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Abstract (234 words) 36 

 37 

Interactions between extrinsic factors, such as disruptive selection, and intrinsic factors, such as 38 

genetic incompatibilities among loci, can contribute to the maintenance of species boundaries. 39 

The relative roles of these factors in the establishment of reproductive isolation can be examined 40 

using species pairs characterized by gene flow throughout their divergence history. We 41 

investigated the process of speciation and the maintenance of species boundaries between Pinus 42 

strobiformis and P. flexilis. Utilizing ecological niche modeling, demographic modeling, and 43 

genomic cline analyses, we illustrated a history of divergence with continuous gene flow 44 

between these species. We found an abundance of advanced generation hybrids and a lack of loci 45 

exhibiting large allele frequency differences across the hybrid zone. Additionally, we found 46 

evidence for climate-associated variation in the hybrid index and niche divergence between 47 

parental species and the hybrid zone. Our results are consistent with extrinsic factors, such as 48 

climate, being an important isolating mechanism for these species. A buildup of intrinsic 49 

incompatibilities and of co-adapted gene complexes is also apparent in our results, although 50 

these appear to be in the earliest stages of development. This supports previous work in 51 

coniferous species demonstrating the importance of extrinsic factors in creating and enforcing 52 

species boundaries. Overall, we lend support to the hypothesis that varying strengths and 53 

directions of selection pressures across the long lifespans of conifers, in combination with their 54 

life history strategies, delay the evolution of strong intrinsic incompatibilities.55 
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Introduction 56 

 57 

Speciation often occurs along a continuum of divergence such that evolutionary 58 

processes leading to species formation initially involve unrestricted gene flow followed by the 59 

evolution of reproductive isolation between lineages (Kane et al. 2009; Nosil & Feder 2012; 60 

Roesti et al. 2012). Hence, understanding how and when barriers to gene flow arise and are 61 

maintained along this continuum is a fundamental goal of evolutionary biology (Losos et al. 62 

2013). Under a model of ecological speciation (Schluter & Conte 2009), initiation of divergence 63 

among populations occurs through disruptive selection leading to the formation of ecotypes. This 64 

process results in shifts of allele frequencies correlated with environmental differences between 65 

habitats specific to each ecotype. The subsequent transition from ecotypes to reproductively 66 

isolated species occurs through the build-up of associations between several loci independently 67 

experiencing disruptive selection, and the action of selection to maintain these co-adapted 68 

divergent gene complexes (Flaxman et al. 2014). 69 

Several studies of speciation have used hybrid zones as windows into the process of 70 

divergence among species (reviewed by Petit & Excoffier 2009). Studies conducted across the 71 

entire geographical range of hybridizing species have helped reveal not only the demographic 72 

context of speciation, but also the relative importance of intrinsic and extrinsic processes 73 

(Schield et al. 2017; Ryan et al. 2017). Specifically, the maintenance of species boundaries has 74 

been shown to occur through models of tension zones (intrinsic incompatibilities sensu Barton & 75 

Hewitt 1985; Via et al. 2000; Barton 2001; Rundle 2002) and bounded hybrid superiority 76 

(extrinsic incompatibilities sensu Moore 1977; Milne et al. 2003; Hamilton et al. 2013).The 77 

former facilitates divergence through a buildup of genetic incompatibilities among loci causing 78 

environmentally independent reduction in fitness of the hybrids, whereas the latter involves 79 
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increased hybrid fitness only in a novel environment to which the divergent parental allelic 80 

combinations confer a putative advantage. These two models are often coupled, such that 81 

genomic regions involved in intrinsic incompatibility coincide with loci exhibiting ecological 82 

gradients in allele frequency (Bierne et al. 2011; Cushman & Landguth 2016), ensuring the 83 

maintenance of species barriers under the homogenizing effect of gene flow (Kulmuni & 84 

Westram 2017). Thus, the interaction between intrinsic and extrinsic barriers to gene flow 85 

generates a genomic mosaic of introgression and differentiation that depends in part upon the 86 

demographic context and life history traits of the diverging lineages. 87 

The recent influx of genomic data from non-model species has facilitated studies of 88 

ecological speciation across varying spatial and temporal scales (Lexer et al. 2010; Andrew & 89 

Rieseberg 2013; de Lafontaine et al. 2015; Lackey & Boughman 2016; Marques et al. 2017). 90 

Studies using genome scans often lend support to the genic view of speciation (Wu 2001), which 91 

predicts that a handful of genomic regions experiencing strong selection pressures will exhibit 92 

high differentiation against a background of lower differentiation driven by unrestricted gene 93 

flow. Varying levels of differentiation across loci thus generates a mosaic of genomic 94 

differentiation. Methodological approaches designed to detect the processes underlying this 95 

mosaic, however, are confounded by demographic histories of secondary contact, genomic areas 96 

of suppressed recombination, recent divergences without gene flow, allele surfing, and selective 97 

sweeps specific to each lineage unrelated to the development of reproductive isolation (Noor & 98 

Bennett 2009; Cruickshank & Hahn 2014). For example, ecological speciation could result in 99 

genomic regions of elevated differentiation (i.e. genomic islands of differentiation) that are 100 

associated with niche partitioning, but not necessarily with reproductive isolation. Further, these 101 

islands of differentiation are mostly expected when adaptation occurs from moderate- to large-102 
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effect de novo mutations (Lackey & Boughman 2016). Genomic approaches used to identify 103 

islands of differentiation may thus be biased against identifying polygenic regions associated 104 

with species divergence, or towards identifying loci that contribute to ecological niche 105 

divergence of hybrids relative to both parental species and hence restrict gene flow between 106 

them. To avoid these biases, ecological niche divergence should be evaluated in the hybrid zone 107 

with respect to both parental species and correlated to patterns of hybrid ancestry (e.g. Hamilton 108 

et al. 2013). 109 

Species of conifers are known to have ecologically differentiated niches despite the 110 

absence of strong morphological differences (e.g. Rehfeldt 1999). Strong pre- and post-zygotic 111 

isolating barriers contributing towards morphological disjunctions are often absent in conifers 112 

(Critchfield 1986; Buschiazzo et al. 2012; Pavy et al. 2012) due to their life history 113 

characteristics, such as longevity, high dispersal abilities, and long generation times (Petit & 114 

Hampe 2006; Neale & Kremer 2011). These contribute towards large effective population sizes, 115 

and moderate to high levels of genetic diversity, facilitating establishment across an array of 116 

ecological conditions. Ecological niche partitioning arising from extrinsic barriers is thus likely 117 

to play a dominant role in facilitating speciation within conifers (e.g. Hamilton et al. 2013).  118 

In this study, we use an integrative approach to investigate processes leading to the 119 

divergence of two North American pine species – Pinus strobiformis Engelm. (southwestern 120 

white pine), and P. flexilis E. James. (limber pine). Our focal species inhabit a wide latitudinal 121 

range in the western part of North America, with a putative area of sympatry located in the 122 

southern Rocky Mountains and Colorado Plateau in which morphological evidence points 123 

towards the occurrence of hybridization (Steinhoff & Andresen 1971; Tomback & Achuff 2010). 124 

These species also display limited differences in morphological and reproductive traits 125 
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(Benkman et al. 1984; Tomback et al. 2011; Bisbee 2014) and show evidence of local adaptation 126 

to the heterogeneous climatic conditions across their geographical range and also within the area 127 

of putative hybridization (Steinhoff & Andresen 1971; Moreno-Letelier et al. 2013; Borgman et 128 

al. 2015; Moreno-Letelier & Barraclough 2015; Goodrich et al. 2016). To examine the processes 129 

influencing species boundaries between these two conifer species, we asked three questions: (1) 130 

Is there niche divergence among P. strobiformis, P. flexilis and the putative hybrid zone? (2) Did 131 

the divergence of P. strobiformis and P. flexilis occur with continual gene flow? (3) Does a 132 

genome-wide mosaic of differentiation characterize divergence between P. strobiformis and P. 133 

flexilis, and is this pattern attributed to extrinsic, intrinsic, or an interaction of both factors? Our 134 

results are consistent with ecological divergence occurring with continual gene flow among the 135 

focal species, with several lines of evidence supporting the strong influence of extrinsic factors 136 

in reinforcing species boundaries. 137 

Materials and Methods 138 

Focal taxa and field sampling 139 

Pinus strobiformis and P. flexilis are closely related species of white pines that occur 140 

across broad temperature and precipitation gradients in the mountainous areas of western North 141 

America. The native range of P. strobiformis includes Mexico and the southwestern United 142 

States, and its distribution exhibits disjunctions across dry and wet boreal mixed forest 143 

ecosystems (Looney & Waring 2013; Fig. 1). Pinus flexilis occurs in mountainous regions from 144 

northern Arizona and northern New Mexico to Alberta, with a region of putative sympatry with 145 

P. strobiformis in the southern Rocky Mountains and Colorado Plateau (Fig. 1). Across this zone 146 

of putative sympatry, cone morphology and dispersal syndromes fall along a continuum of 147 
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divergence blending into the characteristics of populations in the allopatric zones of either 148 

species (Bisbee 2014). 149 

We sampled 42 P. strobiformis populations encompassing a total of 376 trees (5-13 150 

trees/population) from its entire geographical range. For P. flexilis, a total of 13 populations were 151 

sampled, with eight populations sampled from the southern periphery of the geographical range 152 

and five sampled closer to the range center (Fig. 1). Across these thirteen populations, we 153 

sampled a total of 69 trees (4–10 trees/population). To help minimize relatedness, trees within 154 

the same site were sampled with a minimum spacing of 50 m (P. strobiformis) and 200 m (P. 155 

flexilis) from each other.  156 

Data generation 157 

Occurrence data 158 

We assembled a comprehensive dataset of occurrences for ecological niche modeling 159 

(ENM) by supplementing our field site data with occurrence records downloaded from the 160 

Global Biodiversity Information Facility (GBIF) using functions from the DISMO package 161 

(Hijmans et al. 2017) available in the R environment (R Core Team 2017). Using a series of 162 

filtering steps to account for observation and sampling biases (Supporting Information, Appendix 163 

S1.A), we obtained a final dataset of 254 occurrence records for P. strobiformis and 420 for P. 164 

flexilis. Incorporating intraspecific genetic variation into ENMs can improve model fit and 165 

provide more robust predictions when projecting across time and space (Knowles et al. 2007; 166 

Ikeda et al. 2017). Thus, we divided presence locations within P. strobiformis into core 167 

(latitudinal range: 19–30.5 °N) and northern periphery (latitudinal range: 31–33°N). These groups 168 

likely represent different genetic clusters given the geographically restricted hybridization 169 

between P. flexilis and P. strobiformis (Steinhoff & Andresen 1971; Tomback & Achuff 2010; 170 
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Bisbee 2014). We defined three groups that were the focus of our enquiries – (1) populations of 171 

P. flexilis, (2) populations of P. strobiformis from the northern range periphery (Periphery 172 

hereafter), and (3) populations of P. strobiformis from the range core (Core hereafter). Nineteen 173 

bioclimatic variables and altitude were used as predictors in the ENMs for all three groups. 174 

Present day geospatial data layers for these variables were downloaded from WorldClim v.1.4 175 

(Hijmans et al. 2005) at 30 arc-second resolutions and at 2.5 arc-minute resolutions for the Last 176 

Glacial Maximum (LGM) and data were extracted from each layer using the RASTER package 177 

(Hijmans et al. 2016) available in R. 178 

DNA sequence data 179 

We extracted total genomic DNA from 445 individuals sampled across 55 populations of 180 

both species using DNeasy Plant Kits (Qiagen). Five ddRADseq libraries (Peterson et al. 2012), 181 

each containing up to 96 multiplexed samples, were prepared using the procedure detailed in 182 

Parchman et al. (2012). All libraries were digested using the EcoR1 and Mse1 restriction 183 

enzymes followed by ligation of adaptors, barcodes, and primers. Following PCR, we selected 184 

DNA fragments in the 300–400 bp size range using agarose gel electrophoresis followed by 185 

isolation of pooled DNA from these gels using QIAquick Gel Extraction Kits (Qiagen). Single-186 

end sequencing, with one multiplexed library per lane, was used to obtain 100bp reads, with all 187 

sequencing conducted with Illumina HiSeq 2500 at the Nucleic Acids Research Facility located 188 

at Virginia Commonwealth University. The resulting FASTQ files were processed using dDocent 189 

bioinformatics pipeline (details in Supporting Information, Appendix S1.B; Puritz et al. 2014). 190 

The entire process yielded a total of 51 633 single nucleotide polymorphisms (SNPs), which 191 

were used as the starting dataset for all subsequent analyses.  192 
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Data analysis  193 

Ecological niche modeling and niche divergence 194 

We developed ENMs for each of the three groups: Core, Periphery, and P. flexilis, using 195 

the algorithms available in Maximum Entropy (MAXENT; Phillips et al. 2006). Since MAXENT 196 

was specifically developed for presence-only data, we drew a one-degree rectangular buffer 197 

around the known distribution of both species and obtained 100 000 background points at 198 

random without duplicates in a cell. Data processing, model fitting, and model evaluation using 199 

5,000 iterations within MAXENT were conducted using the DISMO, RASTER, RGDAL (Bivand et al. 200 

2017), and SPTHIN (Aiello-Lammens et al. 2015) packages available in R. ENMs were 201 

constructed from climate variables with an absolute correlation coefficient (r) less than 0.85. 202 

Two indices were used to assess model performance for each group: overall regularized training 203 

gain (RTG) and area under the curve (AUC). Since LGM data were not available at 30 arc-204 

seconds resolution, we built two ENMs for each group (2.5 arc-minutes and 30 arc-seconds), but 205 

only used the 2.5 arc-minutes models for hindcasting to infer historical patterns of sympatry 206 

between species that could facilitate gene flow. We followed an average projection ensemble 207 

approach across three LGM scenarios (CCSM4, MIROC & MPI) to obtain a hindcasted 208 

suitability map. Changes in habitat suitability (stability) were assessed by adding MAXENT-209 

predicted suitability maps across the LGM and present (as in Ortego et al. 2015). For these maps, 210 

values closer to 2 in a gridded cell are associated with the stability of highly suitable habitat for a 211 

given group across time points. In contrast, values closer to 0 are associated with the stability of 212 

highly unsuitable habitat for a given group across time points. Suitability scores obtained across 213 

the full geographical extent for the present conditions at 30 arc-seconds were compared across all 214 

three pairs of groups (Core–Periphery, Core–P. flexilis, Periphery–P. flexilis) to investigate 215 
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patterns of niche evolution. To account for potential biases towards niche divergence introduced 216 

by latitudinally associated environmental variation in the present range of each pair, we 217 

performed an asymmetric background randomization test, based on Schoener’s D, in the R 218 

package ENMTOOLS (Warren et al. 2008). The two resulting null distributions of niche 219 

divergence obtained through this test correspond to the background of each group compared 220 

against the other. An observed value of Schoener’s D much smaller than expected after 221 

accounting for background differences is indicative of niche divergence, whereas a value much 222 

larger than expected indicates niche conservatism (Warren et al. 2008). 223 

Population structure and demographic modeling 224 

We assessed the pattern and the extent of genetic divergence between P. strobiformis and 225 

P. flexilis using multiple methods. First, we grouped the 42 P. strobiformis populations into the 226 

same core and periphery groups discussed above (see Data Generation & Fig. 1). We conducted 227 

principal components analysis (PCA) to visualize grouping of sampled trees into the three groups 228 

delineated in our methods (Patterson et al. 2006; McVean 2009). To complement the PCA, we 229 

also conducted an individual-based assignment test using FASTSTRUCTURE, a variational 230 

Bayesian version of STRUCTURE designed for use with large SNP datasets (Raj et al. 2014). 231 

For any given number of predefined clusters (K), FASTSTRUCTURE assigns a Q-value 232 

representing the proportion of a sample’s ancestry derived from each cluster. We set K to 2, 233 

representing the two parental species investigated here, as we were interested in admixture 234 

between two defined species and not the potential number of groups within our genetic data. 235 

Lastly, we utilized hierarchical fixation indices (F-statistics) to assess the extent of 236 

differentiation between species by nesting trees into populations and populations into species. 237 

There are two levels within the hierarchy, with FCT describing differentiation among groups at 238 
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the highest level of the hierarchy and FST describing differentiation among groups across all 239 

levels of the hierarchy (see Yang 1998). A similar nested model with the highest level of 240 

hierarchy being groups within P. strobiformis was used to assess intraspecific differentiation. For 241 

the former, F-statistics are denoted using the term ‘species’ in the subscripts, whereas the latter 242 

uses the term ‘groups’ in the subscripts. We used a similar hierarchical model with variance 243 

partitioning to estimate group specific and pairwise F-statistics for the three groups delineated in 244 

this study. We denote pairwise values of FST using one-letter abbreviations for the groups being 245 

compared (e.g. FST-CP indicates FST between Core and Periphery), and group specific values of 246 

FST with the name of the group in subscripts. We constructed 95% confidence intervals of 247 

multilocus F-statistics using bootstrap resampling (n = 100 replicates) in the HIERFSTAT package 248 

(Goudet 2005) available in R. Along with estimation of F-statistics, we also assessed overall 249 

levels of genetic diversity using multilocus estimates (i.e. means across SNPs) of observed and 250 

expected heterozygosities (Ho and He) per population.  251 

Presence of individuals with mixed ancestry, as identified using FASTSTRUCTURE, can 252 

be a result of secondary contact, recent divergence causing incomplete lineage sorting, or the 253 

presence of gene flow throughout the divergence history. Disentangling these explanations is 254 

important, because it directly influences our understanding of the relative importance of intrinsic 255 

and extrinsic factors in facilitating speciation. For instance, when speciation is recent or has 256 

occurred with gene flow, we expect a heterogeneous landscape of genomic differentiation, such 257 

that while most of the genome is freely introgressed between species, only a few genomic 258 

regions associated with intrinsic or extrinsic factors inhibiting gene flow will exhibit elevated 259 

differentiation (Wu 2001; Feder et al. 2012). However, if hybrids are formed in areas with novel 260 

habitats, introgression might be selectively advantageous, such that heterozygotes at climate-261 
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associated loci will confer higher fitness, and will lack elevated islands of differentiation. To 262 

infer the timing and influence of various demographic processes shaping the divergence history 263 

of our focal groups, we conducted demographic modeling using Diffusion Approximation for 264 

Demographic Inference (∂A∂I; Gutenkunst et al. 2009).We down-sampled the total SNP dataset 265 

for computational simplicity based on population genetic summary statistics and then randomly 266 

sampled one SNP per assembled contig to obtain a final dataset of 4,800 SNPs that were used in 267 

subsequent ∂A∂I analyses (Supporting Information, Appendix S1.C).  268 

We compared a model of pure divergence with no gene flow (M1) against a set of 10 269 

alternative demographic models (M2–M7) representing different speciation scenarios including 270 

varying timing and directionality of ancient or contemporary gene flow (Supporting Information, 271 

Fig. S1). Complexity was added to the models with gene flow by incorporating heterogeneity in 272 

the gene flow parameter across loci (Tine et al. 2014, models M8–M11, Fig. S1). We ran 10 273 

replicate runs of each model in ∂A∂I, using a 200 × 220 × 240 grid space and the nonlinear 274 

Broyden-Fletcher-Goldfarb-Shannon (BFGS) optimization routine. Following Carstens et al. 275 

(2013), we conducted model selection in an information-theoretic framework using Akaike 276 

information criterion (AIC; Akaike 1974) and ΔAIC (AICmodel i − AICbest model) scores (Burnham 277 

& Anderson 2002), calculated using results from the best replicate run (highest composite 278 

likelihood) for each model. Unscaled parameter estimates were obtained using a per-site 279 

substitution rate of 7.28 × 10−10 substitutions/site/year rate estimated for Pinaceae by De La 280 

Torre et al. (2017) and a generation time of 50 years. 281 

Genomics of interspecific introgression 282 

Analyses of clines across hybrid zones are widely used to identify loci exhibiting 283 

exceptional patterns of introgression relative to the average genomic background (Fitzpatrick 284 
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2013; Gompertet al. 2012a; Gompert & Buerkle 2011; Stankowskiet al. 2015). We classified our 285 

sampled trees into categories corresponding to admixed (nA = 111) and parental species (P. 286 

strobiformis = 277, P. flexilis = 54) based on the Q-values from FASTSTRUCTURE. Trees with 287 

Q-values of 0.9 or higher were classified as pure P. strobiformis, those with Q of 0.1 or lower 288 

were classified as pure P. flexilis, and those with intermediate Q-values were classified as 289 

admixed (e.g. Ortego et al. 2014). As most loci exhibited little to no differentiation between 290 

parental species, we retained only loci with a minor allele frequency (MAF) difference of at least 291 

10% between parental species (n = 4,857 SNPs). This allowed us to avoid false correlations 292 

between cline parameters and fixation indices (Parchman et al. 2013). We used this subset of 293 

4,857 SNPs to perform a Bayesian genomic cline analysis in BGC v1.0 (Gompert & Buerkle 294 

2012; Gompert & Buerkle 2011). Using Markov chain Monte Carlo (MCMC) sampling, BGC 295 

estimates the posterior distribution of ancestry for each locus as a function of the genome-wide 296 

admixture coefficient. The BGC model includes two genomic cline parameters, α (genomic cline 297 

center) and β (genomic cline rate, i.e. slope), determining the probability of P. flexilis ancestry, 298 

and the rate of transition from P. flexilis to P. strobiformis given a level of genomic admixture 299 

described by the hybrid index, h, respectively (Gompert & Buerkle 2012; Gompert et al. 2012a). 300 

A tree with h = 0 was classified as having solely P. strobiformis ancestry, whereas a tree with h = 301 

1 was classified as having solely P. flexilis ancestry. We ran BGC for five replicate runs, each 45 302 

000 steps in length, and, after discarding the first 25 000 steps as burn-in, we thinned the 303 

posterior distribution every 20 steps, thus yielding 1,000 samples which were used for inference 304 

of model parameters. We used TRACER v1.6 (Rambaut et al. 2013) to test for convergence 305 

among replicated runs, as well as appropriate mixing along MCMC chains. We identified loci 306 

with excess ancestry (relative to the genome-wide average) as those with posterior α or β 307 
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credible intervals (CI; 95% equal-tail intervals) not containing zero. Moreover, we identified 308 

outlier loci as those with posterior mean point estimates of α (��) or β (��) significantly different 309 

from the rest of the genome, as judged by comparison to posterior quantiles of random-effect 310 

priors for α and β (Gompert et al. 2012a). Several empirical and simulation based studies have 311 

demonstrated that both α and β can reflect patterns of selection in the hybrid zone (Gompert et 312 

al. 2012b; Janoušek et al. 2012), but the interpretation of these values is influenced by the 313 

underlying demographic scenario (Gompert & Buerkle 2012; Gompert et al. 2012a,2012b). 314 

Besides categorizing loci, we also tested for correlations among locus-specific FCT-species, α, and 315 

β, with and without absolute values for α and β. The sign of the cline parameters (specifically 316 

β) have direct implications for inferring the processes maintaining species boundaries and hence 317 

were incorporated in correlation tests. Specifically, extremely positive values ofβ reflect strong 318 

selection against hybrids or population structure in the hybrid zone (Gompert et al. 2012b), while 319 

extremely negative values ofβ indicate a wide cline representing easy dispersal across species 320 

boundaries (Janoušek et al. 2012). 321 

Although the hybrid index (h) obtained from BGC provides information about the age and 322 

stability of a hybrid zone, such inferences are limited to only one generation of admixture 323 

(Fitzpatrick 2012). We estimated h and interspecific heterozygosity using INTROGRESS 324 

(Gompert & Buerkle 2010), in order to extend our interpretations to a historical hybrid zone and 325 

categorize individuals into recent (F1s), advanced generation (FNs), and backcrossed hybrids 326 

(BC). This was done using a modified classification from Hamilton et al. (2013). Both BGC and 327 

INTROGRESS yielded very similar estimates of h (Pearson’s r = 0.7, p = 0.00042), thus we used 328 

estimates from INTROGRESS due to the availability of inter-specific heterozygosity estimates 329 
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from this software. To test for the influence of exogenous factors in the maintenance of species 330 

boundaries we performed linear regression analyses with backward variable selection using h 331 

against climate and geography as predictor variables.  332 

Results 333 

Ecological niche modeling and niche divergence 334 

ENMs for each of the three groups used in this study (Fig. 1) had high predictive ability, 335 

as indicated by AUC and RTG values (Table 1). For Core and Periphery, several covariates 336 

stood out as important with precipitation seasonality (Bio15) being shared between Core and 337 

Periphery; however, altitude was consistently the most important variable for P. flexilis across 338 

different measures of variable importance (Table 1). Hindcasting the 2.5 arc-minute model onto 339 

LGM data layers supported a recent, post-LGM niche fragmentation and northward expansion in 340 

Periphery (Supporting Information Fig. S2). A similar post-LGM northward expansion of 341 

suitable niche space was observed for P. flexilis. Furthermore, there was extensive range overlap 342 

between the two species during the LGM, which was greater than what is currently observed 343 

(Supporting Information Fig. S2). The values of niche similarity based on Schoener’s D ranged 344 

from 0.05 (P. flexilis–Core) to 0.17 (Periphery – Core). Background randomization tests revealed 345 

statistically significant niche divergence for two of the three comparisons (Fig. 2). Specifically, 346 

there was asymmetrical niche divergence between Core and Periphery, with the niche of 347 

periphery being conserved relative to the background of core. A similar pattern was noted using 348 

only the presence points, where each group formed a distinct cluster within the multivariate 349 

climate space defined by the top two principal components (PCs) derived from PCA on the 350 

climate variables used for construction of the ENMs (Supporting information, Fig. S3.A).  351 

Population structure and divergence history 352 
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The PCA using 51 633 SNPs was consistent with trees sampled from Core being 353 

differentiated from those of P. flexilis, which was most marked along PC1 (Fig. 3A). This PC 354 

explained 0.9% of the total genetic variance, which was in line with the overall level of 355 

differentiation estimated using hierarchical F-statistics (FST-species = 0.021, 95% CI: 0.008–0.031). 356 

Trees sampled from Periphery were located between those sampled from Core and P. flexilis 357 

(Fig. 3A), in line with peripheral populations containing hybrids between the two parental 358 

species. There was also a latitudinal gradient in the mean population Q-values, as estimated 359 

using FASTSTRUCTURE, with Core populations exhibiting little to no ancestry from P. flexilis 360 

and Periphery being a mixture of P. flexilis and Core (Fig. 3B). At the individual tree level, we 361 

observed a strong negative correlation (Pearson’s r = −0.69, p = 4.087e-07) between Q-values of 362 

putative hybrids and latitude, which is consistent with a geographical gradient of genomic 363 

introgression where trees geographically proximal to either parental species contain more 364 

ancestry from that parental species. Multilocus estimation of differentiation between species 365 

(FCT-species) was 0.01 (95% CI: 0.005–0.018, Fig. 5A), while that between groups within P. 366 

strobiformis (FCT-groups) was 0.003 (95% CI: 0.0007–0.006). Multilocus FST within each group, 367 

pairwise FST between each pair of group, and heterozygosities differed little among the three 368 

groups, with the Core–P. flexilis comparison having the highest pairwise FST-CF = 0.019 (Table 369 

2). Although populations of Periphery exhibited slightly higher heterozygosities and FST values 370 

(FST-periphery), this pattern was mainly driven by few populations, as indicated by the wider 371 

confidence interval around these estimates (Table 2).  372 

The best-supported demographic model was M4, which is a model of symmetric ancient 373 

gene flow between ancestral P. strobiformis and P. flexilis lineages, followed by contemporary 374 

gene flow between Periphery and P. flexilis (Table 3; Fig 4). This model was supported by a 375 
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distinct minimum AIC score that was better than that of all other ∂A∂I models by a margin of 376 

44.8 information units (ΔAICi = 44.8 or greater). The next best model, M8, was similar to that 377 

of M4, but without contemporary gene flow between P. strobiformis and P. flexilis, and a 378 

heterogeneous ancient gene flow between ancestral populations of the two parental 379 

species. Converted parameter estimates indicated that the species diverged 11.36 million years 380 

ago (Ma) in the Miocene, but that groups within P. strobiformis diverged 2.29 Ma during early 381 

Pleistocene (Fig. 4). Overall rates of gene flow between species were substantial for both 382 

historical and contemporary periods, however the contemporary gene flow between species was 383 

geographically restricted Periphery (Supporting Information Table S2). In addition, P. flexilis 384 

and Periphery experienced asymmetrical gene flow, which was larger in the direction of P. 385 

flexilis to Periphery (MPF  = 8.81 migrants/generation versus MFP = 4.35). Periphery had the 386 

largest population size estimate, while P. flexilis was inferred to have experienced a reduction in 387 

population size through time.  388 

Genomics of interspecific introgression 389 

Values of h ranged from near zero to 0.80, with values around 0.20 being the most 390 

common thus suggesting overrepresentation of P. strobiformis ancestry (Fig. 5B). Estimates of 391 

interspecific heterozygosity had a narrow range from 0.45 to 0.64, indicating weak reproductive 392 

barriers (Hamilton et al. 2013) and a long history of recombination within the hybrid zone 393 

(Gompert et al. 2014). Classification of trees into genotypic classes based on h and interspecific 394 

heterozygosity revealed a dominance of advanced-generation hybrids (54%), with some trees 395 

being backcrossed into P. strobiformis (22%), but no recent hybrids (F1s) were apparent. 396 

Stepwise linear regression analysis revealed a significant effect of geography and climate on h 397 

across the putative hybrid zone. Latitude (Pearson’s r = 0.41, p = 4.087e-07), precipitation 398 
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seasonality (Pearson’s r = −0.32, p = 0.006), and mean temperature of the warmest quarter 399 

(Pearson’s r = −0.18, p = 0.005) had a strong influence on h, in line with the latter two being 400 

important predictor variables for Periphery in our ENM.  401 

The influence of selection is reflected in both α and β; however, exceptional values of α 402 

are more indicative of selection favoring directional introgression, while extreme β values reflect 403 

strong selection against hybrids or presence of population structure within the hybrid zone 404 

(Gompert et al. 2011). Substantial variation was found in estimates of genomic cline parameters 405 

(Fig. 5D,C), especially for α, with its range (−0.99 to 1.72) being 18.5-fold as wide as that of the 406 

range for β (−0.068 to 0.078). Similar to the patterns observed in the distribution of h, an 407 

asymmetry towards P. strobiformis ancestry was noted in the genomic cline estimates. From the 408 

posterior distribution of α, we found 3,193 outlier loci, of which 570 (17.9%) had elevated 409 

probabilities of P. flexilis ancestry (positive ��), and 2,623 (82.1%) had elevated probabilities of 410 

P. strobiformis ancestry (negative ��). We identified fewer loci with excess ancestry, but in 411 

contrast to the pattern for outlier loci those with excess ancestry favored P. flexilis over P. 412 

strobiformis ancestry. Among the 287 loci with excess ancestry, 204 (71.1%) had excess P. 413 

flexilis ancestry (i.e. lower 95% CI of α > 0) and 83 (28.9%) had excess P. strobiformis ancestry 414 

(i.e. upper 95% CI of α < 0). The multilocus FCT-species estimate for loci with excess ancestry was 415 

0.12 (95% CI: 0.09–0.13) while for outlier loci it was 0.058 (95% CI: 0.05–0.09). We did not 416 

identify any loci that were β outliers or had excess ancestry indicated by β. Hierarchical FCT-species 417 

between species was negatively correlated with raw values of α (Pearson’s r =−0.036, p = 0.01), 418 

positively with raw values of β (Pearson’s r = 0.048, p = 0.0007) and positively with absolute 419 

values of both α (Pearson’s r = 0.14, p = 2.2e-16) and β ((Pearson’s r = 0.26, p = 2.2e-16) (Fig. 420 

5E). 421 
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Discussion 422 

We identified strong evidence supporting ecological divergence between P. strobiformis 423 

and P. flexilis despite extensive gene flow. Our findings are generally consistent with previous 424 

reports on the species examined here; however, in contrast to the recent divergence time 425 

estimates arrived at using chloroplast and mitochondrial loci (Moreno-Letelier et al. 2013), our 426 

demographic modeling results reject a hypothesis of extremely recent divergence between the 427 

two species. Instead, we support a model of ongoing speciation with gene flow that is driven and 428 

maintained primarily by extrinsic factors. 429 

Niche evolution and ecological divergence  430 

Our results indicate that climatic factors have played a major role in driving niche 431 

divergence between P. strobiformis and P. flexilis. Populations within Periphery coincide with 432 

the known hybrid zone between P. strobiformis and P. flexilis (Steinhoff & Andresen 1971; 433 

Tomback & Achuff 2010; Bisbee 2014) and formed a distinct group characterized by niche 434 

divergence from P. flexilis and asymmetrical niche divergence from Core. The asymmetrical 435 

pattern of niche divergence between Core and Periphery is likely a result of recent divergence. 436 

Under this scenario, we expect that niche differentiation would occur primarily along a few 437 

environmental variables that strongly influence fitness in the transitional environmental 438 

conditions, with little to no differentiation among groups on the other environmental axes. For 439 

example, precipitation seasonality was an important niche predictor for both Core and Periphery, 440 

although they were differentiated along this environmental axis (Supporting information, Fig. 441 

S3.B). This pattern reiterates the presence of hybrid populations in transitional environmental 442 

conditions and experiencing early stages of niche divergence from both parents.  443 
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In line with these results, precipitation seasonality and mean temperature of warmest 444 

quarter had a strong negative association with genomic ancestry and contributed to the niche 445 

divergence of Periphery. These two climatic variables influence plant evapotranspiration and 446 

thus affect drought responses (Mishra & Singh 2010). Drought stress during the active growing 447 

season is widely recognized as a limiting factor to plant growth in the western parts of North 448 

America (Williams et al. 2010; Restaino et al. 2016) and our results are indicative of adaptive 449 

divergence along a drought tolerance gradient between the three groups (Gitlin et al 2006; Allen 450 

& Breshears 1998). Further, our study broadly agrees with other reports in P. strobiformis 451 

indicating precipitation and altitude to be some key niche predictors (Aguirre-Gutiérrez et al. 452 

2015; Shirk et al. 2017). Climatic clines of admixture and environmentally-dependent 453 

maintenance of hybrid zones have been noted in other species of woody perennials in the genera 454 

Quercus (Dodd & Afzal-Rafii 2004), Picea (Hamilton et al. 2013; De La Torre et al. 2014b), 455 

Rhododendron (Milne et al. 2003), and Pinus (Cullingham et al. 2014). An important variable 456 

unaccounted for in our study, however, is white pine blister rust infestation (Cronartium ribicola 457 

Fisch J.C), which influences stand dynamics of both species (Looney & Waring 2013) and drives 458 

trade-offs between drought-tolerance and resistance in P. flexilis (Vogan & Schoettle 2015) . 459 

However, given the low and recent incidence of infestation (Looney et al. 2015), it is unlikely 460 

that C. ribicola contributed towards niche divergence of the focal taxa. It is more likely that 461 

under projected scenarios of environmental change, interactions between these selective forces 462 

may occur in the future to influence ongoing speciation dynamics.  463 

Despite fluctuations in suitable range size (Supporting information, Fig. S2) and previous 464 

studies indicating reduction in genetic diversity at range margins using chloroplast markers 465 

(Moreno-Letelier & Piñero 2009), we find no evidence for this in our study. This might be 466 
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explained by the asymmetry in gene flow between Periphery and P. flexilis, as inferred from our 467 

demographic modeling results (Bridle & Vines 2007; Ortego et al. 2014). Moreover, evidence of 468 

directional introgression from P. flexilis (positive α outliers) might also have facilitated 469 

adaptation to transitional environmental conditions. Such novel allelic combinations have often 470 

contributed to the ability of populations to colonize new niches that are intermediate to the 471 

climatic conditions experienced by the parental species (De Carvalho et al. 2010; Hamilton et al. 472 

2013; De La Torre et al. 2014b; Geraldes et al. 2014). Presence of a locally adapted and 473 

historical hybrid zone is supported by the absence of β outliers in our genomic cline results 474 

(Kamdem et al. 2016) and a recent study uncovering high QST  values associated with 475 

physiological traits primarily linked to drought tolerance within the group Periphery (Goodrich et 476 

al. 2016). The geographic cline in h, asymmetry in excess ancestry loci towards P. flexilis, and 477 

elevated estimates of FST–periphery, however, indicate the potential for geographically driven 478 

neutral introgression to generate biased signals of local adaptation within the peripheral 479 

populations (Geraldes et al. 2014). Ongoing investigations using replicate populations in the 480 

hybrid zone across gradients of geographic proximity and climate similarity will be able to 481 

address this issue in further detail (Lotterhos & Whitlock 2015; Riquet et al. 2017). 482 

Speciation with gene flow without islands of divergence 483 

Demographic modeling indicated that divergence of P. strobiformis and P. flexilis is not 484 

recent (~11 Ma) on an absolute time scale and has occurred with continuous gene flow. The 485 

presence of continual gene flow and absence of a period of allopatry, moreover, is also supported 486 

by the L-shaped distribution of FCT-species values (Fig. 5A. Nosil & Feder 2012). Reduction in 487 

overlapping niche suitability from LGM to present, between P. strobiformis and P. flexilis, 488 

agrees with the best-supported demographic model indicating continuous and geographically 489 
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restricted contemporary gene flow (also see Moreno-Letelier & Piñero 2009). Contemporary 490 

reduction in Ne for P. flexilis from our demographic modeling is contrary to the predicted post-491 

LGM expansion of suitable habitat. This is likely due to the limited geographical sampling 492 

within P. flexilis for our genomic analyses, the two modeling approaches estimating population 493 

sizes across very different temporal scales, and a nonlinear relationship between habitat 494 

suitability and realized population sizes. Despite the potential for islands of divergence under a 495 

model of speciation with gene flow (Nosil 2008; Feder et al. 2012; Tine et al. 2014), as well as 496 

niche divergence results consistent with ecological speciation with gene flow between P. 497 

strobiformis and P. flexilis, the best-supported demographic model herein did not provide 498 

evidence for islands of divergence.  499 

The absence of elevated islands of divergence in this study, however, does not 500 

necessarily indicate an absence of adaptive divergence during speciation with gene flow. The 501 

lack of islands of divergence is expected in conifers, given the prevalence of polygenic 502 

architectures defining continuous trait variation across species boundaries and the expected 503 

prevalence of soft sweeps (Pritchard & Rienzo 2010; Alberto et al. 2013; Rajora et al. 2016; 504 

Lind et al. 2017). Alternatively, given the large and complex genomes of conifers (reviewed by 505 

De La Torre et al. 2014a) our ddRADseq markers underrepresented genic regions, which are 506 

often identified as islands of divergence (Nosil & Feder 2012; Zhou et al. 2014; Moreno-Letelier 507 

& Barraclough 2015; Marques et al. 2017). For example, Moreno-Letelier & Barraclough (2015) 508 

demonstrated the potential for islands of divergence at drought-associated genes, which had a 509 

high average FST value of 0.33 (0.09–0.4) compared to the genome-wide estimate from this study 510 

(FST-species = 0.02). Future investigations using candidate gene approaches or exome capture 511 
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might thus be able to identify islands of divergence in conifers, although evidence of adaptation 512 

in complex genomes often also appears within intergenic regions (Li et al. 2012). 513 

Genomic mosaic of introgression 514 

 The spatial context of loci within genomes, as well as the temporal scale of divergence 515 

between lineages, can influence patterns of introgression and are often depicted by a mosaic 516 

landscape of genomic differentiation and ancestry. For instance, Coyne & Orr (1989), Noor & 517 

Bennett (2009), and Christe et al. (2017) have all argued that islands of divergence tend to 518 

accumulate around regions of reduced recombination such as centromeres and inversions. 519 

Extrinsic factors, such as disruptive selection can also restrict gene flow, but under the observed 520 

demographic scenario these alone are unlikely to generate islands of divergence (Yeaman & Otto 521 

2011; Yeaman et al. 2016). However, extrinsic barriers can often result in the evolution of 522 

intrinsic barriers and subsequently become coupled with intrinsic barriers and with several other 523 

loci experiencing similar selection pressures (Agrawal et al. 2011; Flaxman et al. 2014). Thus, 524 

given sufficient time, even under a model of speciation with gene flow, such coupling effects 525 

will ensure the maintenance of species boundaries relative to the action of either factor alone 526 

(Barton & De Cara 2009). Specifically, in our focal species, previous work using candidate 527 

genes for drought stress provides evidence for divergent selection driving speciation, despite low 528 

genome-wide levels of differentiation (Moreno-Letelier & Barraclough 2015). Although a 529 

thorough examination of exome-wide variation remains to be done, the correlation of h with 530 

drought related variables when coupled with the work of Moreno-Letelier & Barraclough (2015) 531 

implies that adaptive responses to drought stress likely contributed to the origin and maintenance 532 

of species boundaries in this system. 533 
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A positive correlation between the steepness of genomic clines (β) and FCT points 534 

towards coincidence of loci involved in disruptive selection and those involved in reproductive 535 

isolation. Such a positive association has been demonstrated across several taxa (cf. Janoušek et 536 

al. 2012; Parchman et al. 2013; Gompert et al. 2014; Ryan et al. 2017) and we suggest it to be 537 

indicative of disruptive selection driving the evolution of intrinsic barriers and its coupling with 538 

extrinsic processes. Under the demographic scenario of ongoing gene flow, signatures of 539 

selection against hybrids (i.e., underdominance) would be reflected by steep genomic clines 540 

(positive β), while selection for hybrids (i.e., overdominance) would be reflected by wide 541 

genomic clines (negative β; Gompert & Buerkle 2011; Janoušek et al. 2012). The observed 542 

absence of positive β outliers and of islands of divergence in our demographic analysis indicates 543 

that despite some evidence of coupling between intrinsic and extrinsic barriers, widespread 544 

intrinsic incompatibilities are absent in this system, at least for the loci examined in this study. 545 

This is consistent with known patterns of forced crosses for these and other white pine species 546 

(Critchfield 1986). The limited evidence of intrinsic incompatibilities noted in our study could be 547 

generalized across conifers with similar divergence history, owing to their life history strategies 548 

such as long generation time and high dispersal capacity, which will restrict the evolution of 549 

post- and pre-zygotic isolating mechanism (Stacy et al. 2017). Absence of negative β outliers and 550 

of recent hybrids indicates widespread recombination within the hybrid zone and an intermediate 551 

stage of divergence between our focal species (Nosil et al. 2009). The intermediate stage of 552 

divergence between our focal species, despite a long period of divergence in absolute time (i.e. 553 

years), is not surprising given the long generation times and large Ne estimates for conifers, 554 

which would have reduced the realized period of divergence when measured in coalescent units. 555 

Overall, the total absence of β outliers indicates a viable hybrid zone maintained largely through 556 
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extrinsic factors (Kamdem et al. 2016), which may be the first stage of coupling between 557 

intrinsic and extrinsic barriers. 558 

Contrary to the absence of β outliers, we identified many α outliers which is reflective of 559 

a hybrid zone experiencing moderate selection pressure and high levels of gene flow from the 560 

parental species (Gompert & Buerkle 2011). Limited variation in β is associated with a diffuse 561 

genomic architecture of isolation (Gompert et al. 2012b), whereas the high genomic 562 

heterogeneity in α, under the estimated demographic scenario, could imply divergent natural 563 

selection operating within the hybrid zone (Gompert & Buerkle 2011). This agrees with the 564 

higher values of multilocus FST within the putative hybrid zone (FST-periphery) and previous 565 

evidence of local adaptation in this region (Goodrich et al. 2016). A similar genomic mosaic of 566 

introgression has been noted across several studies (Lexer et al. 2010; Parchman et al. 2013; 567 

Gompert et al. 2014; Lindtke et al. 2014; de Lafontaine et al. 2015) and is likely a result of 568 

complex interactions between divergence history, selection, and genomic features. 569 

Evidence of higher number of outliers from P. strobiformis and a negative association 570 

between our cline parameters (α and β) could be explained by three processes: (i) intrinsic 571 

incompatibilities resulting from Dobzhansky–Muller effects or more complex epistatic effects 572 

disproportionally favoring allelic combinations from P. strobiformis in the hybrids relative to P. 573 

flexilis parental background, (ii) widespread directional selection on alleles from P. strobiformis 574 

in the hybrid zone leading to the formation of co-adapted gene complexes, and (iii) incomplete 575 

lineage sorting resulting from recent divergence between Core and Periphery. In contrast to 576 

inferences from the Engelmann–white spruce hybrid zone (De La Torre et al. 2014b), the 577 

asymmetry of outlier loci is not due to high rates of gene flow from Core into Periphery, as the 578 

best demographic model excluded gene flow between these groups (see Figure 5B). A higher 579 
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number of outlier loci with introgression favoring P. strobiformis is consistent with the strong 580 

influence of selection favoring alleles with P. strobiformis ancestry in the hybrid zone. Even 581 

without a linkage map, the cline results, along with precipitation seasonality being a strong 582 

shared niche predictor for Core and Periphery, points towards widespread directional 583 

introgression from P. strobiformis into the hybrid zone, which is consistent with local adaptation 584 

driving the evolution of co-adapted gene complexes from P. strobiformis and of emerging 585 

intrinsic incompatibilities (Gompert et al. 2012b). The geographic clines of h, despite the 586 

absence of current gene flow between the Core and Periphery, also points towards an effect of 587 

incomplete lineage sorting. However, higher directional introgression from P. strobiformis even 588 

after accounting for the skewed pattern of genomic ancestry in the hybrid individuals emphasizes 589 

the role of selection over incomplete lineage sorting. Further, directional introgression of alleles 590 

from Core into Periphery might also have led to the asymmetrical niche divergence between 591 

these groups. 592 

Our results are in accordance with studies in other coniferous species demonstrating that 593 

speciation is likely initiated through ecological barriers, and several generations of hybridization 594 

might occur before the evolution of intrinsic barriers to gene flow (Hamilton et al. 2013; Zhou et 595 

al. 2014; Stacy et al. 2017). Integrating the existing genomic dataset with ongoing planting 596 

experiments involving climate treatments and measurements of fitness related traits should also 597 

help resolve the joint influence of extrinsic and intrinsic isolating mechanisms. Specifically, co-598 

incidence between the steepness of genomic, geographic, and trait specific clines would indicate 599 

a dominant role of extrinsic factors in facilitating divergence and speciation (Holliday et al. 600 

2010; De La Torre et al. 2015; Stankowski et al. 2015; Ryan et al. 2017). Alternatively, the 601 

presence of several loci showing steep clines, but lacking climatic or functional associations 602 
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would indicate a dominance of intrinsic barriers (Ryan et al. 2017). Although the genomic cline 603 

analysis used in this study provided key insights into a complexity of species isolation, it lacks 604 

sufficient power to account for complex epistatic effects (Gompert & Buerkle 2011). These have 605 

likely played a key role in ecological speciation and in initiating the evolution of reproductive 606 

isolation (Lindtke et al. 2012; Flaxman et al. 2014). Ultimately, furthering genomic resources 607 

will help test whether absolute measures of divergence are correlated with recombination rate, 608 

and will account for the non-random genomic distribution of climate-associated genes and their 609 

tendency to co-localize in areas of reduced recombination (Wolf & Ellegren 2016). This study, 610 

however, provides concrete evidence of ecological speciation with gene flow, the presence of a 611 

historical hybrid zone maintained by extrinsic factors, and early stages of coupling between 612 

disruptive selection and intrinsic barriers contributing towards diversification. Whether these 613 

patterns hold generally for speciation within conifers, given their life history characteristics as 614 

well as their complex and large genomes, is thus a worthwhile area of future research. 615 
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Table 1. Ecological niche model performance and variable importance at 30 arc-second resolution 921 

Groups AUC RTG RTG importance # Permutation 
importance¢ 

Percent 
contribution¢ 

Regression 
coefficient 
importance * 

Core 0.97 2.51 Bio151, Bio42 Bio4 Altitude Bio4 
Periphery 0.99 3.92 Bio93 Bio104, Bio9, Bio65 Altitude Bio15 
P. flexilis 0.94 1.72 Altitude Altitude Altitude Altitude 
AUC: Area under the curve; RTG: Regularized training gain 922 
#: Variables that caused maximum reduction in the total RTG when omitted from the model and the variable with the most contribution to RTG 923 
*: Sum of absolute values of regression coefficient (λ) across various predictor transformations or feature classes used in MAXENT 924 
¢: Variables with the highest permutation or percentage importance  925 
1Precipitation seasonality, 2Temperature seasonality, 3Mean temperature of the driest quarter, 4Mean temperature of the warmest quarter, 5Minimum temperature 926 
of the coldest month927 

.
C

C
-B

Y
-N

C
-N

D
 4.0 International license

under a
not certified by peer review

) is the author/funder, w
ho has granted bioR

xiv a license to display the preprint in perpetuity. It is m
ade available 

T
he copyright holder for this preprint (w

hich w
as

this version posted S
eptem

ber 7, 2017. 
; 

https://doi.org/10.1101/185728
doi: 

bioR
xiv preprint 

https://doi.org/10.1101/185728
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

Table 2. Estimates of genetic diversity and divergence within and across the three groups, compared to a genome-wide FST-species of 928 

0.02 (95% CI: 0.008–0.03) and FST-strobiformis of 0.009 (95% CI: 0.007–0.014). 929 

Group Multilocus FST 

(95% CI) 

Pairwise FST 

(95% CI) 

Mean He ± s.d. Mean Ho ± s.d. 

Core 0.003 (0.0025–0.0034) periphery: 0.009(0.001–0.023) 
P. flexilis: 0.019 (0.006–0.032) 
 

0.135 ± 0.01 0.111 ± 0.01 

Periphery 0.007(0.0071–0.0073) P. flexilis: 0.015 (0.005–0.024) 
core: 0.009(0.001–0.023) 
 
 

0.133 ± 0.02 0.105 ± 0.03 

P. flexilis 0.003 (0.0025 – 0.0041) core: 0.019 (0.006–0.032) 
periphery: 0.015 (0.005–0.024) 

0.130 ± 0.01 0.111 ± 0.01 
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Table 3. Model composite likelihoods and AIC model selection results for 11 alternative demographic models of P. strobiformis 930 
(core and periphery)–P. flexilis divergence. The best supported model, that with the minimum AIC score (hence, ΔAICi = 0), is 931 
underlined, and the two best models are shown in boldface. 932 
 933 
Model Model description ln Composite likelihood k AIC ΔAICi 
M1 Strict isolation, no gene flow −883.143112 6 1778.29 65.44 
M2 Secondary contact (Periphery–P. flexilis) −886.227416 7 1786.45 73.60 
M3 Ancient gene flow (speciation with gene flow) −888.003307 7 1790.01 77.16 
M4 Ancient gene flow, plus Periphery–P. flexilis gene flow −847.424540 9 1712.85 0.00 

 
M5 Ancient gene flow, plus Core–periphery gene flow −885.428135 9 1788.86 76.01 
M6 Secondary contact (Periphery–P. flexilis) and Core–Periphery gene 

flow 
−883.949484 10 1787.90 75.05 

M7 Ancient gene flow, followed by Periphery–P. flexilis gene flow, and 
Core–Periphery gene flow 

−892.210862 9 1806.42 93.57 

M8 Heterogeneous ancient gene flow −869.824520 14 1757.65 44.80 
M9 Heterogeneous ancient gene flow, plus Core–Periphery gene flow −884.511096 11 1791.02 78.17 
M10 Heterogeneous gene flow during secondary contact (Periphery–P. 

flexilis), and Core-Periphery gene flow 
−902.279445 9 1828.56 115.71 

M11 Heterogeneous ancient gene flow, followed by heterogeneous gene 
flow between Periphery–P. flexilis, and between Core–Periphery  

−922.814525 11 1873.63 160.78 

AIC, Akaike information criterion; k, the number of parameters in the model; ln, natural logarithm. 934 .
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Figure Captions 935 

Fig. 1. Map of sampling localities (black dots) overlaid on polygons showing geographical 936 

ranges of Pinus strobiformis (green) and P. flexilis (blue). The corresponding locality 937 

information is available in Table S1 of the Supporting Information. 938 

Fig. 2. Results of niche divergence tests (Schoener’s D) for all pairwise comparisons among 939 

groups. Histograms indicate the background levels of niche divergence and arrows 940 

indicate the observed value of Schoener’s D for each pair compared. 941 

Fig. 3A) Results of population genetic structure analysis using PCA on 51 633 SNPs. B) Results 942 

of assignment analyses for each tree in FASTSTRUCTURE for K = 2 clusters (right panel) 943 

plotted onto a topographic map of the study area (left panel). Each pie chart represents 944 

the average ancestry of a population from P. strobiformis and P. flexilis. 945 

Fig. 4. The best-supported model from ∂A∂I analysis. This figure shows the optimized parameter 946 

estimates for divergence times (Ti) in units of millions of years ago (Ma), reference 947 

effective population size (theta; or after conversion, Neref), lineage population sizes (Ni), 948 

and rates of gene flow (Mij) for the optimal model determined by AIC model selection 949 

(see results in Table 2). 950 

Fig. 5A) Genomic distribution of FCT B) frequency distribution of hybrid index C) variation in 951 

genomic ancestry as a function of hybrid index D) correlation between genomic cline 952 

parameters, and E) 3D correlation plot of genomic cline parameters and FCT 953 

 954 

 955 

 956 

 957 

 958 
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 959 

 960 

Supporting Information 961 

Table S1. Sampling locations used in this study, their classification into Core and Periphery, and 962 

mean admixture proportions. 963 

Table S2. Raw and converted parameter estimates from the ∂A∂I model that was best-supported 964 

by AIC model selection.  965 

Fig. S1.  Schematics and parameter details for each of the 11 demographic models for the 966 

divergence of core and periphery groups within P. strobiformis and P. flexilis run in our ∂A∂I 967 

analysis. Parameters include divergence times (Ti), population sizes (Ni), homogeneous rates of 968 

gene flow (Mij, gene flow from lineage j to i) and genomically heterogeneous rates of gene flow 969 

(Mijh). 970 

Fig. S2. Ecological niche model projections for Core, Periphery, and P. flexilis, under present 971 

and past climate 972 

Fig. S3. A) Climate PCA with variables used in the ENMs B) Distribution of precipitation 973 

seasonality (Bio15) at presence locations of Core & Periphery. 974 

Appendix S1.A) Filtering of occurrence records and ENM details, B) Bioinformatic pipeline for 975 

processing raw ddRADseq reads, and C) Down-sampling of SNP loci for demographic modeling 976 

using ∂A∂I. D) List of volunteers and technicians involved in sampling and library preparation. 977 
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