species complexes — is of tantamount
importance. Genome-wide data are powerful for investigating lineage divergence, though
deciding if this divergence represents species-level differentiation remains challenging.
Here, we use genome-wide data to investigate species limits in four currently recognized
species of Earless Lizards (Phrynosomatidae: Holbrookia), with a focus on H. lacerata and
H. subcaudalis, the latter having potentially imperiled populations. This group’s taxonomy
has been repeatedly revised; most recently, H. lacerata and H. subcaudalis were elevated
to species status using conserved morphological data and a few molecular markers. In
this study, we used double-digest restriction-site associated DNA sequencing to delineate
species limits for our focal taxa. We recovered five populations that corresponded to five
well-supported lineages with very little gene flow among them. Our results support the
recognition of H. lacerata and H. subcaudalis as two separate species, based on strong
phylogenetic support for these lineages and genetic divergence measures that exceed
those of currently recognized species within Holbrookia. Genomic methods for species
delimitation offer a promising approach to assess biodiversity in taxonomically

confounded taxa or organisms of conservation priority.

1 Introduction

The delimitation and description of new species is a fun-
damental and critical pursuit in biology, particularly with
respect to understanding and inventorying the breadth of
biodiversity and the application of conservation manage-
ment. This is especially true at the present, where anthro-
pogenic change is leading to the incredible loss of biodiver-
sity worldwide (Ceballos et al., 2015; Hooper et al., 2012;
Wake & Vredenburg, 2008). However, while great strides
have been made in developing ways to rapidly assess bio-
diversity and species boundaries (e.g. DNA barcoding, ro-
bust quantitative techniques to carry out species delimita-
tion), debates over the methodological and philosophical
approaches to species delimitation persist (Burbrink & Ru-
ane, 2021; Carstens et al., 2013; Hillis et al., 2021; Ratnas-
ingham & Hebert, 2007; Sites & Marshall, 2003). Integra-
tive taxonomic approaches have mitigated many of these

issues (Dayrat, 2005; de Queiroz, 2007; Fujita et al., 2012;
Padial et al., 2010; Padial & de la Riva, 2009; Pante et
al., 2015; Will et al., 2005). Yet, these approaches are time
consuming, and increasingly, people are not trained in im-
plementing formal taxonomy and/or identifying fine scale
morphological features used to define taxonomies (Engel et
al., 2021; Riedel et al., 2013).

Emerging methods that use genomic data to delimit
species have also mitigated many of these issues (Jones et
al., 2015; Kapli et al., 2017; Smith & Carstens, 2020; Suku-
maran et al., 2021; Yang & Rannala, 2010). However, these
approaches do not always address whether the delimited
units should be recognized as populations or species (Fujita
et al., 2012; Leaché et al., 2019), and can potentially lead to
an over- or under-estimation of species, causing estimates
of biodiversity to be skewed (Campillo et al., 2020; Carstens
et al., 2013; Rannala, 2015; Sukumaran & Knowles, 2017).
One solution to these challenges is to apply a reference-
based approach, in which divergence among “good” species
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is used to benchmark and define the boundary between
population and species for putative taxa. Such reference-
based approaches have been used for some time (e.g.,
heuristic cutoffs in DNA barcoding; Hebert et al., 2004;
Hebert & Gregory, 2005). They are being modernized to
leverage genomic data and to provide a more empirical per-
spective on how genetic divergence relates to the “species
continuum” (Chan & Grismer, 2019; Leaché et al., 2021;
Poelstra et al., 2021). Reference-based approaches based on
genomic data can also serve as a starting point that can be
followed by other integrated datatypes for a more holistic
and robust taxonomy. More robust approaches to species
delimitation will allow us to increase taxonomic stability,
to provide a framework for comparing the results of differ-
ent species delimitation methods, and to implement more
robust conservation management plans.

Here, we use genomic data to rapidly assess species
boundaries in a taxonomically complex group of lizards
(Phrynosomatidae: Holbrookia). While the monophyly of
the lizard genus Holbrookia is well-supported within the
family Phyrnosomatidae, the taxonomy of lineages within
this genus has a turbulent history and several of the species
still contain contentious subspecies designations (de
Queiroz, 1992; Schulte & de Queiroz, 2008; Wilgenbusch
& de Queiroz, 2000). Until recently, the Northern (Plateau)
Spot-tailed Earless Lizard (H. lacerata) and Southern
(Tamaulipan) Spot-tailed Earless Lizard (H. subcaudalis)
were recognized as subspecies of H. lacerata (Hibbitts et al.,
2019). These taxa are separated by ~100 kilometers across
the Balcones Escarpment (Hibbitts et al., 2019). The Bal-
cones Escarpment consists of sloping, limestone rocks that
likely act as a barrier for these lizards, which are more typi-
cally found on flat, gravel soils. These two taxa are morpho-
logically distinct (Axtell, 1956, 1958), and genetic data also
supported the elevation of H. subcaudalis to species status
(Hibbitts et al., 2019; Roelke et al., 2018). Further, these
studies recovered two distinct mitochondrial lineages (east-
ern and western) within H. subcaudalis; these lineages are
also geographically isolated by both historical and contem-
porary unsuitable habitat (Fig. 1). However, the study by
Roelke et al. (2018) was based on only mitochondrial data,
and Hibbitts et al. (2019) was based on one mitochondrial
and nuclear gene each. Single locus methods, particularly
those reliant on just mitochondrial data, can often be mis-
representative. The mitochondrial genome sorts faster and
has a higher mutation rate than nuclear loci, leading to pat-
terns of more rapid divergence than we would expect oth-
erwise (Hudson & Turelli, 2003), and many species delim-
itation methods can be misled by patterns of introgression
and incomplete lineage sorting when relying on topologies
derived from a single locus (Dupuis et al., 2012; Knowles &
Carstens, 2007). Thus, this revised taxonomy should ideally
be confirmed using a multi-locus or genomic dataset.

An accurate species taxonomy is crucial for both Hol-
brookia lacerata and H. subcaudalis because both species
are facing anthropogenic threat. Both Holbrookia lacerata
and H. subcaudalis are early successional species that prefer
patches of grassland, where disturbances produce a mosaic
of sparse open patches of bare ground mixed with less-

dense vegetation structure and occasional shrubs or trees
(Hibbitts et al., 2021). Before the human colonization of
North America, H. lacerata and H. subcaudalis were likely
most abundant in grasslands heavily impacted by the ef-
fects of fire and grazing by large herbivores. Today, both
species of Holbrookia are often found in high abundance in
plowed agricultural fields or overgrazed pastures, as the mi-
crohabitat conditions in these landscapes are favorable to
foraging and reproductive behaviors in these taxa (Hibbitts
et al., 2021; Roelke et al., 2018). Recent evidence suggests
that populations of both H. lacerata and. H. subcaudalis are
in decline throughout their distributions in Texas in the
southwestern United States, likely due to widespread use of
pesticides and agricultural practices, urbanization, and in-
vasive flora and fauna (Duran & Axtell, 2010; Wolaver et al.,
2018). These declines have made them the focus for inves-
tigating land management practices (Duran & Axtell, 2010;
Hibbitts et al., 2021). Holbrookia lacerata is currently listed
as near threatened by the International Union for Conser-
vation of Nature organization (IUCN). Additionally, due to
perceived population declines or extirpations across much
of their range in Texas (Duran & Axtell, 2010), both species
of spot-tailed earless lizards (H. lacerata and H. subcaudalis)
are currently undergoing a status review for federal listing
in the U.S. (USFWS, 2011).

Here, we used a multi-locus, reference-based approach
(mitochondrial DNA and ddRADseq) to determine the
species status for the threatened species, H. lacerata and
H. subcaudalis. We then compared our estimated species
statuses to our results from four different approaches to
species delimitation to assess the ability of these tech-
niques to discern populations from species.

2 Methods
2.1 Taxon Sampling and DNA Extraction

We collected tissues from 75 individuals across the U.S.
distribution of the focal taxa (H. lacerata, H. subcaudalis,
and close sister species H. propinqua, and H. maculata). The
large gap in sampling in H. subcaudalis falls along the break
between the eastern and western lineages, and it spans a
geographic region where no known intermediate popula-
tions are known to exist (Fig. 1). We extracted DNA from
muscle or liver tissue stored in RNALater or 70% ethanol
using a standard phenol-chloroform protocol (Sambrook &
Russell, 2006). DNA extraction quality was checked using a
1% agarose gel, and DNA concentration was quantified us-
ing a QUBIT 2.0 Fluorometer (Life Technologies, Carlsbad,
CA).

2.2 Molecular data generation and
processing

We compiled a mitochondrial DNA dataset of the NADH de-
hydrogenase subunit 2 (NAD2) gene using sequences avail-
able from Hibbitts et al. (2019) and Roelke et al. (2018).
We generated a multiple sequence alignment in MEGA7
(Kumar et al., 2016) using the MUSCLE algorithm (Edgar,
2004) with default parameters. The final alignment con-
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Figure 1. Sampling localities of the four focal taxa (Holbrookia lacerata, H. maculata, H. propinqua, and H. subcaudalis)
included in this study, with approximate geographic distributions in southwestern North America shown in the inset.
The solid black line represents the Balcones Fault/Escarpment, the natural biogeographic barrier between H. lacerata and
H. subcaudalis. Gray shading is SRTM 1 Arc-Second Global elevation data (www.usgs.gov).

tained 1029 bp for 57 samples, which include 49 samples
of our four focal taxa plus 8 other closely related species,
including Holbrookia elegans, Cophosaurus texanus, Cal-
lisaurus draconoides, Uma exsul, U. paraphygas, U. inornata,
U. notata, and U. scoparia used as outgroups (Table S1).

We collected ddRADseq data for 75 individuals from our
four focal taxa following the protocol described in Peterson
et al. (2012) and following parameters specified in Streicher
et al. (2014). Our final library was sequenced on one II-
lumina HiSeq2500 lane (150 bp single end reads) at the
Genomic Sequencing and Analysis Facility (GSAF) at The
University of Texas (https:/www.wikis.utexas.edu/display/
GSAF). The workflow for data processing, filtering, and for-
matting was automated using scripts available from Portik
et al., 2017 (https://github.com/dportik/Stacks_pipeline). In
brief, the raw Illumina reads were demultiplexed using
stacks v2.53 (Rochette et al., 2019), the restriction site
overhangs were removed using the fastx_trimmer module of
the fastx-toolkit (www.hannonlab.cshl.edu/fastx_toolkit),
and the sequencing quality was examined on a per sample
basis using fastqc v0.10.1 (www.bioinformatics.babra-
ham.ac.uk/projects/fastqc). Loci were created, catalogued,
and identified using ustacks, cstacks, and sstacks, respec-
tively. The “populations” option was then used to export
loci present in 80% of all individuals, which resulted in
1,872 loci. Subsequent filtering removed invariant loci

(n=59), “blank” loci (n=11), non-biallelic loci (n=0), and loci
containing at least one individual with more than two alle-
les (n=0). For loci containing multiple SNPs, we randomly
chose a single SNP to be used for subsequent analyses. Any
samples missing data for more than 60% of loci were re-
moved (n=9). After completing the above filtering steps, our
final SNP dataset consisted of 66 samples and 1,802 SNPs.

2.3 Population Structure, Gene Flow, and
Isolation-by-Distance

We determined the number of discrete populations present
across the sampled ranges of our focal lineages using
Bayesian and likelihood clustering analyses and multivari-
ate methods. We used STRUCTURE v2.3.4 (Falush et al.,
2003; Pritchard et al., 2000) to examine the number of pop-
ulation clusters and potential admixture between popula-
tions. Hierarchical analyses were performed for 10 runs per
K, up to a maximum of 6 populations, using the admixture
model with a burn-in of 10,000 steps followed by 100,000
steps. We summarized our results using structureharvester
(Ear]l & vonHoldt, 2012) and evaluated the number of pop-
ulations based on inspection of likelihood plots and fol-
lowing Evanno et al (2005). To complement our structure
analysis, we used a maximum likelihood approach with AD-
MIXTURE (Alexander et al., 2009). We performed ten repli-
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cate analyses to evaluate up to 6 populations. To assess the
best K value, we performed 10-fold cross-validation and se-
lected the K value with the lowest cross-validation error.
We also evaluated the number of discrete populations us-
ing a discriminant analysis of principal components (DAPC)
with adegenet v2.0.0 (Jombart, 2008; Jombart & Ahmed,
2011). A maximum of 10 clusters were investigated using
the k-means algorithm. The preferred number of clusters
was evaluated using BIC scores. To minimize overfitting,
an initial DAPC was used to find the a-score for each set
of clusters, and this value was used to select the number
of principal components to retain for subsequent analyses
(Jombart, 2008; Jombart & Ahmed, 2011). To independently
assess the validity of population differentiation and as-
signment, we used the fineRADstructure software package
(Malinsky et al., 2018) to construct a co-ancestry matrix
from the RADseq data. We used 100,000 burn-in followed
by 100,000 MCMC steps sampling every 1,000 steps and
the tree was constructed with 10,000 hill-climbing itera-
tions. The results were visualized using the fineRADstruc-
tureplot.R and fineRADstructurelibrary.R scripts (included
in the fineRADstructure package file).

To test whether there is introgression occurring between
any of our focal populations (H. lacerata, H. subcaudalis
“East”, and H. subcaudalis “West”) we analyzed a reduced
individual dataset (individuals being assigned based on
population clustering results) including the entire RAD lo-
cus for all sites (variable and invariant sites) under the mul-
tispecies coalescent with introgression (MSCi) model as im-
plemented in BPP v4.3.0 (Flouri et al., 2020). We tested for
introgression and estimated the strength of introgression
using the introgression probability or admixture proportion
(@) by analyzing eight models that each included one uni-
directional introgression event on the species tree (Table
1; Fig. 4). Diffuse inverse-gamma (IG) priors were desig-
nated as follows: © ~ IG(3, 0.002) with mean 0.002/(3 - 1)
=0.001, and T ~ IG(3, 0.01) with mean 0.01/(3 - 1) = 0.005.
The prior for introgression was beta (1,1). Each analysis
was run three times for 100,000 generations with the first
10,000 discarded as burn-in. Convergence was assessed by
ensuring the stability of parameter estimates. We tested the
significance of introgression using the Savage-Dickey den-
sity ratio and Bayes factors (Ji et al., 2023). Models with a
BF > 20 were considered significant, and two introgression
thresholds (the percent of the genome introgressed) were
tested, 0.01 and 0.05 (Ji et al., 2023; Table 1).

Divergence between two geographically proximate
species can result from a discrete break in gene flow due
to geographic and/or reproductive isolation or the accrual
of continuous divergence over space (isolation-by-distance;
IBD). To test whether IBD explains divergence between
populations of H. lacerata and H. subcaudalis, we used a
Mantel test to compare pairwise genetic distances (dxy) and
pairwise geographic distances. Specifically, we tested for
IBD between H. lacerata and the “East” and “West” lineages
of H. subcaudalis. We tested for significant relationships be-
tween genetic distances (de) and pairwise geographic dis-
tances using the mantel.randtest function in the R package
‘adegenet’ (Jombart, 2008). We performed 99,999 permuta-

tions to generate a random distribution of values to com-
pare to our empirical pairwise values. We plotted genetic
and geographical distances to visually inspect for evidence
of a continuous cline of genetic distance versus distinctive
genetic breaks between populations.

2.4 Phylogenetic relationships and
divergence dating

We estimated a gene tree for the mtDNA data using the
Bayesian software package BEAST v2.6.6 (R. Bouckaert et
al., 2014). The stem group of the clade of Cophosaurus and
Holbrookia is at least 16.0 Myr old, given the fossil Hol-
brookia antiqua from the Marsland Quarry from the Hem-
ingfordian Formation (16.0-20.4 Myr) of Nebraska (Yatkola,
1976). Therefore, we used 17.0 Ma as a calibration point
mean (offset = 1; sigma = 0) under a normal distribution for
the divergence between Cophosaurus and Holbrookia (Wiens
et al., 2013). We performed the analysis using an HKY+G
model of nucleotide substitution with four gamma cate-
gories, relaxed clock model, and a Yule tree prior. We ran
the analysis of three independent runs using a random
starting tree with a Markov Chain Monte Carlo (MCMC)
run for 20,000,000 generations, sampling every 1,000 gen-
erations producing a total of 20,000 trees. We examined
the evidence for the lack of convergence using Tracer v1.6
(Rambaut & Drummond, 2009), and runs were combined in
LogCombiner v2.6.6. A burn-in of 10% was discarded, and a
maximum clade credibility (MCC) tree with median heights
was created from the remaining trees.

We additionally estimated a species tree for our SNP
dataset using SNAPP v1.3.0 (Bryant et al., 2012) imple-
mented in BEAST2 (R. Bouckaert et al., 2014). The SNAPP
model is based on the coalescent process and can accom-
modate ILS but assumes no gene flow and can be misguided
by gene flow. To reduce run times, we randomly subsampled
2 - 8 representatives from each of five populations, for a to-
tal of 19 individuals. We defined populations based on the
consensus found across clustering analyses (see Fig. 2). The
mutation rates u and v were set to 1.0. We set the prior for
the expected genetic divergence (0) using a gamma distri-
bution 6 ~ G(2.5, 250) with a mean of alpha/beta = 0.01.
We assigned a gamma hyperprior for the speciation rate
parameter A ~ G(2,200) with a mean alpha x beta = 400.
We performed two independent runs with a chain length
of 1,000,000 generations, sampling every 1000 generations.
Runs were assessed using Tracer v1.6 to examine conver-
gence (Rambaut & Drummond, 2009), and tree topologies
and node heights were visualized using DENSITREE (R. R.
Bouckaert, 2010).

2.5 Reference-based Taxonomy and Species
Delimitation

To define the reference-based taxonomy for Holbrookia, we
calculated the genetic divergence among recognized
species and putative new taxa identified in our analysis. We
measured genetic divergence by calculating mean dXy and
Fgr among all population pairs using the populations func-
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tion in STACKS (Meirmans, 2006; Nei, 1987; Reich et al.,
2009).

We then evaluated species boundaries using four differ-
ent approaches for comparative molecular species delimi-
tation: two coalescent-based approaches (Bayes Factor De-
limitation*, BPP), a heuristic-based approach (gdi), and a
protracted speciation approach (DELINEATE). Because each
species delimitation approach makes different assump-
tions, we compared across multiple methods to identify ro-
bust delimitations (Smith & Carstens, 2022).

We used two methods that implement the multispecies
coalescent model (MSC; Rannala & Yang, 2003). First, we
conducted Bayes Factor Delimitation (BFD*) implemented
in SNAPP v1.3.0 (Bryant et al., 2012) in BEAST2 v2.5.4
(R. Bouckaert et al., 2014) with our SNP dataset following
Leaché et al. (2014). We used a dataset for all models that
only included SNPs that were present across all considered
taxa (subsampled 2 — 8 representatives from each of five
populations), since differences in the number of SNPs can
make the comparison of models inaccurate (Leaché & Oaks,
2017). We performed our analyses testing three models, in-
cluding the current taxonomy (4 species — H. lacerata, H.
subcaudalis, H. maculata, and H. propinqua), a taxonomy
that lumped H. lacerata and H. subcaudalis (3 species — H.
lacerata + H. subcaudalis, H. maculata, and H. propinqua),
and a taxonomy that split populations of H. subcaudalis
(5 species — H. lacerata, H. subcaudalis “East”, H. subcau-
dalis “West”, H. maculata, and H. propinqua). Using BFD*,
we ranked all the models and selected the model with the
highest maximum likelihood estimate (MLE) score. We cal-
culated the Bayes Factor (BF) support for the best model
using the equation BF = 2(MLE model 1 — MLE model 2)
(Kass and Raftery 1995). We utilized the same parameters
as our species tree estimation, but we ran the analyses for
100,000 generations, sampling every 1000 generations. We
estimated marginal likelihood values using the PathSam-
pleAnalyzer (alpha = 0.3) with 48 steps (10000 iterations,
1000 pre-burnin).

Second, we used Bayesian species delimitation as im-
plemented in Bayesian Phylogenetics and Phylogeography
(BPP) v4.3.0 (Flouri et al., 2020). The entire RAD locus
for all sites (variable and invariant sites) was used for this
analysis and were phased within the BPP analysis (J. Huang
et al., 2022). We implemented the A10 (species delimitation
using a fixed guide tree) analysis under the multispecies
coalescent model. We used a consensus of relationships
derived from population and phylogenetic (specifically,
SNAPP) analyses allowing five populations (based on con-
sensus of population analyses) as a guide tree (see Fig. 4).
We used the priors used for © and T as they are described
above for our MSCi analysis in BPP. Each analysis was run
three times for 100,000 generations with the first 10,000
discarded as burnin. Convergence was assessed by ensuring
the stability of parameter estimates.

Third, we used heuristic species delimitation which es-
timates the genealogical divergence index (gdi) to measure
the overall genetic divergence between two populations
based on the combined effects of genetic isolation and gene
flow. This approach is therefore useful for studying struc-

tured populations (Jackson et al., 2017; Leaché et al., 2019).
This method assumes that species should show greater evo-
lutionary independence from one another compared to
populations (Hey & Pinho, 2012). The gdi is continuous be-
tween 0 (panmixia) and 1 (strong divergence), which can be
indicative of where a population lies on the path to specia-
tion. Though there is no fixed delimitation cutoff between
populations and species, it has been suggested that there
are distinct species when gdi >0.7, the same species when
gdi <0.2, and/or ambiguous delimitation status if 0.2> gdi
<0.7 (Jackson et al., 2017; Pinho & Hey, 2010). We used
gdi to compare the observed divergence between H. lacer-
ata and H. subcaudalis with respect to species-level diver-
gences between other lineages of Holbrookia (Chan & Gris-
mer, 2019; Leaché et al., 2018). To estimate the gdi, we
used the priors used for 6 and T as they are described above
for our MSCi analysis in BPP. Four separate runs were per-
formed for 100,000 generations with the first 10,000 dis-
carded as burn-in and converged runs were combined to
generate posterior distributions for the multispecies coa-
lescent parameters that were then used to calculate gdi fol-
lowing the equation: gdi = 1-e"2¥/® (Jackson et al., 2017;
Leaché et al., 2018). When calculating the gdi, Population
A was distinguished from Population B using the equation
2t,p/6,, where 6, is the © of the focal population in this
comparison. Conversely, 2T,5/0p was used to differentiate
between Population B from Population A, where 85 is the
O of the focal population in this comparison (Jackson et al.,
2017; Leaché et al., 2018).

Finally, to address shortcomings of MSC methods (e.g.,
overestimating species based on population boundaries),
we implemented the protracted speciation model through
the program DELINEATE (Sukumaran et al., 2021). DELIN-
EATE assesses potential species boundaries of observed ge-
netic clusters by combining elements of tree structure and
branch length, while modeling an extended time period af-
ter population splitting during which populations can go
extinct, further split, or evolve into species (initiation and
completion rate of speciation). We assigned candidate ge-
netic clusters based on population clustering, phylogenetic
results, and geography. We used the species tree from our
SNAPP analysis as a guide tree. Within our control file, we
distinguished our assigned genetic clusters as constrained
(i.e., well-established species) or unconstrained lineages
(those that remain the focus of species delimitation). We
constrained the H. maculata and H. propinqua as species-
level lineages but left the H. lacerata, H. subcaudalis “West”,
and H. subcaudalis “East” lineages as unconstrained to de-
termine if they are inferred to be separate species.

3 Results

3.1 Population Inference, Isolation-by-
Distance, and Gene Flow

Both hierarchical Bayesian (STRUCTURE) and maximum
likelihood (ADMIXTURE) population clustering analyses
based on 1,802 SNPs resulted in the detection of four pri-
mary populations that followed the nominal species desig-
nations (K=4; Fig. 2a,b). Further, we found limited evidence
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Figure 2. Population assignment for 66 individuals of species Holbrookia lacerata, H. maculata, H. propinqua, and H.
subcaudalis from SNP data based on a) hierarchical Bayesian population clustering using STRUCTURE, b) maximum-
likelihood population clustering using ADMIXTURE (dashed line indicates where populations were analyzed separately
for hierarchical analysis), c) co-ancestry matrix from fineRADstructure (coefficients of ancestry are colored from low
(yellow) to high (black), the dendrogram depicts a clustering of individual samples based on the pairwise matrix of co-
ancestry coefficients, and boxes indicate population structuring), d) discriminant analysis of principal components.
Across all clustering approaches, the best-fit model identified four clusters corresponding to the four nominal taxa. e)
The relationship between pairwise geographic and genetic distances within and between populations subcaudalis).

for admixture between all populations, only identifying a
few putatively admixed individuals in H. lacerata. The re-
sulting dendrogram and coancestry matrix from our fin-
eRADstructure analysis confirmed the results of our hi-
erarchical population analyses, while also identifying
substructuring within Holbrookia subcaudalis (“East” and
“West” populations; dashed boxes in Fig. 2¢). The DAPC re-
sults identified the same populations as the STRUCTURE
and ADMIXTURE clustering analyses (Fig. 2d).

The results of our introgression analyses indicated low
levels of introgression between all populations (¢ =
0.044-0.326), with the highest estimates of introgression
being estimated between “East” and “West” lineages of H.
subcaudalis, specifically from the “West” lineage into the
“East” lineage (¢ = 0.326) (Table 1, Fig. 4). Most of the in-
trogression estimates were significant using a Bayes fac-
tor test with a 1% threshold, but only three introgression
events were significant with a 5% threshold (including sub-

caudalis W — subcaudalis E, lacerata — subcaudalis ances-
tor, and subcaudalis ancestor — lacerata; Table 1).

The Mantel test comparison between H. lacerata and
populations of H. subcaudalis was significant (p = 0.0203)
showing a positive correlation between geographic and ge-
netic distance. However, individual patterns of between and
within species divergence do not follow similar patterns
and do not seem to be positively correlated (Fig. 2e).

3.2 Phylogenetic Relationships and
Divergence Dating

The divergence dating analysis of mtDNA using a fossil cal-
ibration at the node of Cophosaurus and Holbrookia sup-
ported Miocene divergences for a majority of our major
clades within Holbrookia (Fig. 3). We estimated the diver-
gence for H. lacerata + H. subcaudalis and H. elegans +
H. propinqua + H. maculata occurring in the mid-Miocene
(13.84 Ma [95% HPD 9.79-17.2], the divergence for H. lac-
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Table 1. Introgression events tested in Holbrookia. The posterior mean and 95% highest posterior distribution confidence
interval (HPD Cls; in parentheses) for introgression probability () are listed with Bayes factor test results. Introgression
tests are shown for 1% and 5% introgression thresholds (percent of the genome introgressed). Introgression events with
Bayes factors > 20 were considered significant. Bayes factor = « if all ¢ values in the posterior distribution exceeded the

threshold.
Introgression Events ¢ estimate :?;‘ atﬁ;::;sti(:nfor 1% ﬁiﬁ; ::;:g‘nfor 5%
lacerata — subcaudalis E 0.044(0.034 - 0.052) 0 0.01
subcaudalis E — lacerata 0.061(0.052 - 0.071) L) 2.35
lacerata — subcaudalis W 0.046 (0.035-0.057) 0 0.02
subcaudalis W — lacerata 0.058 (0.049 - 0.068) ) 2.25
subcaudalis E - subcaudalis W 0.057(0.001-0.129) 03 0.05
subcaudalis W — subcaudalis E 0.326(0.196 - 0.489) o 28.17
lacerata — subcaudalis Anc. 0.138(0.117 - 0.159) © 318.93
subcaudalis Anc. — lacerata 0.140(0.113-0.167) =) o

erata and H. subcaudalis occurring in the mid- to late-
Miocene (10.58 Ma [95% HPD 6.48-14.7]), the divergence
for H. elegans and H. propinqua+H. maculata occurring in
the late-Miocene (7.54 Ma [95% HPD 2.49-13.1]), and the
divergence for H. propinqua and H. maculata occurring in
the mid-Pliocene (3.97 Ma [95% HPD 0.56-8.60]).

In agreement with previous studies (Hibbitts et al., 2019;
Roelke et al., 2018), we see four distinct and well-supported
(pp > 0.9) lineages representing our four focal taxa for both
our mtDNA (Fig. 3) and SNP (Fig. 4) datasets, along with
two well-supported (pp > 0.9) lineages within H. subcaudalis
reflecting the split of eastern and western populations as
seen in our fineRADstructure inference.

3.3 Reference-based Taxonomy and Species
Delimitation

Absolute and relative divergence between our currently rec-
ognized species (H. propinqua and H. maculata) were mod-
est (dyy: 1.1%; Fgy: 0.36; Table 2). Divergence between H.
lacerata and H. subcaudalis were comparable to the diver-
gence between these recognized species (de: 0.8 - 0.9%;
Fgr: 0.3 — 0.34). However, relative divergence between the
two subcaudalis lineages “East” and “West” was noticeably
lower compared to other lineage comparisons (dxy: 0.7%;
Fgr: 0.11).

The species delimitation methods yielded similar results
to each other (Fig. 4). The MSC delimitation methods es-
timated five species units, in which all nominal species
were delimited along with the “East” and “West” lineages
of H. subcaudalis. BFD* favored the five species model (MLE
=-5936.34) over the three and four species models (MLE
=-6728.83 and MLE=-6008.20, respectively) with a BF =
-143.72 (Table S2). BPP supported five species units with a
posterior probability of 1.0. Heuristic species delimitation
using the gdi values provided moderate to high values for
H. lacerata (0.84) and the two populations of H. subcaudalis
(“East” and “West”, 0.78 and 0.71, respectively) (Fig. 4,
S1). These values exceeded values compared to H. maculata

(0.62) and H. propinqua (0.68). However, it should be noted
that the gdi values for H. maculata and H. propinqua may be
inflated due to only being calculated from two specimens
each and also coming from only one or two sampling sites
that cover a very small portion of the overall range of the
two species. Finally, the protracted speciation model delim-
itation method (DELINEATE) supported five species units.

4 Discussion

Delimiting species that are morphologically conserved, in-
habit similar niches, or are understudied and data deficient
can be very difficult. These challenges can be particularly
pressing for taxa that may be of conservation concern, like
this study’s focal species H. lacerata and H. subcaudalis.
Here, we integrate population genomic, phylogenetic, and
species delimitation to examine species limits between
these two species and between the “East” and “West” lin-
eages of H. subcaudalis.

Overall, our analyses support the recognition of H. lac-
erata and H. subcaudalis as separate species, validating the
single locus (ND2 and whole mitochondrial) genetic es-
timates of previous studies (Hibbitts et al., 2019; Roelke
et al., 2018), as well as morphological and ecological as-
sessments (Hibbitts et al., 2019). Our clustering analyses
identify these two species as separate genetic populations,
and our estimates of introgression using the MSCi indicate
low to non-existent levels of admixture and gene flow be-
tween all populations of H. lacerata and H. subcaudalis.
While overall patterns of IBD were significant, between-
species divergence was higher than within-species diver-
gence, suggesting that IBD was not the cause of structure
among populations of H. lacerata and H. subcaudalis. Our
divergence dating analysis with mtDNA data estimates a
mid- to late-Miocene (10.58 Ma [95% HPD 6.48-14.7]) di-
vergence between H. lacerata and H. subcaudalis, which
coincides with the formation of the Balcones Escarpment
(see Fig. 1; Hill & Vaughan, 1898; Weeks, 1945). The Bal-
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Figure 3. Chronogram of focal Holbrookia taxa from a BEAST analysis of ND2 mtDNA calibrated using a fossil of H.
antiqua (indicated by *) of 17.0 Ma. Nodes with high support (posterior probability > 0.9) are indicated by black dots.
Pictured are median ages; error bars at nodes represent the 95% highest posterior densities for node age (HPD). Photos
by Troy J. Hibbitts.

Table 2. Comparisons of mean between dXy (above gray diagonal), i (on gray diagonal), and Fgy (below gray diagonal)
between our focal lineages (Holbrookia lacerata, H. maculata, H. propinqua, and H. subcaudalis “East” and “West”
populations).

H. lacerata (n = H. subcaudalis “East” (n H. subcaudalis “West” (n H. H.
45) =6) =11) propinqua maculata
(h=2) (n=2)

H. lacerata 0.0043 0.0089 0.0080 0.0101 0.0112
H. subcaudalis 0.3470 0.0061 0.0068 0.0116 0.0127
“East”
H. subcaudalis 0.2998 0.1154 0.0067 0.0109 0.0114
“West”
H. propinqua 04221 0.4328 0.4180 0.0085 0.0113
H. maculata 0.4306 0.4443 0.3881 0.3668 0.0106

cones Escarpment has been shown to be the primary bio- Dixon, 1994). Migration between the two species is thus
geographic barrier separating H. lacerata and H. subcaudalis  likely to be limited given their border spans a major bio-
(Axtell, 1958; Hibbitts et al., 2019), as well as other reptile geographic break. Together, these results suggest that these
taxa (e.g., Masticophis taeniatus and M. schotti; Camper & two lineages are likely to continue diverging in isolation.
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Figure 4. Summary of the species delimitation and introgression analyses for four species within Holbrookia, with a
species tree of SNP dataset generated using SNAPP (left). Nodes with high support (posterior probability > 0.9) are
indicated by black dots. Blocks represent species units that have been estimated by each species delimitation analysis.
Mean gdi values are shown within blocks that represent species units tested by that method. The joint introgression
model (right) constructed in this study with eight unidirectional introgression events showing introgression probability

(phi) estimates (Table 1).

Further, genetic divergence estimates (dxy) between H. lac-
erata and populations of H. subcaudalis indicate relatively
high estimates of divergence (~0.8%; Table 2) for nuclear
data (Maldonado et al., 2020; Sullivan et al., 2006), which
are nearly as high as estimates seen between other nominal
taxa (~1%; Table 2), and our species delimitation analyses
show a consensus that H. lacerata and H. subcaudalis are
separate species units (Fig. 4). Overall, our genomic analy-
ses, considered along with current and previous analyses
(Hibbitts et al., 2019; Roelke et al., 2018), and estimates of
divergence based on morphology and ecology, support the
distinctiveness of H. lacerata and H. subcaudalis as separate
species.

Both Hibbitts et al., (2019) and Roelke et al., (2018)
found distinct “East” and “West” lineages for H. subcaudalis
(as also indicated in our ND2 analysis in Fig. 3). The sam-
pling gap observed here and in other studies (Hibbitts et
al., 2019; Roelke et al., 2018) between these two lineages
is not due to sampling bias, but an actual gap in the dis-
tribution where populations of H. subcaudalis do not exist.
While there has always been a distributional gap within
the eastern part of the range of H. subcaudalis due to the
South Texas Sand Sheet (Axtell, 1956, 1958), there are his-
torical records that extend into the central portion of their
range (see Hibbitts et al., 2019) but that are no longer found
there most likely due to invasive grass species highly alter-
ing the habitat in south Texas (Archer, 1989; Scott, 1996).
The genomic evidence for these lineages as unique and in-
dependently evolving is mixed. While all species delimita-
tion analyses identified these lineages as species-level taxa

(Fig. 4), our population clustering approaches best sup-
ported a model in which the “West” and “East” lineages
were lumped into one cluster (Fig. 2). Further, genetic di-
vergence between these two lineages is significantly lower
(Fgr = 0.12) relative to divergences seen between nominal
species (Fgp = 0.29 - 0.44; Table 2). This lower divergence
could partially result from historical or on-going introgres-
sion between these populations. We infer slightly elevated
estimates of introgression from the “West” lineage into
“East” lineage of H. subcaudalis. While these lineages are
currently allopatric, this could suggest historical introgres-
sion if these populations were once connected (Fig. 4).
Overall, the “East” and “West” lineages of H. subcaudalis
are relatively less distinct and exhibit much higher rates
of gene flow than other currently recognized species in the
genus. Thus, while we found support for two distinct pop-
ulations of H. subcaudalis, we find no compelling evidence
that these populations should be elevated to species. Still,
these populations could be earmarked for conservation by
evaluating and managing Distinct Population Segments un-
der the Endangered Species Act.

We also compared four multilocus species delimitation
methods that utilize different frameworks and models. Each
of these frameworks has been noted as having benefits and
drawbacks. The MSC is one of the most used frameworks
for molecular species delimitation and can overcome issues
with incomplete lineage sorting and low levels of intro-
gression (Fujita et al., 2012; Zhang et al., 2011). However,
methods implementing the MSC (e.g., BFD* and BPP) can
tend to delimit species along population boundaries, there-
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fore overestimating the number of species within a focal
group (Sukumaran & Knowles, 2017). To correct for this,
some studies have used a heuristic framework (e.g., gdi;
Jackson et al., 2017; Leaché et al., 2019, 2021) or the pro-
tracted speciation model (e.g., DELINEATE; Sukumaran et
al., 2021). The gdi has been noted as having several weak-
nesses, including: (1) that ambiguity may arise when pop-
ulations of different sizes are being compared because the
criterion depends on the population divergence time rel-
ative to the population size (small bottlenecked popula-
tions and shallow divergence times may skew results), (2)
that the metric has a rather large zone in which lineages
are not clearly delineated as populations or species (0.2 <
gdi < 0.7) and thus remains relatively subjective, and (3)
the utility of the method may be limited if not used in a
comparative manner that includes “good” species (Jackson
et al., 2017; Leaché et al., 2019). Likewise, it has been ar-
gued that the protracted speciation model is unrealistic in
delimiting species because it models instantaneous specia-
tion in a single generation, which does not reflect how nat-
ural species convert from being incipient species to a true
species (Leaché et al., 2019; Sukumaran & Knowles, 2017).
The gdi and DELINEATE have been shown to provide more
conservative results (fewer species), even when other in-
formative criteria (morphology, ecology, behavior) support
more species (e.g., Firneno et al., 2021; J. P. Huang, 2021).
Despite the different assumptions made by these meth-
ods, all the species delimitation methods found support for
five Holbrookia species within our dataset (Fig. 4), includ-
ing support for the relatively less distinct “East” and “West”
lineages of H. subcaudalis.

Why did these comparative species delimitation meth-
ods find such unequivocal support for the species-level sta-
tus of the “East” and “West” lineages of H. subcaudalis,
when all other data was relatively mixed? First, these two
lineages are distinct, they are just not nearly as distinct as
other species-level taxa within Holbrookia. These delimi-
tation methods might be identifying — and perhaps over-
interpreting — this fine-scale structuring as species-level
divergence. Further, while we observed gdi between popula-
tions of H. subcaudalis that exceeded those of other species
of Holbrookia, this could be due to the relatively small sam-
ple sizes used for the reference populations (H. maculata
and H. propinqua) within our analyses causing populations
of H. subcaudalis to appear more divergent. However, this
potential issue should be alleviated using thousands of
SNPs to evaluate genetic diversity between these lineages
and the even levels of genetic diversity within populations
of H. subcaudalis, which could influence and bias coales-
cent-based estimates of genetic divergence. These results
do suggest, however, that species delimitation methods
should not be used in isolation and should rather be used
as part of a broader suite of analyses investigating the dis-
tinctiveness of putative species-level taxa.

The issue with many species delimitation approaches is
the speed and efficiency at which these methods can be
executed (Engel et al., 2021; Riedel et al., 2013). The ge-
nomic, reference-based approach we used here is not nec-
essarily speedier or more efficient than other delimitation

approaches. This approach requires researchers to collect
comparative population genomic datasets across the refer-
ence species set, which can be non-trivial for rare or elu-
sive taxa and can be costly as well. For example, in our own
study, our own reference set consisted of only two nominal
species (H. maculata and H. propinqua) due to the focus on
populations/species in Texas, and because adding more di-
vergent species to our ddRAD dataset would have reduced
the number of homologous loci we would have been able to
assemble and add to our dataset. For future studies, a se-
quencing method (e.g., target capture, low-coverage whole
genome sequencing) that allows for the reference taxon
set to be more comprehensive would be ideal (Leaché et
al., 2021; Tobias et al., 2010). Regardless of the sequenc-
ing method, these approaches require specialized bioinfor-
matics knowledge, and processing data can sometimes be
slow. But, as pipelines for molecular delimitation methods
are honed and made more publicly available, as these mol-
ecular delimitation methods are improved to be more bio-
logically relevant (e.g., including gene flow or other evolu-
tionary processes into models) in how they estimate species
boundaries, and as methods are made more computation-
ally efficient in handling larger genomic datasets, a ref-
erence-based approach has the potential to become more
efficient. Further, future studies of putative species in Hol-
brookia and other closely related genera can build on this
existing dataset and thus be completed more efficiently.

Further, in order to ensure a robust and holistic tax-
onomy, these genomic delimitation approaches should be
combined with integrative data types (e.g., analyses of mor-
phological, behavioral, and mating patterns across putative
taxonomic units). Such data can help determine if this ge-
nomic divergence correlates to phenotypic changes that are
likely to isolate taxonomic units. Although implementing
these approaches does not require the specialized skills
of trained taxonomists (e.g., morphological and diagnostic
characterizations), translating the results from these ap-
proaches into updated taxonomies does. Ultimately, we
must train more taxonomists who can formally diagnose
new species based on several traits (genetics, morphology,
behavior, ecology), especially if we want our species delim-
itation results to inform conservation decisions.
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