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32 Abstract
33
34 The southwestern and central US serve as an ideal region to test alternative hypotheses 

35 regarding biotic diversification. Genomic data can now be combined with sophisticated 

36 computational models to quantify the impacts of paleoclimate change, geographic features, and 

37 habitat heterogeneity on spatial patterns of genetic diversity. In this study we combine 

38 thousands of genotyping-by-sequencing (GBS) loci with mtDNA sequences (ND1) from the 

39 Texas Horned Lizard (Phrynosoma cornutum) to quantify relative support for different catalysts 

40 of diversification. Phylogenetic and clustering analyses of the GBS data indicate support for at 

41 least three primary populations. The spatial distribution of populations appears concordant with 

42 habitat type, with desert populations in Arizona and New Mexico showing the largest genetic 

43 divergence from the remaining populations. The mtDNA data also support a divergent desert 

44 population, but other relationships differ and suggest mtDNA introgression. Genotype-

45 environment association with bioclimatic variables support divergence along precipitation 

46 gradients more than along temperature gradients. Demographic analyses support a complex 

47 history, with introgression and gene flow playing an important role during diversification. 

48 Bayesian multispecies coalescent analyses with introgression (MSci) analyses also suggest that 

49 gene flow occurred between populations. Paleo-species distribution models support two 

50 southern refugia that geographically correspond to contemporary lineages. We find that 

51 divergence times are underestimated and population sizes are over-estimated when 

52 introgression occurred and is ignored in coalescent analyses, and furthermore, inference of 

53 ancient introgression events and demographic history is sensitive to inclusion of a single 

54 recently admixed sample. Our analyses cannot refute the riverine barrier or glacial refugia 

55 hypotheses. Results also suggest that populations are continuing to diverge along habitat 

56 gradients. Finally, the strong evidence of admixture, gene flow, and mtDNA introgression among 

57 populations suggests that P. cornutum should be considered a single widespread species under 
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58 the General Lineage Species Concept. 

59
60 Key words: demography, introgression, lizards, phylogeography, speciation
61
62
63 Statement of Significance
64
65 Many studies have documented cryptic diversity in diverse taxa inhabiting the arid regions of 

66 western North America, with divergence correlated with both Neogene vicariance and 

67 Pleistocene climate change. However, relatively few studies adopt a genomics approach and 

68 most implicitly assume that gene flow ceases once divergence begins. Using the Texas horned 

69 lizard (Phrynosoma cornutum) as a model, our results suggest a complex demographic history 

70 that includes episodes of gene flow. Results also suggest that divergence is continuing along 

71 environmental axes and that adequate model choice is imperative for demographic hypothesis 

72 testing. This study can serve as a model for how genomic data and new analytical tools can be 

73 used to test traditional evolutionary hypotheses throughout geologically and climatically diverse 

74 regions.
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94 Introduction
95

96 Allopatric divergence has long been considered the most likely cause of speciation, and 

97 geographic barriers the primary hindrance to gene flow (Coyne & Orr, 2004). However, the 

98 origins of a particular diversification event can be both controversial and unclear, resulting in the 

99 various forces behind diversification becoming a current topic for discussion (Pyron & Burbrink, 

100 2010; Butlin et al., 2008; Fitzpatrick et al., 2009; Nosil & Feder, 2012). Not only may the forces 

101 acting on species be disparate, but the diversification process can be episodic with periods of 

102 isolation interspersed with periods of gene flow leading to a history of reticulation (Blair & Ané 

103 2020). As the climate changes, a population may fracture by seeking shrinking patches of ideal 

104 habitat, expand into newly habitable regions, or adapt, the latter of which can lead to niche 

105 divergence and ecological segregation (Castro-Insua et al., 2018; Jezkova et al., 2016; Wiens & 

106 Graham, 2005). As a species expands or contracts its range, it may encounter hard barriers to 

107 gene flow such as rivers, which have been shown to result in genetic divergence in multiple taxa 

108 (Pastorini et al. 2003; Nazereno et al. 2019). Populations and species likely to encounter 

109 disruptive barriers throughout their history tend to occupy a wide geographic range of varied 

110 habitat, yet possess low dispersal capabilities (Schield et al., 2018). Ectothermic species such 

111 as reptiles that exhibit these traits are also further influenced by climate differences (Huey & 

112 Kingsolver, 1993; Wogan & Richmond, 2015). Ultimately, understanding the evolutionary history 

113 of a species involves evaluating the geographic, genetic and climatic factors affecting 

114 divergence throughout its history (Fitzpatrick et al., 2009). 

115 The Texas Horned Lizard (Phrynosoma cornutum) is spread across a diverse collection 

116 of ecological habitats making it an interesting candidate to examine adaptation and 

117 phylogeographic history. While its range does consist of many smaller environmental niches 

118 (Price, 1990), there exists a primary habitat divide that bisects the species’ distribution providing 

119 an apparently stark environmental contrast through which to view its effects on the species. The 
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120 southwestern range inhabits the Chihuahuan desert of Arizona and New Mexico, whereas the 

121 northeastern range covers the Great Plains east of the Rocky Mountains throughout Texas, 

122 Oklahoma, and Kansas extending the furthest east of any horned lizard (Sherbrooke, 2003). As 

123 expansive as the range is, P. cornutum lives a sedentary life, maintaining fidelity to a home 

124 range with daily movement < 250 meters and limited long distance dispersal capabilities (Fair & 

125 Henke, 1999). The combined factors of the species’ large geographic distribution, low dispersal 

126 ability and varied ecological niche (with respect to various environmental variables such as 

127 temperature and precipitation) across the range may increase the likelihood of regional 

128 adaptation (Lenormand, 2002; Newman & Austin, 2015). Of particular note is the broad range of 

129 annual precipitation values, from ~10 inches per year in the western deserts to ~50 inches per 

130 year in the Great Plains (Pittman et al., 2007). Phrynosoma cornutum has also developed 

131 mechanisms for water harvesting involving both behavioural and morphological adaptations 

132 (Sherbrooke, 1990). The lizard will adopt a rain-harvesting stance, spreading the dorsal surface 

133 so as to maximize retention of raindrops which are then carried through interscalar channels to 

134 the mouth (Sherbrooke, 1990). These behavioural and morphological adaptations are shared 

135 with other Phrynosoma (P. modestum and P. platyrhinos) inhabiting similar arid ecological 

136 niches (Sherbrooke, 1990; Sherbrook, 2003), and suggest that there may be clines in allele 

137 frequencies that are partially tied to temperature and/or precipitation. 

138 With the uniqueness of these adaptations, along with their status in historical accounts 

139 and importance in use as symbols and mascots, Phrynosoma spp. have been the subject of 

140 interest in many evolutionary studies (Leaché & Linkem, 2015; Leaché & McGuire, 2006; 

141 Williams et al., 2019). The crown group of Phrynosoma diverged roughly 25 Ma and the genus 

142 now contains 17 species after the addition of three new species over the past decade. Recent 

143 studies focusing on the genetic structure and lineage divergence within the various species 

144 (Blair & Bryson, 2017; Bryson et al., 2012; Jezkova et al., 2016; Montanucci, 2015; Mulcahy et 

145 al., 2006) yielded the discovery of these three new additions, P. cerroense, P. blainvilli and P. 
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146 sherbrookei, to the taxonomy (de Oca et al., 2014; Leache et al., 2009). Previously, 

147 relationships both between and within species have been difficult to untangle due to 

148 hybridization, introgression, and incomplete lineage sorting (ILS) resulting in disagreement 

149 between concatenation vs coalescent-based methods, as well as discordance between trees 

150 inferred using mitochondrial DNA (mtDNA) and nuclear DNA (nDNA) (de Oca et al., 2014; 

151 Leaché & McGuire, 2006). With the advent of reduced representation sequencing providing a 

152 random and more diverse view of the genome (Andrews et al., 2016), we are able to overcome 

153 these previous challenges in discerning phylogenetic and phylogeographic relationships caused 

154 by mtDNA introgression and gene tree/species tree discordance (Leaché & Linkem, 2015; 

155 Leaché et al., 2015). Given the comparatively large geographic range of P. cornutum, and the 

156 lack of genomic assessment across diverse habitats, the possibility of cryptic diversity is high. 

157 A previous study of this species found strong divergence between the western desert 

158 and eastern plains populations using mtDNA data (Williams et al. 2019). It was hypothesized 

159 that the presence of an extensive late Pliocene pluvial lake, Lake Cabeza de Vaca, was the 

160 barrier that originally separated these two clades. Both clades gave a signal of population 

161 expansion in the Pleistocene. Nuclear microsatellite loci also revealed strong divergence 

162 between the western and eastern mitochondrial clades and found that the eastern plains were 

163 further subdivided into the South-Central Semi-Arid Prairies to the north of the Balcones 

164 Escarpment and the Southern Texas Plains south of the Escarpment (Williams et al. 2019). 

165 Although these results further advance our understanding of evolutionary pattern and process 

166 throughout the central-southern US, a genomic approach that takes advantage of sophisticated 

167 new analytical tools would provide additional power to disentangle competing hypotheses 

168 regarding historical and contemporary divergence.

169 In this study, we expand on previous results by including samples from more northern 

170 areas of the species range (Kansas and Oklahoma) and by examining the phylogeographic and 

171 demographic history of P. cornutum using both mtDNA sequences and thousands of nuclear 
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172 SNPs from a modified genotyping-by-sequencing (GBS) approach. We first use concatenated 

173 and coalescent-based phylogenetic analyses, species delimitation analyses, and clustering to 

174 test the hypothesis that the genomic and mtDNA data support the presence of cryptic diversity, 

175 which has been demonstrated in other species of Phrynosoma with large geographic 

176 distributions. Second, we use genotype-environment association analyses (GEA) to test the 

177 hypothesis that a proportion of SNPs are statistically correlated with bioclimatic variables and 

178 that the environmental gradient between the plains and desert habitat may be driving adaptation 

179 and furthering genetic divergence (McDonald, 1983; Wiens et al., 2013). We then adopt an 

180 explicit hypothesis testing framework to elucidate demographic history, testing three hypotheses 

181 of divergence likely important to the species. Specifically, we use our models to assess the 

182 relative importance of the Rio Grande as a hard allopatric barrier to gene flow between 

183 divergent lineages (Lanna et al., 2020), as compared to soft allopatric divergence due to cyclical 

184 paleoclimate change or ecological gradients. Both present day and historical species distribution 

185 models (SDMs) are used to further test the hypothesis that divergence was driven by 

186 Pleistocene climate fluctuations (Hewitt, 1996, 2000) as has been observed for other inhabitants 

187 in the region (Jezkova et al., 2016; Schield et al., 2015). Finally, we test the hypothesis that 

188 explicitly accommodating gene flow in Bayesian multispecies coalescent analyses (MSci; Flouri 

189 et al., 2020), leads to alternative estimates of demographic history (i.e. divergence times and 

190 effective population sizes).

191
192

193 Results

194

195 Data set characteristics

196 We obtained approximately 225 megabases of nGBS data from 75 P. cornutum samples 

197 and a single P. solare outgroup. After processing the data in ipyrad (Eaton & Overcast, 2020), 
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198 most individuals had ca. 30,000 loci (4,757–42,652; Supplementary Table S1). The full 

199 concatenated matrix consisted of 7,906,017 bp and 57,459 loci. The final mtDNA alignment 

200 consisted of 1,330 bp, 119 variable (but parsimony uninformative) sites, and 101 parsimony 

201 informative sites across 74 sequences including a single P. solare sequence used as the 

202 outgroup. Excluding the outgroup resulted in 27 variable (parsimony uninformative) sites and 

203 100 parsimony informative characters.

204

205 Phylogenetic analysis

206 We used multiple phylogenetic analyses to test for the presence of cryptic lineages and 

207 elucidate the relationships among them. Concatenated ML analysis in RAxML-ng (Kozlov et al., 

208 2019) yielded a topology consisting of three primary lineages (Figs. 1, 2). These lineages 

209 included a Desert clade (DST) consisting of samples from the Arizona and New Mexico portions 

210 of the Chihuahuan Desert (N. American Eco Region 10: North American desert), a Southern 

211 clade (STH) containing samples from the southern Texas plains (N. American Eco Region 9: 

212 Great Plains) and a Plains clade (PLN) of samples from Western Nevada, Northern Texas, 

213 Colorado, Kansas, and Oklahoma (N. American Eco Region 9: Great Plains; Fig. 1). The Desert 

214 lineage was supported by a bootstrap value of 100%, the Southern Lineage had a bootstrap 

215 value of 81% and the Plains lineage was also supported by 100% bootstrap value. The average 

216 relative Robinson-Foulds (RF) distance in this tree set was 0.079466 and the number of unique 

217 topologies in the tree set was 10. In all cases the three primary clades were recovered. 

218 Bayesian analysis in ExaBayes (Aberer et al., 2014) resulted in a nearly identical topology to the 

219 ML tree with 100% posterior probability for the three distinct lineages (Fig. 2). ESS values for all 

220 parameters indicated that the chain was run for an adequate duration (ESS > 200 for all 

221 parameters). Both the ML and Bayesian analyses provided some additional support for two 

222 lineages within the Plains clade. The bootstrap consensus tree from SVDQUARTETS (Chifman & 

223 Kubatko, 2014)  yielded a topology consistent with the ML and Bayesian trees (Fig. 2). 
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224 Bootstrap support for each clade was 100%. However, this topology did not support two distinct 

225 Plains lineages (Supplementary Fig. S1).

226 Bayesian analysis of the mtDNA data in BEAST (Bouckaert et al., 2019) yielded high 

227 ESS values for all parameters (>200). The coefficient of variation parameter under a relaxed 

228 clock model (which measures the extent of clock violation) had substantial posterior density 

229 near zero, indicating that a strict clock model was appropriate. The maximum clade credibility 

230 (MCC) tree showed a different tree topology compared to the three GBS based trees discussed 

231 above. The Desert clade was still present and strongly supported (minus sample KK104), but 

232 the remaining topology did not support a distinctive Southern or Plains population. Instead, 

233 individuals from the Southern and Plains populations were interspersed throughout two lineages 

234 that diverged approximate 1 Ma (assuming a substitution rate of 0.00805 substitutions per site 

235 per million years [Macey et al., 1999]. The mtDNA genealogy supported an initial divergence 

236 time of approximately 5 Ma for P. cornutum (Supplementary Fig. S2). 

237

238 Population structure and GEA analysis

239 To complement the phylogenetic analyses, we performed genetic clustering using sNMF 

240 in the R package LEA (Frichot et al., 2014; Frichot & François, 2015). After filtering missing data 

241 and SNPs showing evidence of linkage disequilibrium from the initial matrix of 54,634 SNPs, 

242 population genomic analyses in sNMF provided support for K = 5 genetic groups (Fig. 2b,c; 

243 Supplementary Figs. S3, S4) based on the cross-entropy criterion. Results were similar to the 

244 phylogenetic analyses, showing strong evidence for the western Desert (DST) cluster with 

245 strong geographic structure, a small Southern (STH) population and a third larger Plains (PLN) 

246 population consisting of three subpopulations (Plains South, Plains Central, Plains North), with 

247 substantial shared ancestry amongst them (Fig. 2). We chose to treat the data as three 

248 populations for demographic modeling rather than five to focus on the deepest divergences from 

249 the phylogenetic analysis. Further, the additional structure detected with K = 5 likely 
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250 represented isolation by distance (IBD; see below). The major split between two groups 

251 separating the western (DST) and eastern (STH+PLN) populations (K = 2) was recovered in 

252 virtually all analyses, and runs with the lowest cross-entropy levels supported the partition 

253 shown in Fig. 2. For all demographic modeling (i.e. BPP, MOMENTS) we defined two sets of 

254 analyses on a reduced subset of individuals, one including sample KK104 (admixed) and one 

255 without (non-admixed). We focused on this individual for several reasons: (1) it was the only 

256 sample included in the analyses where <50% of its genome traced back to a single ancestral 

257 population (Fig. 2b); (2) the genomic background for the individual spanned two divergent 

258 lineages (Fig. 2); (3) this individual was placed in a mixed STH+PLN lineage based on the 

259 mtDNA data (Supplementary Fig. S2). These results were likely because the individual was 

260 captured near the boundary of two lineages (see Discussion for additional information). For all 

261 analyses, we compared models and parameter estimates to quantify the impact of this individual 

262 on the results.

263 Pairwise Fst and Nei’s genetic distance estimates supported the split between the two 

264 groups inferred from the phylogenetic and sNMF analyses, separating the western (DST) and 

265 eastern populations (STH+PLN). Both Fst and genetic distance were higher between western 

266 and eastern populations than between the two eastern populations (Supplementary Table S2). 

267 Genetic distance within populations was higher among eastern populations than the western 

268 population (Supplementary Table S2). Analysis of spatial genetic structure revealed a significant 

269 pattern of isolation by distance (p < 0.001; Supplementary Fig. S5).

270 Our next objective was to test for a statistical association between SNPs and 

271 environmental gradients (genotype-environment association; GEA), which can provide evidence 

272 that these lizards may be adapting to divergent climatic conditions. Correlations between SNPs 

273 and environmental variables was first performed through redundancy analysis using the R 

274 package vegan. Our global model and first of two redundancy axes were significant (P < 0.05). 

275 The global model had an adjusted R2 of 0.017. RDA identified 29 outlier SNPs based on locus 
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276 scores that were ± 2.5 SD, eight associated with mean temperature of the driest quarter and 21 

277 associated with precipitation seasonality (Fig. 3a). Individuals from our Desert population 

278 showed a positive relationship with BIO15: precipitation seasonality, and individuals in our 

279 Central Plains subpopulation exhibited a negative relationship with BIO9: mean temperature of 

280 the driest quarter (Fig. 3b).

281 We also used LFMM (Frichot et al., 2013; Frichot & François, 2015; Caye et al., 2019) to 

282 statistically correlate SNPs among 5,560 loci with environmental gradients, after controlling for 

283 population structure (Supplementary Figure S6). The importance of bioclimatic gradients was 

284 evaluated by computing a multiple squared correlation between each variable and the SNPs 

285 detected by LFMM for that variable. The most important bioclimatic variables for association 

286 with allele frequencies were BIO9: mean temperature of driest quarter (correlated with 95 loci, 

287 R-squared = 0.78, P-value = 1.40e-09), BIO17: precipitation of driest quarter (correlated with 

288 117 loci, R-squared = 0.82, P-value = 1.26e-05), BIO15: precipitation seasonality (correlated 

289 with 53 loci, R-squared = 0.86, P-value = 1.98e-17), BIO19: precipitation of coldest quarter 

290 (correlated with 54 loci, R-squared = 0.66, P-value = 5.23e-08), and BIO2: mean diurnal range 

291 (correlated with 10 loci, R-squared = 0.42, P-value = 3.7e-06, Fig. 3c). The high congruence 

292 between RDA and LFMM indicated that drought-related variables were important in shaping 

293 genomic variation in the species.

294

295 Historical demography under the MSC model

296 Bayesian Phylogenetics & Phylogeography (BPP; Yang, 2015; Flouri et al. 2018) was 

297 run for three purposes: to provide additional evidence for divergence among the three primary 

298 lineages (analysis A11), to estimate a species tree (analysis A01), and to estimate divergence 

299 times and effective population sizes (analysis A00). A11 analysis (species tree estimation and 

300 species delimitation) of both our admixed and non-admixed data resulted in posterior 

301 probabilities of ~1.0 for each of the three populations (DST, STH, PLN). All species tree 
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302 analyses placed the STH and PLN as sister with a posterior probability of 1.0. Effective 

303 population size (Ne) estimates from the A00 analysis showed signs of both population growth 

304 and decline following divergence (Supplementary Table S3). In comparing the Ne estimates for 

305 runs containing KK104 and runs without, six of the seven parameters overlapped within the 95% 

306 HPDs. The results differed most in their estimates for our DST (pop 1) population (admixed = 

307 348,125 vs. non-admixed = 233,593) as well as the most recent common ancestor (MRCA) of 

308 our ingroup (admixed = 772,968 vs. non-admixed = 625,781). To minimize potential biases in 

309 parameter estimation, the following Ne values were from runs with KK104 removed. Our ingroup 

310 MRCA showed an Ne of ca. 625k with the descendant populations having Ne values of ca. 233k 

311 for DST and ca. 930k for the combined STH+PLN population. After the split of the STH+PLN 

312 populations, there was a reduction in Ne to STH (ca. 575k) and PLN (ca. 157k). These results 

313 are consistent with peripheral population expansion following divergence. 

314 In addition to potential bias in Ne estimates due to admixture or mixed ancestry, we 

315 found evidence for biases in divergence times (Fig. 4). Including sample KK104 resulted in an 

316 older divergence time at the root while the divergence time of the ingroup was younger. Again, 

317 to minimize any biases regarding interpretation, we focused on the results with this sample 

318 removed. Assuming a divergence time of 20 Ma for P. cornutum and P. solare (Leaché & 

319 Linkem, 2015) resulted in an estimated substitution rate of 0.000535 substitutions per site per 

320 million years, similar to the previously estimated mean genome-wide rate for lizards of 0.0008 

321 by Perry et al. (2018). Thus, independent data supported a relatively slow rate of substitution, 

322 compared with faster rates found in other studies (Green et al. 2014; Tollis et al. 2018). Basing 

323 our calibration on a rate of 0.0008 substitutions per site per million years, divergence times for 

324 both nodes fell clearly in the Quaternary (Supplementary Fig. S7). Combining these results with 

325 the divergence estimates from the mtDNA in BEAST (initial divergence of 5 Ma), a late 

326 Pliocene-early Pleistocene divergence event appears to be a likely scenario for the initial split.   

327
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328 Demographic models

329 Our MOMENTS (Jouganous et al., 2017) analyses were used to test three hypotheses 

330 regarding historical divergence: allopatric divergence due to the Rio Grande, divergence due to 

331 paleoclimate change, and divergence due to ecological gradients. Each hypothesis makes 

332 assumptions regarding the importance of gene flow during evolutionary history (Leaché et al., 

333 2019). For consistency with the BPP analyses, we analyzed the same set of individuals. The top 

334 ranked models were similar across the two data sets (with and without the admixed sample 

335 KK104), consisting of an initial split between DST and the ancestral population of STH and PLN, 

336 followed by a period of no gene flow before final diversification between STH and PLN 

337 populations with gene flow (Fig. 5; Supplementary Table S4). The data set including KK104 

338 suggested that gene flow only occurs between the STH and PLN populations. In contrast, the 

339 data set that did not include the admixed individual suggests that there was gene flow between 

340 DST and STH and between STH and PLN populations. We were unable to perform likelihood 

341 ratio tests for the data set without the admixed individual due to our top two models being 

342 unnested. Likelihood ratio tests for the data set including the admixed individual failed to reject 

343 the nested model suggesting a barrier to gene flow when compared to the model favored by the 

344 other data set, therefore it was considered the best model for the admixed data set (Dadj = -

345 2515.84; p-value = 1). AIC weights for the admixed data set strongly supported the 

346 refugia_barrier model (0.9980), whereas the non-admixed data set favored the refugia_adj_2 

347 model (wAIC = 0.7328; Table 1; Fig. 6). However, the refugia_barrier model was within the 95% 

348 confidence interval for the no admixture data set.

349

350 Accommodating gene flow under the MSci model

351 Although the MSC model can accommodate coalescent stochasticity due to ILS, it 

352 explicitly assumes no gene flow once populations diverge. This assumption is likely violated in 

353 many systems, particularly in analyses of closely related species or populations. Thus, we 
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354 performed a series of analyses under the MSC-with-introgression (MSci) model in BPP (Flouri 

355 et al., 2020) to compare demographic parameter estimates from the MSC analyses. We again 

356 analyzed both the admixed (with sample KK104) and non-admixed (without sample KK104) 

357 data sets (500 loci in each case). In each data set, there were two local peaks in the posterior 

358 distribution, which corresponded to two sets of parameter values and may be considered two 

359 demographic hypotheses (Figs. 7 and S8; Table 2). The two peaks fit the data nearly equally 

360 well because the species tree is close to a trichotomy with two divergence times close to each 

361 other. For the admixed data, the Markov chain Monte Carlo (MCMC) run often visited only one 

362 peak. For the non-admixed data, the MCMC run jumped between the peaks, with introgression 

363 probabilities A and B showing bimodal distributions. Note that the introgression probability A 

364 is the proportion of population A composed of migrants from population TB while 1 – A is the 

365 contribution from population SA (Fig. 7). In other words, when we trace the genealogical history 

366 of sequences sampled from modern species/populations backwards in time and reach node A, 

367 each sequence will take the two parental paths BT and AS with probabilities A and 1 – A, 

368 respectively.  We separated the samples for the two peaks depending on whether A > ½.  Peak 

369 1 (with A > ½) consisted of ~86% of the MCMC samples. The subsamples corresponding to the 

370 same peak were noted to be similar between runs and those from different runs were combined 

371 to produce the posterior summary for that peak (Table 2). 

372 We discuss the genetic history implied by Peak 1 for the non-admixed data, and then 

373 examine the similarities and differences of Peak 2 and of the results from the admixed data.  

374 When we trace the history of the samples backwards in time, Peak 1 implies the following (Fig. 

375 7a). The DST sequences mostly (with probability A = 86.8%) trace back to node B (or branch 

376 TB), before taking the path TSR to the root of the tree. Sequences from STH will reach node C 

377 and then mostly (with probability 1 – C = 93.5%) trace back to node B. Sequences from PLN 

378 will reach node D and mostly (with probability D = 93.5%) take the DCB route to reach B. Thus, 
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379 most sequences from populations STH and PLN will be in the same ancestral population C by 

380 the time C =D  0.00017, while most sequences from DST will meet those from STH or PLN in 

381 ancestral population B by time A =B  0.00141. Note that in BPP, both divergence (or 

382 introgression) times (s) and population sizes (s) are measured in units of expected number of 

383 mutations per site.  

384 Peak 2 for the non-admixed data is a minor peak in the posterior (Fig. 7b). It implies that 

385 most sequences from populations STH and PLN will be in the same ancestral population C at 

386 time C =D   0.00017, while most sequences from DST will meet those from STH or PLN in 

387 ancestral population A by time A =B  0.0014. Beyond nodes AB, the divergence times and 

388 population sizes on the paths to the root are similar between Peaks 1 and 2.  

389 The two peaks for the admixed data are even more similar to each other because the 

390 inferred species tree has nearly a trichotomy with S  T, with near perfect matching of the 

391 parameters between the peaks: ’A  1 – A, ’B  1 – B, ’A  B, and ’B  A (Supplementary 

392 Fig. S8, Table 2). Most sequences from populations STH and PLN meet in population C at time 

393 C =D   0.00013, while most sequences from DST meet those from STH or PLN in population T 

394 at time T = 0.00178 according to Peak 1 or in population S at time S = 0.00210 according to 

395 Peak 2. Beyond nodes S or T, the divergence times and population sizes on the paths to the 

396 root are almost identical between Peaks 1 and 2. Thus, if we consider the expected 

397 coalescence times between sequences from the three populations, or if we consider similarly 

398 sequence distances between populations, the two peaks for each data set made very similar 

399 predictions.

400 Finally, we compared parameter estimates from the MSci model with those of the MSC 

401 model (Fig. 4). The MSci model simultaneously accommodates deep coalescence and gene 

402 flow when estimating common evolutionary parameters. In general, ignoring gene flow when it is 

403 present leads to underestimation of divergence times and overestimation of population sizes. 
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404 There was a relatively large effect of including/excluding sample KK104 on divergence times. 

405 Assuming a mutation rate of 0.0008, calibrated divergence times under the MSci model were 

406 4.83 Ma for node T and 7.68 Ma for node S. Introgression times were 1.78 Ma for A = B and 

407 213 Ka for C = D (see Fig. 7 for node labels). We provide calibrated estimates for the non-

408 admixed Peak 1 data set only, as that is our best estimate of the evolutionary history of these 

409 populations. 

410

411 Species distribution modeling

412 We estimated SDMs to further test the hypothesis that lineage divergence was caused 

413 by paleoclimate change (Fig. 8a,b). The SDMs estimated from the Last Glacial Maximum (LGM) 

414 revealed niche space in northern Mexico and along the border in southern Texas and New 

415 Mexico. The eastern and central (near Big Bend) portion of this area held the highest 

416 probabilities of occurrence. The northern edge of the LGM niche space coincided with our 

417 current STH population in the east and the DST population in the central region. The models 

418 also revealed a potential disjunct niche space, albeit with lower probabilities of occurrence, 

419 between the western edge of the Chihuahuan desert to the east and the Sonoran Desert to the 

420 west (outside of the current range of the species). The current SDM shifted the suitable niche 

421 northward expanding across the plains of Texas, up into Colorado, Oklahoma and Kansas, and 

422 connecting with the expanding range in southern Arizona and New Mexico. The eastern and 

423 larger area of the current SDM occupies Level 1 Ecoregion 9 The Great Plains, whereas the 

424 western and smaller portion occurs over Ecoregion 10 North American Deserts. The PCA 

425 analysis of the climatic niche space occupied by our genetic clusters showed the greatest 

426 dissimilarity between the areas occupied by our DST and STH populations with no overlap on 

427 the PC1 axis (Fig. 8c). The climate niche space occupied by our three PLN subpopulations 
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428 showed the greatest similarity and considerable overlap on the PC1 axis. All PCAs indicate that 

429 the three main lineages/populations inhabit a substantially different niche space (Fig. 8d)

430

431

432 Discussion

433

434 Genetic structure and demography

435 Speciation occurs when barriers to gene flow arise and separate populations. Barriers 

436 can come in the form of hard geographical divides such as mountains and rivers, or soft divides 

437 where the barriers to gene flow are environmental factors. Recent studies have shown these 

438 soft ecological divides may have a greater impact on diversification and speciation than the 

439 traditional hard allopatric geographical divides (Castro-Insua et al., 2018; Moen & Wiens, 2017; 

440 Myers et al., 2019). The evolutionary history of P. cornutum appears to further the evidence for 

441 the importance of both hard and soft allopatry in shaping species and highlight the diverse 

442 history of populations across a species range.

443 We found similar population structure to Williams et al. (2019) with high divergence 

444 between a desert (DST), southern (STH) and plains (PLN) clade at nuclear SNPs that 

445 correspond respectively to the western, southern, and northern, populations in the earlier study. 

446 By incorporating analysis of SNP data in addition to mitochondrial data we were able to expand 

447 upon this earlier study by estimating divergence times between these groupings and elucidating 

448 the current and historic environmental factors that have influenced population structure. 

449 Divergence time estimates from both the mitochondrial and nuclear data (under the MSC 

450 model) suggest that P. cornutum populations initially diverged during the late Pliocene or early 

451 Pleistocene in the range of 2.5 - 3 Ma, supporting our hypothesis of cryptic diversity within the 

452 species. We arrive at this time interval based on multiple analyses of the nuclear data while 

453 taking into account the divergence estimates from our mtDNA analysis (~5 Ma). Given the 
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454 likelihood of over estimating divergence times from mtDNA due to substitution saturation owing 

455 to a quicker mtDNA mutation rate (Zheng et al., 2011), we focus predominantly on the nuclear 

456 estimates. However, we do recognize the present challenges of adopting nuclear genome-wide 

457 substitution rates. Importantly, our divergence times correlate with the onset of full scale North 

458 American glaciations (Zachos et al., 2001), which resulted in cooler and more arid conditions 

459 throughout much of the American Tropics and may also have facilitated the Great American 

460 Biotic Interchange in mammals (Bacon et al., 2016). However, our SDMs suggest that our study 

461 area in particular experienced cooler and wetter conditions, at least during the LGM.

462 The two primary lineages (DST, STH+PLN) may have roughly coincided geographically 

463 within refugial habitats that originated during the Pleistocene, in the Chihuahuan Desert to the 

464 east, and the Sonoran Desert to the west (Figs. 1 & 7). This deep divide may be the result of 

465 niche conservatism (Wiens & Graham, 2005), where these populations tracked habitats amidst 

466 a changing climate resulting in subsequent isolation, consistent with a refugial speciation model 

467 (Moritz et al., 2000). The finding of suitable habitat throughout the Sonoran Desert during the 

468 Pleistocene is noteworthy, as the current range of P. cornutum does not extend this far west. 

469 These historical patterns also appear congruent to those of other reptile taxa inhabiting the 

470 region, which also support a model of divergence in allopatry during the Pleistocene followed by 

471 secondary contact and gene flow (Schield et al., 2015,2018,2019). An alternative hypothesis for 

472 the initial split is that the Plio-Pleistocene Lake Cabeza de Vaca in the northern Chihuahuan 

473 Desert served as a biogeographic barrier leading to vicariance (Rosenthal & Forstner, 2014). 

474 Unfortunately, the results of our demographic modeling make it difficult to disentangle vicariance 

475 due to paleoclimate versus the lake, as both hypotheses predict initial divergence in allopatry 

476 followed by secondary contact and gene flow. From our nuclear data we show evidence of a 

477 second split occurring more recently in the eastern population as it expanded its range 

478 northward in response to a shifting climate opening up greater niche space as glaciation 

479 receded. It is these fluctuating Pleistocene climatic cycles driving habitat contraction and 
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480 expansion that are likely to have initially shaped the current population structure and set the 

481 groundwork for further divergence.

482 As a population expands its range through a series of founder events, the signatures of 

483 this expansion should be evident in a reduction of population size and genetic diversity in the 

484 populations occupying the new territory (Excoffier et al., 2009). This decrease in heterozygosity 

485 at the forefront of the expansion has been illustrated in many studies of wide-ranging species 

486 (Garcia-Elfring et al., 2017; Jezkova et al., 2016; Peter & Slatkin, 2013). This same signature of 

487 expansion is readily visible across our analyses. Consistent with this signature of expansion at 

488 nuclear loci, there is higher mtDNA haplotype diversity in the STH (south) population than the 

489 PLN (north) population which also suggests the expansion occurred from the south into more 

490 northern areas (Williams et al. 2019). Although our PLN population occupies by far the largest 

491 geographical area, stretching from Texas to Kansas, it appears to have the smallest population 

492 size. Our BPP analyses indicate a reduction in Ne after the STH and PLN populations diverged, 

493 furthering the evidence for this northward expansion originating from the south. Interestingly, 

494 evidence from our population structure analysis indicates that members of this expanding PLN 

495 population do share ancestral genetic variation with our DST population. The existence of some 

496 highly admixed individuals (KK104, 7R10L) support our demographic results and point towards 

497 secondary contact and gene flow post divergence. Taken together, these results suggest that 

498 climatic cycling during the Pleistocene was the most likely catalyst for range expansion and 

499 secondary contact. An alternative hypothesis for admixture may be due to human mediated 

500 movement of P. cornutum owing to its popularity as a pet and symbol of the American 

501 Southwest. Other studies have shown evidence of translocations with admixed individuals 

502 appearing far removed from boundary areas (Williams et al., 2019). This human mediated 

503 movement may play a role in the mitochondrial introgression. It may also provide the reason the 

504 Rio Grande does not appear to be an insurmountable barrier to gene flow between the 

505 populations. However, we note that signals of introgression and admixture are restricted to the 
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506 periphery of the range of each lineage. For example, sample KK104 was collected in Brewster 

507 Co., Texas, which is substantially farther east than other individuals in the clade and in close 

508 geographic proximity to samples encompassing our PLN population. This sample is also nested 

509 in the PLN+STH mtDNA lineage and not the DST lineage, indicating introgression. Similar 

510 geographic patterns are also found with sample 7R10L from Dimmit/La Salle County, Texas. A 

511 previous study with denser sampling in western Texas, found that the DST (western) population 

512 extended from El Paso Co. to Brewster Co. (Williams et al. 2019), on the opposite side of the 

513 Rio Grande. Admixture between the western and eastern groups was concentrated in Jeff Davis 

514 and Brewster Counties, although as previously mentioned, there were some admixed 

515 individuals that were far removed from this potential boundary area (Williams et al. 2019). More 

516 comprehensive sampling throughout Texas, particularly near contact zones, is required to 

517 determine the precise locations of lineage boundaries.

518 The Riverine Barrier hypothesis would suggest that the Rio Grande could act as a 

519 vicariant barrier to gene flow, isolating the groups on either side and shaping the population 

520 structure (Lanna et al., 2020; Pellegrino et al., 2005). Geographically, the river does appear to 

521 divide the populations (Fig. 1) with only three individuals from our DST population appearing on 

522 the eastern side of the river. It is possible that the river continues to serve as a moderate barrier 

523 to dispersal, and future studies should focus on obtaining samples from Mexico to test this 

524 hypothesis further. The demographic models we tested in MOMENTS supported different 

525 models depending on whether sample KK104 was included in the analysis. Models without 

526 KK104 (non-admixed data set) favored secondary contact with gene flow between the 

527 populations (i.e. the refugia_adj_2 model), though the model with an explicit barrier between 

528 populations (with no gene flow to/from DST) was within the 95% CI of AIC weights. The best 

529 demographic model that included KK104 (admixed data set) was the refugia_river_barrier 

530 model (wAIC = 1.0), that predicted gene flow only between the STH and PLN populations. 

531 These results highlight the importance of sampling scheme (even a single highly admixed 
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532 individual) for demographic inference, and further studies are needed to explore this 

533 phenomenon more closely. The presence of a heavily admixed specimen from the DST 

534 population (KK104) from the eastern side of the river, along with DST ancestral genetic variation 

535 appearing in individuals throughout the range suggests that the river is not an absolute barrier. 

536 The importance of rivers as vicariant barriers to gene flow has come under recent scrutiny with 

537 studies showing they may not provide the impasse once thought, with one study finding them 

538 non-effective in 99% of Amazonian species studied (Lanna et al., 2020; Nazareno et al., 2017; 

539 Santorelli et al., 2018). Again, it seems best to not approach this question as an all or nothing 

540 proposition as the river’s width was correlated with the strength as a barrier to gene flow 

541 (Nazareno et al., 2017). Thus, it is possible that the reduced gene flow between these 

542 populations is at least partly due to the Rio Grande. Additional sampling throughout Mexico will 

543 likely result in more power to test the efficacy of the Rio Grande as a barrier to gene flow. We 

544 also note that the Sacramento Mountains in southern New Mexico may serve as a 

545 contemporary barrier to gene flow.

546 Niche divergence resulting from ecological gradients across the species’ range may play 

547 a significant role in driving continued divergence in P. cornutum. Among ecological gradients, 

548 precipitation is considered a major factor in furthering diversity and determining a species’ range 

549 (Hawkins et al., 2003; Wiens et al., 2013). The family Phrynosomatidae has historically existed 

550 in arid environments, with those currently occupying more mesic habitats being recently derived 

551 (Wiens et al., 2013). This historic trend highlights a family-wide pattern of migration (=recent 

552 colonization) towards areas of greater precipitation. Across the range of P. cornutum there 

553 exists a significant precipitation gradient, ranging from under 10 inches (25.4 cm) of average 

554 annual rainfall in the western desert to over 50 inches (127 cm) in the eastern reaches of the 

555 Great Plains (Pittman et al., 2007). Variables concerning precipitation account for our top three 

556 results from LFMM analysis. Further, 21 of 29 SNPs identified through redundancy analysis 

557 were associated with seasonal precipitation. Thus, we cannot refute the hypothesis that the 
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558 varied levels of precipitation from across the range of P. cornutum are causing adaptive 

559 divergence in this system. Because of the species’ low vagility and extensive range, adaptations 

560 that prove advantageous may become fixed in the population with greater speed, compounding 

561 the effects of niche divergence (Ujvari et al., 2008). Considering morphological adaptations to 

562 arid environments are visible in the form of the interscalar channels P. cornutum uses to harvest 

563 rainwater (Sherbrooke, 1990), it would be interesting to see if morphological variation along 

564 precipitation gradients exists among the three populations.  

565 There are additional populations of P. cornutum that reside in the southeastern United 

566 States, having been introduced in the 1920s as a form of pest control. These populations 

567 already show significant morphological differences from their west coast counterparts (Heuring 

568 et al., 2019) despite the short term of geographical separation. While it is not clear if the 

569 differences are the result of genetic drift or adaptation to unique environments, it does highlight 

570 the rapidity with which significant morphological changes can arise between populations. With 

571 the deep divergence between our DST and STH+PLN populations occurring > 3 Ma, not only 

572 does it vastly increase the time frame for adaptation and further divergence to occur, it places it 

573 amongst other speciation events seen in the genus. According to a recent time calibrated 

574 phylogeny of Phrynosoma (Leaché & Linkem, 2015), several species pairs diverged more 

575 recently than 5 Ma, with the P. platyrhinos- P. goodei split occurring concurrently with our DST 

576 and STH+PLNS divergence at ~3 Ma. Currently, P. cornutum is the second oldest lineage of the 

577 genus at 20 Ma, younger than only P. asio. In addition, recent genomic data (ddRADseq) 

578 suggest that P. cornutum, along with P. asio and P. solare, exhibits substantial genetic 

579 divergence among populations (Leaché et al., 2021). If there indeed does exist a cryptic species 

580 or subspecies within P. cornutum, further examination of both morphological and behavioural 

581 differences between the populations is necessary. 

582

583 Accommodating gene flow in genomic studies
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584 The recently developed MSci model was designed to explicitly accommodate both ILS 

585 and gene flow/introgression when estimating divergence times and effective population sizes 

586 (Flouri et al., 2020). Given the presumed ubiquity of inter- and intraspecific gene flow in natural 

587 populations, the model marks a significant advancement of the field. However, the current 

588 implementation of BPP assumes that the introgression model is specified a priori, and 

589 furthermore the program may not deal with recent hybrids when inferring ancient admixture 

590 events. Here, we compare and contrast results from several BPP analyses under the MSC and 

591 MSci models, both with and without sample KK104 (admixed and non-admixed data sets). For 

592 many parameters the 95% HPDs overlapped, though some interesting patterns emerged. Of 

593 particular note was the much older divergence times inferred from the non-admixed data set 

594 under the MSci model versus the other three analyses (MSC-admixed, MSC-non-admixed, 

595 MSci-peak1-admixed). The former analyses estimated divergence times of 7.68 Ma and 4.83 

596 Ma, whereas in the remaining analyses divergence times occurred during the Pleistocene. The 

597 admixed data also produced a much smaller introgression time A = B than the non-admixed 

598 data (posterior means 0.000178 vs. 0.00142; Table 2). Other divergence times (such as C = D, 

599 which is assumed to be smaller than A = B, and T and S) were also affected. Similar to 

600 MOMENTS, these differences can be explained by the impact of including a recent hybrid 

601 sample (KK104). Note that sequences sampled from two modern populations cannot coalesce 

602 until they are in the same ancestral population. Let t1-23 be the smallest sequence divergence 

603 between 1.DST and 2.STH (or 3.PLN), minimized across all loci and all sequence pairs at each 

604 locus. Then t1-23 > A. As KK104 appears to be a recent hybrid, the divergence time at some loci 

605 can be very small, and those small distances will force A to be very small. Note that under the 

606 coalescent model, species divergence times and introgression times are determined mostly by 

607 the minimum, rather than the average, sequence divergence between species. The result 

608 suggests that hybrid samples should be avoided when one aims to infer ancient introgression 
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609 history. Similarly, we suggest that the results from the non-admixed data may represent a more 

610 realistic description of the history of divergences and introgressions for those lineages. We 

611 leave it to future studies to more thoroughly assess the impact of admixed samples on the 

612 estimation of divergence times under the MSC and MSci models.

613 As discussed above, the peaks in the posterior of Figs. 7 and S8 are difficult to 

614 distinguish using genomic sequence data. According to the theory developed by Yang & Flouri 

615 (2021), bidirectional introgression (BDI) events generate unidentifiability issues of two types: 

616 within-model and between-model, depending on whether the species involved in the 

617 introgression are sister or non-sister species. The within-model unidentifiability is essentially a 

618 label switching issue as the MCMC samples parameters within a single model. We note that the 

619 two peaks in Figs. 7 and S8 represent alternative within-model hypotheses that are nearly 

620 equally supported by the data. The peaks are identifiable, but very hard to distinguish with 

621 genetic data because the two speciation events occurred in quick succession (with S  T  in 

622 Supplementary Fig. S8). The sequence data also provide equal support for multiple between-

623 model hypotheses: the four alternative between-model hypotheses corresponding to Peak 1 for 

624 the non-admixed data set are shown in Supplementary Fig. S9. These models are 

625 unidentifiable, as they make exactly the same probabilistic predictions for the gene trees and 

626 thus the same predictions for the multilocus sequence data. It is then impossible to use genomic 

627 data to distinguish such models. Researchers will need to consider additional information (e.g. 

628 habitat requirements) to help elucidate the most likely history of the species/populations. To our 

629 knowledge, this study serves as the first empirical investigation of unidentifiability issues with 

630 BDI models in BPP, and we encourage researchers interested in these models to carefully 

631 examine both classes of unidentifiability issues that may confound analysis and interpretation 

632 (Yang & Flouri 2021).

633 Both the MSci and isolation-with-migration (IM) models can be used with genomic data 

634 to account for gene flow when estimating divergence times and population sizes (Gronau et al., 
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635 2011; Flouri et al., 2020). The MSci model assumes periodic introgression events between 

636 species, whereas the IM model accommodates continuous migration rates every generation. 

637 Selecting the appropriate model for a given data set is not straightforward, and additional 

638 studies are needed to quantify the effect of model misspecification. However, our results 

639 indicate that ignoring gene flow when it is present can potentially bias parameter estimates. 

640 More specifically, divergence times are underestimated and population sizes are overestimated 

641 when gene flow is not explicitly accounted for. Interestingly, we find no effect on species 

642 delimitation or species trees. This result is most likely due to the small number of populations 

643 studied. Our results are remarkably similar to previous simulation studies that also 

644 demonstrated similar biases in parameter estimates (Leaché et al., 2014). Thus, we further 

645 advocate careful consideration of models, assumptions, and sampling regimens when 

646 estimating demographic histories from genomic data. 

647

648 Conclusions

649 We investigated the history of diversification within P. cornutum throughout the 

650 southwestern and central US by using genomic data to examine the hard and soft allopatric 

651 forces that have shaped population genetic structure. We find evidence for an initial divergence 

652 during the Plio-Pleistocene (possibly the Miocene) that was likely driven by habitat 

653 fragmentation due to climate fluctuations, vicariance due to the Rio Grande, and potentially 

654 Lake Cabeza de Vaca, followed by a subsequent northward range expansion as the receding 

655 glaciation opened up novel habitats. This expansion facilitated divergence along sharp 

656 environmental clines and possible adaptation to a divergent niche space. Whether the 

657 population-level diversity uncovered through this study rises to the level of species will require 

658 further investigation (for example, estimation of hybridization rates in contact zones for 

659 comparison with the long-term introgression rate), additional data (i.e. morphology), and dense 

660 population sampling, especially throughout Mexico. The evolutionary history presented here 
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661 highlights the importance of both hard and soft allopatric forces in shaping a species through 

662 gene flow, as the lineage divergences appear at least partially influenced by a changing habitat 

663 and environmental niche. Finally, this study should serve as a foundation for the exploration of 

664 powerful new models of demographic inference that make use of genomic data sets.

665

666 Materials and Methods
667
668
669 Sampling and data collection
670
671 Tissue samples (75) of P. cornutum were obtained from both museum specimens and 

672 field samples collected from multiple sites throughout Kansas, Oklahoma, Colorado, New 

673 Mexico, Texas and Arizona (Fig. 1; Supplementary Table S1). A single P. solare individual from 

674 Pima County, Arizona was also included as an outgroup taxon. All new collections were 

675 approved by the IACUC Committee at Miami University (protocol number 992_2021_Apr).

676 Genomic DNA was extracted from liver or muscle tissue using the Qiagen DNeasy Blood 

677 & Tissue Kit (Hilden, Germany) following manufacturer protocols. DNA quantity and quality were 

678 measured on a NanoDrop spectrophotometer. Aliquots of DNA extracts were shipped to LGC 

679 Genomics (Berlin, Germany) for library prep and sequencing using a modified genotyping-by-

680 sequencing (Arvidsson et al., 2016; Elshire et al., 2011) approach. The technique, termed 

681 normalized GBS (nGBS) digests genomic DNA using the MsII restriction enzyme and utilizes a 

682 subsequent normalization step after adapter ligation to remove fragments with a high number of 

683 copies. The method is particularly suited for species lacking a reference genome. Size-selected 

684 fragments were QC-ed and sequenced on an Illumina NextSeq flow cell (150 bp PE). Data were 

685 demultiplexed using Illumina bcl2fastq v. 2.17.1.14. Two samples (FHSM16593, FHSM16898) 

686 were excluded from further analysis due to a low number of reads. All nGBS data were 

687 uploaded to the SRA (accessions provided upon acceptance).  
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688 The raw, demultiplexed data were processed using IPYRAD v. 0.7.30 (Eaton & Overcast, 

689 2020). The demultiplexed data were first quality filtered to remove residual adapter sequences 

690 (using cutadapt) and low-quality bases. Reads were then clustered within and between 

691 individuals based on 85% similarity, which is the default value recommended by the program 

692 authors. A minimum of 30 individuals per locus (~39% of samples) was required to keep loci in 

693 the final assembly, resulting in a concatenated matrix of ~8 million base pairs and 57,459 

694 retained loci. Default values were also used for the remaining parameters. We also performed 

695 additional assemblies using a clustering threshold of 90%, and the results were qualitatively 

696 similar.

697 We obtained new mtDNA sequences from all samples to compare with the GBS data. 

698 Approximately 1,400 bp of mtDNA were collected from each sample, encompassing the entire 

699 ND1 gene, tRNA leucine, tRNA isoleucine, tRNA glutamine, and portions of 16S and tRNA 

700 methionine. PCR amplification was performed using previously published primers (Leaché & 

701 McGuire, 2006) and the Taq PCR kit (New England Biolabs, Ipswich, MA). Reactions (25 μl) 

702 consisted of the following: 2.5 μl 10X reaction buffer, 0.5 μl 10 mM dNTPs, 0.5 μl 10 μM forward 

703 primer (16dR), 0.5 μl 10 μM reverse primer (tMet), 0.125 μl taq DNA polymerase, 19.875 μl 

704 ddH2O, 1 μl template DNA. All PCRs were performed on a BIO-RAD T100 Thermal Cycler using 

705 the following cycling conditions: initial denaturation at 95 ºC (30 sec), 30 cycles of denaturation 

706 at 95 ºC (30 sec), annealing at 55 ºC (1 min), and extension at 72 ºC (1 min), followed by a final 

707 extension at 72 ºC for 5 min and samples held indefinitely at 4 ºC. Horizontal agarose gel 

708 electrophoresis (1%) was used to assess the success of reactions. Amplicons were 

709 enzymatically purified using ExoSAP-IT (ThermoFisher Scientific, Waltham, MA) following 

710 manufacturer’s recommendations. Purified products were sent to GENEWIZ (South Plainfield, 

711 NJ) for Sanger sequencing. Due to the large fragment size, amplicons were sequenced in both 

712 directions. Raw sequence data were edited in FinchTV v. 1.5.0 (Geospiza, Inc.). Aliview v. 1.26 

713 (Larsson, 2014) was used to form contigs and perform multiple sequence alignment using 
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714 Muscle (Edgar, 2004). All new mtDNA sequences were deposited to GenBank (accessions 

715 provided upon acceptance).

716

717 Phylogenetic analysis

718 All phylogenetic analyses were implemented through the High-Performance Computing 

719 Center (HPCC) at The College of Staten Island (CUNY). We performed both concatenated and 

720 coalescent analyses on the genomic data, as both approaches have their strengths and 

721 weaknesses (Kubatko & Degnan, 2007; Chou et al., 2015; Edwards et al., 2016) and recent 

722 empirical studies show that performing both can potentially result in novel insights (Blair et al., 

723 2019). Concatenated maximum likelihood (ML) phylogenetic analysis (unpartitioned) was 

724 implemented using the hybrid MPI/Pthreads version of RAxML-ng v. 0.8.1 (Kozlov et al., 2019). 

725 A standard non-parametric bootstrap (250 reps) and ML search was implemented under a 

726 GTRGAMMA model of nucleotide substitution. Trees were rooted using P. solare. We also 

727 performed 20 independent ML searches from 10 distinct maximum parsimony and 10 random 

728 starting trees to determine if multiple likelihood peaks were present in the data. Robinson-

729 Foulds (RF) distances were calculated between the 20 unrooted trees. These analyses were 

730 performed using the full multi-locus data versus individual SNPs.

731 We also performed Bayesian phylogenetic analyses in ExaBayes v. 1.5 (Aberer et al., 

732 2014). ExaBayes is explicitly geared towards Bayesian analysis of large phylogenomic data sets 

733 generated through next-generation sequencing, utilizing MPI parallelization to increase 

734 computational efficiency. Default priors were used for all parameters. Analyses were run for 50 

735 million generations, sampling every 5000 generations. Mixing and effective sample sizes (target 

736 ESS >200) for all parameters was monitored in Tracer v.1.7.1 (Rambaut et al., 2018). A majority 

737 rule consensus tree was generated following a burnin of 25%. The unrooted topology was 

738 subsequently rooted using P. solare. Similar to the ML analyses, all ExaBayes runs used the full 

739 loci including invariable sites.
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740 Coalescent-based phylogenetic analysis was performed using SVDQUARTETS (Chifman 

741 & Kubatko, 2014) in PAUP* v. 4.0a159 (Swofford, 2001). SVDQUARTETS is statistically 

742 consistent with the multispecies coalescent and first infers quartet relationships using site 

743 pattern frequencies and singular-value decomposition scores. The algorithm then uses QFM 

744 (Reaz et al., 2014) to assemble quartets into a full tree containing all taxa. Although 

745 SVDQUARTETS can be used with multi-locus sequence data, the method is particularly suited to 

746 large SNP data sets and has been recently used in other RADseq/GBS studies (Eaton et al., 

747 2016; Leaché et al. 2015). We used the .u.snps.phy file from IPYRAD for all SVDQUARTETS 

748 analyses to minimize linkage of SNPs. All quartets were evaluated (1,150,626) and 100 

749 nonparametric bootstrap replicates were used to assess nodal support. Trees were rooted using 

750 P. solare.

751 We used BEAST v. 2.6.3  (Bouckaert et al., 2019) to infer genealogical relationships and 

752 divergence times based on the mtDNA sequences. bModelTest v. 1.2.1 (Bouckaert & 

753 Drummond, 2017) was specified as the substitution model for all analyses, which uses 

754 reversible-jump MCMC to switch between models. A constant size coalescent tree prior was 

755 used, a relaxed log normal clock (Drummond et al., 2006), and all remaining priors were left as 

756 defaults. We also ran a strict clock analysis for comparison. Analyses were temporally calibrated 

757 using a mitochondrial substitution rate previously calculated for a similarly sized lizard (Macey et 

758 al., 1999) and used in other studies of both Phrynosoma and other lizards (Bryson et al., 2012; 

759 Jezkova et al., 2016). However, to accommodate uncertainty in the rate, we specified a normal 

760 prior with a mean of 0.00805 substitutions per site per million years and a sigma of 0.0005. 

761 Chains were run for 40 million generations, sampling every 4,000 for a total of 10,000 states 

762 over independent runs. Mixing, ESS values (target >200) and parameter estimates were 

763 monitored in Tracer. TreeAnnotator was used to construct a maximum clade credibility (MCC) 

764 tree annotating nodes using mean heights following a burnin of 10%. 

765
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766 Population structure and GEA analysis

767 Population structure was analyzed using the non-negative matrix factorization algorithm 

768 sNMF implemented in LEA v2.6.0, for which the number of genetic clusters, K, was evaluated 

769 from the cross-entropy criterion (Frichot et al., 2014; Frichot & François, 2015). This criterion 

770 measures the amount of statistical information conveyed by a model with K clusters by 

771 comparing predictions of masked alleles to their true value, and detects the most significant 

772 subdivisions in the data. Like STRUCTURE (Pritchard et al., 2000), sNMF is a descriptive 

773 method, and visual inspection of the clustering results was used to investigate finer population 

774 structure for K = 2-10. Before performing GEA analysis, SNPs were filtered out for loci with less 

775 than 50% missing data. The missing genotypes were then imputed using values predicted by 

776 the sNMF model (K = 5). SNPs with minor allele frequency lower than 5%, and SNPs in strong 

777 linkage disequilibrium (r2 > 0.96) were removed from the data set. 

778 We calculated pairwise Fst values (Weir & Cockerham, 1984) between the three main 

779 populations inferred from both the sNMF and phylogenetic analyses using the R package 

780 hierfstat (Goudet, 2005). We made the decision to treat these as three populations rather than 

781 five to focus on the both the deepest divergences from the phylogenetic analysis and the 

782 geographic structure of the populations (see Results). The analysis was run for 1000 bootstraps 

783 using 95% confidence intervals to assess significance. Nei's genetic distances (Nei, 1978) were 

784 calculated using the R package StAMPP v 1.5.1 (Pembleton et al., 2013) to determine mean 

785 pairwise distances between populations and diversity within each population.

786 Spatial genetic structure was examined at an individual level using maximum likelihood 

787 population effects parametrization (MLPE, Clarke et al., 2002). We compared geographic 

788 distance and genetic distance to test for evidence of isolation by distance (IBD) throughout the 

789 sampled distribution. This was implemented using the R packages nlme (Pinheiro et al., 2012) 

790 and corMLPE (https://github.com/nspope/corML PE), with the correlation between population 
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791 pairs as covariates, and Akaike weights calculated using the MuMIn package (Bartoń, 2019). 

792 The outgroup taxon was excluded prior to performing these analyses. 

793 Genome-wide associations with climatic gradients were investigated using latent factor 

794 mixed models (LFMM), as implemented in the R package lfmm (Frichot et al., 2013; Frichot & 

795 François, 2015; Caye et al., 2019). The number of factors in LFMMs were determined from the 

796 population structure analysis (K = 5). Climate data were obtained from the WorldClim v2 

797 database at the 2.5 minute resolution (Fick & Hijmans, 2017). All 19 WorldClim bioclimatic 

798 variables were tested for association with SNPs and a joint correlation analysis for all bioclimatic 

799 variables was performed. Significance values were obtained after Bonferroni correction for 

800 multiple testing. The importance of bioclimatic variables was evaluated by computing the 

801 coefficient of determination for each variable and the SNPs detected by LFMM for that variable. 

802 Statistical significance of determination coefficients was evaluated using Fisher tests. R code 

803 and associated data files to reproduce sNMF and LFMM analyses are available on Dryad (doi 

804 provided upon acceptance).

805 We also implemented redundancy analyses (RDA) to assess correlation between SNPs 

806 and environmental variables using the R package vegan (Oksanen et al., 2016). RDA is a 

807 constrained ordination method that is a multivariate analog of linear regression and examines 

808 the amount of variation in one set of variables that explains variation in another set. In our case, 

809 how much genomic variation is explained by environmental predictors. RDA is a powerful 

810 method that can be used to infer selection, with low false positive and high true 

811 positive rates (Forester et al., 2018). The approach performs a PCA on the response variables 

812 (SNP matrix) while constraining the PCA axes as linear combinations 

813 of the predictor (environmental) variables. In our analyses, environmental variables were 

814 represented by two bioclimatic variables from WorldClim v2 (Fick & Hijmans, 2017): mean 

815 temperature of the driest quarter and precipitation seasonality. These variables were selected to 

816 account for major aspects of climate while avoiding autocorrelation among variables (Dormann 
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817 et al., 2013). The significance of the entire model and each axis was evaluated using an 

818 analysis of variance (ANOVA) with 999 permutations. Effects of collinearity between 

819 environmental predictors were assessed using the function vif.cca to evaluate variance inflation 

820 factors. We then identified candidate SNPs based on locus score that were ± 2.5 SD from the 

821 mean loading on all four constrained axes. We identified the environmental variables with the 

822 strongest associations with each candidate SNP using a Pearson’s correlation coefficient (r).

823

824 Species tree and historical demographic analysis

825 We used Bayesian Phylogenetics & Phylogeography (BPP) v4.1.3 (Yang, 2015; Flouri et 

826 al. 2018) to perform a series of coalescent-based analyses on reduced subsets of data 

827 (individuals and loci). This is a Bayesian MCMC implementation of the multispecies coalescent 

828 model with and without introgression. The full likelihood approach applied to multilocus 

829 sequence alignments makes full use of information contained in both gene tree topologies and 

830 branch lengths. Unlike concatenation, the approach accommodates the coalescent fluctuation in 

831 genealogical history across the genome. Unlike two-step approaches, the likelihood calculation 

832 in the MCMC algorithm averages over gene trees and branch lengths at individual loci, 

833 accommodating their uncertainties (Rannala & Yang 2003; Yang & Rannala, 2014; Rannala & 

834 Yang 2017; Flouri et al., 2020). Because our genetic clustering analyses indicated the possibility 

835 of admixture between some populations (see Results), one data set excluded a highly admixed 

836 individual with <50% of the genome originating from a single ancestral population (sample 

837 KK104) that was in an otherwise genetically distinct population while another included the 

838 individual. All other individuals used in analyses could trace >50% of their genome to a single 

839 cluster. Our goal was to test how inclusion of this sample might influence the estimation of 

840 common evolutionary parameters (e.g. species trees, divergence times, population sizes). 

841 Samples were assigned to one of three populations in P. cornutum (rooted with P. solare) 
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842 following the results of the concatenated analyses (i.e. RAxML-ng, ExaBayes, SVDquartets) 

843 and clustering in sNMF. We chose to analyze three populations/lineages to represent the 

844 deepest divergences in the genealogy. We did not divide the Plains lineage into two populations 

845 due to the results of SVDquartets (see Results). However, all BPP analyses used individuals 

846 from only one of the two Plains lineages inferred by RAxML-ng and ExaBayes. For 

847 computational reasons, all analyses were run using 500 loci.

848 We first performed a series of A11 analyses to provide additional support that the 

849 populations defined by previous analyses might represent distinct populations or species (Yang 

850 & Rannala, 2010; Yang & Rannala, 2014). This analysis compares MSC models that differ in 

851 the number of species and in the species phylogeny. Each MSC model involves two sets of 

852 parameters: the species divergence times (s) and the population sizes (s). Both parameters 

853 are measured in the expected number of mutations per site. Four independent A11 analyses 

854 were run (two using algorithm 0 and two algorithm 1). The species model prior assumed uniform 

855 rooted trees, and the starting tree topology was based off the concatenated analyses. We 

856 specified an inverse gamma (IG) prior of IG(3,0.004) for population sizes (θ) and IG(3,0.05) for 

857 the divergence time at the root of the species tree (0). Runs were implemented using an initial 

858 burnin of 50,000 generations followed by sampling every 5 generations for 100,000 total 

859 samples. Convergence was assessed by examining consistency between runs. We then 

860 performed a series of species tree analyses in BPP (A01) using the same populations. Similar 

861 to previous analyses, runs were performed both with and without the admixed individual KK104 

862 to quantify the potential impact of gene flow on species tree estimation. All A01 analyses used 

863 the same priors and sampling frequency as the A11 analyses. We compared the best tree and 

864 associated support values among runs. Finally, we performed multiple A00 analyses to estimate 

865 divergence times and effective population sizes (Ne) on the species tree inferred from the A01 

866 analyses. Again, analyses included or excluded sample KK104 to determine how gene flow 
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867 might influence divergence times and population sizes. The parameter settings and priors were 

868 identical to the other BPP analyses, except that we used an initial burnin of 200,000 followed by 

869 sampling every 20 generations for 100,000 total samples. Mixing, convergence, and ESS values 

870 (target ＞200) were assessed using Tracer v1.6.0 (Rambaut et al., 2018). 

871 There is still no general consensus of accurate nuclear genome-wide substitution rates 

872 for lizards. Estimates from the literature suggest that lizard rates, on average, are slightly faster 

873 than snakes (0.00077 vs. 0.00074 substitutions per site per million years, respectively (Perry et 

874 al., 2018)). The assumptions and uncertainty about substitution rate directly translates to 

875 uncertainties about absolute divergence times, which can influence hypothesis testing. Thus, we 

876 used several sources of information to convert raw parameter estimates of θ and  to units of 

877 effective number of individuals and millions of years, respectively. First, we used previous 

878 results for the divergence time (T) of P. cornutum and P. solare (~20 Ma; Leaché & Linkem, 

879 2015) to obtain an empirical mutation rate (μ) estimate directly from the data (μ = /T) . This 

880 calculation provided additional evidence either supporting or refuting previous rate hypotheses. 

881 We then compared our rate estimate to independently estimated genome-wide neutral 

882 substitution rate for lizards and squamates (Green et al., 2014; Perry et al., 2018; Tollis et al., 

883 2018). Our analysis provided support for slower substitution rates, supporting the recent 

884 estimates of Perry et al. (2018). Thus, our final calibrations were based on a rate of 0.0008 

885 substitutions per site per million years (8 x 10-10 substitutions per site per year). To obtain 

886 estimates of Ne we assumed a generation time of 2 years (Jezkova et al., 2016).

887

888 Demographic model testing

889 To examine and compare the different models of the divergence of P. cornutum (riverine 

890 barrier, paleoclimate change, environmental gradients) we used MOMENTS (Jouganous et al., 

891 2017) to simulate the three-dimensional joint site frequency spectrum (JSFS) of genetic 
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892 variation between the three populations based on results from our phylogenetic and population 

893 structure analysis. However, MOMENTS is based on the approximation of the discrete Wright-

894 Fisher Model, meaning that it is not appropriate to pool populations that may be genetically 

895 distinct (e.g. Plains cluster). Therefore, we used the same individuals in MOMENTS as in BPP 

896 analysis. For each data set (with and without KK104), we tested 10 3D models that were based 

897 on various aspects of divergence previously hypothesized for species in the region ranging from 

898 simple models with no gene flow to more complex models involving multiple time periods and 

899 varying degrees of gene flow between populations (Fig. 6). We examined the possibility of river 

900 barriers preventing gene flow between adjacent populations, divergence in isolation with 

901 subsequent secondary contact, and various combinations involving models with allopatric and 

902 subsequent parapatric divergence along ecological clines (Jezkova et al., 2016; Myers et al., 

903 2019; Schield et al., 2015).

904 The program easySFS (https://github.com/isaacovercast/easySFS) was used to 

905 determine the dimensions that would maximize segregating sites shared between samples 

906 when creating the folded JSFS; we also retained one SNP per locus to minimize linkage 

907 disequilibrium. MOMENTS is an efficient method of simulating the evolution of an allele 

908 frequency spectrum over time using differential equations. The basis of MOMENTS is similar to 

909 the diffusion approximation approach utilized in the program ∂a∂i and many of the models we 

910 tested were adapted from previously developed ∂a∂i and MOMENTS models (Gutenkunst et al., 

911 2009; Leaché et al., 2019; Portik et al., 2017). For all models, we performed consecutive rounds 

912 of optimization with multiple replicates using the best scoring parameter (highest log-likelihood) 

913 estimates to base searches in the subsequent round (Portik et al., 2017; Leaché et al., 2019). 

914 Default settings in moments_pipeline (https://github.com/dportik/moments_pipeline) were used 

915 (replicates = 10, 20, 30, 40; maxiter = 3, 5, 10, 15; fold = 3, 2, 2, 1), and we optimized 

916 parameters using optimize_log_fmin, a simplex (a.k.a. amoeba) method in terms of log 

917 parameters. Optimized parameter sets of each replicate were used to simulate the 3D-JSFS, 
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918 and the multinomial approach was used to estimate the log-likelihood of the 3D-JSFS given the 

919 model. We ranked models according to AIC (lowest to highest) and estimated the standard 

920 deviation for each parameter using the Godambe Information Matrix with bootstrapped spectra. 

921 Finally, we determined the best model by comparing the two top ranked models for each data 

922 set using a likelihood-ratio test if they were nested. It should be noted that while that practices 

923 that we employed are common (e.g., selecting one SNP per locus, projecting down the JSFS), 

924 they can influence demographic inference. Projecting down the JSFS can result in composite 

925 likelihoods which can cause statistics such as AIC and BIC to favor more complex models 

926 (Coffman et al., 2016; Gao & Song, 2010).

927

928 Gene flow and the multispecies coalescent with introgression model

929 Because several of our analyses suggested that gene flow was important throughout the 

930 evolutionary history of P. cornutum, we utilized the multispecies coalescent model with 

931 introgression (MSci) in BPP (Flouri et al., 2020) to estimate introgression probabilities and 

932 reassess how divergence times and population sizes are affected when gene flow is explicitly 

933 modeled. Parameters and prior settings were virtually identical to the previous BPP analyses 

934 with a few exceptions. First, we used the best model from MOMENTS to specify a phylogenetic 

935 network (i.e. species tree with introgression events) for BPP to estimate parameters (i.e. θ, , 

936 and φ). This model included multiple reticulations in the species tree. For the introgression 

937 probability parameter (), we specified a beta prior of (1,1). We ran four independent analyses 

938 using a burnin of 200,000, followed by 500,000 samples that were taken every two generations. 

939 All BPP MSci analyses were run under a strict clock model (default) using BPP v. 4.3.0. 

940 Convergence was assessed by examining the trace plots in Tracer and checking for 

941 consistency between runs. All MSci analyses used the same 500 loci as the BPP MSC 

942 analyses. We performed analyses both with and without the admixed/outlier sample KK104. 
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943 When included, KK104 was assigned to the Desert (DST) population following the results from 

944 the phylogenetic analyses.

945

946 Species distribution modeling

947 We reconstructed the suitable climatic niche of P. cornutum for current climatic 

948 conditions and those of the Last Glacial Maximum (LGM) across the range of the species using 

949 ecological niche modeling. This methodology uses environmental data associated with 

950 occurrence records to estimate habitat suitability across the landscape by means of various 

951 program-specific algorithms (Elith et al., 2006). For occurrence data, we used our sampling 

952 localities, supplemented by occurrence records from the Vertnet (vertnet.org; queried 1st May 

953 2018) and iNaturalist (iNaturalist.org; queried 5th September 2021) databases. All records with 

954 the coordinate uncertainty of 5 km and temperature outliers were removed, as well as all 

955 localities outside the known native range of the species and non-research grade records. This 

956 yielded 1096 occurrence records. We then filtered the occurrence records using the R package 

957 spThin (Aiello-Lammens, Boria, Radosavljevic, Vilela, & Anderson, 2015) to only include one 

958 occurrence record per 120 km. This filtering alleviated potential bias caused by unequal 

959 sampling effort (Merow, Smith, & Silander, 2013) and differential coordinate access restrictions 

960 between states. This yielded 169 occurrence records used to inform the models.

961 We derived the current climatic niche of the species using 19 bioclimatic variables with 

962 resolution of 30 seconds (~1km) from the WorldClim dataset (Hijmans, Cameron, Parra, Jones, 

963 & Jarvis, 2005). We derived the LGM climatic niche for P. cornutum using two simulation 

964 models of the LGM climate: community climate system model (CCSM ver. 3; Otto-Bliesner et 

965 al., 2006) with a resolution of 1°, and the model for interdisciplinary research on climate (MIROC 

966 ver. 3.2; (Sugiyama, Shiogama, & Emori, 2010)) with an original spatial resolution of 1.4° X 0.5° 

967 (Braconnot et al., 2007). These original climatic variables have been downscaled to the spatial 

968 resolution of 2.5 minutes (under the assumption of high spatial autocorrelation) and converted to 
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969 bioclimatic variables (Hijmans et al., 2005; Peterson & Nyári, 2008). These two models both 

970 indicate colder and wetter climate during the LGM. However, the CCSM model predicts lower 

971 values across temperature variables whereas the MIROC model predicts higher values across 

972 precipitation variables (see Jezkova et al., 2016). We constructed climatic niche models for 

973 each climatic data set in the program MAXENT v. 3.3.3k (Phillips, Anderson, & Schapire, 2006) 

974 using the R packages ENMeval (Muscarella et al., 2014) and dismo (Hijmans, Phillips, 

975 Leathwick, & Elith, 2015). MAXENT estimates relative probabilities of the presence of species 

976 within defined geographic spaces, with high probabilities indicating suitable environmental 

977 conditions (Phillips et al., 2006; Phillips & Dudík, 2008). We used 1000 background points 

978 randomly extracted from a polygon drawn around the occurrence records and expanded by 2 

979 degrees in all directions. This selection of background points was chosen to exclude distant 

980 areas with very different environmental conditions, following recommendations by Merow et al. 

981 (2013). We explored values for the regularization multiplier (rm) between 0.5 and 4 (by 

982 increments of 0.5) and all combinations of available features (i.e., linear, quadratic, product, 

983 threshold, and hinge). We ran 3-fold cross-validation replicates to choose a model with the best 

984 fit, as assessed by the lowest AICc value. The best-fitting model for each climatic data set was 

985 visualized using logistic probability values (Merow et al., 2013). PCA analyses were also 

986 performed for current climate niche space occupied by the 3 and 5 genetic clusters derived from 

987 sNMF population structure and phylogenetic analyses and utilizing the 19 bioclimatic variables. 

988

989 Data Accessibility

990 All raw GBS data have been deposited in the Sequence Read Archive (BioProjectID = 

991 PRJNA780191).

992 -All mtDNA sequences have been deposited in GenBank (OL549193 - OL549266).

993 -The following items are available on figshare 

994 (https://doi.org/10.6084/m9.figshare.c.5715668.v2):
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995 1. R scripts to reproduce all sNMF and LFMM analyses.

996 2. All output from ipyrad.

997 3. The concatenated mtDNA alignment.

998

999 Full data citation:

1000 Finger, Nicolas; Farleigh, Keaka; Bracken, Jason T; D. Leaché, Adam; François, Olivier; Yang, 

1001 Ziheng; et al. (2021): Data and scripts used to investigate the phylogeography and demographic 

1002 history of the Texas horned lizard (Phrynosoma cornutum). figshare. Collection. 

1003 https://doi.org/10.6084/m9.figshare.c.5715668.v2 

1004
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1489 Tables
1490
1491
1492 Table 1. AIC, ΔAIC, relative likelihood, and weighted AIC (wAIC) calculations for each 
1493 demographic model considered (see Fig. 6) for each data set (upper panel: non-admixed; lower 
1494 panel: admixed) in the program MOMENTS. non-admixed = without KK104; admixed = with 
1495 KK104.
1496
1497

non-admixed
data set
Model AIC ΔAIC relative L wAIC
refugia_adj_2 514.28 0.00 1.00 0.73
refugia_asymmig_adjacent 517.90 3.62 0.16 0.12
refugia_barrier 518.48 4.20 0.12 0.09
split_nomig 519.38 5.10 0.08 0.06
refugia_adj_1 529.54 15.26 0.00 0.00
refugia_adj_3 553.04 38.76 0.00 0.00
split_asymmig_adjacent 559.26 44.98 0.00 0.00
split_sym_mig_all 600.70 86.42 0.00 0.00
split_symmig_adjacent 624.66 110.38 0.00 0.00
refugia_symmig_all 629.98 115.70 0.00 0.00

admixed
data set
Model AIC ΔAIC relative L wAIC
refugia_barrier 738.38 0.00 1.00 1.00
refugia_adj_2 750.78 12.40 0.00 0.00
refugia_adj_1 778.82 40.44 0.00 0.00
refugia_adj_3 779.32 40.94 0.00 0.00
split_asymmig_adjacent 799.04 60.66 0.00 0.00
split_nomig 840.36 101.98 0.00 0.00
split_sym_mig_all 870.88 132.50 0.00 0.00
refugia_asymmig_adjacent 884.50 146.12 0.00 0.00
split_symmig_adjacent 992.34 253.96 0.00 0.00
refugia_symmig_all 1226.80 488.42 0.00 0.00

1498
1499
1500
1501
1502
1503
1504
1505
1506
1507
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1508 Table 2.  Posterior means and 95% HPD CIs (in parentheses) of parameters in the 
1509 introgression (MSci) model of Fig. 7 obtained from BPP analyses of data that either include or 
1510 exclude the admixed sample KK104. Estimates of θ and  are 1000.
1511
1512

non-admixed data without KK104 admixed data with KK104
Parameter Peak 1 (A > ½) Peak 2  (A < ½) Peak 1 Peak 2
OG 1.22 (0.49, 2.08) 1.22 (0.51, 2.08) 1.22 (0.50, 2.08) 1.23 (0.49, 2.09)
DST 1.34 (1.10, 1.58) 1.34 (1.09, 1.59) 1.56 (0.89, 2.28) 1.52 (0.88, 2.25)
STH 3.52 (2.02, 5.10) 3.54 (1.87, 5.25) 2.53 (1.22, 3.96) 2.50 (1.29, 3.93)
PLN 0.93 (0.56, 1.33) 0.92 (0.51, 1.43) 0.79 (0.44, 1.19) 0.73 (0.41, 1.14)
R 23.1 (12.3, 34.2) 24.1 (15.6, 33.5) 22.5 (14.2, 31.7) 22.6 (14.2, 31.9)
S 2.69 (0.50, 5.37) 2.72 (0.75, 4.45) 3.82 (3.07, 4.55) 3.72 (3.01, 4.46)
T 1.89 (0.40, 3.88) 3.51 (0.37, 10.2) 3.72 (0.46, 9.08) 3.74 (0.37, 11.3)
A 2.55 (0.34, 7.10) 2.90 (0.95, 4.33) 2.15 (1.46, 2.88) 3.80 (2.51, 5.15)
B 2.95 (1.06, 4.63) 2.34 (0.38, 6.15) 3.49 (1.31, 5.12) 2.17 (1.51, 2.93)
C 4.27 (2.92, 5.65) 4.55 (3.11, 5.96) 2.10 (0.42, 4.98) 2.48 (0.45, 5.88)
D 6.96 (0.34, 20.2) 6.37 (0.33, 19.5) 11.56 (1.00, 26.0) 11.27 (1.01, 25.4)
R 9.75 (5.90, 15.1) 8.53 (5.65, 12.2) 10.11 (7.23, 13.5) 10.00 (7.21, 14.1)
S 6.14 (2.72, 10.8) 4.17 (2.52, 5.86) 2.05 (1.70, 2.39) 2.10 (1.78, 2.43)
T 3.86 (2.31, 5.60) 3.42 (1.48, 5.09) 1.78 (0.76, 2.34) 2.01 (1.62, 2.42)
A = B 1.42 (1.12, 1.70) 1.41 (1.10, 1.72) 0.18 (0.09, 0.26) 0.17 (0.10, 0.29)
C = D 0.17 (0.10, 0.24) 0.17 (0.08, 0.26) 0.13 (0.07, 0.20) 0.13 (0.07, 0.20)
A 0.868 (0.668, 0.998) 0.222 (0.034, 0.469) 0.129 (0.078, 0.180) 0.873 (0.817, 0.923)
B 0.090 (0.004, 0.204) 0.871 (0.421, 1.000) 0.019 (0.000, 0.043) 0.985 (0.968, 1.000)
C 0.065 (0.016, 0.126) 0.055 (0.013, 0.110) 0.250 (0.079, 0.605) 0.165 (0.069, 0.263)
D 0.935 (0.869, 0.991) 0.938 (0.877, 0.990) 0.817 (0.606, 0.981) 0.855 (0.752, 0.953)

1513 Note. There are two local peaks in the posterior under the model for both the non-admixed 
1514 and admixed data, which differ mainly in four parameters, with 'A  1 – A, 'B  1 – B, 'A  B, 
1515 and 'B  A (highlighted in bold). MCMC samples around each peak are summarized 
1516 separately. The introgression probability for any bidirectional introgression event is defined for 
1517 the horizontal branch: for example, A is for branch BA while the vertical branch SA has 1 – A 
1518 (Fig. 7). Divergence and introgression times () are the ages of nodes on the tree. Population 
1519 sizes () correspond to branches on the tree, identified by the daughter node of the branch (e.g. 
1520 S is for branch RS and A is for branch SA). Both  and  are measured in the expected number 
1521 of mutations per site. OG = outgroup; DST = Desert; STH = Southern; PLN = Plains.
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1522 Figure Legends
1523

1524 Fig. 1. Sample locations for all Phrynosoma cornutum used in this study within the EPA level I 

1525 ecoregions. Population assignments are based on genotypes from the nGBS dataset using the 

1526 program sNMF.

1527

1528 Fig. 2. (a) Maximum likelihood (ML) genealogy inferred using RAxML-ng on a concatenated 

1529 nGBS matrix of 7,906,017 bp. Values at nodes (on top) represent ML bootstrap 

1530 proportions/Bayesian posterior probabilities from ExaBayes (* = 1.0). Values at nodes (below) 

1531 represent bootstrap support (100 replicates) from SVDquartets analyses on a matrix of 54,634 

1532 SNPs. The branch leading to the outgroup was pruned for clarity. (b) Population structure 

1533 inferred using sNMF. (c) The cross entropy criterion supported 5 ancestral populations (K = 5).

1534

1535 Fig. 3. Results from the GEA analyses. Plots from the redundancy analyses for the first two 

1536 constrained ordination axes. (a) Relationship between individuals from the sNMF population 

1537 assignments (color-coded circles) and the tested environmental variables (arrows). (b) Outlier 

1538 loci (color-coded to environmental variable) and directionality of the relationship between the 

1539 climate variables (arrows). (c) Importance of environmental variables in LFMM analysis as 

1540 indicated by p-values for multiple R-squared (F-tests, *** = p < 1e-04). bio1 = Annual Mean 

1541 Temperature; bio2 = Mean Diurnal Range; bio3 = Isothermality; bio4 = Temperature 

1542 Seasonality; bio5 = Max Temperature of Warmest Month; bio6 = Min Temperature of Coldest 

1543 Month; bio7 = Temperature Annual Range; bio8 = Mean Temperature of Wettest Quarter; bio9 

1544 = Mean Temperature of Driest Quarter; bio10 = Mean Temperature of Warmest Quarter; bio11 

1545 = Mean Temperature of Coldest Quarter; bio12 = Annual Precipitation; bio13 = Precipitation of 

1546 Wettest Month; bio14 = Precipitation of Driest Month; bio15 = Precipitation Seasonality; bio16 = 
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1547 Precipitation of Wettest Quarter; bio17 = Precipitation of Driest Quarter; bio18 = Precipitation of 

1548 Warmest Quarter; bio19 = Precipitation of Coldest Quarter.

1549

1550 Fig. 4. Comparison of parameter estimates from multispecies coalescent (MSC) analysis in 

1551 BPP (analysis A00) with (brown) and without (blue) the highly admixed/outlier individual from 

1552 Pop1 (KK104). Purple bars depict parameter estimates based on the multispecies coalescent 

1553 with introgression (MSci) model from the data including KK104, whereas orange bars represent 

1554 MSci estimates without KK104. Error bars represent 95% HPDs. Pop1 = Desert (DST), Pop2 = 

1555 Southern (STH), Pop3 = Plains (PLN). OG = outgroup (Phrynosoma solare).

1556

1557 Fig. 5. (a,b) The demographic model selected from the program MOMENTS for the 

1558 Phrynosoma cornutum populations using the three-dimensional site frequency spectrum (3D-

1559 SFS) for the Admix (a) and NoAdmix (b) datasets. The reference population (Nref) was 

1560 calculated from estimates of theta produced during demographic modeling (theta = 4Nrefμ; see 

1561 Supplementary Table S4) where μ is the substitution rate which was set to 0.0008 substitutions 

1562 per site per million year. (c,d) The fits between the 3D-SFS model and the data with the 

1563 resulting residuals (positive residuals indicate that the model predicted too many SNPs in that 

1564 entry).

1565

1566 Fig. 6. Demographic models explored using the program MOMENTS. Analyses were performed 

1567 with and without sample KK104 that had substantial mixed ancestry. The data set with KK104 

1568 favored the “refugia_barrier” model (blue), whereas the data set without KK104 supported the 

1569 “refugia_adj_2” model (red).

1570

1571 Fig. 7. Two local peaks in the posterior for parameters in the MSci model in the BPP analysis of 

1572 the data without the admixed sample KK104. The two peaks represent two hypotheses that 
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1573 have nearly equal support from the data, due to the species tree being nearly a trichotomy. 

1574 Posterior means of node ages (s) are used to draw branches, and the node bars represent the 

1575 95% highest probability density (HPD) credibility intervals (CIs). Numbers next to branches are 

1576 posterior means of population sizes (s) (see Table 2); not all population sizes are shown. The 

1577 model assumes two bidirectional introgression events (AB and CD), and the thickness of 

1578 the horizontal branches indicates the estimated introgression probability (). According to the 

1579 first peak (a), the lineage A-DST is comprised of A = 86.8% of migrants from lineage TB and 1 

1580 – A = 13.2% from lineage SA. In contrast, the second peak (b) suggests that the lineage A-DST 

1581 is 22.2% from lineage STB and 77.8% from lineage SA. Estimates of s at the other three 

1582 nodes (B, C, and D; see Table 2) are interpreted in the same way. The phylogenetic network in 

1583 the center represents the model specified in BPP. 

1584

1585 Fig. 8. Climatic niche model for Phrynosoma cornutum built using the Wordclim bioclimatic 

1586 variables with resolution of 2.5 minutes for the current climatic conditions (a) and projected on 

1587 the MIROC and CCSM (b) of the Last Glacial Maximum climate (mean of models shown). The 

1588 models were visualized using logistic probability values. Warmer colors indicate a higher 

1589 probability for species presence. The outer blue line shows the known range of P. cornutum. 

1590 Dots represent the spatially filtered occurrence records used to create models. Climatic niche 

1591 space occupied by each of the 5 genetic clusters (color coded circles) identified in the sNMF 

1592 analysis (c) and similar results for the primary three clusters/lineages used for demographic 

1593 modeling (d). The first two principal components derived from 19 bioclimatic variables (arrows) 

1594 of the WorldClim data set are shown.

1595

1596

1597
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1598 FIG. 1

1599

1600 Fig. 1. Sample locations for all Phrynosoma cornutum used in this study within the EPA 
1601 level I ecoregions. Population assignments are based on genotypes from the nGBS 
1602 dataset using the program sNMF. 
1603

1604

1605

1606

1607

1608
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1609 FIG. 2

1610

1611 Fig. 2. (a) Maximum likelihood (ML) genealogy inferred using RAxML-ng on a concatenated 
1612 nGBS matrix of 7,906,017 bp. Values at nodes (on top) represent ML bootstrap 
1613 proportions/Bayesian posterior probabilities from ExaBayes (* = 1.0). Values at nodes (below) 
1614 represent bootstrap support (100 replicates) from SVDquartets analyses on a matrix of 54,634 
1615 SNPs. The branch leading to the outgroup was pruned for clarity. (b) Population structure 
1616 inferred using sNMF. (c) The cross entropy criterion supported 5 ancestral populations (K = 5).
1617
1618
1619

1620
1621
1622
1623
1624
1625
1626
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1627 FIG. 3

1628

1629 Fig. 3. Results from the GEA analyses. Plots from the redundancy analyses for the first two 
1630 constrained ordination axes. (a) Relationship between individuals from the sNMF population 
1631 assignments (color-coded circles) and the tested environmental variables (arrows). (b) Outlier 
1632 loci (color-coded to environmental variable) and directionality of the relationship between the 
1633 climate variables (arrows). (c) Importance of environmental variables in LFMM analysis as 
1634 indicated by p-values for multiple R-squared (F-tests, *** = p < 1e-04). bio1 = Annual Mean 
1635 Temperature; bio2 = Mean Diurnal Range; bio3 = Isothermality; bio4 = Temperature 
1636 Seasonality; bio5 = Max Temperature of Warmest Month; bio6 = Min Temperature of Coldest 
1637 Month; bio7 = Temperature Annual Range; bio8 = Mean Temperature of Wettest Quarter; bio9 
1638 = Mean Temperature of Driest Quarter; bio10 = Mean Temperature of Warmest Quarter; bio11 
1639 = Mean Temperature of Coldest Quarter; bio12 = Annual Precipitation; bio13 = Precipitation of 
1640 Wettest Month; bio14 = Precipitation of Driest Month; bio15 = Precipitation Seasonality; bio16 = 
1641 Precipitation of Wettest Quarter; bio17 = Precipitation of Driest Quarter; bio18 = Precipitation of 
1642 Warmest Quarter; bio19 = Precipitation of Coldest Quarter.
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1643 FIG. 4

1644

1645 Fig. 4. Comparison of parameter estimates from multispecies coalescent (MSC) analysis in 
1646 BPP (analysis A00) with (brown) and without (blue) the highly admixed/outlier individual from 
1647 Pop1 (KK104). Purple bars depict parameter estimates based on the multispecies coalescent 
1648 with introgression (MSci) model from the data including KK104, whereas orange bars represent 
1649 MSci estimates without KK104. Error bars represent 95% HPDs. Pop1 = Desert (DST), Pop2 = 
1650 Southern (STH), Pop3 = Plains (PLN). OG = outgroup (Phrynosoma solare). 
1651

1652

1653

1654

1655
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1656 FIG. 5

1657

1658 Fig. 5. (a,b) The demographic model selected from the program MOMENTS for the 
1659 Phrynosoma cornutum populations using the three-dimensional site frequency spectrum (3D-
1660 SFS) for the admixed (a) and non-admixed (b) datasets. The reference population (Nref) was 
1661 calculated from estimates of theta produced during demographic modeling (theta = 4Nrefμ; see 
1662 Supplementary Table S4) where μ is the substitution rate which was set to 0.0008 substitutions 
1663 per site per million year. (c,d) The fits between the 3D-SFS model and the data with the 
1664 resulting residuals (positive residuals indicate that the model predicted too many SNPs in that 
1665 entry).
1666
1667

1668

1669

1670

1671

1672

1673

1674

Page 59 of 62

http://mc.manuscriptcentral.com/gbe

Manuscripts submitted to Genome Biology and Evolution

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

D
ow

nloaded from
 https://academ

ic.oup.com
/gbe/advance-article/doi/10.1093/gbe/evab260/6443127 by U

niversity C
ollege London user on 03 D

ecem
ber 2021



60

1675 FIG. 6

1676
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1677 Fig. 6. Demographic models explored using the program MOMENTS. Analyses were performed 
1678 with and without sample KK104 that had substantial mixed ancestry. The data set with KK104 
1679 favored the “refugia_barrier” model (blue), whereas the data set without KK104 supported the 
1680 “refugia_adj_2” model (red).
1681

1682

1683

1684
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1685 FIG. 7

1686
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1687

1688 Fig. 7. Two local peaks in the posterior for parameters in the MSci model in the BPP analysis of 
1689 the data without the admixed sample KK104. The two peaks represent two hypotheses that 
1690 have nearly equal support from the data, due to the species tree being nearly a trichotomy. 
1691 Posterior means of node ages (s) are used to draw branches, and the node bars represent the 
1692 95% highest probability density (HPD) credibility intervals (CIs). Numbers next to branches are 
1693 posterior means of population sizes (s) (see Table 2); not all population sizes are shown. The 
1694 model assumes two bidirectional introgression events (AB and CD), and the thickness of 
1695 the horizontal branches indicates the estimated introgression probability (). According to the 
1696 first peak (a), the lineage A-DST is comprised of A = 86.8% of migrants from lineage TB and 1 
1697 – A = 13.2% from lineage SA. In contrast, the second peak (b) suggests that the lineage A-DST 
1698 is 22.2% from lineage STB and 77.8% from lineage SA. Estimates of s at the other three 
1699 nodes (B, C, and D; see Table 2) are interpreted in the same way. The phylogenetic network in 
1700 the center represents the model specified in BPP. 
1701

Figure 7
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1702 Fig. 8
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1704 Fig. 8. Climatic niche model for Phrynosoma cornutum built using the Wordclim bioclimatic 
1705 variables with resolution of 2.5 minutes for the current climatic conditions (a) and projected on 
1706 the MIROC and CCSM (b) of the Last Glacial Maximum climate (mean of models shown). The 
1707 models were visualized using logistic probability values. Warmer colors indicate a higher 
1708 probability for species presence. The outer blue line shows the known range of P. cornutum. 
1709 Dots represent the spatially filtered occurrence records used to create models. Climatic niche 
1710 space occupied by each of the 5 genetic clusters (color coded circles) identified in the sNMF 
1711 analysis (c) and similar results for the primary three clusters/lineages used for demographic 
1712 modeling (d). The first two principal components derived from 19 bioclimatic variables (arrows) 
1713 of the WorldClim data set are shown.
1714
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