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Abstract.— Species delimitation is a fundamental challenge in systematic biology, particularly 29 

for geographically variable taxa with hierarchical population structure and gene flow. Migration-30 

aware coalescent models provide a powerful framework for investigating lineage divergence and 31 

accurately defining species boundaries. In this study, we combine statistical evaluations of gene 32 

flow with phylogenetic and population structure analyses to delimit species of fence lizards 33 

within the Sceloporus undulatus complex, a group characterized by extensive population 34 

subdivision, mitochondrial DNA introgression, and nuclear gene flow. We find that the 35 

undulatus complex exhibits uneven variation in genetic, morphological, and bioclimatic traits, 36 

resulting in variable distinctiveness among groups. In some cases, species boundaries are 37 

recognized by clear genetic discontinuities without gene flow. In others, shallow divergence, 38 

paraphyly, and gene flow produce leaky boundaries and fuzzy species limits. Mitochondrial 39 

introgression is extensive and concentrated at species boundaries, whereas nuclear gene flow 40 

occurs between only a few species and at much lower levels than within species. Neither within-41 

species populations or species are substantially diverged across morphology or bioclimatic space, 42 

highlighting the limited utility of these traits for diagnosing species in this group. By integrating 43 

estimates of gene flow with phylogenetic and population structure analyses, this study provides a 44 

robust and biologically meaningful revised taxonomic framework for the undulatus complex that 45 

identifies independently evolving lineages as species. 46 

 47 

[evolution; integrative taxonomy; phylogeography; systematics; taxonomy]  48 
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Species that are spread across broad geographic areas often consist of multiple populations. 49 

Because these populations are often geographically circumscribed, isolated from conspecifics by 50 

ecogeographic barriers, and exhibit marked genetic and ecological divergence, they can make 51 

attractive candidates for the species level. However, determining the threshold between 52 

populations and species is non-trivial. In straightforward cases, variation between species exhibit 53 

a level of phenotypic and/or genetic divergence that far surpasses that seen between populations 54 

(Hart et al. 2025). In challenging cases, species can exhibit high levels of geographic variation in 55 

genetics, morphology, and/or ecology across their range, blurring the distinction between 56 

populations and species (Huang 2020; Chambers et al. 2023). A variety of names are used to 57 

describe the biological entities that fall into the latter category, including geographically variable 58 

species, polytypic species (in cases where a subspecific taxonomy is used), species complexes, 59 

superspecies, and taxonomic disaster zones (Prates et al. 2024). Resolving such complex cases is 60 

fundamental to systematics and biology more broadly (Barley et al. 2024; Chambers et al. 2025). 61 

One way to unpack such complex cases is by evaluating patterns of gene flow across 62 

lineages. Despite their differences, most species concepts, including the biological, evolutionary, 63 

and general lineage concepts, coalesce around the idea that species are independently evolving 64 

lineages and reproductive communities emerging from the past (Mayr 1942; Mayden 1997; de 65 

Queiroz 1998; Maddison and Whitton 2023). Under such concepts, we would expect species to 66 

act as independently interbreeding units, and as such, we would expect to see a decrease or 67 

complete cessation of gene flow as we cross the population-species boundary (Campillo et al. 68 

2020, Streicher et al. 2024). The evolutionary mechanism thought to drive this association is the 69 

evolution of reproductive barriers between species, whether due to local adaptation, sexual 70 

selection, and/or genetic drift (Coyne and Orr 2004). Characterizing gene flow, particularly 71 

alongside genetic, phenotypic, and ecological divergence, can help clarify the boundaries 72 

between populations and species. 73 

Fortunately, new analytical advances allow us to measure gene flow across the 74 

divergence continuum and to thus resolve complex evolutionary histories that can only be 75 

partially explained using strictly bifurcating models of lineage divergence (Edwards et al. 2016). 76 

The multispecies coalescent (MSC) model provides a robust framework for investigating 77 

complex demographic histories, including the estimation of effective migration rates among 78 

populations and species (Jiao et al. 2021). By allowing some branches of a species tree to evolve 79 

.CC-BY-NC 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted April 10, 2026. ; https://doi.org/10.64898/2026.04.07.717035doi: bioRxiv preprint 

https://doi.org/10.64898/2026.04.07.717035
http://creativecommons.org/licenses/by-nc/4.0/


LEACHÉ ET AL. 

Page 4 of 33 

under an isolation-migration model while others diverge with no gene flow, the MSC with 80 

migration (MSC-M) accommodates both structured populations connected by gene flow and 81 

reproductive isolation among species (Flouri et al. 2023). Here, we apply the MSC-M model to 82 

understand species boundaries in a geographically variable system: the Sceloporus undulatus 83 

complex. 84 

 85 

Study System 86 

The Sceloporus undulatus species group (“fence lizards”) contains 10 species with a 87 

collective distribution spanning the United States and north-central Mexico where they occur in 88 

diverse habitats including deserts, prairies, forests, and plateaus (Leaché et al. 2016; Fig. S1). 89 

These diurnal species exhibit extensive variation in phenotypic and life history traits, which has 90 

made them popular study systems for a wide array of comparative biological studies (Rheubert et 91 

al. 2017; Robinson et al. 2024; Robbins and Hegdahl 2024). The main source of taxonomic 92 

confusion in the group traces to S. “undulatus”, which was previously recognized as a polytypic 93 

species with as many as 10 subspecies (Bell et al. 2003). Conflicting signals from ecological, 94 

morphological, cytogenetic, and DNA sequence data have confounded attempts to accurately 95 

delimit species in S. “undulatus” (Cole 1972; Smith et al. 1992; Miles et al. 2002; Leaché and 96 

Reeder 2002). A previous phylogenetic analysis of mitochondrial DNA (mtDNA) supported the 97 

paraphyly of S. “undulatus” with respect to S. cautus and S. woodi, which resulted in the 98 

recognition of S. “undulatus” as a species complex consisting of six species: S. cautus, S. 99 

consobrinus, S. cowlesi, S. tristichus, S. woodi, and S. undulatus (Fig. S1; Leaché and Reeder 100 

2002; de Queiroz et al. 2017). Splitting paraphyletic groups, such as this one, into multiple 101 

species helps produce a taxonomy that is consistent with phylogenetic relationships. However, 102 

reliance on a single genetic locus is error-prone due to incomplete lineage sorting, and 103 

particularly in the case of mtDNA, introgression across species boundaries (Petit and Excoffier 104 

2009; Toews and Brelsford 2012; Richmond et al. 2025; Larson et al. 2026). In this study, we 105 

use extensive mtDNA and genomic datasets (620 and 445 samples, respectively) to reevaluate 106 

species boundaries between the species that comprise the undulatus complex: S. cautus, S. 107 

consobrinus, S. cowlesi, S. tristichus, S. undulatus, and S. woodi. 108 

Several previous phylogenetic studies of the undulatus complex have uncovered evidence 109 

for mtDNA introgression and nuclear gene flow across species boundaries. A study comparing 110 
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nuclear and mtDNA phylogenies revealed mtDNA introgression at the contact zones between 111 

four species pairs (S. cautus/S. cowlesi, S. consobrinus/S. tristichus, S. consobrinus/S. undulatus, 112 

S. cowlesi/S. tristichus; Leaché 2009); however, sampling was too sparse to estimate population 113 

structure or pinpoint species boundaries. A recent investigation of the species boundary between 114 

S. tristichus and S. cowlesi revealed extensive conflict between mtDNA and nuclear data and 115 

extensive nuclear paraphyly (Leaché et al. 2025). The discordance between mtDNA and nuclear 116 

data in Sceloporus seems to stem primarily from gene flow across lineages; thus, accounting for 117 

gene flow will both allow us to better reconstruct the evolutionary history of this group and will 118 

enable us to define a robust and biologically meaningful taxonomy. 119 

To understand species boundaries in the Sceloporus undulatus complex, we conduct 120 

phylogeographic analyses across hierarchical levels from populations to species using 121 

phylogenetic inference, population structure estimation, and coalescent analyses of migration. 122 

Phylogenetic inference is used to identify monophyletic groups as units of analysis, and 123 

population structure estimation is used to describe intraspecific variation and detect admixture 124 

between groups. Gene flow is then estimated across hierarchical levels using coalescent-based 125 

models applied to species tree frameworks. These results are used to identify evolutionary 126 

lineages that have a history of durability and a high probability of persisting through 127 

evolutionary time. We expect gene flow to be common at the population level, while little to no 128 

gene flow is expected between species. We evaluate geographic variation in morphology and 129 

ecological niches to provide an integrative perspective on the delimited species and to test 130 

whether divergence in these traits corresponds with genetic divergence across the population-131 

species boundary. The outcome is an updated taxonomy for the undulatus complex based on 132 

extensive geographic sampling and multiple types of data. 133 

 134 

MATERIALS AND METHODS 135 

Fieldwork and Sampling 136 

 New specimens and samples were obtained for morphological and genetic analysis 137 

through both fieldwork and loans from Natural History Museum collections. Fieldwork efforts 138 

aimed to sample portions of species ranges that were previously unstudied and at species 139 

boundaries. New collections focused on the following regions (and species boundaries): Arizona 140 

and New Mexico (S. cowlesi/S.tristichus), Colorado (S. consobrinus/S. tristichus), Arkansas and 141 
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Louisiana (S. consobrinus/S. undulatus), Northern Mexico (S. cowlesi/S. consobrinus/S. 142 

tristichus), and Central Mexico (S. cowlesi/S. cautus/S. exsul). Tissue loans from Natural History 143 

Museums were critical for filling gaps in these and other regions, including Kansas, Kentucky, 144 

Nebraska, Oklahoma, Texas, and Wyoming. Detailed voucher specimen information for the 145 

mtDNA, nuclear, and morphological datasets is provided in the online Supplementary 146 

Information (Tables S1–S3). 147 

 148 

Mitochondrial DNA Genealogy & Delimitation 149 

We collected mtDNA sequence data to increase the geographic resolution of species 150 

boundaries and locate regions of potential introgression between species. Genomic DNA was 151 

extracted from tissue samples using salt extractions (Aljanabi and Martinez 1997). The 152 

mitochondrial ND1 protein-coding gene (969 bp) was PCR amplified and sequenced using 153 

standard methods (Leaché and Cole 2007). New ND1 sequences were manually aligned (the 154 

gene contains no indels) with previously published data to generate a more comprehensive 155 

genealogy that included dense geographic and taxonomic sampling (Fig. S1; Table S1). 156 

We estimated a maximum likelihood (ML) phylogeny using IQTREE v.1.6.12 (Nguyen 157 

et al. 2015) with 1,000 ultrafast bootstraps (Hoang et al. 2018). The ModelFinder option was 158 

used to determine the best-fit nucleotide substitution model on an unpartitioned alignment using 159 

the Bayesian information criterion (BIC; Kalyaanamoorthy et al. 2017). Five outgroup species 160 

were included, and the most distant outgroup was used to root the tree (S. graciosus; Leaché 161 

2010; Wiens et al. 2010; Table S1). 162 

To quantitatively assess mtDNA diversity and focus our mapping of phylogeographic 163 

groups, we applied the local minima (“locMin”) method in the R package Spider (Brown et al., 164 

2012). This approach identifies thresholds in the pairwise genetic distance distribution, allowing 165 

us to identify meaningful clusters within each species. Analyses were performed separately for 166 

the four primary mtDNA species in the undulatus complex: S. consobrinus, S. cowlesi, S. 167 

tristichus, and S. undulatus. To determine the barcode gap threshold, we used the localMinima() 168 

function to identify local minima in the pairwise distance distribution, selecting the first 169 

minimum occurring after 2% divergence to reduce the influence of shallow intraspecific 170 

variation. This method was used to quantify mtDNA diversity and guide the mapping of groups 171 

rather than to delimit species boundaries. 172 
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 173 

Nuclear DNA Sequencing 174 

We used double-digest restriction site associated DNA sequencing (ddRADseq; Peterson 175 

et al. 2012) to obtain a dataset for phylogeographic analyses of both populations and species. The 176 

short-read nuclear loci sequenced with this approach can be used directly in multispecies 177 

coalescent analyses of gene flow and single nucleotide polymorphisms (SNPs) can be extracted 178 

from each locus for population structure inference. We digested 500 nanograms of genomic 179 

DNA for 8 hours at 37 ºC with 20 units of SbfI (restriction site 5'-CCTGCAGG-3') and MspI 180 

(restriction site 5'-CCGG-3') in a single reaction with the recommended buffer (New England 181 

Biolabs). The fragmented DNA was purified with SeraPure SpeedBeads before ligating 182 

barcodes, Illumina adapters, and unique molecular identifiers (UMIs). Pooled samples were 183 

selected for fragment sizes between 415 to 515 bp (after accounting for adapter length) on a Blue 184 

Pippin Prep size fractionator (Sage Science). The final library amplification used Illumina index 185 

primers and high-fidelity Taq polymerase (New England Biolabs). Fragment size distributions 186 

and pool concentrations were determined on an Agilent 2200 TapeStation, and qPCR was 187 

performed on each library before combining pools for sequencing. A total of 76 pools containing 188 

a maximum of 8 samples each were sequenced on four Illumina HiSeq 4000 lanes (50-bp, single-189 

end reads; 43 pools) and one Illumina NovaSeq 6000 lane (100-bp, single-end reads; 22 pools) at 190 

the QB3 facility at UC Berkeley and by Novogene Inc. on an Illumina HiSeq X lane (150 bp, 191 

paired-end reads; 11 pools). Raw sequencing data from additional samples available on the 192 

NCBI Short Read Archive (SRA) were downloaded and combined with the new data (n = 48, 193 

Table S2). Approximately 7% of the total sequencing effort was allocated to technical replicates 194 

for sample identity verification, with the expectation that replicates would produce identical 195 

sequences. 196 

 197 

Nuclear Data Assembly 198 

We assembled the ddRADseq data using iPyrad v.0.7.3 (Eaton and Overcast 2020) with 199 

the aid of a reference genome of Sceloporus tristichus (Bedoya and Leaché 2021). We de-200 

multiplexed samples using their unique barcode and adapter sequences, allowing no barcode 201 

mismatches, and removed UMIs prior to downstream analyses. Sites with phred quality scores < 202 

33 were converted to ‘N’ characters and reads containing five or more low-quality bases were 203 
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discarded. Reads were clustered using a sequence similarity threshold of 85%, and a minimum 204 

base calling depth = 6. Clusters were removed that had an excess of undetermined or 205 

heterozygous sites (≥ 5) or too many haplotypes (> 2 for diploids). We processed all samples 206 

together and retained the loci that were present for ≥ 50% of the samples. Additional filtering 207 

required for downstream analyses are described below. 208 

 209 

Nuclear Data – Broad-scale Analysis 210 

We analyzed the nuclear data using several approaches to identify the major groups to 211 

consider for downstream analyses. First, we delineated the major clades supported by the data by 212 

estimating phylogenetic relationships with the concatenated nuclear loci (445 samples, 121,189 213 

bp) using IQTREE. The best-fit nucleotide substitution model was selected using the 214 

ModelFinder option, and support was measured using 1,000 bootstrap replicates. We rooted the 215 

phylogeny with the cautus-exsul-olivaceus clade following previous phylogenomic results 216 

(Leaché et al. 2016). Second, we examined patterns of genetic variation with principal 217 

component analysis (PCA) using the R package dartR v.2.9.7 (Gruber et al. 2018; Mijangos et al. 218 

2022). The PCA results were used to determine which (if any) of the major clades formed 219 

discrete clusters. The PCA analysis used a filtered dataset containing one random SNP per locus 220 

and a minor-allele frequency threshold (MAF = 0.01). Variant filtering was conducted using 221 

VCFtools v0.1.15 (Danecek et al. 2011). Third, we used a network method to infer genealogical 222 

relationships, which could include reticulation events that are not modeled explicitly by the 223 

concatenated phylogeny. A phylogenetic network was constructed with the NeighborNet 224 

algorithm (Bryant & Moulton 2004) in SplitsTree v4.6 (Huson & Bryant 2006) using 225 

uncorrected “p” distances calculated from the full alignment (121,189 bp). We mapped clade 226 

assignments from IQTREE onto the tips of the network using ‘Network_PieCharts.r’ (Dufresnes 227 

et al. 2025) to aid in the visualization of major groups. 228 

 229 

Nuclear Data – Fine-scale Analysis 230 

For each of the major groups identified within the undulatus complex, we evaluated fine-231 

scale phylogeographic patterns using population structure inference and species tree analysis. 232 

First, to determine the optimal number of populations (K) and sample admixture proportions (Q), 233 

we used the program ADMIXTURE v1.3.0 (Alexander et al. 2009). Population structure was 234 
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estimated for K values ranging from 1–10, and we repeated analyses 10 times with random 235 

starting seeds to measure uncertainty in CV scores. The K value that provided a combination of a 236 

low cross-validation (CV) error and low variation in CV across the 10 replicate runs was selected 237 

as the optimal model. We also conducted an analysis with all undulatus complex samples 238 

combined to estimate population structure and admixture using K values ranging from 1–24. We 239 

filtered the nuclear loci using VCFtools to select one random SNP per locus and applied a minor 240 

allele frequency (MAF) threshold = 0.01. Second, to infer population relationships, we 241 

constructed phylogenetic networks using SplitsTree with the concatenated ddRADseq data, and 242 

the ADMIXTURE Q values were mapped to the tips of the network to visualize groupings. 243 

Third, to evaluate whether genetic structure among populations is better characterized as discrete 244 

populations or spatial gradients of genetic variation, we compared isolation-by-distance (IBD) 245 

patterns within and between populations. Using all variable sites, we estimated FST for all 246 

pairwise individual comparisons within a clade (Reich et al. 2009). We then plotted inverse FST 247 

(FST / (1 – FST)) against log geographic distance estimated using the R package sf (Pebesma 248 

2018), highlighting any comparisons involving admixed individuals (any individual with >20% 249 

probability of ancestry in two or more groups). When there is gene flow between populations, we 250 

might expect continuous patterns of IBD within and between populations. However, if 251 

populations are experiencing reduced gene flow (i.e., they have evolved reproductive barriers), 252 

then IBD will be discontinuous (Good and Wake 1992; Prates et al. 2024).  253 

Finally, we estimated species trees to determine population relationships using the MSC 254 

model in BPP v.4.8. (Flouri et al. 2018). We conducted all BPP analyses using the complete 255 

ddRADseq loci, incorporating both variant and invariant sites, along with a subset of 1,000 loci 256 

without missing data. The optimal population structure model was used to select the number of 257 

populations and the sample assignments. The populations were downsampled to include up to 258 

eight individuals sampled range-wide to ensure efficient mixing and convergence of the 259 

Bayesian analyses. To minimize biases in species tree inference that can be caused by admixed 260 

samples, we only retained samples with Q values ≥ 0.80. We used inverse gamma priors for 261 

population sizes (θ) and root age (troot) with prior means close to empirical estimates: θ ~ IG(3, 262 

0.002) with mean 0.001 and troot ~ IG(3, 0.008) with mean 0.004. These priors translate to θ ~ 263 

0.1% sequence divergence within populations and troot ~ 0.4% sequence divergence for the depth 264 

of the species tree. We used a burn-in of 20,000 iterations, and took 400,000 samples, sampling 265 
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every 2 iterations. Each analysis was repeated four times with different starting seeds and 266 

starting trees to assess convergence through the comparison of tree topologies and posterior 267 

probability support values. 268 

 269 

Gene Flow Analysis 270 

We used the MSC-M in BPP to estimate migration rates between the major groups 271 

supported by the broad-scale analysis and between the populations supported by the fine-scale 272 

analyses. We estimated migration rates for all populations with adjacent geographic ranges. We 273 

used a stepwise procedure to estimate migration rates and test their significance. The procedure 274 

begins with a separate analysis for each bidirectional gene flow event, and then each gene flow 275 

even is tested for significance (Ji et al. 2023). The migration rate M = mN is measured in the 276 

expected number of migrants from the donor population to the recipient population per 277 

generation; N is the (effective) population size of the recipient population, and m is the 278 

proportion of immigrants in the recipient population (from the donor population) every 279 

generation, with time moving forward (Flouri et al., 2023). The migration rates were assigned a 280 

gamma prior M ~ G(1, 10), which assumes an average of 1 migrant individual every 10 281 

generations. The remaining priors and run settings match those used for species tree inference 282 

described above. Convergence was assessed by calculating the potential scale reduction factor 283 

(PSRF) using the R package CODA (Plummer et al. 2006) with values close to 1 indicating 284 

convergence. Posterior distributions from the four separate runs were combined to calculate 285 

parameter values and the effective sample size (ESS). 286 

The statistical significance of the estimated migration rates was evaluated using Bayes 287 

factors (BF) calculated with the Savage-Dickey density ratio (Ji et al. 2023). The test compares 288 

BF10 in support of the gene flow model (H1) over the null model of no gene flow (H0). The 289 

Savage-Dickey density ratio requires a cut-off value (ε), which we set to ε = 0.01. If all M values 290 

in the posterior distribution exceed ε = 0.01, then Bayes factor B10 = ∞. The test was considered 291 

significant if BF10 > 20. 292 

 293 

Morphological Data Analysis 294 

To determine if the widespread species in the undulatus complex are supported by 295 

morphology, we collected morphometric data and performed multivariate statistical analyses. 296 
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The sampling locations of specimens included in the morphological analysis (Table S3) were 297 

used to assigned them to the main lineages and populations identified in the nuclear phylogeny 298 

(Fig. 1). We collected data from nine traits widely used by lizard taxonomists to diagnose 299 

species, including five linear measurements and four meristic counts. The linear measurements 300 

were snout vent length (SVL) from the tip of the snout to the end of the cloaca; head length (HL) 301 

from the tip of the snout to the posterior margin the parietal scale; head width (HW) at the widest 302 

point between the sides of the head; femur length (FL) from the articulation with the body to the 303 

distal end of the knee joint; and toe length (TL) of the 4th toe from the tip of the claw to where 304 

the digit meets the base of the foot. Meristic characters included number of dorsal scales (DS), 305 

number of lamellae on the fourth toe (LAM), number of femoral pores (FEMS), and the number 306 

of scales in between the femoral pores (FEMSCALES). 307 

Morphometric data analysis was conducted using R v.4.4.2 (R Core Team 2024). First, 308 

we analyzed the raw data to assess patterns of variation and sexual dimorphism. Summary 309 

statistics were calculated for all traits, and sexual dimorphism was tested using the non-310 

parametric Mann-Whitney U test. Linear models were used to correlate morphological traits with 311 

body size (SVL). Second, we performed a principal component analysis (PCA) on the 312 

normalized meristic traits using min-max scaling, and on log-transformed continuous traits 313 

corrected for body size by extracting residuals from regressions against log-transformed SVL. 314 

We assessed the ability of the morphological data to discriminate groups using linear 315 

discriminant analysis (LDA) using all measured traits. This method was used to evaluate the 316 

ability of the data to correctly classify samples assuming their nuclear DNA-based species 317 

assignments. Finally, to test whether morphological divergence scales with genetic 318 

differentiation, we calculated population centroids in PCA space and computed pairwise 319 

Euclidean and Mahalanobis distances using the stats and MASS R packages. These 320 

morphological distances were then compared with average pairwise FST values. 321 

 322 

Bioclimate Niche Models & Niche Differentiation 323 

 We compiled georeferenced occurrence records for the Sceloporus undulatus complex (S. 324 

undulatus, S. consobrinus, S. cowlesi, S. tristichus, and S. edbelli) from GBIF, including the 325 

synonym “belli” to account for widespread use prior taxonomic revisions (Smith et al. 2002). 326 

Records lacking coordinates or species-level identification were excluded. Occurrences were 327 
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assigned to species and populations using minimum convex polygons (MCPs) derived from 328 

geographically discrete, monophyletic lineages identified in the nuclear phylogeny. Only records 329 

collected after 1970 were retained. To reduce spatial autocorrelation, records were thinned to a 330 

minimum distance of 10 km using spThin (Aiello‐Lammens et al., 2015; R Core Team, 2025). 331 

Calibration areas were defined as MCPs of genetically sampled individuals, with model 332 

projections extending to MCP + 200 km. We used 19 bioclimatic variables from WorldClim v2.1 333 

(2.5 arc-min resolution; Hijmans et al., 2005), removing highly correlated predictors (Pearson r > 334 

0.75) and retaining variables with VIF < 10 (Montgomery et al., 2021). To characterize 335 

environmental space, we performed a principal component analysis (PCA) on the selected 336 

bioclimatic variables using values extracted from 1,000 randomly sampled background points 337 

across each calibration area. Occurrence records were then projected onto the resulting PCA axes 338 

to visualize differences in environmental space among populations. 339 

Ecological niche models were generated using MaxEnt implemented in ENMTools 340 

(Phillips et al. 2006; Warren et al. 2021) with presence data and 1,000 background points 341 

sampled within each MCP. We assessed ecological differentiation between populations using 342 

pairwise niche identity tests and asymmetric niche similarity tests (Warren et al. 2021). Niche 343 

identity tests evaluate whether two ENMs are statistically indistinguishable, indicating that they 344 

occupy equivalent environmental space. In contrast, similarity tests compare the observed niche 345 

overlap to a null distribution derived from background environments, assessing whether the 346 

environments occupied by populations are more similar than expected by chance. These tests 347 

were conducted bidirectionally to account for differences in accessible environments. We 348 

quantified niche overlap using two metrics: Schoener’s D (Schoener 1968) and Hellinger’s I 349 

(Warren et al. 2008). Both values range from 0 (no overlap) to 1 (complete overlap). Finally, we 350 

assessed whether ecological nice divergence scales with genetic differentiation by plotting 1 – D 351 

(where higher values reflect greater ecological dissimilarity) against average pairwise FST values.  352 

 353 

RESULTS 354 

Mitochondrial DNA Genealogy & Delimitation 355 

The final alignment of the mtDNA data contained 620 sequences, and the best-fit 356 

nucleotide substitution model selected using the BIC was the TIM+F+I+G4 model. The 357 

phylogeny provides strong support (bootstrap ≥ 95%) for the placement of Sceloporus exsul and 358 
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S. olivaceus outside of the undulatus group (Fig. S1), which contradicts nuclear phylogenomic 359 

data (Leaché et al. 2016). Second, the monophyly of S. “cowlesi” is disrupted by the inclusion of 360 

S. cautus (Fig. S1), which matches previous studies (Leaché and Reeder 2002).  361 

Species delimitation using the locMin approach identified clear barcoding gaps and 362 

multiple phylogeographic groups within each species (Fig. S2): S. undulatus, n = 3 (threshold = 363 

4.02%), S. consobrinus, n = 6 (threshold = 3.12%), S. cowlesi, n = 13 (threshold = 2.27%), and S. 364 

tristichus, n = 13 (threshold = 2.62%). Detailed phylogeographic results of each species with 365 

species delimitation results mapped to the phylogeny are provided in Figures S3–S6. 366 

 367 

Nuclear Data – Broad-scale Analysis 368 

The ddRADseq dataset produced 3,896 loci for 445 samples (Table S4), and the 369 

concatenated dataset contains 121,189 base pairs. The best-fit nucleotide substitution model 370 

selected using the BIC is the GTR+F+R4 model. The nuclear phylogeny places S. cautus outside 371 

of the undulatus complex (Fig. 1a), which contradicts the mtDNA genealogy, but is concordant 372 

with previous phylogenetic analyses of nuclear data (Leaché et al., 2016). The phylogeny splits 373 

the undulatus complex into seven groups, and all wide-ranging species defined by mtDNA are 374 

paraphyletic (Fig 1a; S. “consobrinus”, S. “cowlesi”, S. “tristichus”, and S. “undulatus”). The 375 

nuclear phylogeny splits S. “consobrinus” into three clades: Central = populations from 376 

throughout the central U.S, Front Range = populations from the Front Range of Colorado and 377 

central Wyoming, and South Texas = a population from Kenedy Co., Texas (Fig. 1a,b). A 378 

broadly distributed Western clade contains populations of S. “cowlesi” and S. “tristichus” from 379 

throughout the Desert Southwest and Mexico (Fig. 1a,b). Population structure analysis of the 380 

undulatus complex using PCA (436 samples, 3,718 SNPs) supports clusters that correspond to 381 

the major groups supported by the phylogeny (Fig. 1c). The PCA plot separates the Central, 382 

Eastern, and Front Range groups, but the Western and Mexico groups overlap partially (Fig. 1c). 383 

The phylogenetic network (Fig. 1d) also groups samples in accordance with the phylogeny and 384 

the PCA plots. 385 

 386 
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 387 
FIGURE 1. Broad-scale phylogeographic patterns in the Sceloporus undulatus species complex 388 

using nuclear data. a) Phylogenetic tree of the undulatus group (10 species) estimated with 389 

IQTREE using 121,189 bp of concatenated nuclear data and 445 samples. All wide-ranging 390 

species defined by mtDNA belonging to the undulatus complex are paraphyletic. Bootstrap 391 

support values are shown on branches. b) Geographic distributions of the major lineages. Sample 392 

locations are indicated with dots. c) PCA plot of the SNP data shows clear separation between 393 

the Central, Eastern, and Front Range groups, and partial overlap between the Western and 394 

Mexico groups. d) Phylogenetic network constructed from the concatenated nuclear data. 395 

Artwork of S. undulatus by E. Guerra. 396 

 397 

Nuclear Data – Fine-scale Analysis 398 
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Population structure analyses using ADMIXTURE support multiple populations within 399 

the major clades of the undulatus complex (Fig. 2; Fig. S7). The best-fit model for the Eastern 400 

clade is K = 2 (Fig. 2b, Fig. S8). The populations are split between east and west with no 401 

evidence for admixed samples at the population boundary (Fig. 2b, Fig. S8). However, one 402 

divergent sample from Georgia positioned at the base of the phylogeny is admixed (Fig. S8). A 403 

model with K = 3 was selected for the Mexico clade (Fig. 2c); this model had low variation 404 

among replicate runs despite the K = 2 model having a lower average CV score, but high 405 

variation (Fig. S7). The three populations include northern and southern Mexico groups that are 406 

admixed where they meet in Chihuahua, and a third population with samples in Texas and New 407 

Mexico (Fig. 2; Fig. S9). The best-fit model for the Front Range clade is K = 3 with populations 408 

in the northern, southeast, and southwest portions of the range (Fig. 2d). Admixed samples are 409 

found at the geographic boundaries separating the populations (Fig. 2d, Fig. S10). The best-fit 410 

model for the Central clade is K = 5 (Fig. 2e, Fig. S11). The five populations form a ring-like 411 

distributional pattern with admixed samples found at each of the connections between adjacent 412 

populations (Fig. 2e, Fig. S11). The best-fit model for the Western clade is K = 6 (Fig. 2f, Fig. 413 

S12). All populations show extensive admixture (Fig. 2f, Fig. S12). Phylogenetic networks 414 

cluster samples similarly to the phylogeny, and place admixed samples in intermediate positions 415 

(Figs. S8-12).  416 

 417 

 418 
FIGURE 2. Phylogeography of the widespread lineages in the undulatus complex using 419 

ddRADseq data. a) Geographic distributions with pie-charts showing sample admixture 420 
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proportions. Samples ≤ 10km apart are merged. b–f) Bar plots showing population structure, and 421 

species trees with arrows indicating significant migration estimates. 422 

 423 

Estimating population structure using all undulatus complex samples combined produces 424 

ambiguous results for the optimal K value, which is nearly equivalent for K values ranging from 425 

17–24 (Fig. S7). Assuming K = 19, which equals the total number of populations from the 426 

separate analyses described above, supports admixture between the Western clade with both 427 

Mexico and the Front Range (Figs. S13–S14). Isolation by distance (IBD) is recovered across all 428 

comparisons (P-values ≤ 0.05; Table S5), with genetic similarity generally declining as 429 

geographic distance increases, although the strength of this relationship varies among 430 

populations (Figures S15–S18). Within-population IBD patterns are generally weaker compared 431 

to between-population comparisons, which exhibit steeper differentiation that reflect population 432 

structure at broader spatial scales.  433 

 434 

Gene Flow Analysis 435 

Migration rates estimated using the MSC-M model in BPP are provided in Table S6. 436 

Convergence diagnostics indicate that the replicate analyses reached stationarity with PSRF 437 

scores close to 1.0 and combined ESS values ≥ 200 (Table S7). Three gene flow events are 438 

significant (BF10 > 20) in the analyses of gene flow among the major undulatus complex clades, 439 

including migration from Mexico into the Western clade, and migration into the Front Range 440 

from the Central and Western clades (Fig. 3). All other migration events between species with 441 

adjacent geographic distributions are rejected (BF10 < 20; Table S6). The highest migration rate 442 

estimated at the broad-scale is from Mexico ® Western with a mean M = 0.1678 (95% HPD = 443 

0.0437–0.2924; Table S6). This migration rate is exceeded within each clade by at least one 444 

population-level migration rate (Fig. 3). Bidirectional migration is supported within the Eastern 445 

clade (Fig. 3). In the Mexico clade, two unidirectional migration rates are significant and suggest 446 

a pattern of northward migration (Fig. 3). Within the Front Range, bidirectional migration is 447 

supported between northern and southwest populations with the higher rate from northern ® 448 

southwest with a mean M = 1.0276 (95% HPD = 0.7044–1.3643; Fig. 3; Table S6). Six 449 

migration rates are significant in the Central clade with the highest rate from southwest ® 450 

southeast with a mean M = 0.530 (95% HPD = 0.2645–0.8034; Fig. 3; Table S6). Seven 451 
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migration rates are significant in the Western clade, and the mean migration rates range from 452 

0.1152–0.6487 (Fig. 3; Table S6). 453 

There is a clear negative relationship between migration rate and genetic differentiation, 454 

with higher FST values associated with lower migration rates (Fig. 4a). Population comparisons 455 

show a wider range of migration rates at lower to moderate FST values, while broad-scale 456 

comparisons cluster at higher FST values with consistently low migration rates (Fig. 4a). Within 457 

the broad-scale comparisons, the Western–Mexico pair stands out with a relatively high 458 

migration rate and low FST value, positioning it at the upper end of population comparisons (Fig. 459 

4a). Overall, these patterns indicates that greater genetic divergence corresponds to reduced gene 460 

flow. 461 

 462 

 463 
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FIGURE 3. Migration rates in the Sceloporus undulatus complex estimated with the nuclear data 464 

using the MSC-M model in BPP. The top three comparisons are between major undulatus 465 

complex clades; all other comparisons are between populations within each clade. Only 466 

significant migration rates (BF10 > 20) are shown. 467 

 468 

Morphological Data Analysis 469 

The raw morphological data and a summary of trait variation are provided in Tables S8–470 

S9. Mann-Whitney U tests provided idiosyncratic results for which traits showed significant 471 

sexual dimorphism, indicating that sexual dimorphism may not be relevant for these traits (Table 472 

S10). The Western clade exhibits significant sexual size dimorphism (SVL; p-value = 8.8E-07; 473 

Table S10). Linear models showed strong correlations between most traits and SVL (Fig. S19), 474 

with the exceptions of LAM (p = 0.163) and FEMSCALES (p = 0.929). PCA of the 475 

morphological data does not provide clear clustering of genetic groups (Fig. S20). The first three 476 

components account for 60% of the variation (Table S11). The LDA analysis provides the 477 

highest classification success for the Front Range samples (92.9%), and all misclassifications 478 

belong to the Western clade (Table S12). The Western clade has the lowest classification success 479 

(48.1%; Table S12).  480 

We find that morphological distance tends to increase with FST, indicating that genetic 481 

differentiation scales with morphological divergence (Fig. 4b). The population comparisons 482 

cover a wider range of lower to moderate FST values and morphological distances, while the 483 

broad-scale comparisons are clustered at higher FST values and generally higher morphological 484 

distances (Fig. 4b). This pattern suggests that morphological divergence aligns broadly with 485 

genetic divergence, with stronger differentiation observed at broader scales. 486 

 487 

Bioclimate Niche Models & Niche Differentiation 488 

Maxent models performed well for the S. undulatus complex. AUC values ranged from 489 

0.696 to 0.983 (mean = 0.854 ± 0.077 SD; Table S12). Across models, the most important 490 

bioclimatic predictors were temperature seasonality (Bio4), mean temperature of the driest 491 

quarter (Bio9), precipitation seasonality (Bio15) (Table S12). Ecological niche models for all 492 

focal populations are provided in Figures S21–S26. Overall, model performance was robust and 493 

suitable for subsequent niche overlap analyses. Niche identity tests revealed varying degrees of 494 
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overlap across most comparisons (Table S13). At the broad-scale, niche identity values were 495 

consistently low (e.g., Schoener’s D = 0.021–0.254; I = 0.096–0.531), indicating substantial 496 

ecological divergence among clades. The highest niche overlap occurred between the Central 497 

and Western clades (D = 0.254, I = 0.531), while Front Range and Eastern clades exhibited the 498 

least overlap (D = 0.021, I = 0.096). Complementarily, population-level comparisons support a 499 

wide range of overlap, from very low values (e.g., Central clade ARLA vs. SW; D = 0.004, I = 500 

0.027) to relatively high values (e.g., Western clade CNM vs. NE; D = 0.416, I = 0.670), 501 

suggesting a broad gradient of ecological differentiation among populations.  502 

Asymmetric similarity test results revealed further insights (Table S13). At the broad-503 

scale, several pairs showed significant niche divergence in both directions (e.g., Central vs. 504 

Mexico clades), while others were significant in one direction (e.g., Central vs. Western clades 505 

significant only in the 1 ← 2 direction). Such asymmetry suggests that one group occupies a 506 

broader or more environmentally variable background, while the other has a more constrained 507 

niche. In these cases, the broader-niched species may find suitable conditions in the range of the 508 

other, but not vice versa. Population comparisons often showed asymmetrical results, where 509 

significant niche similarity was detected in one direction but not the other (e.g., Eastern clade 510 

east vs. west).  511 

Ecological distances are generally high across most FST values, and population 512 

comparisons exhibit a broader range of ecological distances at lower FST values (Fig. 4c). Broad-513 

scale comparisons tend to cluster at higher FST values compared to population comparisons (Fig. 514 

4c). Overall, these patterns suggest that ecological divergence is generally high across regardless 515 

of genetic differentiation. 516 

 517 

 518 
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FIGURE 4. Patterns of morphological, ecological, and genetic divergence in the Sceloporus 519 

undulatus complex. Genetic differentiation as measured by FST is compared against a) migration 520 

rate, b) morphological distance, and c) ecological distance. All comparisons are colored by the 521 

comparison type (population comparisons = blue triangles; broad-scale clade comparisons = 522 

orange circles). 523 

 524 

DISCUSSION 525 

Integrating statistical models for evaluating gene flow with phylogenetic and population 526 

structure inferences provides a useful framework for delimiting species with structured 527 

populations, gene flow, and mitochondrial introgression. Since phylogenies and population 528 

structure capture different levels of evolutionary divergence, applying this framework across 529 

these hierarchical scales provides a robust assessment of the populations that warrant recognition 530 

as species and the resulting taxonomic implications. Within the Sceloporus undulatus complex, 531 

this approach suggests a continuum of divergence, which we can see across patterns of gene 532 

flow, morphological divergence, and ecological divergence.  533 

Gene flow within the undulatus complex is substantially higher between populations 534 

within the same species than between different species, highlighting an important distinction 535 

along the population–species continuum. Specifically, coalescent-based analyses of gene flow 536 

reveal significant migration between populations at relatively high levels, often exceeding one 537 

migrant per generation (Fig. 3), indicating substantial genetic connectivity within species. In 538 

contrast, the few significant migration events detected between species occur at much lower 539 

rates, typically below 0.2 migrants per generation, suggesting stronger reproductive isolation. 540 

These patterns provide insight into how gene flow shifts across stages of evolutionary 541 

divergence, with migration rates declining as lineages become more genetically and 542 

evolutionarily distinct (Fig. 4a). In parallel, niche comparisons indicate substantial 543 

environmental divergence in both population and brad-scale comparisons (Fig. 4c). Together, 544 

these patterns are consistent with divergence across ecological gradients, where environmental 545 

differences may contribute to population differentiation despite ongoing connectivity. This 546 

gradient in gene flow has important taxonomic implications, suggesting that the observed 547 

reduction in gene flow reflects the emergence of independently evolving lineages across 548 

environmentally distinct conditions. 549 

.CC-BY-NC 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted April 10, 2026. ; https://doi.org/10.64898/2026.04.07.717035doi: bioRxiv preprint 

https://doi.org/10.64898/2026.04.07.717035
http://creativecommons.org/licenses/by-nc/4.0/


RH: FENCE LIZARD SPECIES BOUNDARIES 

Page 21 of 33 

Although morphological divergence is relatively modest across both populations and 550 

species in the undulatus complex (Fig. 4b), species appear to exhibit greater morphological 551 

divergence than populations, and morphological divergence increases with genetic divergence 552 

(Fig. 4b). This same pattern is recapitulated for bioclimatic divergence (Fig. 4c). Across all three 553 

metrics of gene flow, morphology, and bioclimatic niche, divergence is relatively continuous 554 

across populations to species. Although species clearly exhibit greater divergence than 555 

populations, there is no obvious gap that allows us to clearly demarcate the population-species 556 

threshold.    557 

In some cases, species boundaries align with clear discontinuities in genetic variation, 558 

where gene flow is effectively absent among species but persists among populations within 559 

species. In other cases, however, structured populations exhibit shallow divergence, paraphyly, 560 

and ongoing or historical gene flow, obscuring species limits and creating ambiguity in 561 

taxonomic assignment. These more complex scenarios highlight the limitations and risks of 562 

relying on any single line of evidence for taxonomic inference.  563 

 564 

Mitochondrial DNA introgression 565 

Mitochondrial DNA introgression localized at species boundaries is common within the 566 

undulatus complex and is a primary source of taxonomic confusion (Leaché 2009). As a result, 567 

recognizing mtDNA clades as species is problematic, because genealogical patterns in mtDNA 568 

can reflect introgression rather than true evolutionary independence. In contrast, multilocus 569 

nuclear data provide a reliable basis for species delimitation that also offer important insight into 570 

patterns of gene flow among populations and species. Evidence of mtDNA introgression in the S. 571 

undulatus group is found at both deep and shallow phylogenetic levels. At the deepest level, 572 

alternative placements of S. olivaceus and S. exsul either inside the species group (nuclear DNA) 573 

or outside of it (mtDNA) point to either incomplete lineage sorting or ancient introgression with 574 

undescribed ghost lineages. At shallow levels, species boundaries that seem sharp and precise 575 

based on mtDNA data are non-existent with nuclear DNA, as is the case with the “invisible” 576 

species boundary that separates the mtDNA clades described as S. “tristichus” and S. “cowlesi”.  577 

The natural history of these species offers some clues to why conflicting nuclear and 578 

mtDNA phylogenetic patterns might be expected in the undulatus complex. Adult males are 579 

territorial and known for displaying their blue abdominal and gular regions while performing 580 
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push-up and head-bob behaviors that serve as social signals in territory disputes, courtship, and 581 

species recognition (Martins 1993; Hews et al. 2011). Territorial males adjust their home range 582 

size to overlap with multiple females, while females maintain smaller ranges, resulting in a 583 

significant sex-based difference in home range size (Ferner 1974; Haenel et al. 2003). Female 584 

philopatry can influence the spatial distribution of sex-linked loci and cause biases in species 585 

delimitation (Eberle et al. 2019). Therefore, because of male biased dispersal in Sceloporus, we 586 

expect nuclear DNA to exhibit more gene flow and relatively weaker geographic structure 587 

compared to maternally inherited mtDNA (Toews and Brelsford 2012). Additionally, the larger 588 

effective population size of nuclear loci should result in slower coalescent times compared to 589 

mtDNA and produce less decisive genealogical results (Palumbi et al. 2001). Contrasting 590 

mtDNA and nuclear phylogeographic patterns reveals that mtDNA alone has misrepresented 591 

species boundaries in the undulatus complex, whereas nuclear loci provide a robust framework 592 

for species delimitation by more accurately reflecting both gene flow and evolutionary history.  593 

 594 

Taxonomic Recommendations 595 

The current taxonomy for the Sceloporus undulatus complex is largely based on mtDNA. This 596 

taxonomy is effectively invalid because, as shown by our multilocus nuclear data, it does not 597 

reliably capture the evolutionary history of the complex. Here, we propose taxonomic revisions 598 

that accurately reflect both the evolutionary history of the group and incorporate 599 

characterizations of patterns of gene flow and ecological and bioclimatic divergence (Fig. S27). 600 

This taxonomic framework thus establishes a more stable and biologically meaningful taxonomy 601 

by aligning taxonomic units with independently evolving lineages (de Queiroz 2007; Maddison 602 

and Whitton 2023).  603 

 604 

Western clade – The sharp boundary between S. cowlesi and S. tristichus observed with mtDNA 605 

that extends across central Arizona and New Mexico is absent from the nuclear data, which 606 

instead support a boundary in northern Mexico between Western and Mexico clades (Fig. 1; 607 

Leaché et al. 2025). The type localities of S. tristichus and S. cowlesi both belong to the Western 608 

clade, and Sceloporus tristichus Cope in Yarrow, 1875 was described first and has priority. The 609 

type locality of S. tristichus is “Taos, Taos Co., New Mexico”. Therefore, under the taxonomic 610 

framework of the nuclear phylogeny, Sceloporus cowlesi is a synonym of S. tristichus. The six 611 
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populations described within S. tristichus are connected by broad zones of admixture (Fig. 2) and 612 

exhibit continuous patterns of isolation-by-distance between populations (Fig. S18). These 613 

population boundaries are fuzzy, as might be expected for weakly differentiated populations that 614 

are at early stages of divergence (Leaché et al. 2025). As such, no within-species populations 615 

should be elevated to species level. 616 

 617 

Mexico clade – The sister group to S. tristichus is the Mexico clade, which is distributed 618 

throughout Mexico and into West Texas and southern New Mexico (Fig. 2). Sceloporus edbelli 619 

Smith, Chiszar and Lemos-Espinal, 2002 is available and takes priority for populations 620 

distributed in Mexico from northwestern Chihuahua to southern Coahuila, northwestern 621 

Zacatecas, and northeastern Durango. The type locality is “two mi S León Guzmán, Durango, 622 

Mexico”. Populations belonging to S. edbelli occur in sympatry with two other species in the 623 

undulatus group, which further supports the recognition of this species despite the limited gene 624 

flow that is detected with S. tristichus (Fig. 3). At the northern end of their distribution, S. edbelli 625 

and S. tristichus co-occur at two locations in Chihuahua, Mexico: the Cerro Colorados near the 626 

southern end of Samalayuca Sand Dunes and the foothills of Sierra de San Luis (Pradera de 627 

Janos). In the south, S. edbelli occurs in sympatry with S. cautus in Zacatecas near Anáhuac. The 628 

boundaries between the populations in S. edbelli are sparsely sampled, but the relatively high 629 

levels of gene flow between populations suggests that they should not be elevated to species. 630 

 631 

Central clade – Sceloporus consobrinus Baird and Girard, 1853 is retained for the Central clade 632 

that includes the type locality of Quartz Mountain State Park, Kiowa County, Oklahoma (see 633 

Bell and Smith 2000). The species has a broad distribution with at least five populations 634 

distributed from eastern Wyoming to the Mississippi River (Fig. 2); none of these populations 635 

exhibit substantial enough divergence to be elevated to species level. 636 

 637 

Front Range clade – Sceloporus erythrocheilus is proposed for populations distributed 638 

throughout the Front Range of Colorado from Wyoming to northeastern New Mexico (Fig. 2). 639 

This taxon was originally described as Sceloporus undulatus erythrocheilus Maslin, 1956 with a 640 

type locality “Nineteen mi E Model, Purgatoire River, Las Animas County, Colorado”. Three 641 

populations are supported in S. erythrocheilus (Fig. 2), none of which should be considered 642 
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species given their low divergence and substantial admixture. Low levels of gene flow from S. 643 

tristichus and S. consobrinus are detected in S. erythrocheilus (Fig. 3).  644 

 645 

Eastern clade – Sceloporus undulatus is retained for the Eastern clade, but with a modified 646 

western boundary that is shifted to the west to align with the Mississippi River. The separation 647 

between S. undulatus and S. consobrinus corresponds with the Mississippi River, but more 648 

extensive sampling is needed to test the permeability of this boundary. Several populations in the 649 

western portion of the range of S. undulatus carry mtDNA haplotypes belonging to S. 650 

consobrinus, yet no significant nuclear gene flow was detected between these species. Increased 651 

sampling is needed to refine the boundary between populations within S. undulatus. 652 

 653 

South Texas – Sceloporus thayerii Baird and Girard, 1852 is tentatively applied to the South 654 

Texas lineage (Fig. 2), which aligns geographically with part of the type locality, “Indianola 655 

[Calhoun, County, Texas]” (Bell et al. 2003). However, this assignment should be considered 656 

provisional, as the species is represented in our study by a single specimen. More extensive 657 

sampling in South Texas is needed to determine the geographic extent and taxonomic validity of 658 

this putative species.  659 

 660 

Future Directions 661 

The Sceloporus undulatus complex exhibits a continuum of genetic divergence across 662 

species and populations, produced by uncertain species boundaries with signatures of gene flow 663 

and mitochondrial DNA introgression. Divergence in morphology and ecology also spans a 664 

broad spectrum with increased differentiation among species compared to populations. These 665 

results help identify geographic regions where diversity is shaped by gene flow and 666 

mitochondrial DNA introgression. The shallowest evolutionary divergence is located at the 667 

boundary between S. tristichus and S. edbelli; these species exhibit the highest level of gene flow 668 

and least genetic differentiation measured between any species pair (Fig. 4a). Mitochondrial 669 

introgression is detected between five additional species pairs (Fig. S28): 1) S. tristichus 670 

haplotypes are found in southwestern populations of S. erythrocheilus in southern Colorado, 2) S. 671 

erythrocheilus haplotypes occur in S. consobrinus in eastern Colorado and western Kansas, 3) S. 672 

consobrinus haplotypes are found on the eastern side of the Mississippi River in western 673 
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populations of S. undulatus, 4) S. thayerii has a haplotype belonging to S. consobrinus in 674 

southern Texas, and 5) introgression between S. cautus and S. edbelli occurs in both directions in 675 

Zacatecas. Targeted studies of these evolutionary hotspots will be key to understanding 676 

population-species boundary formation in the undulatus complex. 677 

The morphometric dataset provided little resolution for distinguishing among the genetic 678 

groups. Trait variation was high within groups with extensive overlap among them, obscuring 679 

any consistent diagnostic differences. This pattern was further supported by the PCA results, 680 

where different lineages clustered together without clear separation. Overall, despite high levels 681 

variation in morphometric and meristic traits, they appear to be poor predictors of the underlying 682 

genetic structure in this system, suggesting that phenotypic variation is weakly linked to lineage 683 

divergence, possibly due to strong environmental and/or plastic responses. For example, in S. 684 

undulatus, analyses of full genomes support adaptive responses in limb length to selective 685 

pressures imposed by invasive fire ants (Assis et al. 2025), indicating that morphological 686 

variation has a genetic basis shaped by local adaptation, rather than directly reflecting patterns of 687 

population divergence. Several key diagnostic traits used to distinguish taxa within the undulatus 688 

complex are adult male coloration, particularly differences in the extent and patterning of 689 

abdominal and gular patches. Coloration differences such as these could be more informative for 690 

distinguishing lineages since they are associated with reproductive strategies and/or mating 691 

preferences in Phrynosomatid lizards (Corl et al. 2026). Future studies would benefit from 692 

quantitatively assessing the genetic basis of ecological, morphological, and color pattern traits in 693 

the undulatus complex and explicitly linking these differences to local adaptation and 694 

evolutionary divergence at population and species boundaries.  695 

 696 
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Data to be made available on the publishers website. 698 

 699 

ACKNOWLEDGEMENTS 700 

We thank X anonymous reviewers, the Associate Editor (X), and the Editor (X) for their 701 

constructive comments on the manuscript. We appreciate the contributions of specimens from 702 

Natural History Museums: Lauren Sheinberg, Jens Vindum, and Rayna Bell (California 703 

Academy of Sciences), Carol Spencer and Jim McGuire (Museum of Vertebrate Zoology), Greg 704 

.CC-BY-NC 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted April 10, 2026. ; https://doi.org/10.64898/2026.04.07.717035doi: bioRxiv preprint 

https://doi.org/10.64898/2026.04.07.717035
http://creativecommons.org/licenses/by-nc/4.0/


LEACHÉ ET AL. 

Page 26 of 33 

Pauly and Neftali Camacho (Natural History Museum Los Angeles County), William Stark and 705 

Curtis Schmidt (Sternberg Museum of Natural History), Jessa Watters and Cameron Siler (Sam 706 

Noble Oklahoma Museum of Natural History), Toby Hibbitts and Lee Fitzgerald (Texas 707 

Cooperative Wildlife Collection), Eli Greenbaum, Carl Lieb, and Vicky Zhuang (University of 708 

Texas at El Paso Biodiversity Collections), Sharon Birks and Peter Miller (Burke Museum of 709 

Natural History and Culture), Wendy Estes-Zumpf and James Cash (Wyoming Game and Fish 710 

Dept.), David Laurencio, Jamie Oaks, and Daniel Warner (Auburn University Museum of 711 

Natural History), and Joe Ehrenberger (Adaptation Environmental Services). We also thank 712 

Jeremy Chamberlain, Donavan Jackson, and André Carvalho for assisting with the collection of 713 

specimens We thank state agencies for scientific collecting permits, including Arizona Game and 714 

Fish, New Mexico Game and Fish, and Colorado Parks and Wildlife, Colorado State Land 715 

Board, Boulder County Parks and Open Spaces. 716 

 717 

FUNDING 718 

This work was supported by grants from the National Science Foundation (NSF) to 719 

A.D.L. (DEB-SBS-2023723), S.S. (DEB-SBS- 2023979), M.K.F. (DEB-SBS- 2024014). TCM 720 

was supported by a Society of Systematic Biologists Graduate Student Research Award. 721 

 722 

CONFLICT OF INTERESTS 723 

The authors declare no conflict of interests. 724 

 725 

DATA AVAILABILITY 726 

Mitochondrial DNA sequences are deposited at NCBI Genbank (XXXX-XXXX). 727 

Demultiplexed ddRADseq data are deposited at NCBI SRA (PRJNA XXXX). Data available 728 

from the Dryad Digital Repository: https://doi.org/10.5061/dryad.547d7wmnx. 729 

  730 

.CC-BY-NC 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted April 10, 2026. ; https://doi.org/10.64898/2026.04.07.717035doi: bioRxiv preprint 

https://doi.org/10.64898/2026.04.07.717035
http://creativecommons.org/licenses/by-nc/4.0/


RH: FENCE LIZARD SPECIES BOUNDARIES 

Page 27 of 33 

REFERENCES 731 

Aiello‐Lammens, M.E., Boria, R.A., Radosavljevic, A., Vilela, B., Anderson, R.P. 2015. spThin: 732 

an R package for spatial thinning of species occurrence records for use in ecological niche 733 

models. Ecography 38:541–545. 734 

Alexander, D.H., Novembre, J., Lange, K. 2009. Fast model-based estimation of ancestry in 735 

unrelated individuals. Genome Research 19:1655–1664. 736 

Aljanabi, S.M., Martinez, I. 1997. Universal and rapid salt-extraction of high quality genomic 737 

DNA for PCR-based techniques. Nucleic Acids Research 25:4692–4693. 738 

Assis, B.A., Sullivan, A.P., Marciniak, S., Bergey, C.M., Garcia, V., Szpiech, Z.A., Langkilde, 739 

T., Perry, G.H. 2025. Genomic signatures of adaptation in native lizards exposed to human-740 

introduced fire ants. Nature Communications 16:89. 741 

Barley, A.J., Nieto-Montes de Oca, A., Manríquez-Morán, N.L., Thomson, R.C. 2024. 742 

Understanding species boundaries that arise from complex histories: gene flow across the 743 

speciation continuum in the spotted whiptail lizards. Systematic Biology 73:901–919. 744 

Bedoya, A.M., Leaché, A.D. 2021. Characterization of a pericentric inversion in Plateau Fence 745 

Lizards (Sceloporus tristichus): evidence from chromosome-scale genomes. G3 11:jkab036. 746 

Bell, E.L. Smith, H.M. 2000. Variation and intergradation of Northern and Southern Prairie 747 

Lizards in southwestern Oklahoma: designation of neotype for Sceloporus undulatus 748 

consobrinus, from Quartz Mountain State Park, Kiowa Co. Oklahoma. Bull. Maryland Herp. 749 

Soc., 36:20–34. 750 

Bell, E.L., Smith, H.M., Chiszar, D. 2003. An annotated list of the species-group names applied 751 

to the lizard genus Sceloporus. Acta Zoologica Mexicana 90:103–174. 752 

Brown, S.D., Collins, R.A., Boyer, S., Lefort, M.C., Malumbres‐Olarte, J.A.G.O.B.A., Vink, 753 

C.J., Cruickshank, R.H. 2012. Spider: an R package for the analysis of species identity and 754 

evolution, with particular reference to DNA barcoding. Molecular Ecology Resources 12: 755 

562–565. 756 

Bryant, D., Moulton, V. 2004. Neighbor-net: an agglomerative method for the construction of 757 

phylogenetic networks. Molecular Biology and Evolution 21:255–265. 758 

Campillo, L.C., Barley, A.J., Thomson, R.C. 2020. Model-based species delimitation: are 759 

coalescent species reproductively isolated? Systematic Biology 69:708–721. 760 

.CC-BY-NC 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted April 10, 2026. ; https://doi.org/10.64898/2026.04.07.717035doi: bioRxiv preprint 

https://doi.org/10.64898/2026.04.07.717035
http://creativecommons.org/licenses/by-nc/4.0/


LEACHÉ ET AL. 

Page 28 of 33 

Chambers, E.A., Marshall, T.L., Hillis, D.M., 2023. The importance of contact zones for 761 

distinguishing interspecific from intraspecific geographic variation. Systematic Biology 762 

72:357–371. 763 

Chambers, A.E., Lara-Tufiño, J.D., Campillo-García, G., Hillis, D.M. 2025. Distinguishing 764 

species boundaries from geographic variation. Proc. Natl. Acad. Sci. USA, 122: 765 

e2423688122. 766 

Cole, C.J. 1972. Chromosome variation in North American fence lizards (genus Sceloporus; 767 

undulatus species group). Systematic Biology 21:357–363. 768 

Corl, A., Guzman, A., Bi, K., Vazquez, J.M., Smith, L.L., Blaimont, P., Spranger, R., Cooper, 769 

R.D., Miles, D., Goldberg, A., Gao, J. 2026. The genetics, evolution, and maintenance of a 770 

biological rock-paper-scissors game. Science 391:.69–74. 771 

Coyne, J.A., Orr, H.A. 2004. Speciation. Sunderland, Mass: Sinauer Associates. 772 

Danecek, P., Auton, A., Abecasis, G., Albers, C.A., Banks, E., DePristo, M.A., Handsaker, R.E., 773 

Lunter, G., Marth, G.T., Sherry, S.T., McVean G., 2011. The variant call format and 774 

VCFtools. Bioinformatics, 27:2156–2158. 775 

de Queiroz, K. 1998. The general lineage concept of species, species criteria, and the process of 776 

speciation: A conceptual unification and terminological recommendations. Pages 57–75 in 777 

Endless forms: Species and speciation (D. J. Howard, and S. H. Berlocher, eds.). Oxford 778 

University Press, New York.  779 

de Queiroz, K. 2007. Species concepts and species delimitation. Systematic Biology 56:879–886. 780 

de Queiroz, K., Reeder, T.W., Leaché, A. D. 2017. Squamata (in part) – Lizards. In: Moriarty, 781 

J.J., editor. Scientific and standard English names of amphibians and reptiles of North 782 

America north of Mexico, with comments regarding confidence in our understanding. 783 

Herpetological Circular 43:38–58. 784 

Dufresnes, C., Jablonski, D., Ambu, J., Prasad, V.K., Bala Gautam, K., Kamei, R.G., Mahony, 785 

S., Hofmann, S., Masroor, R., Alard, B., Crottini, A. 2025. Speciation and historical 786 

invasions of the Asian black-spined toad (Duttaphrynus melanostictus). Nature 787 

Communications, 16:298. 788 

Eaton, D.A., Overcast, I. 2020. ipyrad: interactive assembly and analysis of RADseq datasets. 789 

Bioinformatics 36:2592–2594. 790 

.CC-BY-NC 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted April 10, 2026. ; https://doi.org/10.64898/2026.04.07.717035doi: bioRxiv preprint 

https://doi.org/10.64898/2026.04.07.717035
http://creativecommons.org/licenses/by-nc/4.0/


RH: FENCE LIZARD SPECIES BOUNDARIES 

Page 29 of 33 

Eberle, J., Bazzato, E., Fabrizi, S., Rossini, M., Colomba, M., Cillo, D., Uliana, M., Sparacio, I., 791 

Sabatinelli, G., Warnock, R.C., Carpaneto, G. 2019. Sex-biased dispersal obscures species 792 

boundaries in integrative species delimitation approaches. Systematic Biology 68:441–459. 793 

Edwards, S.V., Potter, S., Schmitt, C.J., Bragg, J.G., Moritz, C. 2016. Reticulation, divergence, 794 

and the phylogeography–phylogenetics continuum. Proceedings of the National Academy of 795 

Sciences 113:8025–8032. 796 

Ferner, J.W. 1974. Home-range size and overlap in Sceloporus undulatus erythrocheilus 797 

(Reptilia: Iguanidae). Copeia 1974:332–337. 798 

Flouri, T., Jiao, X., Rannala, B., Yang, Z. 2018. Species tree inference with BPP using genomic 799 

sequences and the multispecies coalescent. Molecular Biology and Evolution 35:2585–2593. 800 

Flouri, T., Jiao, X., Huang, J., Rannala, B., Yang, Z. 2023. Efficient Bayesian inference under 801 

the multispecies coalescent with migration. Proceedings of the National Academy of 802 

Sciences 120:e2310708120. 803 

Good, D.A., Wake, D.B. 1992. Geographic variation and speciation in the torrent salamanders of 804 

the genus Rhyacotriton (Caudata: Rhyacotritonidae). Univ of California Press v126. 805 

Gruber, B., Unmack, P.J., Berry, O.F., Georges, A. 2018. dartr: An r package to facilitate 806 

analysis of SNP data generated from reduced representation genome sequencing. Molecular 807 

Ecology Resources 18:691–699. 808 

Hart, R., Moran, N.A., Ochman, H. 2025. Genomic divergence across the tree of life. 809 

Proceedings of the National Academy of Sciences USA 122:e2319389122. 810 

Haenel, G.J., Smith, L.C., John-Alder, H.B. 2003. Home-range analysis in Sceloporus undulatus 811 

(Eastern Fence Lizard). I. Spacing patterns and the context of territorial behavior. Copeia 812 

2003:99–112. 813 

Hews, D.K., Date, P., Hara, E., Castellano, M.J. 2011. Field presentation of male secretions 814 

alters social display in Sceloporus virgatus but not S. undulatus lizards. Behavioral Ecology 815 

and Sociobiology 65:1403–1410. 816 

Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G., Jarvis, A., 2005. Very high resolution 817 

interpolated climate surfaces for global land areas. International Journal of Climatology 818 

25:1965–1978. 819 

.CC-BY-NC 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted April 10, 2026. ; https://doi.org/10.64898/2026.04.07.717035doi: bioRxiv preprint 

https://doi.org/10.64898/2026.04.07.717035
http://creativecommons.org/licenses/by-nc/4.0/


LEACHÉ ET AL. 

Page 30 of 33 

Hoang, D.T., Chernomor, O., Von Haeseler, A., Minh, B.Q., Vinh, L.S. 2018. UFBoot2: 820 

improving the ultrafast bootstrap approximation. Molecular Biology and Evolution 35:518–821 

522.  822 

Huang, J.P. 2020. Is population subdivision different from speciation? From phylogeography to 823 

species delimitation. Ecology and Evolution 10:6890–6896. 824 

Huson, D.H., Bryant, D. 2006. Application of phylogenetic networks in evolutionary 825 

studies. Molecular Biology and Evolution 23:254–267. 826 

Ji, J., Jackson, D.J., Leaché, A.D., Yang, Z. 2023. Power of Bayesian and heuristic tests to detect 827 

cross-species introgression with reference to gene flow in the Tamias quadrivittatus group of 828 

North American chipmunks. Systematic Biology 72:446–65. 829 

Jiao, X., Flouri, T., Yang, Z. 2021. Multispecies coalescent and its applications to infer species 830 

phylogenies and cross-species gene flow. National Science Review 8:nwab127. 831 

Kalyaanamoorthy, S., Minh, B.Q., Wong, T.K., Von Haeseler, A., Jermiin, L.S. 2017. 832 

ModelFinder: fast model selection for accurate phylogenetic estimates. Nature Methods 833 

14:587–589.  834 

Larson, D.A., Itgen, M.W., Denton, R.D., Hahn, M.W. 2026. Reconsidering cytonuclear 835 

discordance in the genomic age. Evolution 80:1–14 836 

Leaché, A.D. 2009. Species tree discordance traces to phylogeographic clade boundaries in 837 

North American fence lizards (Sceloporus). Systematic Biology 58:547–559. 838 

Leaché, A.D. 2010. Species trees for spiny lizards (genus Sceloporus): identifying points of 839 

concordance and conflict between nuclear and mitochondrial data. Molecular Phylogenetics 840 

and Evolution 54:162–171. 841 

Leaché, A.D., Reeder, T.W. 2002. Molecular systematics of the Eastern Fence Lizard 842 

(Sceloporus undulatus): a comparison of parsimony, likelihood, and Bayesian approaches. 843 

Systematic Biology 51:44–68. 844 

Leaché, A.D., Cole, C.J. 2007. Hybridization between multiple fence lizard lineages in an 845 

ecotone: locally discordant variation in mitochondrial DNA, chromosomes, and morphology. 846 

Molecular Ecology 16:1035–1054. 847 

Leaché, A.D., Banbury, B.L., Linkem, C.W., de Oca, A.N.M. 2016. Phylogenomics of a rapid 848 

radiation: is chromosomal evolution linked to increased diversification in North American 849 

spiny lizards (Genus Sceloporus)? BMC Evolutionary Biology 16:1–16. 850 

.CC-BY-NC 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted April 10, 2026. ; https://doi.org/10.64898/2026.04.07.717035doi: bioRxiv preprint 

https://doi.org/10.64898/2026.04.07.717035
http://creativecommons.org/licenses/by-nc/4.0/


RH: FENCE LIZARD SPECIES BOUNDARIES 

Page 31 of 33 

Leaché, A.D., Davis, H.R., Singhal, S. 2025. Hybrid zone analysis using coalescent-based 851 

estimates of introgression and migration in Plateau Fence Lizards (Sceloporus tristichus). 852 

Molecular Ecology 34:e17819. 853 

Maddison, W.P., Whitton, J. 2023. The species as a reproductive community emerging from the 854 

past. Bulletin of the Society of Systematic Biologists 2:1–35. 855 

Martins, E.P. 1993. A comparative study of the evolution of Sceloporus push-up displays. The 856 

American Naturalist 142:994–1018.  857 

Mayden, R. L. 1999. Consilience and a hierarchy of species concepts: Advances toward closure 858 

on the species puzzle. Journal of Nematology 31:95–116.  859 

Mayr, E. 1942. Systematics and the origin of species. Columbia University Press, New York.  860 

Mijangos, J.L., Gruber, B., Berry, O., Pacioni, C., Georges, A. 2022. dartR v2: An accessible 861 

genetic analysis platform for conservation, ecology and agriculture. Methods in Ecology and 862 

Evolution, 13:2150–2158. 863 

Miles, D.B., Noecker, R., Roosenburg, W.M., White, M.M. 2002. Genetic relationships among 864 

populations of Sceloporus undulatus fail to support present subspecific 865 

designations. Herpetologica 58:277–292. 866 

Montgomery, D.C., Peck, E.A., Vining, G.G., 2021. Introduction to linear regression analysis. 867 

John Wiley & Sons. 868 

Nguyen, L.T., Schmidt, H.A., Von Haeseler, A., Minh, B.Q.,2015. IQ-TREE: a fast and effective 869 

stochastic algorithm for estimating maximum-likelihood phylogenies. Molecular Biology and 870 

Evolution 32:268–274. 871 

Palumbi, S.R., Cipriano, F., Hare, M.P. 2001. Predicting nuclear gene coalescence from 872 

mitochondrial data: the three‐times rule. Evolution:859–868. 873 

Pebesma, E. 2018. Simple features for R: standardized support for spatial vector data. The R 874 

Journal 10(1). 875 

Peterson, B.K., Weber, J.N., Kay, E.H., Fisher, H.S., Hoekstra, H.E. 2012. Double digest 876 

RADseq: an inexpensive method for de novo SNP discovery and genotyping in model and 877 

non-model species. PloS one 7:e37135. 878 

Petit, R.J., Excoffier, L. 2009. Gene flow and species delimitation. Trends in Ecology and 879 

Evolution 24:386–393. 880 

.CC-BY-NC 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted April 10, 2026. ; https://doi.org/10.64898/2026.04.07.717035doi: bioRxiv preprint 

https://doi.org/10.64898/2026.04.07.717035
http://creativecommons.org/licenses/by-nc/4.0/


LEACHÉ ET AL. 

Page 32 of 33 

Plummer, M., Best, N., Cowles, K., Vines, K. 2006. CODA: convergence diagnosis and output 881 

analysis for MCMC. R News 6:7–11. 882 

Prates, I., Hutchinson, M.N., Singhal, S., Moritz, C., Rabosky, D.L. 2024. Notes from the 883 

taxonomic disaster zone: Evolutionary drivers of intractable species boundaries in an 884 

Australian lizard clade (Scincidae: Ctenotus). Molecular Ecology 33:e17074. 885 

R Core Team (2021). R: A language and environment for statistical computing. R Foundation for 886 

Statistical Computing, Vienna, Austria. https://www.R-project.org/. 887 

Reich, D., Thangaraj, K., Patterson, N., Price, A.L., Singh, L. 2009. Reconstructing Indian 888 

population history. Nature 461:489–494. 889 

Rheubert, J., Messak, J.A., Siegel, D.S., Gribbins, K.M., Trauth, S.E., Sever, D.M. 2017. Inter-890 

and intraspecific variation in sperm morphology of Sceloporus consobrinus and Sceloporus 891 

undulatus (Squamata: Phrynosomatidae). Biological Journal of the Linnean Society 121:355–892 

364. 893 

Richmond, J.Q., Gottscho, A.D., Jockusch, E.L., Leaché, A.D., Fisher, R.N., Reeder, T.W. 2025. 894 

Genomic discordance throws a wrench in the parallel speciation hypothesis for scincid 895 

lizards. Evolution 79:1386–1399. 896 

Robbins, T.R., Hegdahl, T.R. 2024. Latitudinal clines in an ectothermic vertebrate: patterns in 897 

body size, growth rate, and reproductive effort suggest countergradient responses in the 898 

Prairie Lizard. Ecology and Evolution 14:e70680. 899 

Robinson, C.D., Milnes, M.R., Clifton, I.T., John-Alder, H.B., Cox, R.M. 2024. Evolutionary 900 

loss of male-specific coloration is associated with the loss of androgen receptor expression in 901 

skin of Sceloporus lizards. Ecological and Evolutionary Physiology 97:315–325. 902 

Schoener, T.W. 1968. The Anolis lizards of Bimini: resource partitioning in a complex fauna. 903 

Ecology 49:704–726. 904 

Smith, H.M., Bell, E.L., Applegarth, J.S., Chiszar, D. 1992. Adaptive convergence in the lizard 905 

superspecies Sceloporus undulatus. Bulletin of the Maryland Herpetological Society 28:123–906 

149. 907 

Smith, H.M., Chiszar, D., Lemos-Espinal, J.A. 2002. A replacement name for Bell's spiny lizard, 908 

Sceloporus belli. Bulletin of the Maryland Herpetological Society 38:88–90. 909 

.CC-BY-NC 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted April 10, 2026. ; https://doi.org/10.64898/2026.04.07.717035doi: bioRxiv preprint 

https://doi.org/10.64898/2026.04.07.717035
http://creativecommons.org/licenses/by-nc/4.0/


RH: FENCE LIZARD SPECIES BOUNDARIES 

Page 33 of 33 

Streicher, J.W., Lambert, S.M., Méndez de la Cruz, F.R., Martínez‐Méndez, N., García‐Vázquez, 910 

U.O., Nieto Montes de Oca, A., Wiens, J.J. 2024. What predicts gene flow during speciation? 911 

The relative roles of time, space, morphology and climate. Molecular Ecology 33:e17580. 912 

Toews, D.P., Brelsford, A. 2012. The biogeography of mitochondrial and nuclear discordance in 913 

animals. Molecular Ecology 21:3907–3930. 914 

Warren, D.L., Glor, R.E., Turelli, M., 2008. Environmental niche equivalency versus 915 

conservatism: quantitative approaches to niche evolution. Evolution 62:2868–2883. 916 

Warren, D.L., Matzke, N.J., Cardillo, M., Baumgartner, J.B., Beaumont, L.J., Turelli, M., Glor, 917 

R.E., Huron, N.A., Simões, M., Iglesias, T.L., Piquet, J.C., 2021. ENMTools 1.0: an R 918 

package for comparative ecological biogeography. Ecography 44:504–511. 919 

Wiens, J.J., Kuczynski, C.A., Arif, S., Reeder, T.W. 2010. Phylogenetic relationships of 920 

phrynosomatid lizards based on nuclear and mitochondrial data, and a revised phylogeny for 921 

Sceloporus. Molecular Phylogenetics and Evolution 54:150–161. 922 

.CC-BY-NC 4.0 International licenseavailable under a 
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted April 10, 2026. ; https://doi.org/10.64898/2026.04.07.717035doi: bioRxiv preprint 

https://doi.org/10.64898/2026.04.07.717035
http://creativecommons.org/licenses/by-nc/4.0/

