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1 Introduction 

 

1.1 Background 

 

 Microevolution is the change in genetic makeup of a population over time (Merilä et al. 

2001), specifically in understanding how evolutionary process such as  genetic drift, gene flow, 

mutation, and selection contribute to changing allelic frequencies. These factors may be 

combined with other considerations such as ecology, geography, and demography to investigate 

the interplay between the genetic makeup of a population and its environment (Manel and 

Holderegger 2013, Lowe et al. 2017). Coupling molecular and ecological data can help identify 

which environmental processes might influence the persistence or extinction of a population 

(Segelbacher et al. 2010, Amos et al. 2012). Not only does landscape genomics help test 

evolutionary hypotheses, but it also provides important information for the conservation of 

species (Luikart et al. 2003, Allendorf et al. 2010). 

In his book, My Thoughts on Biological Evolution, Motoo Kimura (2020) describes 

population genetics as using an interbreeding group of individuals, or population, to investigate 

the forces involved in genetic structuring. Population genetics began as a largely theoretical 

field, advanced by scientists such as Fisher, Haldane, Wright, Kimura, and Crow until advances 

in molecular study methods revolutionized the field (Lewontin 1985, Charlesworth and 

Charlesworth 2017). The introduction of technology such as electrophoresis for allozyme 

detection and subsequent nucleotide sequencing methods brought the field into an empirical 

realm of study by allowing researchers to test and refine the previous mathematical models 
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(Casillas and Barbadilla 2017). The latest technological revolution has been high-throughput 

sequencing methods that have spawned the sub-field of population genomics (Begun et al. 2007).  

Population genomics takes genomic technologies and concepts and applies the same 

evolutionary questions of population genetics across the genome rather than several genes (Black 

IV et al. 2001). Population genomics has a clear benefit in studies estimating population size, 

migration rates, and phylogenetic relationships; as well as identifying adaptive variation using 

the large data sets produced. However, it can also be used to better inform conservation actions 

(Luikart et al. 2003). Applications in conservation can be found using adaptive variation 

identification, determining which populations have high genetic variability, and potentially 

identifying what geographic features may impede persistence of a population (Allendorf et al. 

2010, Amos et al. 2012). However, these tools have yet to be applied to many systems due to the 

previously prohibitive costs of high-throughput sequencing methods and computational 

limitations (Davey and Blaxter 2010).  

The costs of high-throughput sequencing methods have become more affordable for 

application in genome-scale population studies of non-model organisms – i.e. organisms without 

a reference genome (Garvin et al. 2010, Davey and Blaxter 2010). One such method that has 

experienced significant growth in population genomics studies is RAD sequencing (Andrews and 

Luikart 2014). Double-digest restriction-site associated DNA sequencing (ddRADseq) is a 

modified approach to this original RADseq method (see Davey and Blaxter 2010). In short, DNA 

sequences are fragmented using two restriction enzymes simultaneously, eliminating the costs of 

random shearing and DNA end repair caused by RADseq and eliminating several high-DNA-loss 

steps allowing for lower DNA concentrations in starting samples. Precise, tunable size selection 

of genomic fragments is another improvement over the original RADseq protocol. These 
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capabilities permit the flexibility to choose library sizes of hundreds to hundreds of thousands of 

genomic regions. The use of unique barcodes attached at each end of the fragments allows for 

indexing of samples into exponentially larger pools (Peterson et al. 2012). The affordability, 

flexibility, and de novo analysis of this method makes it widely-applicable to non-model 

organisms (Peterson et al. 2012, Andrews and Luikart 2014). 

Squamates are an understudied group of animals that population genomics tools and 

concepts could be used to study and better understand. Despite being the most diverse group of 

terrestrial vertebrates (~11,000 described extant species; Uetz, P. and J. Hošek 2022), much has 

been unresolved regrading evolutionary questions in this group ((Simões and Pyron 2021)  Here, 

I apply a population genetics framework to determine the effects of geographic features (e.g. 

mountains) on the population genetic structuring of two species of lizards found in the 

Chihuahuan Desert, Phrynosoma modestum and Cophosaurus texanus. Specifically, I studied 

how the geographic features found in the Indio Mountains of western Texas may influence 

migration rates, and discuss the conservation implications. My study will help better understand 

the taxonomy and evolutionary history of squamates, while providing critical information to be 

applied to future conservation decisions for both the focal species and closely related species are 

that are of conservation concern in the state of Texas (Diniz-Filho et al. 2009).   

 
1.2 Study Area 

 

This study was undertaken at the Indio Mountains Research Station (IMRS) owned by the 

University of Texas at El Paso and situated within the northern Chihuahuan Desert. IMRS is 

located approximately 40 km southwest of Van Horn, Texas, and encompasses the majority of 

the southern spur of the Eagle Mountains, known as the Indio Mountains. The property contains 
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approximately 16,000 hectares and varies in elevation from 900 to 1,600 meters (Worthington et 

al. 2019). Average rainfall in the Chihuahuan Desert is 235 mm, with the majority of the rainfall 

occurring during the hottest months of the year, June-September (Schmidt 1979). Schmidt (1979) 

also found the annual mean temperature to be 18.6 °C, noting the homogenous nature of the 

climate across the desert.  

The Indio Mountains began forming during the Cretaceous period when a shallow sea was 

filled via sediment deposition. This gave rise to the 3,210 m section of Cretaceous rocks in the 

mountains presently (Price et al. 1985). Price et al. (1985) also noted that during the Late 

Cretaceous to the Early Tertiary deformation occurred, primarily due to thrust faulting, pushing 

older rock above younger rock and volcanism during the Oligocene deposited ash-forming tuffs 

and trachyte. According to the Natural Resources Conservation Services, Redlight and Terlingua 

soils are the predominant soils on the research station, formed from limestone and igneous rock 

respectively (NRCS, 2013).  

The floral and faunal diversity at the research station is typical of the Chihuahuan Desert. 

Though specific studies of the vegetation at the IMRS have not been undertaken, 375 species of 

plants have been identified on the property thus far and can be generally described as 

Chihuahuan Desert Scrub (Henrickson and Johnston 1983). The fauna identified on the property 

includes six amphibian species, 38 non-avian reptile species (including 15 lizards), 144 bird 

species, and 38 mammal species. Invertebrate diversity is unknown as no formal surveys have 

been conducted; however, over 500 species have been identified on the property which certainly 

represents a small subset of the actual diversity (Worthington et al. 2019). 
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Figure 1: Round-tailed horned lizard, Phrynosoma modestum. 
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1.3 Study Species 

 

 The round-tailed horned lizard, P. modestum (Figure 1), and the greater earless lizard, C. 

texanus (Figure 2), both belong to the family Phrynosomatidae and live in sympatry throughout 

most of the Chihuahuan desert including IMRS. However, these two species differ greatly in 

terms of ecology. While P. modestum primarily uses crypsis as an antipredator mechanism 

(Cooper and Sherbrooke 2010, 2012), C. texanus uses rapid speed to escape predators (Bulova 

1994). Foraging behaviors also differ, members of P. modestum are primarily myrmecophagous 

(Pianka and Parker 1975, Barbault and Maury 1981) and sit and wait predators (Shaffer Jr. and 

Whitford 1981, Verwaijen and Damme 2008). In contrast, individuals of C. texanus have a more 

generalist diet (Barbault and Maury 1981, Maury 1995) with a substantial increase in foraging 

movements (Perry 1999, Verwaijen and Damme 2008). All of these differences may contribute 

to the discrepancies in home ranges and microhabitats utilized by each species (Perry and 

Garland Jr. 2002). Specifically, average home range of P. modestum ranges from 1,355 m2 to 

4,101 m2 depending on sex (Munger 1984), while the home range of C. texanus is 194 m2 to 263 

m2 for males and females respectively (Engeling 1972). Flatter areas with rocks of similar size to 

P. modestum are the preferred microhabitats for this species (Cooper and Sherbrooke 2010, 

2012), while a much wider array of habitat types as well as elevations are utilized by C. texanus 

with a slight preference being found for steeper habitats (Osmanski 2014). Additionally, C. 

texanus is among the most abundant lizards at IMRS, while P. modestum has been found to be 

one of the least abundant (Mata-Silva Unpublished Data, Johnson 1998). Phrynosoma modestum 

has been found to have a higher Environmental Vulnerability Score than it’s IUCN status would 

suggest (EVS = 12; medium vulnerability, IUCN; Least Concern) (Wilson et al. 2013) and as 
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such, may need conservation actions in the near future. Wilson et al. (2013) also found that C. 

texanus had a similar disparity between EVS (14) and IUCN status (Least Concern). These 

differences could collectively inform if and how landscape features influence the population 

structure of these two species. 

 

 

 

 

 

Figure 2: Male Greater earless lizard, Cophosaurus texanus. 
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1.4 Goals and Predictions 

 

The goal of this study was to investigate the role that geographic features play in 

influencing gene flow in two sympatric species of lizards, the round-tailed horned lizard 

(Phrynosoma modestum) and the greater earless lizard (Cophosaurus texanus), in the Indio 

Mountains. To achieve this goal, I investigated genetic structure within P. modestum and C. 

texanus in the Indio Mountains. First, I expect distinct differences in genetic structuring will be 

observed between the two species due to varying ecologies. This could be explained due to 

differences in ecological factors influencing evolutionary processes in so called eco-evolutionary 

dynamics (Siepielski et al. 2016, Lowe et al. 2017). Among the two species, I expect 

intraspecific structuring for Phrynosoma modestum due to their specialized diet (Pianka and 

Parker 1975, Barbault and Maury 1981), microhabitat preferences  (Cooper and Sherbrooke 

2010, 2012), and generally smaller population size in the study area (Mata-Silva Unpublished 

Data, Johnson 1998) that can result in strong founder effects (Farleigh et al. 2021). In contrast, 

the more generalist behavior and larger continuous population of Cophosaurus texanus is more 

likely to not exhibit additional population structure (Barbault and Maury 1981, Maury 1995, 

Osmanski 2014).  
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Table 1: Samples collected with GPS Coordinates and species identification 

ID Species Latitude Longitude 
LMH1 Phrynosoma modestum 30.75531 -105.00413 
LMH2 Cophosaurus texanus 30.77139 -105.01147 
LMH3 Cophosaurus texanus 30.77622 -105.01576 
LMH4 Phrynosoma modestum 30.73256 -104.99129 
LMH5 Cophosaurus texanus 30.73227 -104.99100 
LMH6 Cophosaurus texanus 30.76484 -105.00745 
LMH7 Cophosaurus texanus 30.77250 -105.01116 
LMH8 Cophosaurus texanus 30.77249 -105.01183 
LMH9 Cophosaurus texanus 30.77657 -105.01699 
LMH10 Cophosaurus texanus 30.77716 -105.01552 
LMH11 Cophosaurus texanus 30.77108 -105.01110 
LMH12 Phrynosoma modestum 30.77569 -105.01660 
LMH13 Phrynosoma modestum 30.77094 -105.01204 
LMH14 Phrynosoma modestum 30.75779 -105.00269 
LMH15 Phrynosoma modestum 30.77654 -105.01529 
LMH16 Phrynosoma modestum 30.72956 -104.98694 
LMH17 Phrynosoma modestum 30.78544 -105.02334 
LMH18 Phrynosoma modestum 30.77225 -105.01387 
LMH19 Cophosaurus texanus 30.77131 -104.99858 
LMH20 Phrynosoma modestum 30.75592 -105.00408 
LMH21 Cophosaurus texanus 30.73187 -104.97482 
LMH22 Phrynosoma modestum 30.74624 -105.00567 
LMH23 Cophosaurus texanus 30.73454 -104.97644 
LMH24 Cophosaurus texanus 30.73752 -104.97584 
LMH25 Phrynosoma modestum 30.77185 -105.00322 
LMH26 Phrynosoma modestum 30.77048 -105.01076 
LMH27 Phrynosoma modestum 30.71953 -104.97188 
LMH28 Phrynosoma modestum 30.75491 -105.01018 
LMH29 Phrynosoma modestum 30.77445 -105.01509 
LMH30 Cophosaurus texanus 30.78151 -104.99483 
LMH32 Phrynosoma modestum 30.73216 -104.98586 
LMH33 Phrynosoma modestum 30.72985 -104.98555 
LMH34 Cophosaurus texanus 30.78664 -104.98828 
LMH35 Phrynosoma modestum 30.77171 -105.01297 
LMH48 Cophosaurus texanus 30.72991 -104.98910 
LMH49 Cophosaurus texanus 30.72569 -104.98145 
LMH57 Cophosaurus texanus 30.70313 -104.96832 
LMH58 Cophosaurus texanus 30.75738 -105.00526 
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Figure 3: Map of sampled area with Cophosaurus texanus samples represented by yellow circles, Phrynosoma 
modestum samples represented by blue diamonds, and the sample area bounded by an orange line. 
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2 Materials and Methods 

 

2.1 Sampling, DNA Extraction, and ddRADseq 

 

Lizards of each species were collected across the property (n = 37, Table 1), particularly 

along the sides of Indio Mountains (Figure 3). Pitfall traps consisting of a five-gallon bucket with 

four running boards directing lizards to the trap and covered by a board (Figure 4) were used to 

catch the target species as well as opportunistically hand-catching specimens. In addition to 

tissue and/or blood samples, I collected morphological data for each captured lizard, including 

snout-vent length, tail length, weight, and sex. Not only were toe clippings used as an 

identification method to prevent double sampling individuals with minimal effect to the 

individual lizard (Ferner 2007), these were used as viable tissue samples for genetic analyses as 

well (Gonser and Collura 1996). Toe clips were placed in 95% ethanol and stored at -20 °C until 

DNA was extracted. Blood was drawn from each lizard and kept in blood buffer. DNA 

extractions were performed using DNeasy blood and tissue kits following the manufacturer’s 

instructions (Qiagen). Next, DNA quality based on the presence of high molecular weight bands 

visualized using gel electrophoresis with a 1% agarose gel, and quantified DNA concentration 

using a Qubit 3 Flourometer (Invitrogen, Carlsbad, CA) to ensure a minimum concentration of 

20 ng/µL.  
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Figure 4: A pitfall trap at the Indio Mountains Research Station (Photo by Vicente Mata-Silva).  

 

 Next, I followed procedures presented by Lavretsky et al. (2015), but with fragment size 

selection following Hernandez et al. (2021) to create multiplexed ddRAD-seq fragment libraries. 

Briefly, ~1 µg of genomic DNA was digested in 10 U of SbfI and EcoRI restriction enzymes. 

Next, Illumina-compatible adapters with barcodes used in de-multiplexing were ligated to the 

sticky ends of the fragments. The fragments were size selected using AMPure XP beads 

(Beckman Coulter, Inc.). Size-selected fragments were subsequently amplified using PCR. 

Phusion high-fidelity DNA polymerase (Thermo Fisher Scientific) was used for PCR and 

products were purified using magnetic AMPure XP beads (Beckman Coulter, Inc.). DNA 

quantification was done using the Qubit dsDNA assay kit (Thermo Fisher Scientific) and 
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samples with unique barcodes were pooled in equimolar concentrations. Multiplexed libraries 

were sent to Novogene and sequenced on an Illumina Highseq. 

 

2.2 Demultiplexing and Preparation 

 

Raw Illumina reads were processed using the pipeline presented by Dacosta and 

Sorenson (2014) available at http://github.com/BU-RAD-seq/ddRAD-seq-Pipeline. The raw 

reads were demultiplexed by assigning each read to an individual sample via the barcode 

sequences present in the adapters. Each sample underwent filtering of low-quality reads and 

identical sequences from the same individual were condensed into a single data line and the 

number of identical reads and the highest quality score among them were retained. The 

condensed and filtered reads were then clustered using the program USEARCH (Edgar 2010). 

Representative sequences from each cluster were then BLASTed against a Scleoporus undulatus 

genome. Finally, the reads in each cluster were aligned using the program MUSCLE (Edgar 

2004). The genotypes for each individual at each loci were then inferred using the 

RADgenotypes.py script (DaCosta and Sorenson 2014). Per sample alleles we based on a 

minimum sequencing depth coverage of 5X (i.e. 10X per genotype) and quality per base PHRED 

scores of ≥30 to be retained. Finally, loci with >80% representation of samples were retained. 

After generating fasta files using scripts provided in the DaCosta and Sorenson (2014) pipeline, I 

then used additional scripts (Lavretsky et al. 2020; https://github.com/jonmohl/PopGen/) to 

extract bi-allelic single nucleotide polymorphisms (SNPs) from the datasets. Additionally, I used 

PLINK v. 1.90 (Purcell et al. 2007) to ensure that singletons (i.e., minimum allele frequency 

[maf] = 0.05) and any SNP missing >20% of data across samples were excluded in each dataset. 

http://github.com/BU-RAD-seq/ddRAD-seq-Pipeline
https://github.com/jonmohl/PopGen/
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Additionally, I identified independent SNPs by conducting pair-wise linkage disequilibrium 

(LD) tests across ddRAD-seq autosomal SNPs (--indep-pairwise 2 1 0.5) in which 1 of 2 linked 

SNPs are randomly excluded if we obtained an LD correlation factor (r2) > 0.5. These steps were 

done on independent datasets for each P. modestum and C. texanus, thereby generating two sets 

of output files. I conducted all analyses without a priori information on population or species 

identity. 

 

2.3 Genetic Analysis 

 

To visualize population structure for P. modestum and C. texanus, I used their respective 

independent bi-allelic SNP datasets to run a Principal Component Analyses in R v. 4.2.1 using 

the “prcomp” function and following the approach outlined in Novembre and Stevens (2008). 

Next, the program ADMIXTURE v. 1.3.0 (Alexander and Lange 2011) was used to find 

individual assignment probabilities in a maximum-likelihood framework for K 1-10. Each run 

was completed using a quasi-Newton algorithm (Zhou et al. 2011) and 5-fold cross-validation 

(CV). Each run was terminated when convergence was reached, defined as log-likelihood 

increase <0.0001 between iterations (Alexander et al. 2009).  The optimal K was determined by 

CV error values as well as manual inspection of further K’s for structure resolution.  Then,  

Next, to investigate and visualize migration rates across the sampled area the program 

Estimated Effective Migration Surfaces (EEMS) was used (Petkova et al. 2015). A genetic 

dissimilarity matrix was created using the bed2diffs.py script included with the EEMS program. 

An outline of the sampled area was created in Qgis v. 3.26.1 (QGIS Development Team 2022) 

and then converted into a list of GPS coordinates for use as a required input in the EEMS 
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program. Next, the runeems_snps function was ran for each species separately. The number of 

demes for each run was set to 300 and Monte Carlo Markov Chain iterations were set to 

8,000,000 with a burn-in period of 1,000,000 iterations. This was repeated several times from 

random seeds to ensure convergence. These outputs were then visualized using the R package 

“rEEMSplots” included in the EEMS github repository available at 

https://github.com/dipetkov/eems.  

 

 

 
 

https://github.com/dipetkov/eems
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Figure 5: Scatter plot of PC1 (x-axis) and PC2 (y-axis) with 8,062 biallelic SNPs for Phrynosoma modestum (PC1 
proportion of variance = 6.42 & PC2 proportion of variance = 6.24). 
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Figure 6: Scatter plot of PC1 (x-axis) and PC2 (y-axis) with 8,416 biallelic SNPs for Cophosaurus texanus (PC1 
proportion of variance = 6.96 & PC2 proportion of variance = 6.61). 
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3 Results 

 
3.1 Population Structure 

 

 First, a total of 8,063 ddRADseq loci were recovered after filtering the P. modestum data 

set. These loci included a total of 9,757 single-nucleotide polymorphisms (SNPs). These loci had 

an average sequencing depth of 87 reads per locus per individual. PCA and ADMIXTURE 

analyses were based on the SNP dataset. Plotting the first two principal components in the PCA 

did not recover any population structuring (Figure 5), and this was corroborated with 

ADMIXTURE analyses recovering an optimum population K of one based on CV error values 

(Figure XXX). While I explored additional K values (Janes et al. 2017), no additional structuring 

was found within P. modestum.  

 Next, a total of 8,416 ddRADseq loci were recovered after filtering the C. texanus data 

set that included a total of 9,843 SNPs. These loci had an average sequencing depth of 83 reads 

per locus per individual. Again, analyzing the SNP data also found no discernable structuring in 

the PCA and ADMIXTURE (Figure 6). As with P. modestum, ADMIXTURE analyses 

recovered an optimum population K value of one. While additional K values were once again 

explored, no structuring was revealed for C. texanus. 

 
 
3.2 Estimated Effective Migration Surfaces 

 

Estimated effective migration surfaces were calculated for each species separately. The 

resulting migration maps created highlighted areas of relative high migration in blue and areas of 

relative low migration in red. Areas of relative low migration for P. modestum closely followed 
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the mountainous areas of the sampling location, while flatter areas showed the highest levels of 

migration (Figure 7). Migration maps generated for C. texanus showed a nearly identical pattern 

of low migration rates in mountainous areas and high migration in flatter areas; however, 

patterns of low migration were lower in intensity (i.e. low migration areas were much lighter in 

color as compared to P. modestum; Figure 8). 
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Figure 7: Contour maps of effective migration (m) for Phrynosoma modestum, areas of higher than 

expected migration under isolation-by-distance (IBD) are shown in blue and areas of lower than expected migration 

under IBD are shown in red.   
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Figure 8: Contour maps of effective migration (m) for Cophosaurus  texanus, areas of higher than expected 

migration under isolation-by-distance (IBD) are shown in blue and areas of lower than expected migration under 

IBD are shown in red.   
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4 Discussion 

 
 PCA and ADMIXTURE analyses failed to present a clear picture of structuring in either 

of the study species. This could be due to the small spatial scale of the study, which has been 

known to cause biases in both types of analyses (Novembre and Stephens 2008, Zheng and Weir 

2016). ADMIXTURE failed to produce any discernable structuring, while the PCA seemed to 

perform slightly better, particularly for P. modestum (Figure 5 & 6). This may be due to uneven 

sampling which is known to heavily affect ADMIXTURE analyses (Wang 2022). While 

previously PCA’s have been noted to suffer from uneven sampling (Petkova et al. 2015, 

Bradburd et al. 2016), some studies have since found PCAs to be relatively robust in regards to 

sampling schemes (House and Hahn 2018). Genetic structuring being slightly more apparent in 

P. modestum lends some support to the idea that P. modestum could be more strongly affected by 

the mountainous area due to some ecological considerations as compared to C. texanus 

(Siepielski et al. 2016, Lowe et al. 2017). However, a wider sampling range may be needed to 

better understand the degree to which structuring occurs within these species and what the 

potential causes may be. 

 The migration maps appeared to perform much better at the smaller spatial scale of this 

project. Despite only limited evidence of genetic structuring in each species, EEMS provided a 

clearer picture of how genetic differentiation occurs across a heterogenous environment. Unlike 

the PCA and ADMIXTURE analyses, which likely suffered from uneven sampling to various 

degrees, EEMS has been found to be robust to sampling gaps and has been noted for being 

particularly efficient at identifying geographic barriers to gene flow such as those presented here 

(House and Hahn 2018). Both data sets found very similar results, despite having non-identical 

sampling ranges. This could lend further evidence that uneven sampling did not meaningfully 
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impact the results. The migration surfaces accurately outlined the entire mountainous areas of the 

study as having below average migration, while flatter more accessible areas had higher than 

average migration (Figure 7 & 8). This was true for both species, but showed a stronger effect on 

P. modestum, further supporting the hypothesis that ecological factors may play a role in how 

geographic barriers affect genetic structuring. However, some studies have found that 

environmental factors may play a larger role than geographic barriers in genetic structuring in 

other desert squamates (Myers et al. 2019). This study did not include environmental factors, but 

future studies comparing the effects of geographic barriers, or isolation by resistance (Petkova et 

al. 2015), and the effects of environmental factors, or isolation by environment (McRae 2006, 

Wang and Bradburd 2014), should be conducted. 

 While many similar studies have found environmental factors to be most important in 

genetic structuring (Myers et al. 2019, Mahtani-Williams et al. 2020), many others have found 

evidence that geographic barriers can have strong effects on migration rates and genetic diversity 

(Richmond et al. 2017, Bouzid et al. 2022).  Myers et al. (2019) and Mahtani-Williams et al. 

(2020) both found strong evidence that climatic factors influence genetic structuring in arid-

dwelling snakes. However, Mahtani-Williams et al. (2020) also found that geographic barriers 

did influence gene flow, albeit less so than climate. Richmond et al. (2017) found evidence that 

large historical lakes acted as barriers to gene flow in an endangered lizard, while Bouzid et al. 

(2022) found evidence for both geographic barriers and environmental barriers to gene flow in a 

lizard species closely related to both focal species of this study. The findings of this study 

suggest that geographic barriers do affect migration rates and genetic diversity, despite little 

evidence for genetic structuring. This has been found in other similar studies of fine geographic 

scales (Kudla et al. 2021). Kudla et al. (2021) found that despite very little structuring in the 



 24 

Michigan state-endangered snake species, Sistrurus catenatus, measures of migration rates and 

diversity followed geographic patterns of a heterogenous environment similar to the findings of 

this study. 

 Many of these similar studies have focused on species of conservation concern and 

attempted to use their findings to inform future conservation plans (Richmond et al. 2017, Jones 

et al. 2021, Kudla et al. 2021). Understanding how heterogeneity in a species environment may 

influence population persistence and genetic patterns could help inform future conservation 

plans, particularly in cases of loss of gene flow, low genetic diversity, and inbreeding depression 

(Allendorf et al. 2010b, Frankham 2015, Jones et al. 2021). One of the focal species of this 

study, P. modestum, has been found to have a higher EVS score than its IUCN designation 

would suggest (Wilson et al. 2013), and a closely-related species, P. cornutum, is protected in the 

state of Texas. Future conservation efforts for P. modestum may be needed, and an 

understanding of how geographic barriers affect the genetic diversity of this species can help 

direct these potential plans (Diniz-Filho et al. 2009). These findings may also potentially be 

extrapolated to closely-related species with similar ecological niches such as P. cornutum, in the 

context of conservation planning.  

 In conclusion, examination of geographic barriers revealed genetic differentiation and 

differential migration rates at a fine scale, despite limited evidence of genetic structuring in two 

species of lizards in the Indio Mountains. These findings combined with ecological and 

environmental factors may be used to form more holistic conservation planning in vulnerable 

species (Diniz-Filho et al. 2009, Allendorf et al. 2010b). 
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