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ABSTRACT
Coalescent modelling of hybrid zones can provide novel insights into the historical demography of populations, including diver-
gence times, population sizes, introgression proportions, migration rates and the timing of hybrid zone formation. We used coa-
lescent analysis to determine whether the hybrid zone between phylogeographic lineages of the Plateau Fence Lizard (Sceloporus 
tristichus) in Arizona formed recently due to human-induced landscape changes, or if it originated during Pleistocene climatic 
shifts. Given the presence of mitochondrial DNA from another species in the hybrid zone (Southwestern Fence Lizard, S. cow-
lesi), we tested for the presence of S. cowlesi nuclear DNA in the hybrid zone as well as reassessed the species boundary between 
S. tristichus and S. cowlesi. No evidence of S. cowlesi nuclear DNA is found in the hybrid zone, and the paraphyly of both species 
raises concerns about their taxonomic validity. Introgression analysis placed the divergence time between the parental hybrid 
zone populations at approximately 140 kya and their secondary contact and hybridization at approximately 11 kya at the end of 
the Pleistocene. Introgression proportions estimated for hybrid populations are correlated with their geographic distance from 
parental populations. The multispecies coalescent with migration provided significant support for unidirectional migration mov-
ing from south to north, which is consistent with spatial cline analyses that suggest a slow but steady northward shift of the cen-
tre of the hybrid zone over the last two decades. When analysing hybrid populations sampled along a linear transect, coalescent 
methods can provide novel insights into hybrid zone dynamics.

1   |   Introduction

Hybrid zones are geographic areas where genetically distinct 
populations produce offspring with a mixture of traits from 
the parental populations (Harrison 1993; Gompert et al. 2017). 
Naturally occurring hybrid zones provide important insights 
into the evolutionary processes of speciation, gene flow, and 
species boundaries (Harrison and Larson  2014). Typically, 

researchers study hybrid zones using spatial and/or genomic 
cline methods. Spatial clines describe the geographic character-
istics of a hybrid zone, including the location of the centre of the 
hybrid zone (cline centre), the width of the hybrid zone (cline 
width), and when multiple loci are compared, differential intro-
gression among marker types (Barton and Hewitt 1985; Szymura 
and Barton  1986). Genomic clines leverage large numbers of 
loci from across the genome to provide insights into differential 
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introgression among genes or chromosomal regions (Gompert 
and Buerkle 2011). Another tool for the analysis of hybrid zones 
is the multispecies coalescent (MSC), which can infer the his-
torical demography of populations including their divergence 
times and population sizes (Rannala and Yang 2003). New MSC 
models that include introgression (Jiao et al. 2021; Ji et al. 2023) 
or migration (Flouri et al. 2023) can add critical information to 
hybrid zone studies such as the timing of hybrid zone formation, 
introgression rates from parental to hybrid populations, and mi-
gration rates. In this study, we apply both spatial clines and MSC 
models to a Plateau Fence Lizard (Sceloporus tristichus) hybrid 
zone to test hypotheses regarding the age of the hybrid zone and 
extent of introgression and migration between populations.

The S. tristichus hybrid zone is in Arizona's Colorado Plateau 
at an ecological transition zone between Great Basin Conifer 
Woodlands in the south and Grassland habitats in the north; 
this transition zone facilitates hybridization between morpho-
logically and ecologically distinctive grassland and woodland 
populations (Leaché and Cole 2007). Interestingly, in addition to 
the introgression dynamics that connect these distinctive pop-
ulations of S. tristichus together, mitochondrial DNA (mtDNA) 
from the Southwestern Fence Lizard (S. cowlesi) is also found 
in the hybrid zone (Leaché and Cole  2007). Haplotypes from 
both species are found in hybrid populations, which have a 
maximum uncorrected sequence divergence of 10.6% (Leaché 
and Cole 2007). However, the potential for co-introgression of 
mtDNA and nuclear DNA (e.g., Sloan et al. 2017) remains un-
tested. Thus, we take a phylogeographic approach to test the 
species boundary between S. tristichus and S. cowlesi using 
range-wide geographic sampling of both species. Phylogenetic 
and population structure analyses are used to assess whether 
the mtDNA species boundary is supported by nuclear data and 
to determine if S. cowlesi nuclear DNA occurs in the hybrid zone.

After confirming that the hybrid zone only consists of S. tris-
tichus nuclear DNA, we use coalescent inference and spatial 

clines to better understand this hybrid zone. We first seek to 
estimate when the hybrid zone formed. The canyon ecotone 
habitats that support hybridization may have formed as re-
cently as the 1890s with the onset of intensive cattle grazing, 
which mediated the northward expansion of juniper trees into 
former grasslands (Archer 1994; Abruzzi 1995). Alternatively, 
palynological evidence suggests that juniper expansion in the 
American Southwest began at least several thousand years 
earlier (Davis and Turner 1986; Miller and Wigand 1994). To 
test these alternative hypotheses explaining the formation of 
the hybrid zone, we use the MSC with introgression (MSC-I), 
which can estimate the introgression time between popula-
tions (Figure 1a).

Temporal sampling combined with spatial cline analysis over 
multiple decades has provided evidence that the centre of the 
cline is moving to the north (Leaché and Cole  2007; Leaché 
et al. 2017). A comparison of specimens collected in the 1970s 
and 2002 shows changes in the frequency of a chromosome 
inversion polymorphism (e.g., a distinctive pericentric inver-
sion polymorphism on chromosome seven) that is consistent 
with the hypothesis of northward hybrid zone movement 
(Leaché and Cole 2007). Also, DNA sequence comparisons of 
samples collected in 2002 and 2012 provide evidence that the 
mtDNA cline is displaced from the nuclear cline and main-
taining an introgression distance of approximately 3 km. Both 
the nuclear and mtDNA clines have shifted north by approxi-
mately 2 km over this time interval, which equals roughly 10 
lizard generations (Leaché et al. 2017). In this study, we use 
a new replicate of transect samples from 2022 and a spatial 
cline analysis to test the prediction that the hybrid zone has 
continued to shift to the north over the last decade. Because 
the hybrid zone has moved north through time, we might ex-
pect to also see higher migration rates from south to north. 
We use the MSC with migration (MSC-M; Figure  1b) to test 
this expectation by estimating bi-directional migration rates 
between the parental populations.

FIGURE 1    |    Multispecies coalescent models used to estimate population demographic parameters in the hybrid zone. (a) The introgression mod-
el (MSC-I) includes nine parameters: six population sizes (θN, θS, θhybrid, θN.anc, θS.anc, θroot), one divergence time (τroot), one hybridization time 
(τhybridization), and one introgression probability (φ) defined as the proportion of the hybrid population genome originating from one of the parental 
populations (the proportion of the genome originating from the other population is 1−φ). Parameters for the MSC-I were estimated separately for 
each hybrid sample site. (b) The migration model (MSC-M) includes six parameters: three population sizes (θN, θS, θroot), one divergence time (τroot), 
and two migration rates (MN→S, MS→N). Migration rate is the expected number of migrants from the donor population to the recipient population per 
generation.
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2   |   Materials and Methods

2.1   |   Hybrid Zone Sampling

We collected 79 samples from the hybrid zone in 2022 at the 
eight transect sites sampled in 2002 and 2012 (Tables 1 and S1). 
The sampling transect extends 63.5 km from grassland habi-
tat in the north (Holbrook) to juniper woodland habitat in the 
south (Show Low). Canyon ecotones that connect these habitats 
are where lizards with mixed genotypes, intermediate pheno-
types, and heteromorphic pairs of chromosomal inversions are 
found (Leaché and Cole 2007). We compared the 2022 transect 
to 95 samples collected in 2002 (Leaché and Cole  2007) and 
179 samples collected in 2012 (Leaché et  al.  2017). Scientific 
collecting was approved by the State of Arizona Game and 
Fish Department (Permit #SP843452). Animal research was 
approved by the University of Washington Office of Animal 
Welfare (IACUC #4367–03).

2.2   |   Mitochondrial DNA Analysis

To determine the frequency of S. tristichus and S. cowlesi 
haplotypes at each hybrid zone sample site, we conducted a 
phylogenetic analysis of mtDNA sequences. We extracted 
genomic DNA from tissue samples using salt extraction 
(Aljanabi and Martinez  1997). We amplified and sequenced 
the mitochondrial ND1 protein-coding gene (969 bp) using 
standard PCR methods (Leaché and Cole  2007). We aligned 
new ND1 sequences with previously published data, which in-
cluded additional hybrid zone samples, broad-scale sampling 
of S. cowlesi and S. tristichus, and other closely related spe-
cies (S. cautus, S. consobrinus, S. occidentalis, S. undulatus, 
S. virgatus and S. woodi; Table  S2). New mtDNA sequences 
are deposited in GenBank (Accessions PQ901620–PQ901697; 
PV462017–PV462129). The final alignment containing 755 
sequences is available on Dryad (doi: https://doi.org/10.5061/
dryad.47d7wm3rz).

We estimated a maximum likelihood (ML) phylogeny using 
IQ-TREE v.1.6.12 (Nguyen et  al.  2015) with 1000 ultrafast 
bootstraps (Hoang et  al.  2018) and the ModelFinder option to 
evaluate 286 nucleotide substitution models (Kalyaanamoorthy 
et  al.  2017). The final tree presented is a consensus tree from 
the bootstrap replicates (with default settings “-bb 1000”). The 
Bayesian information criterion (BIC) was used to select the best-
fit model, since this criterion outperforms others in identifying 
the true model (Li et al. 2025).

2.3   |   Nuclear Data Collection

We collected nuclear data using double digestion restriction site 
associated DNA sequencing (ddRADseq; Peterson et al. 2012). 
We followed the same library preparation methods used in a 
previous study of the hybrid zone (Leaché et al. 2017). Briefly, 
we double-digested genomic DNA with restriction enzymes SbfI 
and MspI, ligated barcodes, adapters, and unique molecular 
identifiers (UMIs), and then pooled samples for size selection 
and PCR amplification of libraries. Samples were sequenced 
on one lane with an Illumina NovaSeq 6000 (100 bp single-end 
reads) at the QB3 facility at UC Berkeley.

2.4   |   Nuclear Data Assembly

We assembled the Illumina reads using ipyrad v.0.7.3 (Eaton 
and Overcast 2020). The assembly was guided using a reference 
genome of S. tristichus from an individual originating from the 
northern parental population (Bedoya and Leaché  2021). We 
de-multiplexed samples using their unique barcode and adapter 
sequences, and sites with Phred quality scores under 99% 
(Phred score = 33) were changed into ‘N’ characters and reads 
with ≥ 10% N's were discarded. After the removal of the 6 bp 
restriction site overhang, the 6 bp barcode, and 8 bp UMI, the 
samples were clustered using a sequence similarity threshold 
of 90%. Additional filtering included discarding clusters that 

TABLE 1    |    Summary of the Sceloporus tristichus hybrid zone transect sites over 10-year intervals using replicate sampling. Distance (km) is 
from the northernmost locality (Holbrook). Numbers in parentheses are sample sizes. Nuclear DNA values are ancestry proportions (Q) estimated 
using ADMIXTURE, which show the fraction of ancestry from the northern population under a K = 2 model. mtDNA frequencies are the fraction 
of samples from a site that group with the northern clade versus the southern clade (haplotypes grouping with western S. tristichus or S. cowlesi are 
not considered).

Site name Distance

Nuclear DNA Mitochondrial DNA

2002 2012 2022 2002 2012 2022

Holbrook 0 0.98 (9) 1.00 (20) 1.00 (7) 0.92 (13) 1.00 (20) 1.00 (7)

Fivemile Wash 8.3 1.00 (8) 0.89 (20) 0.99 (11) 1.00 (8) 1.00 (9) 1.00 (9)

Washboard Wash 14.5 1.00 (9) 0.98 (20) 0.99 (10) 1.00 (11) 1.00 (18) 1.00 (6)

Woodruff 22.6 1.00 (4) 0.98 (20) 1.00 (9) 1.00 (9) 1.00 (12) 1.00 (1)

Canoncito 29.3 0.89 (24) 0.83 (40) 0.87 (10) 0.72 (25) 1.00 (18) 1.00 (5)

Sevenmile Draw 35.2 0.29 (8) 0.23 (20) 0.22 (10) 0.83 (12) 0.80 (10) 0.83 (6)

Snowflake 42.7 0.00 (7) 0.02 (19) 0.01 (10) 0.00 (5) 0.00 (14) 0.50 (8)

Show Low 63.5 0.00 (9) 0.00 (20) 0.00 (11) 0.00 (12) 0.00 (20) 0.00 (11)
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had low coverage (< 10 reads), excessive undetermined or het-
erozygous sites (> 4), or too many haplotypes (> 2 for diploids). 
We assembled all 335 hybrid zone samples collected from 2002, 
2012 and 2022 together to ensure that shared loci were ob-
tained. The demultiplexed sequences are available on the NCBI 
Sequence Read Archive (PRJNA1211730). The assembled data 
output files are available on Dryad (doi: https://doi.org/10.5061/
dryad.47d7wm3rz).

2.5   |   Phylogeographic Analysis of S. tristichus 
and S. cowlesi Using Nuclear Data

Mitochondrial DNA from S. cowlesi is found in the S. tris-
tichus hybrid zone, so we tested for evidence of nuclear in-
trogression from S. cowlesi into S. tristichus as well. To do so, 
we assembled a phylogeographic dataset (ddRADseq data) of 
samples from S. tristichus and S. cowlesi. We then analysed 
these data using phylogenetic and population genetic methods 
to provide broader geographic and evolutionary contexts for 
understanding the composition of the hybrid zone in relation 
to both species.

A total of 56 samples were included in the phylogeographic anal-
ysis, with species assignments determined using their mtDNA-
based phylogenetic placement (Figure  S1 and Table  S3). The 
samples were obtained from four sources: (1) we downloaded 35 
samples from the NCBI Sequence Read Archive for a previous 
study of S. tristichus (Bedoya and Leaché 2021), (2) we included 
eight hybrid zone samples from the 2022 transect (one sample 
from each hybrid zone site), (3) we collected new data for 10 
samples used in a previous study of the species group (Leaché 
and Reeder 2002), which included a sample of S. consobrinus to 
root the phylogeny, and (4) we collected new data for three sam-
ples loaned from the University of Texas at El Paso Herpetology 
Collection.

Library preparations and data collection for the new samples 
followed the same protocols as described above. We processed 
the data using ipyrad with the same reference genome as the 
hybrid zone assembly. For the phylogenetic analysis, we ex-
ported a concatenated data matrix containing all loci in phylip 
format and excluded sites with more than 10% missing data. 
For population structure analysis, we exported a VCF file and 
used VCFtools v.0.1.16 (Danecek et al. 2011) to sample biallelic 
loci, apply a minor allele frequency threshold of 0.01, exclude 
sites with more than 50% missing data, and sample one random 
SNP per locus. The demultiplexed sequences are available on 
the NCBI Sequence Read Archive (PRJNA1211730), and the 
data files are available on Dryad (doi: https://doi.org/10.5061/
dryad.47d7wm3rz).

We estimated a ML phylogeny using IQ-TREE with the same 
approach as described above for the mtDNA analysis. We es-
timated population structure using ADMIXTURE v.1.3.0 
(Alexander et al. 2009) for K values ranging from K = 1–8. The 
model with the lowest CV error was selected as the best-fit 
model (Alexander et al. 2009). We performed 10 replicate runs 
for each K value using random starting seeds. Admixture bar 
plots were generated with StructuRly v.0.1.0 (Criscuolo and 
Angelini 2020).

2.6   |   Population Structure of the Hybrid Zone

We estimated population structure and ancestry proportions 
for the hybrid zone using ADMIXTURE. The data were filtered 
using VCFtools to sample biallelic loci, apply a minor allele fre-
quency threshold of 0.01, and to retain one SNP per locus. We 
determined the optimal number of clusters (K) by comparing 
the cross-validation (CV) error scores for analyses with K values 
ranging from 1 to 8. The K value with the lowest CV error was 
selected as the best model. We performed 4 replicate runs for 
each K value using random starting seeds. Population structure 
bar plots were generated with StructuRly. After selecting the op-
timal model (K = 2) we ran separate ADMIXTURE analyses for 
each transect time series to estimate the ancestry proportion (Q) 
for each sample site. The estimated Q values (Table 1) were used 
in spatial cline analyses (see below).

We also used the R package gghybrid (Bailey 2024) to estimate 
genome-wide hybrid index h and its uncertainty for each sam-
ple. The hybrid index represents the proportion of the genome 
originating from parental reference populations: Holbrook 
(northern) and Show Low (southern). This is similar to the Q 
value estimated with ADMIXTURE when K = 2 (Bailey 2024). 
Under this model, each allele is treated independently, and 
the probability that an individual allele originated from one of 
the source populations depends on the frequency of the allele 
in each source population and the hybrid index of the sam-
ple (Buerkle 2005). We followed the recommended analysis pro-
cedures and ran the chain for 3000 iterations with a 1000-step 
burn-in period (Bailey 2024).

2.7   |   Cline-Fitting Analysis

We performed cline-fitting analyses using the R package hzar 
(Derryberry et al. 2014). To identify the optimal cline model, 
we used the Akaike information criterion (AIC) to compare 10 
different models against a null model that assumes no cline. 
The cline models combine two parameter settings: the trait in-
terval (two settings: fixed to 0 and 1 versus estimated values) 
and exponential tail-fitting (five settings: none fitted; left only; 
right only; mirror tails; tails estimated separately). After se-
lecting the optimal model, we performed ML cline fitting sepa-
rately for each sample period (2002, 2012, 2022). Nuclear clines 
were estimated using Q values estimated from ADMIXTURE 
for each sample site (Table  1). MtDNA clines were estimated 
using the proportion of haplotypes grouping with the north-
ern S. tristichus clade versus the southern clade (Table  1). 
Haplotypes occurring in the hybrid zone that grouped with 
the western clade of S. tristichus or S. cowlesi were ignored. 
Cline parameters of interest included cline centre (measured 
as distance in kilometres from the northern population) and 
cline width (kilometres). Parameter uncertainty was estimated 
using 2-log-likelihood (2LL) support limits.

2.8   |   Multispecies Coalescent With Introgression 
or Migration

We used the multispecies coalescent with introgression 
(MSC-I) in the program BPP v.4.7 (Rannala and Yang  2003; 
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Flouri et al. 2020) to estimate the timing of hybridization and 
the proportion of introgression from parental populations into 
the hybrid zone. The hybrid zone model includes three popu-
lations: two parental populations that diverge at τroot and later 
hybridise at time τhybridization leading to a hybrid population 
(Figure  1a). This model is described as a hybrid speciation 
model whereby populations come into contact to form a hy-
brid species (Flouri et al. 2020), and we consider this model 
a good representation for the S. tristichus hybrid zone, where 
two populations have come into contact to form a hybrid pop-
ulation. The introgression probability (φ) is the proportion of 
the hybrid population genome that is derived from the par-
ent population. A limitation of this model is that it does not 
account for any introgression that occurs between the initial 
hybridization event and the present day, nor for potential in-
trogression from unsampled populations (here, other hybrid 
zone localities).

We conducted six separate MSC-I analyses to estimate τhybridization 
and φNorth→x for each of the hybrid populations while holding the 
parental populations constant (north = Holbrook; south = Show 
Low). These analyses used the 2022 transect data assembled 
with no missing data (n = 738 loci), since this dataset contained 
the most loci. Allowing no missing data ensured that the results 
using different hybrid populations were comparable by maintain-
ing the same loci across all six analyses. We used gamma priors 
for population sizes (θ) and the root age (τroot), with the prior mean 
G(2, 1000) = 0.002, which are close to empirical estimates derived 
from the study system. The prior for introgression probability (φ) 
used a beta distribution ~ beta(1,1), which provides a flat prior 
distribution. We used a burn-in of 40,000 iterations, and took 
400,000 samples, sampling every 2 iterations. Each analysis was 
repeated four times with different starting seeds. Convergence 
was assessed by calculating the potential scale reduction factor 
(PSRF) using the R package CODA (Plummer et al. 2006) with 
values close to 1 indicating convergence. Posterior distributions 
from the four separate runs were combined to calculate parame-
ter values and the effective sample size (ESS). The hybridization 
time (τhybridization) and root age (τroot) were converted to absolute 
time assuming a lizard-specific substitution rate of 3.17−9 muta-
tions/site/year (Bergeron et al. 2023) and a one-year generation 
time (Tinkle and Dunham 1986).

To estimate the amount of gene flow between the parental pop-
ulations without the influence of the hybrid samples, we esti-
mated their bi-directional migration rates using the MSC with 
migration (MSC-M; Flouri et  al.  2023). The two-population 
model includes six parameters: two migration rates, three popu-
lation sizes (two populations and their ancestor), and one diver-
gence time (Figure 1b). The migration rate M = mN is measured 
in the expected number of migrants from the donor population 
to the recipient population per generation; N is the (effective) 
population size of the recipient population, and m is the propor-
tion of immigrants in the recipient population (from the donor 
population) every generation, with time moving forward (Flouri 
et al. 2023). The migration rate prior used a gamma distribution 
G(1,10) with mean 1/10 = 0.1 migrant individuals per generation 
(1 migrant individual every 10 generations). All other priors, run 
settings, and convergence diagnostics matched those used in the 
MSC-I analyses described above.

The statistical significance of gene flow was evaluated using 
Bayes factors (BF) calculated with the Savage-Dickey density 
ratio (Ji et al. 2023). The test compares BF10 in support of the 
gene flow model (H1) over the null model of no gene flow (H0). 
The test was considered significant if BF10 > 20. We used a cut-
off of φ > 0.01 (1% introgression) for the introgression model and 
a cut-off of M > 0.01 (1 migrant every 100 generations) for the 
migration model (Ji et al. 2023).

3   |   Results

3.1   |   Mitochondrial DNA Analysis

We conducted a phylogenetic analysis of the ND1 gene to calcu-
late the frequency of mtDNA haplotypes found at each site in the 
hybrid zone. The ND1 alignment contains 775 sequences with 
371 parsimony-informative sites. Model selection using the BIC 
selected the TIM + F + I + G4 model, which is a transition model 
(TIM) with empirical base frequencies (F), a parameter that al-
lows for a proportion of invariable sites (I), and among-site rate 
variation using a discrete gamma model with 4 rate categories 
(G4). The mtDNA phylogeny places the hybrid zone samples 
into the four distinct clades defined in previous studies; three of 
these clades belong to S. tristichus and one belongs to S. cowlesi 
(Figure  2a). A detailed version of the mtDNA genealogy with 
bootstrap support values and tip labels is provided in Supporting 
Information (Figures S2–S4).

The northern S. tristichus haplotypes are found in high fre-
quency (97%) in the northernmost population (Holbrook) and 
decline to 0% in the south (Show Low), while the southern S. 
tristichus haplotypes show the opposite pattern (Table 2). The 
western S. tristichus haplotypes do not form a cline, but instead 
are found at relatively low frequency (2%–26%) in three of the 
southern populations. The S. cowlesi haplotypes enter the hybrid 
zone from the east and are found in the middle of the hybrid 
zone from Fivemile Wash to Snowflake with relatively high fre-
quencies in the north (57% and 77%; Table  2). All four haplo-
types occur together in three populations: Canoncito, Sevenmile 
Draw, and Snowflake (Table 2).

3.2   |   Phylogeographic Analysis of S. tristichus 
and S. cowlesi Using Nuclear Data

The phylogeographic dataset contains a total of 2549 ddRAD-
seq loci with 5915 variable sites. Concatenating the loci for 
phylogenetic analysis and filtering out sites with > 10% miss-
ing data produced an alignment with 78,003 base pairs and 532 
parsimony-informative sites. The filtered VCF file for popula-
tion structure analysis contained 1741 SNPs.

Phylogenetic analysis of the concatenated data using IQ-TREE 
selected the TPM3u + F + R2 model using the BIC. The phy-
logeny does not support the monophyly of S. tristichus or S. 
cowlesi as currently defined based on their mtDNA assignments 
(Figures 3a and S5). The base of the phylogeny contains a para-
phyletic group of samples from across New Mexico, while sam-
ples from Utah, western Colorado, and Wyoming are nested 
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within a clade composed primarily of samples from Arizona 
(Figures 3a and S5).

The optimal population structure model for the phylogeo-
graphic dataset is a 3-population model (K = 3; Figure  S6). 
The geographic distributions of these populations do not 
match the mtDNA species boundary (Figure 3). Inspection of 
the next best models (K = 2 and K = 4) also fails to show any 

correspondence to the mtDNA species boundary (Figure 3). If 
we assume that the southern New Mexico population cluster 
represents S. cowlesi (ignoring issues related to paraphyly and 
admixture), then there is no evidence that S. cowlesi nuclear 
DNA is found near the hybrid zone under any of these popula-
tion models (Figure 3).

3.3   |   Nuclear Data Assembly

The reference-based assembly of the 335 hybrid zone samples 
resulted in 4030 loci containing 6934 variable sites. Filtering the 
VCF file for population structure analysis retained 1830 SNPs. A 
summary of the assembly is provided in Table S4.

3.4   |   Population Structure of the Hybrid Zone

The best-fit population structure model based on a comparison 
of CV error scores is a two-population model (K = 2; Figure S7). 
For each transect sampling time, the ancestry proportions 
show a steep transition from northern ancestry to southern 
ancestry in the centre of the hybrid zone (Table  1). Models 
assuming higher K values (K = 3 and K = 4) maintain a clear 
separation between the parental populations while adding ad-
ditional structure to the middle of the hybrid zone (Figure S8).

To calculate the proportion of the genome originating from 
each of the parental populations, we estimated the hybrid 
index h of each sample. The hybrid index plot shows a transi-
tion from northern to southern ancestry with greater northern 
ancestry in Woodruff, Washboard Wash, Fivemile Wash and 
Canoncito, and greater southern ancestry in Sevenmile Draw 

FIGURE 2    |    Phylogeny and geographic distributions of Sceloporus tristichus and S. cowlesi in the Southwestern United States based on mitochondrial 
DNA (mtDNA). (a) Phylogenetic relationships based on the ND1 gene estimated using maximum likelihood (rooted with S. occidentalis). The four mtDNA 
clades that are found in the hybrid zone are colour-coded. (b) Geographic distributions of S. tristichus (circles) and S. cowlesi (triangles), the distributions 
of the clades detected in the hybrid zone, and the mtDNA species boundary (dashed line). (c) Pie-charts showing mtDNA haplotype frequencies in the hy-
brid zone. Sample sizes are shown in parentheses. The shaded areas show habitat distributions of Petran Montane Conifer Forest (dark grey), Great Basin 
Conifer Woodland (light grey), and Great Basin Grassland (unshaded/white). [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 2    |    Frequency of Sceloporus tristichus and S. cowlesi mtDNA 
haplotypes at hybrid zone localities aggregated across three time points 
(2002, 2012 and 2022). Haplotypes from S. cowlesi enter the hybrid 
zone from the east and are found at all sites except for the parental 
populations in Holbrook and Show Low.

Site name N

S. tristichus S. 
cowlesiNorth South West

Holbrook 39 0.97 0.03 0.0 0.0

Fivemile 
wash

46 0.43 0.0 0.0 0.57

Washboard 
wash

44 0.23 0.0 0.0 0.77

Woodruff 40 0.68 0.0 0.0 0.33

Canoncito 93 0.42 0.08 0.02 0.48

Sevenmile 
draw

46 0.50 0.10 0.20 0.20

Snowflake 39 0.10 0.59 0.26 0.05

Show low 42 0.0 1.0 0.0 0.0
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and Snowflake (Figure 4a). A histogram of hybrid index values 
shows a deficit of F1 hybrids at h = 0.5, and instead suggests 
that most samples represent late-stage backcrosses (Figure 4b).

3.5   |   Cline-Fitting Analysis

Spatial cline-fitting analyses were conducted to test the predic-
tion that the hybrid zone is shifting to the north by comparing 

ML cline centre estimates between decades. Cline-fitting model 
selection using the AIC favoured a simple two-parameter model 
that combines fixed trait intervals (pmin = 0, pmax = 1) without 
exponential tail fitting (tails = none). This model was supported 
by both the nuclear and mtDNA data (Table S5). Movement of 
the hybrid zone is supported by the northward shift in cline cen-
tres in the nuclear data (Table  3). However, although the ML 
cline centre estimates show directional movement, the magni-
tude of change is not significant when considering the overlap in 

FIGURE 3    |    Phylogeography of Sceloporus tristichus and S. cowlesi in the Southwestern United States based on nuclear DNA. (a) Phylogenetic 
relationships estimated with the concatenated ddRADseq loci using maximum likelihood. mtDNA species assignments are shown for each sample. 
Phylogenetic tips are labelled by their geographic origin (State), using abbreviations shown on the maps in (b–d). Based on the K = 3 analysis in (c), 
S. cowlesi nuclear DNA (brown) does not approach the hybrid zone, which is made up of the nuclear DNA of southern (green) and northern (orange) 
populations of S. tristichus. The barplots show SNP-based admixture results for models assuming K = 2, K = 3, and K = 4 populations. The geographic 
distributions of these populations are in (b) K = 2, (c) K = 3 (best-fit model), and (d) K = 4. Pie-charts on the maps show individual admixture propor-
tions. [Colour figure can be viewed at wileyonlinelibrary.com]
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8 of 14 Molecular Ecology, 2025

2LL support limits (Table 3). Cline centres for mtDNA data are 
shifted to the south of the nuclear cline centres for each transect 
sample year; while the mtDNA cline moved in the same direc-
tion as the nuclear DNA cline in the interval 2002–2012 (north) 

it showed the opposite change (south) in the interval 2102–2022 
(Table  3). Cline width estimates range from approximately 
9–17 km for the nuclear data, while the mtDNA cline widths are 
relatively more variable, ranging from approximately 1–27 km 

FIGURE 4    |    Patterns of hybridization and introgression for the Sceloporus tristichus hybrid zone. (a) Hybrid index plot shows decreasing northern 
ancestry along the hybrid zone. The posterior mode (dot) and 95% credible interval (error bars) is shown for each sample. The points are ordered by 
population mean and then individual estimates. (b) Histogram of hybrid index values across all eight populations shows a high frequency of late-
stage backcrosses. (c) Nuclear and mtDNA clines (with 95% confidence intervals). [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 3    |    Temporal comparison of cline centres and widths for the Sceloporus tristichus hybrid zone. Cline movement measures the change 
in cline centre compared to the previous transect sampling year. Distances are in kilometres, and the 2-log-likelihood support limits (2LL) are in 
parentheses (minimum–maximum).

Data Year Cline centre Cline movement Cline width

Nuclear 2002 33.67 (31.60–36.78) — 9.37 (5.42–18.28)

Nuclear 2012 33.05 (30.98–35.49) +0.62 km 17.07 (12.10–24.86)

Nuclear 2022 32.85 (30.29–35.49) +0.20 km 9.58 (5.40–18.18)

MtDNA 2002 37.79 (33.41–44.40) — 27.65 (17.10–46.41)

MtDNA 2012 35.64 (35.19–38.99) +2.15 km 1.27 (0.09–9.11)

MtDNA 2022 42.30 (38.11–48.66) −6.66 km 14.03 (5.97–32.45)
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(Table 3). Clines that show the displacement between the nu-
clear and mtDNA data are shown in Figure 4c.

3.6   |   Multispecies Coalescent With Introgression 
or Migration

To estimate the timing of hybridization and the introgression 
probabilities from the parental populations into the hybrid 
zone, we conducted six separate analyses using the MSC-I 
(Figure  1a). Convergence diagnostics suggest that the analy-
ses sampled from similar posterior distributions (Table  S6). 
Across all six analyses, the gene flow model (H1) is favoured 
over the no gene flow model (H0) at a cut-off of φ > 0.01 with 
BF10 > 20 (Table  S7). Introgression probabilities (φ) from the 
northern population (Holbrook) into each hybrid population 
decline as the geographic distance from the northern popu-
lation increases; conversely, φ from the southern population 
(Show Low) into each hybrid population increases along this 
same gradient. The estimates for φNorth→x range from ~0.81 in 
the northern hybrid zone locations to as low as ~0.13 in the 
south (Table  4). The MSC-I contains two parameters related 
to time (Figure  1a), including the divergence time of the pa-
rental populations (τroot) and hybridization event (τhybridization). 
Estimates for τroot vary for each analysis, but generally overlap 
with 95% highest posterior density (HPD) ranging from 114 to 
185 kya (Table 4). The estimates for τhybridization are an order of 
magnitude younger with the most recent estimate at 6.82 kya 
(95% HPD = 1.9–12.6 kya) for the population closest to the cen-
tre of the hybrid zone (Canoncito; Table 4). A southern popu-
lation, Sevenmile Draw, provides the oldest τhybridization = 15.97 
kya (95% HPD = 6.3–25.6 kya).

To estimate the migration rate between the parental pop-
ulations, we used the MSC-M (Figure  1b). The gene flow 
model (H1) is favoured for MSouth→North, but the no gene 
flow model (H0) is favoured for MNorth→South (BF10 = 1.82; 
Table  S7). The unidirectional migration rate is estimated as 
MSouth→North = 0.314 (95% HPD = 0.17–0.46) or approximately 
0.3 migrants per generation, or 3 migrants every 10 generations 
(Table 5). The divergence time estimated under the MSC-M is 

τroot = 238.7 kya (95% HPD = 160.9–318.9 kya; Table 5), which 
is relatively older but overlapping with the 95% HPD estimates 
of the MSC-I (Table 4).

4   |   Discussion

4.1   |   Phylogeography and Systematics of S. 
tristichus and S. cowlesi

The Sceloporus tristichus hybrid zone is complex because it in-
volves a different species; S. cowlesi's geographic range abuts 
the hybrid zone (Figure 2). Both previous and current analyses 
show that S. cowlesi mtDNA has introgressed into the S. tris-
tichus hybrid zone (Figure 2). However, this introgression ap-
pears restricted to just the mitochondrial genome (Figure 3). 
Broad scale phylogeographic analyses find no evidence for S. 
cowlesi nuclear DNA near the hybrid zone. Further, samples 
within the hybrid zone are best described by a two-population 

TABLE 4    |    Demographic parameters for the Sceloporus tristichus hybrid zone estimated using the multispecies coalescent with introgression 
(MSC-I). For each hybrid population (x), the introgression probability (φNorth→x) is the proportion of the hybrid population genome originating from 
the northern parental population (Holbrook). The proportion of the genome originating from the southern parental population (φSouth→x) is 1-φNorth→x 
(not shown). The hybridization time (τhybridization) and root age (τroot) are converted to units of thousands of years (kya) assuming a lizard-specific 
substitution rate of 3.17−9 mutations/site/year. Bayesian posterior distributions are summarised across four separate analyses by their mean and 95% 
HPD (in parentheses).

Hybrid pop (x) φNorth→x τhybridization τroot

Fivemile wash 0.726 (0.65–0.80) 8.86 (3.2–14.8) 141.98 (114.8–168.5)

Washboard wash 0.738 (0.66–0.82) 10.57 (3.2–18.6) 143.85 (115.5–172.6)

Woodruff 0.808 (0.72–0.89) 10.71 (3.8–18.3) 145.55 (118.9–172.6)

Canoncito 0.658 (0.58–0.74) 6.82 (1.9–12.6) 140.89 (114.8–166.9)

Sevenmile draw 0.304 (0.22–0.40) 15.97 (6.3–25.6) 147.44 (119.9–175.4)

Snowflake 0.131 (0.07–0.20) 10.65 (2.8–19.2) 154.99 (124.6–185.2)

TABLE 5    |    Demographic parameters for the parental populations in 
the Sceloporus tristichus hybrid zone estimated using the multispecies 
coalescent with migration (MSC-M). Migration rate (M) is the expected 
number of migrants from the donor population to the recipient 
population per generation. A Bayes factor test rejects the migration rate 
MNorth→South in favour of a no gene flow model (Table S7). The divergence 
time (τroot) is converted to units of thousands of years (kya) assuming a 
lizard-specific substitution rate of 3.17−9 mutations/site/year. Bayesian 
posterior distributions are summarised across four separate analyses by 
their mean and 95% HPD.

Parameter Mean 95% HPD

θNorth 0.00182 0.00133–0.00234

θSouth 0.00436 0.00345–0.00533

θAncestor 0.00170 0.00117–0.00222

τroot 238.7 kya 160.9–318.9 kya

M North→South 0.0365 0.000–0.105

M South→North 0.3139 0.170–0.456
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model (Figure S7), each of which corresponds to a parental S. 
tristichus population.

Given this, we analysed the Sceloporus tristichus hybrid zone 
using a two-population model, finding that both nuclear and 
mtDNA data show sharp transitions in frequencies in the 
middle of the hybrid zone (Table 1). Analysing these data in a 
spatial framework with cline-fitting analysis shows the steep-
ness of the clines (Figure 4c) and pinpoints the centre of the 
hybrid zone to approximately 30–34 km south of Holbrook. 
The hybrid index analysis provides a visualisation of the cline 
that also supports a sharp transition in population ancestry 
(Figure 4a) and provides information about the relatively high 
abundance of late-stage backcross samples in comparison to 
F1 individuals (Figure 4b). Finally, the introgression probabil-
ities obtained for each hybrid population using the MSC-I il-
lustrate the clinal nature of the hybrid zone by showing a clear 
pattern of increased introgression with geographic proximity, 
with the largest change occurring between Canoncito and 
Sevenmile Draw (Table 4). The large shift in the genetic pro-
files of these populations is seen repeatedly by the shift in in-
trogression probabilities measured with the MSC-I (Table 4), 
the change in ancestry proportions (Table  1), and the cline-
fitting analyses (Figure 4).

Discordance between mtDNA and nuclear loci, either at the 
level of discordant spatial clines or conflicting phylogenies, is 
important to describe since these data are often used to delimit 
species. Sceloporus cowlesi and S. tristichus were delimited 
using mtDNA (Leaché and Reeder  2002); however, the broad 
scale phylogeographic patterns estimated using nuclear data do 
not match the mtDNA species boundary (Figure 3). The nuclear 
data support at least three populations, and none of them have 
a geographic boundary that coincides with the mtDNA species 
boundary (Figure 3). Instead of supporting discrete population 
boundaries as expected for independent evolutionary lineages, 
these population boundaries appear ‘fuzzy’ with admixed sam-
ples situated between them, suggesting that they are not species 
(Figure 3).

The nuclear phylogeny does not support the monophyly of S. 
tristichus or S. cowlesi, and the asymmetric shape of the base 
of the tree makes it a challenging framework from which to 
guide an updated taxonomy (Figures 3a and S5). A minimum 
of six separate lineages diverge in succession at the base of 
the phylogeny that are mostly (but not exclusively) attributable 
to S. “cowlesi” based on their mtDNA species assignments. A 
revised taxonomy that prioritises monophyly would require 
many new species. A new taxonomy with many species could 
be tailored to fit the phylogeny, but it would not match the 
population structure results, which support fewer groups 
(Figure  3). An alternative solution is to synonymize these 
taxa. Sceloporus cowlesi was described by Lowe and Norris 
(1956) as a subspecies of S. undulatus endemic to White Sands, 
New Mexico, whereas Sceloporus tristichus was first described 
by Edward D. Cope (in Yarrow 1875) with a type locality of 
Taos, Taos County, New Mexico. If this solution is adopted, 
then S. tristichus is the valid name based on the principle of 
priority. A formal taxonomic treatment of this study system 
that considers additional populations and morphological data 
is forthcoming.

4.2   |   Assumptions of the Introgression 
and Migration Models

Coalescent analyses of divergence times typically only provide 
estimates for species and/or population splitting events, while 
the MSC-I adds a parameter for the timing of introgression 
upon secondary contact (Figure  1a). The estimated timing of 
secondary contact and introgression in the S. tristichus hybrid 
zone is approximately 10 kya, which is an order of magnitude 
younger than the divergence between the parental populations 
(Table 4). The S. tristichus hybrid zone has been hypothesized to 
result from anthropogenic disturbance. While we hypothesize 
that these disturbances are one factor leading to hybrid zone 
movement, these results suggest the hybrid zone more likely 
originated at the end of the Pleistocene, as populations expanded 
from glacial refugia (Table 4).

The MSC-I assumes that introgression is constant among the sam-
pled loci (Flouri et al. 2020), but differences in both recombination 
rate and selection strength can cause introgression to vary across 
the genome (Martin and Jiggins 2017). Genome-wide variability 
in introgression rates has been documented using the MSC-I in 
Anopheles mosquitoes (Flouri et al. 2023) and Heliconius butter-
flies (Thawornwattana et al. 2023), which both show considerable 
variation in introgression rates across chromosome arms. Because 
our ddRADseq sampling across the genome is sparse, we cannot 
determine if the S. tristichus genome shows evidence for differen-
tial introgression across the genome. That said, a genomic region 
of interest in S. tristichus is the large pericentric inversion poly-
morphism on chromosome seven (Leaché and Cole 2007; Bedoya 
and Leaché 2021). Recombination is typically reduced within in-
versions because crossover events within inversions lead to imbal-
anced chromosomes (Kirkpatrick 2010). Reduced recombination 
can then lead to reduced introgression for multiple reasons—one 
of which is that reduced recombination means that inversions can 
more easily capture two or more alleles that are locally adapted 
to the environment (Martin et al. 2019). Inversions thus provide 
a selective advantage, resulting in reduced introgression (Faria 
et al. 2019).

In addition to the assumption of constant introgression, other 
assumptions of the MSC-I could influence our interpretation 
of the hybrid zone. The simplified MSC-I that we used only 
includes two parental and one hybrid population (Figure 1a), 
which makes it simple to implement and easy to interpret. 
However, this model does not fully capture hybrid zones, in 
which the populations spanning the zone are connected via 
migration and gene flow. Adding more hybrid populations 
to the MSC-I would be intractable because it would greatly 
increase the number of model parameters and thus com-
putational demands. It is possible to estimate the rates and 
directions of migration events between multiple hybridising 
populations using MIGRATE-N (Beerli and Felsenstein 2001), 
but this model does not account for the phylogeny or the his-
tory of population divergence events. The phylogenetic frame-
work used in the MSC-I enables the estimation of divergence 
times and introgression times. Finally, the introgression prob-
abilities estimated by the MSC-I assume a single pulse of in-
trogression at the time of secondary contact. Most conceptions 
of hybrid zones assume continuous gene flow and introgres-
sion as parentals move into the hybrid zone and hybrids mate 
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over generations. An alternative model that assumes constant 
migration throughout the duration of the population history is 
implemented in the MSC-M, but this model does not estimate 
the timing of secondary contact (Flouri et al. 2023).

4.3   |   Hybrid Zone Dynamics

We describe the clinal nature of a moving hybrid zone in S. 
tristichus using three replicate transect samples collected over 
two decades. In many ways, the characteristics of this hybrid 
zone fit the common tension zone model (Key 1968), which as-
sumes that hybrid zones are maintained by a balance between 
selection against hybrids and dispersal into the hybrid zone 
and that parentals have higher fitness than hybrids (Barton 
and Hewitt 1985). The S. tristichus hybrid zone is situated at a 
habitat ecotone, which, while not required by the tension zone 
model, is true for some presumed tension zones (Endler 1977). 
When a hybrid zone is restricted to an ecotone, any environmen-
tal or climatic changes that result in movement of the ecotone 
could cause a shift in the location of the hybrid zone (Taylor 
et  al.  2015). Temporal sampling has documented hybrid zone 
movement in numerous plant and animal species at both con-
temporary (Buggs  2007) and historical times (Wielstra  2019), 
including studies of lizards (Hillis and Simmons 1986; Okamoto 
et al. 2024). A unique benefit of the S. tristichus study system 
is the ability to leverage temporal sampling to measure how 
the centre and width of the hybrid zone changes through time 
(Table  3). Nuclear data suggest that the centre of the cline is 
shifting to the north despite the relatively short duration be-
tween sampling intervals (10 years = ~10 generations), but 
these small shifts in cline centre are not significant (Table 3). 
However, the mtDNA cline from 2022 does not support this pat-
tern, largely due to the detection of northern haplotypes at one 
southern sample site (Snowflake; Table 1).

A null model for any hybrid zone is neutral diffusion, in which 
there are no barriers to gene flow. As populations freely ex-
change genes, the cline widens over time as a function of 
dispersal rate. Here, we can use the estimates of the hybrid 
zone age to test the plausibility of this null model for the S. 
tristichus hybrid zone. Under neutral diffusion, cline width is 
given by: 

where w is the cline width, � is the standard deviation of the 
distance between parents and their offspring, and t is the time 
since secondary contact (Endler  1977). Time since secondary 
contact = thybridization (11,000 years or ~ 11,000 lizard generations; 
Table 4) and � = 0.16 km∕

√

gen (inferred from a congeneric spe-
cies S. grammicus; Sites et al. 1995). Thus, under a model of neu-
tral diffusion, the predicted cline width is 40 km, which is more 
than four times greater than what we see in this system (cline 
width ~ 9 km; Table 3).

Because neutral diffusion is improbable, the hybrid zone be-
tween S. tristichus populations is more likely maintained by 
environmentally mediated selection and/or selection against 
hybrids (Endler 1977; Barton and Gale 1993). The S. tristichus 
populations occupy distinct habitats and have corresponding 

eco-morphologies–the northern and southern populations are 
found in woodlands and grasslands respectively, and the south-
ern population is both smaller and darker than the northern 
population (Leaché and Cole 2007). The hybrid zone between 
these populations maps to the ecotone between them. Together, 
this evidence suggests that the hybrid zone is likely partially 
maintained by environmentally mediated selection.

Predictions from the tension zone model can be used to better 
understand the plausibility that the hybrid zone is maintained 
by selection against hybrids. Given cline width and a measure 
of dispersal, and assuming that assortative mating is weak, the 
strength of selection against hybrids can be estimated using the 
equation:

Again, using the � = 0.16 km∕
√

gen and an average nuclear 
cline w = 9 km (Table 3), selection against hybrids is only 0.2%. 
However, chromosome seven contains a large pericentric in-
version between these populations (Leaché and Cole  2007; 
Bedoya and Leaché 2021). While the role this inversion plays 
in local adaptation or reproductive barriers remains unclear, 
cline width at the inversion is much narrower than at the rest 
of the nuclear genome (1.5 km vs. 9 km; Table 3; Leaché and 
Cole 2007) and selection is much stronger (~9%). Thus, if se-
lection against hybrids is maintaining this hybrid zone, this 
selection is likely relatively weak and heterogeneous across 
the genome. Indeed, as is true of many hybrid zones where 
both assortative mating and selection against hybrids is weak 
to moderate, the hybrid zone is dominated by backcrosses rel-
ative to F1s (Jiggins and Mallet 2000).

Whatever forces are maintaining this hybrid zone, they are 
strong enough to preserve the genetic integrity of the parental 
populations. Inside the hybrid zone, our results suggest exten-
sive admixture and introgression (Table  1; Figure  4). Outside 
of the hybrid zone, the parental populations are separated by 
~60 km and show limited levels of unidirectional gene flow (M 
South→North = 0.314; Table 5). This hybrid zone thus acts both as 
a geographic border between these two populations and a rela-
tively impermeable barrier to gene flow (McEntee et al. 2020).

What then do these results tell us about the species status of the 
two S. tristichus populations? The two populations of S. tristichus 
that meet in the hybrid zone are estimated to have diverged near 
the end of the Pleistocene (Tables 4–5), which is much younger 
than the multimillion-year divergences seen among recognised 
species in the group (Leaché et  al.  2016). Further, although 
they have distinctive phenotypes and a chromosomal inversion, 
they only have modest levels of genetic differentiation (mean 
FST = 0.09; weighted FST = 0.23). Thus, despite these differences 
and some evidence of reproductive barriers between them, these 
populations appear to be relatively early in their diversification 
trajectory.

4.4   |   Comparison of Lizard Hybrid Zones

A recent meta-analysis identified 12 other lizard hybrid zones for 
which cline dynamics have been estimated (McEntee et al. 2020). 

w =
√

2� × � ×
√

t
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The S. tristichus hybrid zone has a few notable similarities and 
differences to these systems. First, the pattern of discordant 
mtDNA-nDNA clines is common across lizard systems. In eight 
out of ten lizard hybrid zones with both mtDNA and nuclear cline 
width estimates, nuclear clines are wider, with a median width 
1.6 times greater than that of mtDNA clines. Although the pat-
tern has varied over time, the most recent transect data from the 
S. tristichus hybrid zone indicate that the mtDNA cline is approx-
imately 1.5 times wider than the nuclear DNA cline. Additionally, 
in all six hybrid zones with available cline centre data, mtDNA 
clines were not coincident with nuclear DNA clines. In many 
cases, the offset was substantially greater than the ~3 km ob-
served in S. tristichus; for example, in Podarcis muralis, mtDNA 
and nDNA cline centres are separated by 50 km.

These results highlight that patterns of introgression often 
differ between nuclear and mitochondrial data. This is per-
haps expected, given the unique biology of the mtDNA (Toews 
and Brelsford 2012; Ballard and Whitlock 2004). For example, 
mtDNA has a lower effective population size than nDNA, which 
can increase the role of genetic drift on this locus; genetic drift 
tends to narrow clines (Polechová and Barton 2011). Further, if 
species show sex-biased dispersal—as occurs in some lizard spe-
cies (Li and Kokko 2019), this could either increase or decrease 
effective dispersal at the maternally inherited mtDNA relative to 
the nuclear genome, thus affecting clinal patterns (Endler 1977; 
Currat et al. 2008). In addition to the impacts from drift and dis-
persal, local adaptation of mtDNA haplotypes and mito-nuclear 
incompatibilities could serve as selective forces that impact 
mtDNA introgression.

Second, cline widths in the S. tristichus hybrid zone are rela-
tively wide, especially compared to other hybrid zones with sim-
ilar dispersal levels. Of the 12 other systems, three have inferred 
cline widths greater than this system. In another Sceloporus 
hybrid zone involving chromosomal races of S. grammicus, the 
hybrid zone is much narrower (less than a kilometre). This com-
parison highlights that selection is relatively weak in the S. tris-
tichus system.

Finally, temporal sampling has revealed hybrid zone move-
ment in at least two other systems, including Pholidobolus liz-
ards in Ecuador (Hillis and Simmons 1986) and Gekko geckos 
in Japan (Okamoto et al. 2024). In both cases—as well as in S. 
tristichus—hybrid zone movement is thought to result from an-
thropogenic effects like habitat modification and invasive spe-
cies, a hypothesis proposed to explain movement in other hybrid 
zones (Buggs 2007; Taylor et al. 2015). Given the dynamic range 
shifts occurring in many species within increasingly human-
altered environments, we anticipate that temporal sampling of 
additional hybrid zones will reveal further cases of hybrid zone 
movement, as observed in S. tristichus. Continued monitoring 
will be critical for understanding the evolutionary consequences 
of these shifting contact zones.
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