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Abstract

Interactions between extrinsic factors, such as disruptive selection and intrinsic fac-
tors, such as genetic incompatibilities among loci, often contribute to the mainte-
nance of species boundaries. The relative roles of these factors in the establishment
of reproductive isolation can be examined using species pairs characterized by gene
flow throughout their divergence history. We investigated the process of speciation
and the maintenance of species boundaries between Pinus strobiformis and Pinus
flexilis. Utilizing ecological niche modelling, demographic modelling and genomic
cline analyses, we illustrated a divergence history with continuous gene flow. Our
results supported an abundance of advanced generation hybrids and a lack of loci
exhibiting steep transition in allele frequency across the hybrid zone. Additionally,
we found evidence for climate-associated variation in the hybrid index and niche
divergence between parental species and the hybrid zone. These results are consis-
tent with extrinsic factors, such as climate, being an important isolating mechanism.
A build-up of intrinsic incompatibilities and of coadapted gene complexes is also
apparent, although these appear to be in the earliest stages of development. This

supports previous work in coniferous species demonstrating the importance of
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1 | INTRODUCTION

Speciation often occurs along a continuum of divergence such that
evolutionary processes leading to species formation initially involve
unrestricted gene flow followed by the evolution of reproductive
isolation between lineages (Kane et al., 2009; Nosil & Feder, 2012;
Roesti, Hendry, Salzburger, & Berner, 2012). Hence, understanding
how and when barriers to gene flow arise and are maintained along
this continuum is a fundamental goal of evolutionary biology (Losos
et al., 2013). Under a model of ecological speciation (Schluter &
Conte, 2009), initiation of divergence among populations occurs
through disruptive selection leading to the formation of ecotypes.
This process results in shifts of allele frequencies correlated with
environmental differences between habitats specific to each eco-
type. The subsequent transition from ecotypes to reproductively iso-
lated species occurs through the build-up of associations among
multiple loci independently experiencing disruptive selection and the
action of selection to maintain these coadapted gene complexes
(Flaxman, Wacholder, Feder, & Nosil, 2014).

Several studies of speciation have used hybrid zones as windows
into the process of divergence between species (reviewed by Petit &
Excoffier, 2009). Studies conducted across the entire geographical
range of hybridizing species have helped reveal not only the demo-
graphic context of speciation, but also the relative importance of
intrinsic and extrinsic processes (Ryan et al., 2017; Schield et al.,
2017). Specifically, the maintenance of species boundaries has been
shown to occur through tension zones (intrinsic incompatibilities
sensu Barton & Hewitt, 1985; Via, Bouck, & Skillman, 2000; Barton,
2001; Rundle, 2002) and bounded hybrid superiority (extrinsic
incompatibilities sensu Moore, 1977; Milne, Terzioglu, & Abbott,
2003; Hamilton, Lexer, & Aitken, 2013). The former facilitates diver-
gence through a build-up of genetic incompatibilities among loci
causing environmentally independent reduction in hybrid fitness,
whereas the latter involves increased hybrid fitness only in an inter-
mediate environment to which the divergent parental allelic combi-
nations confer a putative advantage. These two processes can be
coupled, such that genomic regions involved in intrinsic incompatibil-
ity coincide with loci exhibiting ecological gradients in allele fre-
quency (Bierne, Welch, Loire, Bonhomme, & David, 2011; Cushman
& Landguth, 2016), ensuring the maintenance of species barriers
despite the homogenizing effect of gene flow (Kulmuni & Westram,

2017). Thus, the interaction between intrinsic and extrinsic barriers

extrinsic factors in facilitating speciation. Overall, our findings lend support to the
hypothesis that varying strength and direction of selection pressures across the long
lifespans of conifers, in combination with their other life history traits, delays the

evolution of strong intrinsic incompatibilities.

conifers, ecological speciation, extrinsic barriers, hybrid zone, introgression, population

to gene flow generates a genomic mosaic of introgression and differ-
entiation that depends in part upon the demographic context and
life history traits of the diverging lineages.

The recent influx of genomic data from nonmodel species has
facilitated studies of ecological speciation across varying spatial and
temporal scales (Andrew & Rieseberg, 2013; de Lafontaine, Prunier,
Gérardi, & Bousquet, 2015; Lackey & Boughman, 2016; Lexer et al.,
2010; Marques et al.,, 2017). The genomic mosaic of introgression
noted in these studies has lent support to the genic view of specia-
tion (Wu, 2001). These genomic mosaics can be the result of sec-
ondary contact, areas of suppressed recombination, recent
divergence without gene flow, allele surfing, sieving of ancestral bal-
anced polymorphisms and selective sweeps specific to each lineage
unrelated to the development of reproductive isolation (Cruickshank
& Hahn, 2014; Guerrero & Hahn, 2017; Noor & Bennett, 2009).
Disentangling these explanations is often complicated because repro-
ductive isolation can progress and be associated with several of
these processes, such as with ecological niche partitioning (Agrawal,
Feder, & Nosil, 2011).

Species of conifers are known to have ecologically differentiated
niches despite the absence of strong morphological differences (e.g.,
Rehfeldt, 1999). Strong pre- and postzygotic isolating barriers con-
tributing towards morphological disjunctions are often absent in con-
ifers (Buschiazzo, Ritland, Bohlmann, & Ritland, 2012; Critchfield,
1986; Pavy et al., 2012) due to common life history characteristics
such as longevity, high dispersal abilities and long generation times
(Petit & Hampe, 2006). These contribute towards large effective
population sizes and moderate to high levels of genetic diversity,
facilitating establishment across an array of ecological conditions.
Ecological niche partitioning is thus likely to play a dominant role in
facilitating speciation across conifers (e.g., Hamilton et al., 2013).

In this study, we use an integrative approach to investigate pro-
cesses leading to the divergence of two North American pine spe-
cies—Pinus strobiformis Engelm. (southwestern white pine) and Pinus
flexilis E. James. (limber pine). Our focal species inhabit a wide latitu-
dinal range in the western part of North America, but display limited
differences in morphological and reproductive traits (Benkman,
Balda, & Smith, 1984; Bisbee, 2014; Tomback, Samano, Pruett, &
Schoettle, 2011). Within a putative area of sympatry, located in the
southern Rocky Mountains and Colorado Plateau, morphological evi-
dence points towards the occurrence of hybridization (Steinhoff &

Andresen, 1971). To examine the processes influencing species
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boundaries between these two conifers, we asked three questions:
(i) Does the hybrid zone between P. strobiformis and P. flexilis occupy
a niche ecologically divergent from either parent species? (ii) Did the
divergence of P. strobiformis and P. flexilis occur with continual gene
flow? (iii) Does a genome-wide mosaic of differentiation characterize
divergence between P. strobiformis and P. flexilis and is this pattern
attributed to extrinsic, intrinsic or an interaction of both factors?
Our results are consistent with ecological divergence occurring with
continual gene flow between the focal species, with several lines of
evidence supporting a strong influence of extrinsic factors in rein-

forcing species boundaries.

2 | MATERIALS AND METHODS

2.1 | Focal taxa and field sampling

Pinus strobiformis and P. flexilis are closely related species of white
pines that occur in the mountainous areas of western North Amer-
ica. The native range of P. strobiformis includes Mexico and the
southwestern United States, and its distribution exhibits disjunctions
across dry and wet boreal mixed forest ecosystems (Looney & War-
ing, 2013; Figure 1). Pinus flexilis inhabits areas across northern Ari-
zona and northern New Mexico to Alberta, Canada, with a region of
putative sympatry with P. strobiformis in the southern Rocky Moun-
tains and Colorado Plateau (Figure 1). Across this zone of putative
sympatry, cone morphology and dispersal syndromes fall along a
continuum of divergence, blending into the characteristics of popula-
tions in the allopatric zones of either species (Bisbee, 2014).

We sampled 42 P. strobiformis populations encompassing a total
of 376 trees (5-13 trees/population) from its entire geographical
range. We avoided sampling the southeastern populations of
P. strobiformis, as this region has been identified as putative hybrid
zone with P. ayacahuite and trees here have been classified as
P. strobiformis subspecies veitchii (Frankis, 2009). Populations within
P. strobiformis were classified into “Core” (latitudinal range: 19-
30.5°N) and “Periphery” (latitudinal range: 31-33°N), such that
Periphery represents the putative hybrid zone between P. strobi-
formis and P. flexilis. For P. flexilis, a total of 13 populations were
sampled, with eight populations sampled from the southern range
margin and five sampled closer to the range centre (Figure 1). Across
these thirteen populations, we sampled a total of 69 trees (4-10
trees/population). To help minimize relatedness, trees within the
same site were sampled with a minimum spacing of 50 m (P. strobi-
formis) and 200 m (P. flexilis) from each other.

2.2 | Data generation

221 | Occurrence data

We assembled a comprehensive data set of occurrences for ecologi-
cal niche modelling (ENM) by supplementing our field site data with
occurrence records downloaded from the Global Biodiversity Infor-

mation Facility (GBIF), using functions from the bismo package
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FIGURE 1 Map of sampling localities (black dots) overlaid on
polygons showing geographical ranges for Pinus strobiformis (green)
and Pinus flexilis (blue). Peripheral populations (squares) represent the
putative hybrid zone. The corresponding locality information is
available in Table S2

(Hijmans, Phillips, & Elith, 2017) available in the r environment (R
Core Team 2017). Using a series of filtering steps to account for
observation and sampling biases (Appendix S1A), we obtained a final
data set of 254 occurrence records for P. strobiformis and 420 for
P. flexilis. Incorporating intraspecific genetic variation into ENMs can
improve model fit and provide more accurate predictions when pro-
jecting across time and space (lkeda et al., 2017; Knowles, Carstens,
& Keat, 2007). Thus, we divided presence locations within P. strobi-
formis into the same Core and Periphery groups mentioned above in
the “Focal taxa and field sampling” section. These groups likely rep-
resent different genetic clusters given the geographically restricted
phenotypic evidence of hybridization between P. flexilis and P. strobi-
formis (Steinhoff & Andresen, 1971; Bisbee, 2014). We defined three
groups that were the focus of our enquiries: (i) populations of P. flex-
ilis, (i) populations of P. strobiformis from the northern range periph-
ery (Periphery hereafter) and (iii) populations of P. strobiformis from
the range core (Core hereafter). Nineteen bioclimatic variables and
altitude were used as predictors in the ENMs for all three groups.
Present-day geospatial data layers at 30 arc-second resolutions and
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at 2.5 arc-minute resolutions for the Last Glacial Maximum (LGM)
were downloaded from WortbCum v.1.4 (Hijmans, Cameron, Parra,
Jones, & Jarvis, 2005). For each of the twenty layers, data were
extracted using the rasTer package (Hijmans et al., 2016) available in

R.

2.2.2 | DNA sequence data

We extracted total genomic DNA from 445 individuals sampled
across 55 populations of both species using DNeasy Plant Kits (Qia-
gen). Five ddRADseq libraries (Peterson, Weber, Kay, Fisher, &
Hoekstra, 2012), each containing up to 96 multiplexed samples, were
prepared using the procedure detailed in Parchman et al. (2012). All
libraries were digested using the EcoR1 and Msel restriction
enzymes followed by ligation of adaptors and barcodes. After PCR,
we selected DNA fragments in the 300-400 bp size range using
agarose gel electrophoresis and we isolated the pooled DNA using a
QlAquick Gel Extraction Kit (Qiagen). Single-end sequencing, with
one multiplexed library per lane, was used to obtain 105 bp reads,
with all sequencing conducted on an lllumina HiSeq 2500 at the
Nucleic Acids Research Facility located at Virginia Commonwealth
University. The resulting Fastq files were processed using the pDo-
ceNT bioinformatics pipeline (Appendix S1B; Puritz, Hollenbeck, &
Gold, 2014). The entire process yielded a total of 51,633 single
nucleotide polymorphisms (SNPs), which were used as the starting
data set for all subsequent analyses.

2.3 | Data analysis

2.3.1 | Ecological niche modelling and niche
divergence

We developed ENMs for each of the following groups: Core, Periph-
ery and P. flexilis, using algorithms available in the maximum entropy
software program, MaxENT (Phillips, Anderson, & Schapire, 2006). As
MaxENT was specifically developed for presence-only data, we drew
a one-degree rectangular buffer around the known distribution of
both species and obtained 100,000 background points at random
without duplicates. Data processing, model fitting and model evalua-
tion using 5,000 iterations within MaxENT were conducted using the
DISMO, RASTER, RGDAL (Bivand, Keitt, Rowlingson, & Pebesma, 2017)
and spTHIN (Aiello-Lammens, Boria, Radosavljevic, Vilela, & Anderson,
2015) packages available in R. ENMs were constructed from climate
variables with an absolute correlation coefficient (r) < .85 (Table S1).
Two indices were used to assess model performance for each group:
overall regularized training gain (RTG) and area under the curve
(AUC). As LGM data were not available at 30 arc-seconds resolution,
we built two ENMs for each group (2.5 arc-minutes and 30 arc-sec-
onds), but only used the 2.5 arc-minutes models for hindcasting to
infer historical patterns of sympatry between species that could
facilitate gene flow. We followed an average projection ensemble
approach across three LGM scenarios (CCSM4, MIROC and MPI) to
obtain a hindcasted suitability map. Changes in habitat suitability

(stability) were assessed by adding MaxENT-predicted suitability maps
across the LGM and present (as in Ortego, Noguerales, Gugger, &
Sork, 2015). For these maps, values closer to 2 in a gridded cell are
associated with the stability of highly suitable habitat for a given
group across time points. In contrast, values closer to O are associ-
ated with the stability of highly unsuitable habitat for a given group
across time points. Suitability scores across the full geographical
extent for present conditions at 30 arc-seconds were obtained for
all three groups delineated in our study. To investigate patterns of
niche evolution, we conducted pairwise comparisons of these suit-
ability scores. We accounted for potential biases towards niche
divergence introduced by latitudinally associated environmental vari-
ation in the present range of each pair, by performing asymmetric
background randomization test, based on Schoener's D, in the r
package ENMToots (Warren, Glor, & Turelli, 2008). The two resulting
null distributions obtained through this test correspond to the back-
ground level of niche divergence for each pair. An observed value of
Schoener’'s D much smaller than expected after accounting for back-
ground differences could indicate niche divergence, whereas a value
much larger than expected indicates niche conservatism (Warren
et al.,, 2008).

2.3.2 | Population structure and demographic
modelling

We assessed the pattern and extent of genetic divergence between
P. strobiformis and P. flexilis using multiple methods. First, we
grouped the 42 P. strobiformis populations into the same Core and
Periphery groups described above (see Data Generation & Figure 1).
We conducted principal components analysis (PCA) to visualize
grouping of sampled trees into the three groups delineated in our
methods (McVean, 2009; Patterson, Price, & Reich, 2006). To com-
plement the PCA, we also conducted an individual-based assignment
test using FAsTSTRUCTURE (Raj, Stephens, & Pritchard, 2014). We
set the number of clusters (K) to 2, representing the two parental
species investigated here, as we were interested in admixture
between two defined species and not the potential number of
genetic groups. Lastly, we utilized hierarchical fixation indices (F-sta-
tistics) to assess the extent of differentiation between species by
nesting trees into populations and populations into species. There
are two levels within the hierarchy, with Fcr describing differentia-
tion among groups at the highest level of the hierarchy and Fst
describing differentiation among groups across all levels of the hier-
archy (Yang, 1998). A similar nested model with the highest level of
hierarchy being groups within P. strobiformis (Core and Periphery)
was used to assess intraspecific differentiation. For the former, F-
statistics are denoted using the term “species” in the subscript,
whereas the latter uses the term “groups” in the subscript. We used
a similar hierarchical model with variance partitioning to estimate
group specific and pairwise F-statistics for the three groups delin-
eated in this study. We denote pairwise values of Fst using one-let-
ter abbreviations for the groups being compared (e.g., Fst.cp
indicates Fst between Core and Periphery) and group-specific values
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of Fst with the name of the group in subscript. We constructed 95%
confidence intervals of multilocus F-statistics using bootstrap resam-
pling (n = 100 replicates) in the HierrsTAT package (Goudet, 2005)
available in R. Along with estimation of F-statistics, we also assessed
overall levels of genetic diversity using multilocus estimates (i.e.,
means across SNPs) of observed and expected heterozygosities (H,
and He, respectively) per population.

Presence of individuals with mixed ancestry, as identified using
FASTSTRUCTURE, can be a result of secondary contact, incomplete
lineage sorting or the presence of gene flow throughout the diver-
gence history. Disentangling these explanations is important, because
it directly influences our understanding of the relative importance of
intrinsic and extrinsic factors in facilitating speciation. For instance,
when speciation is recent or has occurred with gene flow, we expect
to see islands of divergence around regions experiencing strong
intrinsic or extrinsic selection (Feder, Egan, & Nosil, 2012; Wu,
2001). However, if hybrids are formed in areas with novel habitats,
introgression might be selectively advantageous causing the absence
of such islands. To infer the timing and influence of various demo-
graphic processes shaping the divergence history of our focal groups,
we conducted demographic modelling using Diffusion Approximation
for Demographic Inference (OA0I v.1.7; Gutenkunst, Hernandez, Wil-
liamson, & Bustamante, 2009). We down-sampled the total SNP data
set for computational simplicity based on population genetic sum-
mary statistics and then randomly sampled one SNP per assembled
contig to obtain a final data set of 6,330 SNPs (Appendix S1C).

We compared a model of pure divergence with no gene flow
(M4) against a set of 10 alternative demographic models (M,-M5)
representing different speciation scenarios including varying timing
and directionality of ancient or contemporary gene flow (Figure S1).
Complexity was added to the models with gene flow by incorporat-
ing heterogeneity in the gene flow parameter across loci (Tine et al.,
2014; models Mg-M44, Figure S1), which served as a test for islands
of divergence. We ran 10 replicate runs of each model in 0AdI, using
a 200 x 220 x 240 grid space and the nonlinear Broyden—Fletcher—
Goldfarb-Shannon (BFGS) optimization routine. Following Carstens
et al. (2013), we conducted model selection in an information-theo-
retic framework using Akaike information criterion (AIC; Akaike
1974) and AAIC (AIChodel i — AlCpest model) Scores (Burnham &
Anderson, 2002), calculated using results from the best replicate run
(highest composite likelihood) for each model. We performed Fisher
Information Matrix (FIM)-based uncertainty analysis on the best-sup-
ported model to obtain upper and lower 95% confidence intervals
(Cls) for all parameters (Appendix S1D). Unscaled parameter esti-
mates and their 95% Cls, were obtained using a per-lineage substitu-
tion rate of 7.28 x 100 substitutions/site/year rate estimated for
Pinaceae by De La Torre, Li, Van de Peer, and Ingvarsson (2017) and
a generation time of 50 years.

2.3.3 | Genomics of interspecific introgression

Analyses of clines across hybrid zones are widely used to identify
loci exhibiting exceptional patterns of introgression relative to the
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average genomic background (Fitzpatrick, 2013; Gompert & Buerkle,
2011; Gompert, Parchman, & Buerkle, 2012; Stankowski, Sobel, &

Streisfeld, 2015). We classified our sampled trees into categories

corresponding to admixed (na = 111) and parental species (P. strobi-
formis = 277, P. flexilis = 54) based on the Q-values from Fas-
TSTRUCTURE. Trees with Q-values of 0.9 or higher were classified
as pure P. strobiformis, those with a Q of 0.10 or lower were classi-
fied as pure P. flexilis and those with intermediate Q-values were
classified as admixed (e.g., Ortego, Gugger, Riordan, & Sork, 2014).
As most loci exhibited little to no differentiation between parental
species, we retained only loci with a minor allele frequency (MAF)
difference of at least 10% between parental species (n = 4,857
SNPs). This allowed us to avoid false correlations between cline
parameters and fixation indices (Parchman et al., 2013). We used
this subset of 4,857 SNPs to perform a Bayesian genomic cline anal-
ysis in Bec v1.0 (Gompert & Buerkle, 2011, 2012). Using Markov
chain Monte Carlo (MCMC) sampling, Bcc estimates the posterior
distribution of ancestry for each locus as a function of the genome-
wide admixture coefficient. The Bcc model includes two genomic
cline parameters, o (genomic cline centre) and B (genomic cline rate,
i.e., slope), determining the probability of P. flexilis ancestry and the
rate of transition from P. flexilis to P. strobiformis given a level of
genomic admixture described by the hybrid index, h, respectively
(Gompert & Buerkle, 2012; Gompert, Parchman et al., 2012). A tree
with h = 0 was classified as having solely P. strobiformis ancestry,
whereas a tree with h = 1 was classified as having solely P. flexilis
ancestry. We ran Bac for five replicate runs, each 45,000 steps in
length, and, after discarding the first 25,000 steps as burn-in, we
thinned the posterior distribution every 20 steps, thus yielding 1,000
samples which were used for inference of model parameters. We
used Tracer v1.6 (Rambaut, Suchard, Xie, & Drummond, 2013) to
test for convergence among replicated runs, as well as appropriate
mixing along MCMC chains. We identified excess ancestry loci (rela-
tive to the genome-wide average) as those with posterior o or B
credible intervals (Crl; 95% equal-tail intervals) not containing zero.
We identified outlier loci as those with posterior mean point esti-
mates of o (&) or B (fi) significantly different from the rest of the
genome, as judged by comparison to posterior quantiles of random-
effect priors for o and B (Gompert, Parchman et al., 2012). Besides
categorizing loci as excess ancestry or outlier, we also tested for cor-
relations among locus-specific Fcr-speciess @ and B, with and without
absolute values for o and B. The sign of the cline parameters (specifi-
cally B) has direct implications for inferring the processes maintaining
species boundaries and hence was incorporated in correlation tests.
Specifically, extremely positive values of B reflect strong selection
against hybrids or population structure in the hybrid zone (Gompert,
Lucas et al., 2012), while extremely negative values of B indicate a
wide cline representing easy dispersal across species boundaries
(Janousek et al., 2012).

Although the hybrid index (h) obtained from Bcc provides infor-
mation about the age and stability of a hybrid zone, such inferences
are limited to only one generation of admixture (Fitzpatrick, 2012).
We estimated h and interspecific heterozygosity using INTROGRESS
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(Gompert & Buerkle, 2010), to extend our interpretations to a histor-
ical hybrid zone and categorize individuals into recent (F1s),
advanced generation (FNs) and backcrossed hybrids (BCs). This was
carried out using a modified classification from Hamilton et al.
(2013). Both Bcc and INTROGRESS vyielded very similar estimates of
h (Pearson’s r = .70, p < .001); thus, we used estimates from INTRO-
GRESS due to the availability of interspecific heterozygosity esti-
mates from this software. To test for the influence of extrinsic
factors in the maintenance of species boundaries, we performed lin-
ear regression analyses with backward variable selection using h
against climate and geography as predictor variables. This was car-
ried out using the reduced set of climate variables from the final
ENMs (see Table S1).

3 | RESULTS

3.1 | Ecological niche modelling and niche
divergence

Ecological niche models for each of the three groups used in this
study (Figure 1) had high predictive ability, as indicated by AUC and
RTG values (Table 1). For Core and Periphery, several covariates
were important, with precipitation seasonality (Bio15) shared
between Core and Periphery. For P. flexilis, altitude was consistently
the most important variable across different measures of variable
importance (Table 1). Hindcasting the 2.5 arc-minute model onto
LGM data layers supported a recent, post-LGM niche fragmentation
and northward expansion in Periphery (Figure S2). A similar post-
LGM northward expansion of suitable niche space was observed for
P. flexilis. Furthermore, there was extensive range overlap between
the two species during the LGM, which was greater than what is
currently observed (Figure S2). Values of niche similarity based on
Schoener’s D ranged from 0.05 (P. flexilis — Core) to 0.17 (Periph-
ery — Core). Background randomization tests revealed statistically
significant niche divergence for two of the three comparisons (Fig-
ure 2). For the third comparison, however, niche divergence was
asymmetrical between Core and Periphery, with the niche of Periph-
ery being conserved relative to the background of Core (Figure 2a).
A similar pattern was noted using only the presence points, where
each group formed a distinct cluster within the multivariate climate
space defined by the top two principal components (PCs) derived
from PCA on the climate variables used for construction of the
ENMs (Figure S3A).

3.2 | Population structure and divergence history

The PCA using 51,633 SNPs was consistent with trees sampled from
Core being differentiated from those of P. flexilis, which was most
marked along PC1 (Figure 3a). This PC explained 0.90% of the total
genetic variance, which was in line with the overall level of differen-
tiation estimated using hierarchical F-statistics (Fst-species = 0.021,
95% Cl: 0.008-0.031). Trees sampled from Periphery were located
between those sampled from Core and P. flexilis (Figure 3a), in line

with Periphery containing hybrids. There was also a latitudinal gradi-
ent in the mean population Q-values, as estimated using FAsTSTRUC-
TURE, with Core populations exhibiting little to no ancestry from
P. flexilis and Periphery being a mixture of P. flexilis and Core (Fig-
ure 3b). At the individual tree level, we observed a strong negative
correlation (Pearson’s r = —.69, p < .001) between Q-values of puta-
tive hybrids and latitude, which is consistent with a geographical gra-
dient of genomic introgression, such that trees geographically
proximal to either parental species contain more ancestry from that
parental species. The multilocus estimate of differentiation between
species (Fcr-species) Was 0.01 (95% Cl: 0.005-0.018, Figure 4a), while
that between groups within P. strobiformis (Fcr-groups) Was 0.003
(95% Cl: 0.0007-0.006). Group-specific multilocus Fst, pairwise Fst
and heterozygosities differed little among the three groups, with the
Core — P. flexilis comparison having the highest pairwise Fst.
cr = 0.019 (Table 2). Although populations of Periphery exhibited
slightly higher heterozygosities and Fst values (Fst-periphery), this pat-
tern was mainly driven by few populations, as indicated by the wider
confidence interval around these estimates (Table 2).

The best-supported demographic model was My, which is a
model of symmetric ancient gene flow between the ancestral
P. strobiformis and P. flexilis lineages, followed by contemporary gene
flow between Periphery and P. flexilis (Table 3; Figure 4). This model
was supported by a large AIC margin of 44.8 information units
(AAIC; > 44.8). Converted parameter estimates indicated that the
species diverged 18.04 million years ago (Ma) in the Miocene (95%
Cl: 26.29-9.79 Ma), but that the two groups within P. strobiformis
diverged 3.63 Ma during the Pliocene (95% Cl: 4.44-2.83 Ma) (Fig-
ure 5; Table S3). Overall rates of gene flow between species were
substantial for both historical and contemporary periods; however,
contemporary gene flow between species was geographically
restricted to Periphery and P. flexilis (Table S3). In addition, P. flexilis
and Periphery experienced asymmetrical gene flow for which point
estimates were larger in the direction of Periphery to P. flexilis
(Mgp = 11.53 migrants/generation with a 95% Cl: 0-57.94 vs.
Mpge = 8.80 with a 95% Cl: 0-12.84). Periphery had the largest popu-
lation size estimate, while P. flexilis was inferred to have experienced

an approximately 60% reduction in population size through time.

3.3 | Genomics of interspecific introgression

Hybrid index (h) values ranged from near zero to 0.80, with values
around 0.20 being the most common, thus suggesting overrepresen-
tation of P. strobiformis ancestry (Figure 4b). Estimates of interspeci-
fic heterozygosity had a narrow range from 0.45 to 0.64, indicating
weak reproductive barriers (Hamilton et al., 2013) and a long history
of recombination within the hybrid zone (Gompert et al., 2014).
Classification of trees into genotypic classes based on h and inter-
specific heterozygosity revealed a dominance of advanced genera-
tion hybrids (54%), with some trees being backcrossed into
P. strobiformis (22%). No recent hybrids (F1s) were apparent. Step-
wise linear regression analysis revealed a significant effect of geogra-
phy and climate on h across the putative hybrid zone. Latitude
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TABLE 1 Ecological niche model
performance and variable importance at
30 arc-second resolution

AUC
0.97

Groups

Core

Periphery 0.99
Pinus 0.94
flexilis

RTG
251

3.92

1.72

RTG impor-  Permutation Per cent Regression coeffi-
tance® importance® contribution®  cient importance®
Bio159, Bio4 Altitude Bio4
Bio4*®
Bio9f Bio10, Bio9, Altitude Bio15
Bio6"
Altitude Altitude Altitude Altitude

AUC, area under the curve; RTG, regularized training gain.

*Variables that caused maximum reduction in the total RTG when omitted from the model and the
variable with the most contribution to RTG.

bVariables with the highest permutation or percentage importance.

“Sum of absolute values of regression coefficient (1) across various predictor transformations or fea-
ture classes used in MAxENT.
dprecipitation seasonality.
*Temperature seasonality.
fMean temperature of the driest quarter.
&Mean temperature of the warmest quarter.
PMinimum temperature of the coldest month.
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Schoener's D

(Pearson’s r = .41, p <.001), precipitation seasonality (Pearson’s

= —.32, p <.01) and mean temperature of the warmest quarter
(Pearson’s r = —.18, p < .01) had a strong influence on h, in line with
the latter two being important predictor variables for Periphery in
our ENM.

Substantial variation was found in estimates of genomic cline
parameters (Figure 4c,d), especially for o, with its range (—0.99 to
1.72) being 18.5-fold as wide as that of B (—0.068 to 0.078). Similar
to the patterns observed in the distribution of h, an asymmetry

towards P. strobiformis ancestry was noted in the genomic cline

estimates. From the posterior distribution of o, we found 3,193 out-
lier loci, of which 570 (17.9%) had elevated probabilities of P. flexilis
ancestry (positive &), and 2,623 (82.1%) had elevated probabilities of
P. strobiformis ancestry (negative &). We identified fewer loci with
excess ancestry, but in contrast to the pattern for outlier loci, those
with excess ancestry favoured P. flexilis over P. strobiformis ancestry.
Among the 287 loci with excess ancestry, 204 (71.1%) had
excess P. flexilis ancestry (i.e., lower 95% Crl of > 0) and 83
(28.9%) Crl
of o < 0). The multilocus Fcrspecies €Stimate for loci with excess

had excess P. strobiformis ancestry (i.e., upper 95%
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ancestry was 0.12 (95% Crl: 0.09-0.13), while for outlier loci, it was
0.058 (95% Crl: 0.05-0.09). We did not identify any loci that were B
outliers or had excess ancestry indicated by B. Hierarchical Ferospecies
was negatively correlated with raw values of o (Pearson’s r = —.036,
p =.01), positively with raw values of B (Pearson’s r=.048,
p < .001) and positively with absolute values of both o (Pearson’s
r=.14, p <.001) and B (Pearson’s r = .26, p < .001) (Figure 4e).

4 | DISCUSSION

We identified strong evidence supporting ecological divergence with
gene flow between P. strobiformis and P. flexilis. Our findings are
generally consistent with previous reports on the species examined
here; however, in contrast to the recent divergence time estimated
by Moreno-Letelier, Ortiz-Medrano, and Pinero (2013), our demo-
graphic modelling is consistent with deeper divergence, as well as
ongoing speciation with gene flow, that is driven and maintained pri-
marily by extrinsic factors. The latter was made possible by explicitly
accounting for hybridization as a confounding and contributing fac-
tor to local adaptation and speciation.

4.1 | Niche evolution and ecological divergence

Our results indicate that climatic factors have played a major role in
driving niche divergence between P. strobiformis and P. flexilis. Popu-
lations within Periphery coincide with the known phenotypic hybrid

zone between P. strobiformis and P. flexilis (Steinhoff & Andresen,
1971; Bisbee, 2014) and formed a distinct group characterized by
niche divergence from P. flexilis and asymmetrical niche divergence
from Core. The asymmetrical pattern of niche divergence between
Core and Periphery is likely the result of recent divergence. Under
this scenario, we expect niche differentiation to occur primarily along
a few environmental variables that strongly influence fitness in the
transitional environmental conditions, with little to no differentiation
among groups along other environmental axes (Figure S3C). In sup-
port of this expectation, precipitation seasonality was an important
niche predictor for both Core and Periphery, but they were differen-
tiated along this environmental axis (Figure S3B). While several other
bioclimatic variables exhibited as large a difference as precipitation
seasonality, they did not significantly contribute towards the niche
of both Core and Periphery (Table 1; Figure S3C). These patterns
reiterate the presence of hybrid populations in transitional environ-
mental conditions, experiencing early stages of niche divergence.

In line with these results, precipitation seasonality and mean
temperature of the warmest quarter had a strong negative associa-
tion with genomic ancestry and contributed to the niche divergence
of Periphery. These two climatic variables influence plant evapotran-
spiration and affect drought responses (Mishra & Singh, 2010).
Drought stress during the active growing season is widely recog-
nized as a limiting factor to plant growth in the western parts of
North America (Restaino, Peterson, & Littell, 2016; Williams et al.,
2010), and our results are indicative of adaptive divergence along a
drought gradient between the three groups (Allen & Breshears,
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TABLE 2 Estimates of genetic diversity and divergence within and across the three groups, compared to a genome-wide Fst.species Of 0.02

(95% Cl: 0.008-0.03) and Fsr-strobiformis Of 0.009 (95% Cl: 0.007-0.014)

Group Multilocus Fst (95% Cl) Pairwise Fst (95% Cl) Mean H, + SD Mean H, + SD

Core 0.003 (0.0025-0.0034) Periphery: 0.009 (0.001-0.023) 0.135 + 0.01 0.111 + 0.01
Pinus flexilis: 0.019 (0.006-0.032)

Periphery 0.007 (0.0071-0.0073) P. flexilis: 0.015 (0.005-0.024) 0.133 + 0.02 0.105 + 0.03
Core: 0.009 (0.001-0.023)

P. flexilis 0.003 (0.0025-0.0041) Core: 0.019 (0.006-0.032) 0.130 + 0.01 0.111 + 0.01

Periphery: 0.015 (0.005-0.024)

1998; Gitlin et al., 2006). Further, our study broadly agrees with
other reports in P. strobiformis that indicate precipitation and altitude
as important niche predictors (Aguirre-Gutiérrez, Serna-Chavez, Vil-
lalobos-Arambula, Pérez de la Rosa, & Raes, 2015; Shirk et al.,
2017). Soil and vegetation variables used in previous ENMs, how-
ever, were not included in our analyses due to a lack of comparable
data for P. flexilis and its unclear relationship with divergence his-
tory.

Despite fluctuations in suitable range size (Figure S2) and previ-
ous studies indicating reduction in genetic diversity at range margins
using chloroplast markers (Moreno-Letelier & Pinero, 2009), we find
no evidence for this in our study. This could be explained by the
asymmetry in gene flow between Periphery and P. flexilis, as inferred

from the demographic modelling results (Bridle & Vines, 2007,
Ortego et al, 2014). Evidence of directional introgression from
P. flexilis (positive o outliers), moreover, might also have facilitated
adaptation to transitional environmental conditions. Suchrnovelralle:
lic combinations have often contributed to the ability of populations
to colonize new niches that are intermediate but beyond the climatic
conditions experienced by the parental species (De Carvalho et al.,
2010; De La Torre, Wang, Jaquish, & Aitken, 2014; Geraldes et al.,
2014; Hamiltonretral:;»2013): Presence of a locally adapted and his-
torical hybrid zone is supported by the absence of B outliers in our
genomic cline results (Fouet, Kamdem, Gamez, & White, 2017), as
well as by a recent study identifying high Qst values associated with
physiological traits primarily linked to drought tolerance within
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TABLE 3 Model composite likelihoods and AIC model selection
results for 11 alternative demographic models of Pinus strobiformis
(Core and Periphery)-Pinus flexilis divergence. Results for the best-
supported model are underlined, and the two best models are
shown in boldface

In Composite
likelihood k AIC AAIC;

—883.143112 6 1,778.29 6544

Model Model description

M, Strict isolation, no
gene flow

M, Secondary contact —886.227416 7 1,786.45  73.60
(Periphery—

P. flexilis)

M3 Ancient gene flow —888.003307 7 1,790.01 77.16
(speciation with

gene flow)

M, Ancient gene flow, —847.424540 9 1,712.85 0.00
plus Periphery—
P. flexilis gene

flow

Ms Ancient gene flow, —885.428135 9 1,788.86 76.01
plus Core—
Periphery gene

flow

Mg Secondary contact —883.949484 10 1,787.90 75.05
(Periphery—

P. flexilis) and Core

—Periphery gene

flow

M- Ancient gene flow, —892.210862 9 1,806.42 93.57
followed by

Periphery—

P. flexilis gene flow

and Core—

Periphery gene

flow

Mg Heterogeneous —869.824520 14 1,757.65 44.80

ancient gene flow

Mo Heterogeneous —884.511096 11 1,791.02 78.17
ancient gene flow,

plus Core—

Periphery gene

flow

Mo Heterogeneous —902.279445 9 1,828.56 11571
gene flow during

secondary contact

(Periphery—

P. flexilis), and

Core-Periphery

gene flow

[\ Heterogeneous —922.814525 11 1,873.63 160.78
ancient gene flow,

followed by

heterogeneous

gene flow

between Periphery

— P. flexilis and

between Core-

Periphery

AIC, Akaike information criterion; k, the number of parameters in the
model; In, natural logarithm.

M4 0=N_ = Gene flow rates:
ety M, =252
M,=1153
2 M, =4.26
= T =18.04 --------- .
v
E M, N,.=3002,869
= A
T,=3.63 --nénmnmnnv Y N
M
Y NC Np <T NF
=3991,536  =21,860,865 "~ =1,214,643
Core  Periphery
: I
P. strobiformis P. flexilis

FIGURE 5 The best-supported model from 9AdI analysis. This
figure shows the parameter estimates for divergence times (T;) in
units of millions of years ago (Ma), reference effective population
size (0; or after conversion, N, lineage population sizes (N;) and
rates of gene flow (M;) for the optimal model determined by Akaike
information criterion (AIC) model selection (see Table 3)

Periphery (Goodrich, Waring, & Kolb, 2016). The geographic cline in
h, asymmetry in excess ancestry loci towards P. flexilis and elevated
estimates of Fst_periphery, hOwever, indicate the potential for geo-
graphically driven neutral introgression to generate biased signals of
local adaptation within the peripheral populations (Geraldes et al.,
2014). Ongoing investigations using replicate populations in the
hybrid zone across gradients of geographic proximity and climate
similarity will be able to address this issue in further detail (Lotterhos
& Whitlock, 2015; Riquet et al., 2017).

4.2 | Speciation with gene flow without islands of
divergence

Demographic modelling indicated that divergence of P. strobiformis
and P. flexilis is not recent (~18 Ma) on an absolute time scale and
has occurred with continuous gene flow. The presence of continual
gene flow and absence of a period of allopatry, moreover, are also
supported by the L-shaped distribution of Fcr.species Values (Fig-
ure 4a; Nosil & Feder, 2012). Reduction in overlapping niche suitabil-
ity from LGM to present, between P. strobiformis and P. flexilis,
agrees with the best-supported demographic model indicating con-
tinuous but geographically restricted contemporary gene flow. Con-
temporary reduction in N, for P. flexilis from our demographic
modelling is contrary to the predicted post-LGM expansion of suit-
able habitat. This is likely due to the limited geographical sampling
within P. flexilis for our genomic analyses or a nonlinear relationship
between habitat suitability and realized population sizes. Specifically,
due to the geographical bias in the sampling scheme, we were
unable to account for further population structure within P. flexilis.
This may also have biased our inference of gene flow, such that con-
temporary gene flow between the two species is restricted to geo-

graphically proximal genetic groups. However, the primary focus of



MENON ET AL

our study was estimating whether or not divergence occurred with
gene flow, which is unlikely to be influenced by sampling biases of
this form. Further, based on results from the hindcasted niche mod-
els, the extensively sampled southeastern region of P. flexilis forms a
putative refugium likely representing much of the diversity in south-
ern P. flexilis that then expanded northward after the LGM. Thus,
regardless of the geographical bias in our sampling scheme, we are
likely to have captured a sizeable fraction of the segregating varia-
tion within P. flexilis.

Despite the potential for islands of divergence under a model of
speciation with gene flow (Feder et al., 2012; Nosil, 2008; Tine
et al., 2014), as well as niche divergence results consistent with eco-
logical speciation with gene flow between P. strobiformis and P. flex-
ilis, the best-supported demographic model did not provide evidence
for islands of divergence. The absence of elevated islands of diver-
gence in this study, however, does not necessarily indicate an
absence of adaptive divergence during speciation with gene flow.
Islands of divergence are often expected only under certain genetic
architectures and selection scenarios which have been shown to be
less prevalent in conifers (Alberto et al., 2013; Lind et al., 2017;
Pritchard & Di Rienzo, 2010; Rajora, Eckert, & Zinck, 2016). Alterna-
tively, given the large and complex genomes of conifers (reviewed
by De La Torre, Birol et al., 2014), our ddRADseq markers likely
underrepresented genic regions, which are often identified as islands
of divergence (Marques et al., 2017; Moreno-Letelier & Barraclough,
2015; Nosil & Feder, 2012; Zhou, Zhang, Liu, Wu, & Savolainen,
2014). For example, Moreno-Letelier and Barraclough (2015) demon-
strated the potential for islands of divergence at drought-associated
genes, which had a high average Fst of 0.33 (0.09-0.40) as com-
pared to the genome-wide estimate from this study (Fst.
species = 0.02). Future investigations using exome capture might thus
be able to identify islands of divergence, although evidence of adap-
tation in complex genomes often also appears within intergenic
regions (Li et al., 2012), and islands of divergence are not always
reflective of speciation genes sensu stricto (see Guerrero & Hahn,
2017).

4.3 | Genomic mosaic of introgression

The spatial context of loci within genomes, as well as the temporal
scale of divergence between lineages, can influence patterns of
introgression and is often depicted by a mosaic landscape of geno-
mic differentiation and ancestry. For instance, Coyne and Orr (1989),
Noor and Bennett (2009) and Christe et al. (2017) have all argued
that islands of divergence tend to accumulate around regions of
reduced recombination such as centromeres and inversions. Extrinsic
factors, such as disruptive selection, can also restrict gene flow, but
under the observed demographic scenario, these alone are unlikely
to generate islands of divergence (Yeaman, Aeschbacher, & Blrger,
2016; Yeaman & Otto, 2011). Extrinsic barriers, however, can often
result in the evolution of intrinsic barriers and subsequently become
coupled with them, as well as with other loci experiencing similar
selection pressures (Agrawal et al., 2011; Flaxman et al., 2014). Thus,
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given sufficient time, even under a model of speciation with gene

flow, such coupling effects will ensure the maintenance of species
boundaries relative to the action of either factor alone (Barton & De
Cara, 2009). Specifically, in our focal species, previous work using
candidate genes for drought stress provides evidence for divergent
selection driving speciation, despite low genome-wide levels of dif-
ferentiation (Moreno-Letelier & Barraclough, 2015). Although a thor-
ough examination of exome-wide variation remains to be carried
out, the correlation of h with drought related variables when coupled
with the work of Moreno-Letelier and Barraclough (2015) implies
that adaptive responses to drought stress likely contributed to the
origin and maintenance of species boundaries in this system.

A positive correlation between the steepness of genomic clines
(B) and Fcr points towards coincidence of loci involved in disruptive
selection and those involved in reproductive isolation. Such a posi-
tive association has been demonstrated across several taxa (cf. Gom-
pert et al., 2014; Janousek et al., 2012; Parchman et al., 2013; Ryan
et al., 2017), and we suggest it to be indicative of disruptive selec-
tion driving the evolution of intrinsic barriers and its coupling with
extrinsic processes. Several empirical and simulation-based studies
have demonstrated that both o and B can reflect patterns of selec-
tion in the hybrid zone (Gompert, Lucas et al., 2012; Janousek et al.,
2012), but the interpretation of these values is influenced by the
underlying demographic scenario (Gompert & Buerkle, 2012; Gom-
pert, Parchman, & Buerkle, 2012; Gompert, Lucas et al., 2012).
Under the observed demographic scenario of ongoing gene flow, sig-
natures of selection against hybrids (i.e., underdominance) would be
reflected by steep genomic clines (positive B), while selection for
hybrids (i.e., overdominance) would be reflected by wide genomic cli-
nes (negative B; Gompert & Buerkle, 2011; Janousek et al., 2012).
The observed absence of positive B outliers and of islands of diver-
gence in our demographic analysis indicates that despite some evi-
dence of coupling between intrinsic and extrinsic barriers,
widespread intrinsic incompatibilities are absent in this system, at
least for the loci examined in this study. This is consistent with stud-
ies demonstrating weak reproductive isolation examined through
forced crosses among these and other white pine species (Critch-
field, 1986). Shared life history strategies among conifers, such as
long generation time and high dispersal capacity, are likely to restrict
the evolution of post- and prezygotic isolating mechanism (Stacy,
Paritosh, Johnson, & Price, 2017). The limited evidence of intrinsic
incompatibilities noted in our study supports the above claim, and
we suggest that this pattern could be generalized across conifers
with similar divergence history. Absence of B outliers and of recent
hybrids indicates widespread recombination within the hybrid zone
and an intermediate stage of divergence between our focal species
(Nosil, Harmon, & Seehausen, 2009). The intermediate stage of
divergence between our focal species, despite a long period of diver-
gence in absolute time (i.e., years), is not surprising given the long
generation times and large N, estimates for conifers, which would
have reduced the realized period of divergence when measured in
coalescent units. Overall, the total absence of B outliers indicates
a viable hybrid zone maintained largely through extrinsic factors
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(Fouet et al., 2017), which may be the first stage of coupling
between intrinsic and extrinsic barriers. Similar patterns of climatic
clines in admixture and environmentally dependent maintenance of
hybrid zones have been noted in other species of woody perennials
in the genera Quercus (Dodd & Afzal-Rafii, 2004), Picea (De La Torre,
Wang et al., 2014; Hamilton et al., 2013), Rhododendron (Milne et al.,
2003) and Pinus (Cullingham, Cooke, & Coltman, 2014).

Contrary to the absence of B outliers, we identified many o
outliers which is reflective of a hybrid zone experiencing moderate
selection pressure and high levels of gene flow from both of the
parental species (Gompert & Buerkle, 2011). Our demographic
modelling, however, rejected the latter, thus indicating a moderate
influence of natural selection on interspecific gene flow, as has
been demonstrated across other conifers (Rehfeldt, 1999). Limited
variation in B is associated with a diffuse genomic architecture of
isolation (Gompert, Lucas et al., 2012), whereas the high genomic
heterogeneity in o, under the estimated demographic scenario,
could imply divergent natural selection operating within the hybrid
zone (Gompert & Buerkle, 2011). This agrees with the higher val-
ues of multilocus Fst within the putative hybrid zone (Fst-periphery)
and previous evidence of local adaptation in this region (Goodrich
et al., 2016). A similar genomic mosaic of introgression has been
noted across several studies (de Lafontaine et al., 2015; Gompert
et al., 2014; Lexer et al., 2010; Lindtke, Gompert, Lexer, & Buer-
kle, 2014; Parchman et al., 2013) and is likely a result of complex
interactions between divergence history, selection and genomic
features.

Evidence of higher number of outliers with P. strobiformis ancestry
and a negative association between our cline parameters (x and )
could be explained by three processes: (i) intrinsic incompatibilities
resulting from Dobzhansky—Muller effects or complex epistatic effects
disproportionally favouring allelic combinations from P. strobiformis in
the hybrids relative to P. flexilis parental background, (ii) widespread
directional selection on alleles from P. strobiformis in the hybrid zone
leading to the formation of coadapted gene complexes and (jii) incom-
plete lineage sorting resulting from recent divergence between Core
and Periphery. In contrast to inferences from the Engelmann-white
spruce hybrid zone (De La Torre, Wang et al., 2014), the asymmetry of
outlier loci is not due to high rates of gene flow from Core into Periph-
ery, as the best demographic model excluded gene flow between
these groups (see Figure 5b). A higher number of outlier loci with
introgression favouring P. strobiformis are consistent with the strong
influence of selection favouring alleles with P. strobiformis ancestry in
the hybrid zone. Even without a linkage map, the cline results, along
with asymmetrical niche divergence between Core and Periphery,
point towards widespread directional introgression from P. strobi-
formis into the hybrid zone, which is consistent with local adaptation
driving the evolution of coadapted gene complexes from P. strobi-
formis and of emerging intrinsic incompatibilities (Gompert, Lucas
et al., 2012). The geographic clines of h, despite the absence of current
gene flow between the Core and Periphery, also point towards an
effect of incomplete lineage sorting. However, higher directional intro-

gression from P. strobiformis even after accounting for the skewed

pattern of genomic ancestry in the hybrid individuals emphasizes the
role of selection over incomplete lineage sorting.

Our results are in accordance with studies in other coniferous
species demonstrating that speciation is likely initiated through
ecological barriers, and several generations of hybridization might
occur before the evolution of intrinsic barriers to gene flow
(Hamilton et al., 2013; Stacy et al., 2017; Zhou et al., 2014). Inte-
grating the existing genomic data set with ongoing planting experi-
ments involving climate treatments and measurements of fitness
related traits should also help resolve the joint influence of extrin-
sic and intrinsic isolating mechanisms. Specifically, coincidence
between the steepness of genomic, geographic and trait-specific
clines would indicate a dominant role of extrinsic factors in facili-
tating divergence and speciation (De La Torre, Ingvarsson, & Ait-
ken, 2015; Holliday, Ritland, & Aitken, 2010; Ryan et al., 2017;
Stankowski et al., 2015). Alternatively, the presence of several loci
showing steep clines but lacking climatic or functional associations
would indicate a dominance of intrinsic barriers (Ryan et al.,
2017). Although the genomic cline analysis used in this study pro-
vided key insights into the complexity of species isolation, it lacks
sufficient power to account for complex epistatic effects (Gompert
& Buerkle, 2011). These have likely played a key role in ecological
speciation and in initiating the evolution of reproductive isolation
(Flaxman et al, 2014; Lindtke et al, 2012). Thiswstudy;=however,
provides concrete evidence of ecological speciation with gene
flow, the presence of a historical hybrid zone maintained by
extrinsic factors and early stages of coupling between extrinsic
and intrinsic barriers contributing towards diversification. Whether
these patterns hold generally for speciation within conifers, given
their life history characteristics as well as their complex and large

genomes, is thus a worthwhile area of future research.
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