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Abstract
Secondary contact of recently diverged species may have several outcomes, rang-
ing from rampant hybridization to reinforced reproductive isolation. In plants, self-
ing tolerance and disjunct reproductive phenology may lead to reproductive isolation 
at contact zones. However, they may also evolve under both allopatric or parapatric 
frameworks and originate from adaptive and/or neutral forces. Inferring the historical 
demography of diverging taxa is thus a crucial step to identify factors that may have 
led to putative reproductive isolation. We explored various competing demography-
potheses to account for the rapid divergence of a fir species complex (Abies flinckii–A. 
religiosa) distributed in “sky-islands” across central Mexico (i.e., along the Trans-
Mexican Volcanic Belt; TMVB). Despite co-occurring in two independent sympatric 
regions (west and centre), these taxa rarely interbreed because of disjunct reproduc-
tive phenologies. We genotyped 1147 single nucleotide polymorphisms, generated by 
GBS (genotyping by sequencing), across 23 populations, and compared multiple sce-
narios based on the geological history of the TMVB. The best-fitting model revealed 
one of the most rapid and complete speciation cases for a conifer species-pair, dating 
back to ~1.2 million years ago. Coupled with the lack of support for stepwise coloniza-
tion, our coalescent inferences point to an early cessation of interspecific gene flow 
under parapatric speciation; ancestral gene flow during divergence was asymmetrical 
(mostly from western firs into A. religiosa) and exclusive to the most ancient (i.e., cen-
tral) contact zone. Factors promoting rapid reproductive isolation should be explored 
in other slowly evolving species complexes as they may account for the large tropical 
and subtropical diversity.
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1  |  INTRODUC TION

Speciation is a continuous process that should ultimately lead to 
reproductive isolation, which at its turn is determined, among oth-
ers, by the spatial distribution of populations (Coyne & Orr, 2004; 
Gavrilets, 2003; Ravinet et al., 2017). For instance, when there are 
physical barriers that hamper gene flow among diverging taxa, the 
action of genetic drift and/or divergent selection may fix phenotypic 
and genetic characters related to reproductive isolation (Coyne & 
Orr,  2004; Feder et al.,  2013; Mayr,  1963). Conversely, speciation 
is thought to lag when populations continue to exchange alleles, or 
when they meet after evolving in geographical isolation for a period 
of time (i.e., secondary contact; Bolnick & Fitzpatrick, 2007; Pinho 
& Hey, 2010).

The evolutionary outcome of a secondary contact zone depends 
in part on the degree of divergence between the interacting taxa. 
That is, recently diverged species are expected to almost freely ex-
change alleles, which may result in the formation of hybrid swarms 
(e.g., Wells et al., 2019). On the other hand, reproductive isolation 
may arise or be favoured in secondary contact zones of more an-
ciently diverged species, which may lead to increased divergence 
in sympatric as compared to allopatric areas (e.g., Grossenbacher 
& Whittall,  2011; Rosser et al.,  2019). In plants, this is often pro-
duced by changes in mating traits (Dobzhansky,  1940), which in-
clude variations in reproductive phenology, such as mismatches of 
pollen shedding and female receptivity (Fox, 2003; Hopkins, 2013); 
or self-fertilization tolerance, which leads to a reduced allocation to 
male reproduction (reviewed in Roux et al., 2020), and lowers the 
probability of heterospecific pollen deposition (Charlesworth & 
Pannell, 2001; Hamrick & Godt, 1996).

Various evolutionary processes can prevent interspecific gene 
flow in contact zones. For instance, shifts to self-fertilization can 
be promoted by stochastic or adaptive processes for ensuring the 
reproductive success of individuals during the colonization of a 

new habitat and prior to a secondary contact with a sister spe-
cies (Busch et al.,  2011; Pannell,  2015). Under such a context, 
reproductive traits may evolve through pleiotropic effects: for 
example, when alleles shaping the founders' reproductive phe-
nology lead to local adaptation to the novel conditions (Thibert-
Plante & Gavrilets, 2013). Alternatively, interspecific mating may 
cease during secondary contact when there is strong ecological 
divergence between parental species, or selection against hy-
brids (Gavrilets,  2014; Hopkins,  2013; Smadja & Butlin,  2011). 
Therefore, the inference of phylogeographical structure, historical 
demography and ancestral gene flow represents a crucial step for 
correctly identifying which processes might explain how interspe-
cific gene flow breaks down and species diverge from each other 
(Harvey et al., 2019).

In this study, we tested several demographic scenarios to 
account for the diminished interspecific gene flow within a fir 
species-complex endemic to the mountains of central Mexico (i.e., 
the Trans-Mexican Volcanic Belt; TMVB). The TMVB is an east–
west-oriented volcanic formation (Figure  1) that bears fir for-
ests distributed in “sky-islands” between ~2000 and 3500 m.a.s.l. 
(Rzedowski,  2006; Velázquez et al.,  2000). At least two species 
have been recognized in this region: Abies flinckii and A. religiosa 
(Farjon & Rushforth,  1989). They are respectively located in the 
western and central–eastern areas of this mountain range (Figure 1). 
Morphologically, they can be differentiated by stem height and 
diameter (larger in A. religiosa), colour and shape of female cones 
(wider and darker in A. religiosa), and needle length and apex form 
(longer needles with emarginated apex in A. flinckii; shorter needles 
with acute apex in A. religiosa; Cruz-Nicolás, Giles-Pérez, González-
Linares, et al., 2020; Eckenwalder, 2009; Farjon & Rushforth, 1989; 
Shalisko,  2014). The distribution of these species overlaps in two 
contact zones: one in the centre and one in the western portion of 
the TMVB (respectively “C contact” and “W contact” in Figure 1), 
although taxa still partially segregate by altitude within these zones, 

F I G U R E  1  Geographical location of the 23 fir populations studied along the TMVB, in Central Mexico. Circles outlined in light brown and 
black correspond to Abies flinckii and A. religiosa, respectively; those with dotted margins are populations described as A. jaliscana (Vázquez-
García et al., 2014). Circle size is proportional to the average number of pairwise differences between individuals (θπ, Tajima, 1983), and 
colour denotes the average inbreeding coefficient (f, as estimated with popkin version 1.2.2; Ochoa & Storey, 2021). Blue and red squares 
indicate the approximate location of secondary contact zones between A. flinckii and A. religiosa.
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with A. religiosa occurring at higher elevations (~2800–3500 m.a.s.l.) 
than A. flinckii (~1700–3000 m.a.s.l.; Rzedowski,  2006; Vázquez-
García et al., 2014). Further complicating matters, the western-most 
populations of the TMVB are recognized by some authors as a dif-
ferent species: A. jaliscana (Vázquez-García et al., 2014). However, 
these populations are isolated and not implicated in any contact 
zone (see below).

While phenological data remain scarce for these firs, available re-
cords indicate that they all shed pollen between February and April 
(see Table S1). However, central and western populations of A. reli-
giosa (i.e., those in sympatry with A. flinckii) release their pollen later, 
from April to June (Table S1), which may be diminishing interspecific 
gene flow. This is reflected in a clear morphological and genetic dif-
ferentiation at “W contact,” although differentiation at “C contact” is 
less clear (Cruz-Nicolás, Giles-Pérez, González-Linares, et al., 2020; 
Jaramillo-Correa et al.,  2008; Shalisko,  2014). Reproductive phe-
nology in conifers is highly inheritable (Howe et al.,  2003), and 
has shown only small plastic responses to the environment (Ma 
et al., 2020; e.g., Abies alba, Vitasse et al., 2009). Therefore, pheno-
logical changes in sympatric A. religiosa stands may have evolved in 
situ, during secondary contact with A. flinckii. However, given that 
the geological history of the TMVB also provides the ideal scenario 
for stepwise colonization and founder effects, stochastic events at 
expansion fronts cannot be ruled out. To distinguish between these 
scenarios, the demographic background of these diverging species 
must be first investigated.

We evaluated the fit of several demographic scenarios on high-
throughput genomic data with model-based coalescent analyses to 
disentangle which processes may account for the diminished inter-
specific gene flow between these central Mexican firs. Scenarios 
were based on the well-known geological and climatic history of 
the TMVB (Caballero-Miranda et al., 2010; Ferrari et al., 2012; see 
below). We begin by asking whether there is a relationship between 
range overlap and inbreeding, as self-fertilization may be favoured 
in sympatric zones (Wright et al., 2013). If that is the case, genetic 
differentiation should also be higher in sympatric relative to allo-
patric areas. Then, we reconstructed the historical demography of 
species divergence by testing competing colonization and range split 
hypotheses, and then further tested whether divergence occurred 
in the presence or absence of historical gene flow. Under parapatric 
divergence, selfing and/or phenological shifts should have evolved 
in situ, during secondary contact, and with a limited role of stochas-
tic processes, which should have allowed interspecific gene flow in 
most regions of the genome (except those implicated in the pheno-
logical shift). On the other hand, under allopatric divergence, such 
changes should have evolved at colonization fronts and before sec-
ondary contact, which should have limited gene flow in most regions 
of the genome. Setting geologically based demographic inferences 
for inferring processes promoting rapid speciation helps us under-
stand how species diversity arises and is maintained in the tropics 
and subtropics, particularly for reputedly slowly evolving lineages, 
like conifers.

2  |  MATERIAL S AND METHODS

We collected foliar tissue for 123 trees from 23 populations span-
ning most of the known fir distribution across the TMVB, includ-
ing both contact zones (Figure  1). Geographical distance between 
samples varied within each contact zone. Tissue was collected fol-
lowing two altitudinal gradients at “W contact,” and thus included 
Abies flinckii and A. religiosa individuals separated by <100 m. On the 
other hand, the “C contact” encompasses a continuous mountain 
chain where sampling sites are separated by more than 6 km (see 
Aguirre-Planter et al., 2000; Méndez-González et al., 2017 for ad-
ditional sampling details). Genomic DNA was isolated with a CTAB 2 
mini-prep protocol (Vázquez-Lobo, 1996); its quality was evaluated 
by agarose gel electrophoresis using a 1000-bp DNA marker as ref-
erence (Thermo ScientificTM), and its concentration quantified with 
a Qubit 4 fluorometer (Thermo ScientificTM).

2.1  |  Sequencing, assembly, SNP 
calling and genotyping

Following standard protocols for plants with large and complex ge-
nomes (Boudhrioua et al., 2017; Poland et al., 2012), genomic DNA 
(200 ng per sample) was double-digested with PstI and MspI restric-
tion enzymes. Then, P1 adapters containing 4- to 8-bp-long indi-
vidualized barcodes (differing from each other by at least 2 bp) were 
ligated to each sample. Equimolar quantities of DNA were pooled to 
elaborate GBS libraries after sizing with a blue Pippin prep machine 
(SAGE sciences). Each 96-plex library was single-end-sequenced 
on an Illumina HiSeq 2500 system. Both GBS library preparation 
and sequencing were performed at the “Plateforme d'analyses gé-
nomiques, Institut de Biologie Intégrative et des Systèmes” (IBIS, 
Université Laval, Québec, Canada).

Raw reads filtering, parameter optimization, contig assembly 
and single nucleotide polymorphism (SNP) calling were performed 
following the ipyrad pipeline (Eaton & Overcast,  2020). Briefly, 
after demultiplexing, Illumina adapters and low-quality 3′ ends 
were trimmed (Phred score < 43). Only those reads that lacked 
low-quality bases and had a minimal length of 80 bp were kept. 
Then, a de novo assembly was performed using vsearch version 
2.0.2 (Rognes et al., 2016), with parameters defined after optimi-
zation, using 11 replicate pair samples (see Material S1 for more 
details). We considered a clustering threshold of 0.90, a maxi-
mum number of 4 heterozygous sites per locus (i.e., contig) and 
a minimum statistical depth of 8 reads. However, only those loci 
exhibiting a single SNP were considered, as these are the least 
prone to be spurious polymorphisms (Table  S2 and Figure  S1). 
Such a stringent filter further diminishes linkgage disequilibrium 
(LD) bias between SNPs for population genomic analyses (Zheng 
et al., 2012). Singletons (i.e., mac = 2), indels, nonbiallelic SNPs and 
polymorphisms with a mindepth of 10× or less, and 100× or more 
were removed using vcftools version 0.1.14 (Danecek et al., 2011). 
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As an additional filter, retained SNPs were compared with those 
obtained from a sequenced A. religiosa megagametophyte (the 
haploid tissue surrounding conifer embryos). Those observed in 
both data sets (n = 62) were eliminated as they are probably the 
result of paralogue misalignment.

We finally constructed three data sets by excluding sites with 
50%, 13% and 0% missing data, respectively, to identify potential 
bias in our inferences. These data sets were used to model some 
genomic diversity statistics as a function of missing data level, and to 
account for this factor during demographic model selection (Material 
S2). After verifying that missing data were not producing serious 
confounding effects (Table S3 and Figure S2), the 50% missing-data 
set was used for subsequent analyses.

2.2  |  Inbreeding and genomic differentiation at 
contact zones

As a proxy to self-fertilization, we first estimated population inbreed-
ing coefficients (f) from a kinship matrix constructed with the R pack-
age popkin version 1.2.2 (Ochoa & Storey, 2021), which accounts for 
complex genetic structures. For comparative purposes and because 
popkin might slightly overestimate inbreeding when populations are 
well structured (i.e., when populations have independently evolved, 
Ochoa & Storey, 2021), we also computed inbreeding coefficients 
(F) using vcftools version 0.1.14. Then, we calculated the ratio of 
heterozygous to segregating sites (Het/S), the average number of 
nucleotide differences (θ𝜋; Tajima,  1983), the nucleotide diversity 
(θw; Watterson, 1975), the observed heterozygosity (HO), Tajima's D 
(Tajima, 1989) and pairwise FST (Hudson et al., 1992) using dnasp ver-
sion 6.12.03 (Rozas et al., 2017), vcftools version 0.1.14 and popge-
nome version 2.7.1 (Pfeifer et al., 2014). Note that θ𝜋 and θW could be 
downwardly biased as they were calculated using polymorphic sites 
only (Korunes & Samuk, 2021). Thus, to further explore genomic di-
versity, we visualized the site frequency spectrum of minor alleles 
for each inferred lineage (see Section 3).

Selfing species tend to reduce resource allocation to male func-
tion, which lowers pollen production and diminishes pollen-mediated 
gene flow (Charlesworth & Pannell, 2001; Hamrick & Godt, 1996; 
Roux et al., 2020). Therefore, if self-tolerance has evolved at contact 
zones, we expected less genetic diversity and both higher inbreed-
ing and interspecific genetic differentiation (FST) in sympatric than in 
allopatric populations (Hopkins, 2013; Wright et al., 2013). Opposite 
results would be expected if reproductive barriers are absent or 
are inefficient for countering interspecific mating (e.g., Garner 
et al., 2018; Moran et al., 2018). Note that these patterns should be 
readily observed with genetic markers randomly distributed across 
an extremely large genome (∼18 Gb; Mosca et al., 2019), as the like-
lihood of hitting genes associated with reproductive traits is very 
low; looking for and removing such genes was thus unnecessary. We 
further performed a Mantel test to account for potential bias in ge-
netic differentiation estimates given by the geographical separation 

of samples within each contact zone. We estimated kinship between 
individual pairs with the R package popkin version 1.2.2, while pair-
wise geographical distances and Mantel tests were computed in the 
R package ade4 version 1.7–13 (Dray et al., 2018).

2.3  |  Genetic structure

To infer population genetic structure, we conducted a principal 
components analysis (PCA) with snprelate (Zheng et al., 2012), and 
a model-based assignment with admixture version 1.3.0 (Alexander 
et al.,  2009). For this last method, we performed 10 independent 
runs, each one with K-values ranging from one to eight; the K-value 
with the lowest averaged cross-validation error was chosen as the 
most likely. Since westernmost populations (i.e., populations 1–10) 
showed high inbreeding coefficients (see Results), we repeated ad-
mixture analyses without these localities. We finally carried out a dis-
criminant analysis of principal components (DAPC) for this reduced 
population set, with R package adegenet (Jombart, 2008), to identify 
more subtle structure patterns between and within clusters, includ-
ing isolation by distance (Jombart et al., 2010). The most likely num-
ber of PCs was investigated with a cross-validation procedure also 
implemented in adegenet.

2.4  |  Historical range shifts of firs in the TMVB

Interspecific gene flow may be mainly interrupted through the ac-
tion of stochastic forces (e.g., Cutter, 2019; Pannell, 2015). To test 
this possibility, we fitted several divergence and demographic sce-
narios to the “observed” multisite frequency spectrum (MSFS). 
We conducted a hierarchical comparison of scenarios to simplify 
hypothesis testing. Hence, we first focused on evaluating three 
divergence scenarios at the species level, which respectively in-
volved ancient colonization events (Figure S3a; Ha and Hb scenarios 
in Figure S4) and a more recent allopatric divergence (i.e., through 
range split; Figure  S3b; Hc scenario in Figure  S4). Then, the best-
fitting scenario was used as a baseline to test four more complex 
hypotheses at the population/regional levels. These explored in 
more detail different range expansion histories within A. religiosa, 
considering stepwise colonization from one (i.e., Hc9 and Hc10 sce-
narios, Figure S5) or two source populations (i.e., Hc11 and Hc12, 
Figure S5), with the former supposing a stronger founder effect than 
the latter (Cutter, 2019; Pannell, 2015).

The geological history of the TMVB is characterized by the up-
lifting of four temporal and spatially localized magmatic arcs (Ferrari 
et al.,  2012), together with some local topographic modifications, 
such as the formation of tectonic valleys in its western portion 
(Rosas-Elguera et al., 2003). Consistently, the demographic scenar-
ios above considered colonization of younger arcs from locations at 
older arcs, and/or population splits between rising tectonic valleys 
(Material S3).
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We derived “observed” MSFS with the script easySFS.py 
(Overcast,  2019) and fitted it to those produced by each demo-
graphic scenario. Scenarios were simulated in fastsimcoal2

2.5  |  Interspecific gene flow

Parapatric and allopatric divergence may lead to different inter-
specific gene flow patterns. The former would result in only early 
interspecific gene flow, while the latter would produce recent and 
limited interspecific gene flow. We thus compared the retained mod-
els above (no gene flow) with scenarios including ancient (i.e., shortly 
after species split) and recent interspecific gene flow (see Figure 2), 
recent gene flow exclusive within A. religiosa (RIM), or a combina-
tion of both RIM and ancient interspecific gene flow (see Figure S6). 
We expected recent migration events to be associated with mid- to 
late Pleistocene glacial periods, which should have favoured popula-
tion downslope migration and expansion, and thus increase chances 
for secondary contact (Caballero-Miranda et al.,  2010; Ramírez-
Barahona & Eguiarte, 2013; see Figure S3c). All models allowed for 
asymmetric gene flow between neighbour species/genomic groups. 
Migration rate “priors” ranged from 0.00001 to 0.01, which helped 
account for nested migration scenarios (i.e., migration only between 
some population pairs).

To compare and choose the best-fitting gene flow scenario(s), 
we implemented the same strategy using wAICs. To assess fitting 
of the selected gene flow model to the observed genetic variation, 

we performed a likelihood ratio G-statistic test (CLR  =  log10[CLO/
CLE]; Excoffier et al., 2013). Briefly, we used the maximum likelihood 
estimates of the best-fitted scenario to simulate 100 parametric 
bootstrapped MSFSs (bMSFSs). Then, we computed the composite 
likelihood and CRL for each bMSFS under the first three best scenar-
ios. The p-value was estimated for each model as the fraction of sim-
ulated data sets with a CLR larger than or equal to the observed CLR. 
Hence, significant p-values would suggest that the model tested is 
poorly fitted. Likewise, we used each bMSFS to compute population 
parameter distributions and associated 95% confidence intervals. 
Divergence times were transformed into million years by assuming a 
generation time of 60 years (Sánchez-Velásquez et al., 1991).

3  |  RESULTS

3.1  |  GBS and bioinformatic analysis

Approximately 260 million reads of about 100 bp and a mean Phred 
score of 36 were obtained per sequencing lane. After SNP calling 
and filtering, 1147, 602 and 138 SNPs were respectively recovered 
when allowing for only one SNP per loci and 50%, 13% and 0% miss-
ing data. Each polymorphism had a mean depth sequencing of 52 
across individuals. Linear mixed models indicated only a weak effect 
of missing data on genomic statistics, such as inbreeding coefficients 
(f) and observed heterozygosity (HO) (see Material S2); thus, we used 
the SNP data set with 50% missing data for all remaining analyses.

F I G U R E  2  Demographic models tested for inferring divergence times, expansion and gene flow between fir species/populations in 
Central Mexico. Scenarios considered that Abies religiosa (i.e., the lineages enclosed in brackets) either colonized its range from a single (Hc9; 
bottom row) or two sources (Hc12; top row). Three migration hypotheses were then tested: No migration (left), recent gene flow (centre) 
and ancient gene flow (right). Time events were named as Tec (i.e., divergence associated with tectonism), Occ (i.e., divergence in the west of 
the TMVB), Or (i.e., divergence in the east of the TMVB) and exp (i.e., range expansion of A. religiosa). Colours match the inferred population 
ancestries, as in Figure 4. Ancestral C and E populations are illustrated with green and blue outlined branches, respectively. Further 
migration hypotheses tested in this study are shown in Figure S6.
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3.2  |  Inbreeding coefficients and genomic diversity

Mean inbreeding coefficients calculated with popkin version 
1.2.2 (f) were higher for Abies flinckii (f = 0.592–0.828) and A. jalis-
cana (f  =  0.575–0.648) than for A. religiosa (f  =  0.302–0.733; t-
statistic = −9.214, p = 2.3e−15; Figure 1; Figure S2). Such values were 
significantly higher at “W contact” (t-statistic  =  5.949, p  =  3.2e−08; 
Figure  1) than for the remaining populations, including those at “C 
contact”. Mean inbreeding, as estimated with vcftools version 0.1.14 
(F), was significantly lower overall (Table S5); however, estimates had 
the same significant trends across populations and species as those 
observed with f (Adjusted r2 = .997, F-statistic = 3.983e4, p = 2.2e−6). 
Consistent with inbreeding estimates, lower Het/S ratios (t = 3.570, 
p = .001918), HO (t = 9.214, p = 2.3e−15), θ𝜋 (t = 4.180, p = .000462) and 
θw values (t = 4.571, p = .000185) were observed for western firs than 
for A. religiosa (Figures 1 and 3a; Table S5). Again, these estimates were 
significantly lower at “W contact” than at “C contact” or all allopat-
ric stands (t-statisticHet/S  = −2.789, p  = .0113; t-statisticHO  = −5.949, 
p = 3.2e-08; t-statisticθw = −3.317, p = .00344; t-statisticθ𝜋 = −3.514, 
p = .00218; Figures 1 and 3a; Table S5). Furthermore, A. flinckii and 
A. jaliscana showed positive Tajima's D, while A. religiosa had negative 
estimates at all populations, except those at ‘W contact,” which were 
positive (Table S5). Visual inspection of the minor alleles SFSs pointed 
in the same direction, with a relatively major number of intermediate 
frequency alleles in A. flinckii and A. religiosa from “W contact” than in 
eastern or central populations of the last species (Figure S7).

Higher pairwise FST were observed between than within species (t-
statistic = −27.23, p < 2e−16; Figure 3b), except for A. flinckii (FST = 0.330; 

SD  =  0.148). Sympatric population pairs of A. flinckii and A. religiosa 
within “W contact” had higher FST than allopatric pairs (FST  = 0.597 
vs. 0.508; t-statistic = 2.599, p = .011), while population pairs within 
“C contact” had virtually identical FST as allopatric pairs (FST = 0.491, 
SD = 0.047; Figure 3b), which suggest less interspecific gene flow in the 
former contact area. Mantel tests revealed a nonsignificant relationship 
between geographical and kinship distances for both central (r = −.376, 
p = .999) and western (r = −.063, p = .839) contact zones (Figure S8).

3.3  |  Genetic structure

The first two axes of the PCA respectively explained 7.7% and 6.3% 
of the genomic variance, and separated individuals according to tax-
onomy, including those described as A. jaliscana (Figure S9a). admix-
ture mirrored these results, with a retained K value of 3 (Figure 4c). 
However, further genomic structure was revealed for higher K val-
ues (Figure S9c). For K = 4, A. religiosa populations from “W contact” 
were separated in an independent cluster (i.e., W group). For K = 5, 
the rest of A. religiosa individuals were divided along an east-to-
centre genetic cline (E and C groups, respectively), with some admix-
ture observed in populations 12, 13 and 14 (grouped hereafter in the 
“M” group for within-species analyses, Figure 4c). Unexpectedly, the 
northernmost population of this species (i.e., Pop 23) was clustered 
with populations from “C contact” (Figure 4a). Finally, for K = 6, the 
two easternmost populations (i.e., Pops 19 and 20) were separated 
from the rest (P group); some individuals from populations 21 and 22 
further showed some ancestry from this group (Figure 4c).

F I G U R E  3  Boxplots of observed heterozygosity (HO) per species (a) and pairwise FST (Hudson et al., 1992) (b) between conspecific (J, 
Abies jaliscana; R, A. religiosa; F, A. flinckii) and interspecific fir populations (J-R, F-R, J-F) in Central Mexico. Colo points highlight HO (a) and 
interspecific pairwise FST values (b) within W (red) and C (blue) contact zones, respectively.
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After excluding the highly inbred western populations (i.e., A. 
jaliscana, A. flinckii and W stands of A. religiosa), no genetic structure 
was observed with admixture (Figure S9e). However, DAPC analyses 
did show a similar intraspecific genetic structure for A. religiosa to 
the one previously observed for the whole data set with admixture, 
supporting both P and W clusters, and the genetic cline between E 
and C groups (Figure 4b).

3.4  |  Inter- and intraspecific divergence

At the species level, the best-fitting model (according to likelihood 
and wAIC estimations; Table S6) was Hc, which consisted of a recent 

species divergence that coincided with the uplift of tectonic valleys 
(Figure S4c). Similar results were obtained when using data sets with 
less missing data, and after representing A. religiosa by just the C or 
E genetic pools (Table S6); thus, population substructure or missing 
data should not be affecting model choice at this level (Table S6).

Model Hc was then used as a baseline for testing four more com-
plex demographic hypotheses (Figure S5), and to address population 
divergence after range expansion within A. religiosa. According to AIC 
and wAIC, scenarios Hc9 and Hc12 were equally likely for explaining 
within-species genetic structure (Table S7). The former comprised 
an east–west stepwise colonization (i.e., Figure S5a), while the latter 
included the initial divergence of two gene pools (C and E), followed 
by their expansion and secondary contact (i.e., Figure S5d). These 

F I G U R E  4  Population genetic structure of fir populations along the TMVB, in Central Mexico. (a) Geographical distribution of genetic 
ancestries when assuming K = 6 in admixture (depicted in c). Brown lines illustrate the main tectonic valleys in the region (TZR, Tepic-
Zoacalco rift; CoR, Colima rift; ChR, Chapala rift; Rosas-Elguera et al., 2003). The purple region is the active volcanic landscape between 
7.5 and 3 Ma (Ferrari et al., 2012), where interspecific gene flow was probably interrupted (see Discussion). (b) Discriminant analysis of 
principal components (DAPC) for Abies religiosa populations. Black lines represent a minimum spanning tree into two-dimensional space for 
illustrating genomic distance between populations. (c) Clustering of fir individuals as inferred with admixture when assuming K = 3 and K = 6. 
Ancestries for A. religiosa were named as W (west), C (centre), E (east) and P (Perote), according to their geographical situation on the TMVB. 
Importantly, both W and C genetic groups are respectively placed within W and C contact zones, which are the capital letters used for these 
lineages and their distribution. The purple rectangle below the graph denotes admixed populations with C and E ancestries; these stands 
were grouped in the M cluster for analyses shown in Figures 2 and 5.
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two scenarios were retained to test for interspecific gene flow at 
different times.

3.5  |  Incorporating gene flow and 
estimating parameters

The highest wAIC was obtained when ancient interspecific gene 
flow (i.e., shortly after species split) was incorporated into scenario 
Hc12 (two ancestral gene pools within A. religiosa; Figures 2 and 5; 
Table 1), which further refutes the stepwise colonization hypothesis. 
According to this scenario, the divergence between A. religiosa and 
the western firs occurred ~1.26 million years ago (Ma; 95% confi-
dence interval [CI]: 1.25–1.27 Ma) and was followed by the split 

of E and C genomic pools within A. religiosa, which was dated to 
~1.06 Ma (95% CI: 1.03–1.08 Ma). The divergence between A. flinckii 
and A. jaliscana was estimated to ~0.402 Ma (95% CI: 0.37–0.43 Ma; 
Table 2; Figure 5). Within A. religiosa, the range expansion of E and C 
genetic pools, and the differentiation of W and P groups, would have 
taken place ~0.218 Ma (95% CI: 0.214–0.221 Ma; Table 2; Figure 5).

Inferred ancestral effective population sizes (Ne) were large in 
all cases, except for the ancestor of western firs (Table 2; Figure 5), 
which showed a severe decline shortly after divergence. Modern Ne 
(after accounting for inbreeding) for A. flinckii and A. jaliscana sug-
gested a subtle recovery after that initial collapse. On the other hand, 
ancestral A. religiosa genetic pools had large Ne values, although esti-
mates for modern lineages suggest recent population declines; such 
modern Ne values are all in the same order of magnitude as those 

F I G U R E  5  Graphical representation of the best-fitting divergence and demographic scenario for firs in Central Mexico. (a) Divergence 
(barcoded lines) and colonization (dotted rounded arrows) times (see timescale in million years on the right; mid-Pleistocene in grey), effective 
population sizes (Ne; proportional to rectangle size) and gene flow rate between lineages (proportional to continuous horizontal line weight). 
Red dotted line shows the proposed time for gene flow interruption between Abies religiosa and A. flinckii (see Discussion). Colours and 
lineages are the same as in Figure 4. Ancestral C and E populations are shown with green and blue outlined rectangles, respectively. A. 
religiosa lineages are enclosed in brackets. Tones of brown in the bottom horizontal bar correspond to a more fragmented volcanic landscape 
(dark), and a more continuous landscape (light). (b) Geographical illustration of events depicted in (a), including the putative location of source 
populations (circles) and dispersal routes (arrows). The two most recent magmatic arcs are represented as purple and yellow polygons (based 
on Ferrari et al., 2012). The main tectonic valleys (e.g., TZR, Tepic-Zoacalco rift; CoR, Colima rift; Chapala rift) are shown as dark lines (based 
on Rosas-Elguera et al., 2003). The approximate location of secondary contact zones is indicated by the red (W) and blue (C) rectangles.
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estimated for the western firs. Other than occurring early after spe-
cies divergence, gene flow was apparently highly asymmetrical, with 
most migration taking place from western firs into A. religiosa (i.e., 
C genetic group). Gene flow was also higher from A. flinckii into A. 
jaliscana than in the opposite direction (Table 2; Figure 5).

The fitting of the best three demographic scenarios (Table  1) 
was assessed using the G-statistic test. The p values were nonsig-
nificant for all cases, which indicated that all scenarios explained 
the observed genetic data relatively well (Figure S10). However, the 
mean of the CLR distribution for the ancient interspecific gene flow 
scenario was the closest to zero (i.e., CLR = 0 when CLO and CLE are 
the same), which suggests that the selected model still has the best 
performance (Figure S10).

4  |  DISCUSSION

Disentangling the evolutionary processes underlying species dif-
ferentiation and their drivers is a major challenge, especially for 
nonmodel systems such as conifers (Campbell et al.,  2018). Here, 
we addressed such a challenge using a rapidly diverging fir species 
complex from central Mexico that exhibit dissimilar pollen phenolo-
gies exclusively at their contact zones. We compared patterns of 
genomic variation between these zones and allopatric regions, and 
inferred their past demography. Our best supported model suggests 
a rapid species differentiation, with gene flow occurring only shortly 
after divergence and only at the oldest of contact zones (“C con-
tact”). This model further rejects the stepwise colonization of newly 
formed habitats, which suggests that the interruption of interspe-
cific gene flow, probably mediated by changes in pollen phenology, 
occurred shortly after species divergence, and that it is not the out-
come of more recent stochastic events.

4.1  |  Rapid species differentiation and the 
evolution of inbreeding tolerance in western firs

Our approximation, with a larger number of markers and a more com-
plete battery of analyses than in previous studies with Mexican firs 
(e.g., Aguirre-Planter et al., 2000; Jaramillo-Correa et al., 2008), re-
vealed that these species are composed of well-defined genetic clus-
ters with virtually no current gene flow, even at secondary contact 

TA B L E  1  Likelihood-based model choice for 10 demographic scenarios of fir divergence in Central Mexico

Process Migration LogLikelihood NParams Δlhood AIC ΔAIC wAIC

2 pop sources RIM −809.999 24 116.361 3778.183 128.807 1.07e−28

Serial colonization A-RIM −789.706 26 96.068 3688.730 39.355 2.84e−09

Serial colonization RIM −788.964 22 95.326 3677.313 27.938 8.56e−07

2 pop sources A-RIM −786.342 28 92.704 3677.239 27.863 8.89e−07

2 pop sources No −789.946 16 96.308 3669.836 20.460 3.60e−05

Serial colonization No −790.665 14 97.027 3669.147 19.771 5.08e−05

Serial colonization Ancient −788.346 19 94.708 3668.467 19.092 7.14e−05

2 pop sources Recent −782.682 32 89.044 3668.384 19.008 7.44e−05

Serial colonization Recent −782.279 30 88.641 3662.528 13.152 0.00139107

2 pop sources Ancient −783.766 20 90.128 3649.376 0 0.99837453

Note: Models consisted of either a serial colonization from one source or a range shift from two source populations. Five migration patterns were 
further tested: no-migration (No), ancient gene flow (Ancient), recent gene flow (Recent), recent intraspecific migration within Abies religiosa (RIM) or 
ancient interspecific migration with RIM (A-RIM; see Figure 2; Figure S6). The best-fitting model based on Akaike weight (wAIC) is shown in bold.

TA B L E  2  Estimated population parameters that maximize the 
likelihood function of the best-fitting demographic model for fir 
divergence in Central Mexico (Figure 5)

Parameter Upper Mean Lower

A. jaliscana (J) 6998 6622 6246

A. flinckii (F) 3731 3463 3196

A. religiosa (W) 4864 4627 4390

A. religiosa (C) 3714 2475 1236

A. religiosa (M) 2527 2451 2374

A. religiosa (E) 3469 3392 3315

A. religiosa (P) 3091 3025 2958

Ancient-West 89,457 86,792 84,128

Ancient-East 77,715 71,527 65,339

F-J ancestral pop 125 119 112

Fir ancestral pop 59,243 54,884 50,525

Admixture 0.207 0.163 0.119

Tec 1.271 1.26 1.249

Or 1.082 1.056 1.03

Occ 0.43 0.402 0.373

Exp 0.221 0.218 0.214

MF←C
a 1.27e−04 1.02e−04 0.76e−04

MC←F
a 92.92e−04 86.11e−04 79.31e−04

MJ←F
a 12.30e−04 8.08e−04 3.88e−04

MF←J
a 4.54e−04 3.19e−04 1.85e−04

Note: Upper and lower 95% confidence intervals estimated after 
computing parameters from 100 bootstrapped MSFSs. M, migration 
rate. Divergence times (Tec, Or, Occ, Exp) were transformed to million 
years by assuming a generation time of 60 years (Sánchez-Velásquez et 
al., 1991).
aArrows indicate the direction of gene flow.



    |  5083GILES-­PÉREZ et al.

zones (Figures 4c and 5a). Such a structure coincides with the most 
recent taxonomic description of species (Figures  1 and 4c), includ-
ing the separation of the westernmost populations, as Abies jaliscana 
(Vázquez-García et al.,  2014). According to our most likely demo-
graphic scenario, these species diverged and probably attained some 
degree of reproductive isolation in a shorter period (~1.26 million 
years, Table 2; Figure 5a) than most conifer complexes, which still thor-
oughly interbreed at contact zones despite a much ancient divergence 
(i.e., ~20–5 Ma; Balao et al., 2020; Jin et al., 2021; Shen et al., 2019).

The TMVB currently bears isolated fir forests forming sky-
islands, which should be promoting rapid allopatric divergence 
of species/populations (Mastretta-Yanes et al.,  2015; Ramírez-
Barahona & Eguiarte, 2013). The formation of this mountain chain 
started in the early Miocene and included the uplift of four main 
volcanic arcs (Ferrari et al., 2012). More recent topographic changes, 
mostly driven by the formation of large tectonic valleys since the 
late Pliocene, produced a highly fragmented landscape in its western 
portion (Rosas-Elguera et al., 2003; Figures 4a and 5b). Accordingly, 
fir populations from this region are smaller and much less dense 
than their central/eastern counterparts (e.g., 100–508 trees per ha 
in the west vs. over 3000 trees per ha in the east; Cuevas-Guzmán 
et al., 2011; Pineda-López et al., 2013). This is reflected in the SFS 
of minor alleles (Figure S7), Tajima's D (Table S5) and the long-term 
reduced Ne values estimated for all populations/species from this 
region (i.e., A. jaliscana, A. flinckii and the W lineage of A. religiosa; 
Table 2, Figure 5a); it further agrees with the limited historical pollen 
flow inferred herein, which only occurred soon after the western 
species split (Table 2, Figure 5a).

Inbreeding coefficients (F) revealed the same pattern. They were 
not only higher for western than for central and eastern popula-
tions (Figure 1), but also mirrored those observed for other conifers 
with restricted distributions such as Larix lyallii (Vance,  2019) and 
Pseudotaxus chienii (Liu et al., 2021). Such a contrasting distribution 
of inbreeding coefficients between western and eastern/central taxa 
remained unchanged when using data sets with other missing data 
thresholds (Material S2) and/or statistical approaches (Table S5), in-
cluding popkin version 1.2.2, a method reputed to better reflect ac-
tual inbreeding than other method-of-moments estimators (Ochoa & 
Storey, 2021). However, even if the strict filters used herein did bias 
inbreeding estimates upwards (Material S2), high inbreeding and re-
duced genetic diversity are not new for western firs; they have been 
previously reported based on resequenced nuclear genes and sim-
ple sequence repteats (Cruz-Nicolás, Giles-Pérez, González-Linares, 
et al.,  2020; Cruz-Nicolás, Giles-Pérez, Lira-Noriega, et al.,  2020), 
plastid markers (Jaramillo-Correa et al.,  2008) and even allozymes 
(Aguirre-Planter et al.,  2000). These values point to an eventual 
transition from outcrossing to selfing in western firs, a mechanism 
recurrently reported in small conifer populations (Ledig et al., 1997; 
Robledo-Arnuncio et al., 2004), and often invoked as a driver of spe-
ciation in plants (Cutter, 2019; Hopkins, 2013; Wright et al., 2013).

Interestingly, the most likely demographic scenario indicates 
that interspecific gene flow ceased before secondary contact in the 
western region (i.e., before the divergence of the “W genetic pool”; 

Figure 5a). In other words, it suggests an allopatric speciation model, 
where inbreeding seems to be the result of the long-term isolation 
of small populations (e.g., Restoux et al.,  2008; Robledo-Arnuncio 
et al., 2004), instead of a mechanism that drove species divergence 
(Figure  3b). The absence of a correlation between the geographi-
cal distance and the interspecific differentiation within this contact 
zone also points in this direction (Figure S9).

Increased selfing is expected to reduce fitness through inbreeding 
depression (Charlesworth & Charlesworth, 1987; Lynch et al., 1995). 
However, it also allows purging of highly deleterious variants in 
homozygous offspring (Williams & Savolainen,  1996). Conifers 
are reputed for their strong selective regimes at early life stages, 
particularly in small populations (e.g., Ferriol et al.,  2011; Restoux 
et al., 2008; Sorensen, 2001); this has often led to inbreeding tol-
erance and allowed the long-term survival of extremely genetically 
pauperized taxa (e.g., Pinus pinea; Jaramillo-Correa et al., 2020). A 
previous analysis of 11 nuclear genes in the same Mexican firs stud-
ied herein suggests that western populations are indeed more effi-
cient in purging highly deleterious alleles than their central–eastern 
counterparts (Cruz-Nicolás, Giles-Pérez, Lira-Noriega, et al., 2020). 
However, given that chronically small populations (like those in the 
west) are also prone to accumulate weakly deleterious variants at 
high frequencies, which diminishes adaptive potential (Lanfear 
et al., 2014; Ohta, 1992), future studies for correctly disentangling 
the distribution of fitness effects and estimating adaptive potential 
are necessary (e.g., Chen et al., 2021).

4.2  |  Reproductive isolation evolved under a 
parapatric model at “C contact”

Our demographic simulations support that interspecific gene flow 
only occurred shortly after species divergence (i.e., Figure 5a), prob-
ably at the centre of the TMVB, an ancient and stable geological 
region where both lineages are currently distributed (i.e., the purple 
polygon in Figure  4a); it then ceased before A. religiosa expanded 
westwards (i.e., red pointed line, Figure  5a). Moreover, inbreeding 
estimates at “C contact” suggest that other processes than shift to 
self-fertilization are preventing interspecific gene flow. This is fur-
ther supported by the rejection of all stepwise colonization sce-
narios (Table 1; Table S6), which together with the larger ancestral 
Ne of central populations, point again to a minor role of stochastic 
processes during interspecific gene flow interruption.

Why most closely related conifers have not developed effec-
tive reproductive barriers, while A. religiosa–A. flinckii apparently 
achieved it at such a rapid pace (~1.26 million years; Figure 5) is still 
an unanswered question. Reproductive isolation can quickly develop 
because of short-term genomic shuffling or rapid changes at mating 
traits, but this is apparently rare in conifers (e.g., Guo et al., 2009; 
Momigliano et al., 2017; Pavy et al., 2017). To our knowledge, only 
Juniperus phoenicea–J. turbinata share certain similarities with our 
study system, with phenological differences preventing interspecific 
mating at natural contact zones (Arista et al., 1997).
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Under parapatric speciation, reduction of interspecific gene 
flow, and thus speciation, are mainly driven by selection (Coyne & 
Orr, 2004; Gavrilets, 2014; Smadja & Butlin, 2011). Identifying which 
pressure(s) underlie such changes in Mexican firs remains unex-
plored and hence can be an interesting avenue for future research. 
In the simplest scenario, mating traits, probably related to pollen 
shedding, may quickly evolve through epistatic/pleiotropic effects 
during ecological divergence (Hendry et al., 2007). However, such 
processes usually involve strong ecological differentiation between 
parental species and, although segregating by altitude, the firs stud-
ied herein do not have significantly different ecological niches (Cruz-
Nicolás, Giles-Pérez, Lira-Noriega, et al.,  2020; Martínez-Méndez 
et al., 2016).

Alternatively, interspecific gene flow may be selectively inter-
rupted when hybrid offspring have lower fitness than parental taxa 
(Hopkins, 2013; Rahmé et al., 2009; Servedio & Noor, 2003). It is 
not possible to estimate the cost of hybridization with the avail-
able data for these Mexican firs, which would require controlled 
cross-pollination experiments and coding genomic information, 
but we could speculate on possible hypotheses to test in future 
studies. For instance, our results (Table  2, Figure  5a), and those 
of previous theoretical and empirical studies in these and other 
taxa, suggest that contrasting amounts of genetic load should 
be expected between species (Chen et al.,  2017; Cruz-Nicolás, 
Giles-Pérez, Lira-Noriega, et al.,  2020; Ohta,  1992). Such a load 
would be more easily exposed in recombinant hybrids (i.e., F2, 
F3, … Fn) and backcrosses involving the parental species with the 
smallest Ne (i.e., A. flinckii) than in the opposite direction, which 
may result in reduced hybrid fitness (i.e., “hybrid load”; Moran 
et al., 2020; e.g., Christe et al., 2017; Fenster & Galloway, 2000; 
Hamilton et al.,  2013; Moran et al.,  2018), and explain the ob-
served asymmetrical introgression from A. flinckii into A. religiosa 
(see also Pickup et al.,  2019). Selection could also be favouring 
reproductive isolation to alleviate competition driven by inter-
specific pollen–style interactions (Rahmé et al., 2009; Rieseberg 
& Blackman, 2010). An example in conifers is that of Pinus parvi-
flora var. pentaphylla and P. pumila, which are partly isolated by 
stronger cross-incompatibilities in the former taxa, which also 
results in asymmetrical gene flow because of differential fertil-
ization success between species (Ito et al., 2008). It would be in-
teresting to verify whether A. flinckii and A. religiosa also bear such 
incompatibilities.

4.3  |  Abies religiosa and intraspecific diversification 
in tropical mountain systems

Other than rapid species divergence, our demographic models 
suggest that A. religiosa expanded from the centre of the TMVB 
towards both the east and the west during the late Pleistocene 
(~218,000 years ago, Figure 5b). Such an expansion corresponds to 
the last formation phase of the TMVB, which included uplift of the 
large stratovolcanoes (Ferrari et al., 2012) that now provide suitable 

habitats for fir forests (Rzedowski,  2006; Velázquez et al.,  2000). 
Surprisingly, our most likely demographic scenario suggested a pop-
ulation decrease after that initial expansion for all modern A. religiosa 
lineages (Figure 5). However, lineage-specific SFSs of minor alleles 
and Tajima's D values pointed to population expansion in all cases, 
except for the W genomic group (Figure S7 and Table S5). Spurious 
population decreases can be inferred with coalescent approaches 
when demes within lineages/populations fit a n-island model with 
relatively limited gene flow (Chikhi et al., 2010), and it is likely that 
the sky-islands from central Mexico fit such a model (Mastretta-
Yanes et al., 2018; Uscanga et al., 2021). Indeed, the observed ge-
netic structure within A. religiosa (Figure  4b,c) might be the result 
of limited gene flow during the late Pleistocene (Mastretta-Yanes 
et al., 2015; Ramírez-Barahona & Eguiarte, 2013), although palyno-
logical data and niche projections into the Last Glacial Maximum 
suggest that gene flow among lineages was likely (Caballero-Miranda 
et al., 2010; Cruz-Nicolás, Giles-Pérez, Lira-Noriega, et al., 2020). A 
phylogeographical study at finer geographical scale is thus neces-
sary to explore the historical demography of this species in more 
detail.

Finally, it would be worth testing if the main role of geological 
and topographic features in promoting rapid genetic divergence also 
applies for other subtropical and tropical conifers. Indeed, the possi-
bility that interspecific gene flow can quickly cease between species 
prone to long-distance dispersal and with reputed permeable repro-
ductive barriers, such as conifers, could explain their large species 
diversity in subtropical and tropical regions of the world (Gernandt 
& Pérez-de la Rosa, 2014; Rahbek et al., 2019; e.g., Moreno-Letelier 
et al., 2014; Peláez et al., 2020).
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