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Abstract
Most tree species underwent cycles of contraction and expansion during the 
Quaternary. These cycles led to an ancient and complex genetic structure that has 
since been affected by extensive gene flow and by strong local adaptation. The extent 
to which hybridization played a role in this multi-layered genetic structure is impor-
tant to be investigated. To study the effect of hybridization on the joint population ge-
netic structure of two dominant species of the Eurasian boreal forest, Picea abies and 
P. obovata, we used targeted resequencing and obtained around 480 K nuclear SNPs 
and 87 chloroplast SNPs in 542 individuals sampled across most of their distribution 
ranges. Despite extensive gene flow and a clear pattern of Isolation-by-Distance, dis-
tinct genetic clusters emerged, indicating the presence of barriers and corridors to mi-
gration. Two cryptic refugia located in the large hybrid zone between the two species 
played a critical role in shaping their current distributions. The two species repeatedly 
hybridized during the Pleistocene and the direction of introgression depended on lati-
tude. Our study suggests that hybridization helped both species to overcome main 
shifts in their distribution ranges during glacial cycles and highlights the importance 
of considering whole species complex instead of separate entities to retrieve complex 
demographic histories.
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1  |  INTRODUC TION

Distribution ranges of boreal species went through cycles of 
contraction and expansion following glacial cycles (Fletcher 
et al., 2010; Nevado et al., 2018; Shuvaev et al., 2023). During the 
contraction phases, isolated populations could accumulate genetic 
divergence while the expansion phases were accompanied by sec-
ondary contact(s) and genetic admixture (Nevado et  al.,  2018; 
Petit et  al.,  2003; Wielstra et  al.,  2021; Zemlak et  al.,  2008). 
These oscillations played a major role in shaping the distribution 
of genetic variation within and between closely related species. 
Paleoecological and genetic studies have shown that the impact of 
glacial cycles varied extensively across species and geographical 
areas. In western Europe, for instance, some species could only 
survive in the Iberian or Italian peninsulas during glacial periods 
while others were able to survive as far north as Central Europe 
(Binney et  al.,  2009; Willis et  al.,  2000). The extent of glacia-
tions also varied through space: while Fennoscandia was almost 
fully glaciated during the Last Glacial Maximum (LGM, ~26,500–
19,000 years ago), Siberia was not. Siberia was a cold desert where 
patches of forests were able to survive (Semerikov et  al.,  2013 
and reference therein). These repeated sequences of reproductive 
isolation and admixture, and the vast but non-homogeneous pop-
ulation movements that accompanied them at continental scales, 
have led to the accumulation over time of an ancient, deep-seated 
and complex genetic structure, as, for instance, observed in seven 
European tree species (Milesi et  al.,  2023). This structure was 
blurred by extensive gene flow, or reinforced by strong local adap-
tation, both of which are characteristics of most forest tree spe-
cies (Savolainen et al., 2007). This already multi-layered structure 
has often been further complexified by intraspecific hybridization 
with closely related species.

Over the last decades, extensive genome-wide resequenc-
ing studies have highlighted the extent of hybridization and intro-
gression between closely related species (Belokon et  al.,  2022; 
Buck et  al.,  2023; Chen et  al.,  2018; Cullingham et  al.,  2012; Fu 
et  al.,  2022; Keim et  al.,  1989; Nocchi et  al.,  2023; Sankararaman 
et al., 2014; Shuvaev et al., 2023; Thórsson et al., 2001). Secondary 
contacts, when previously isolated populations are re-united, have 
been extensively studied, in particular for their role in speciation, 
for instance through reinforcement of reproductive isolation (e.g. 
Barton & Hewitt,  1985). When not selected against, species hy-
bridization is expected to increase genetic diversity and can allow 
for adaptive introgression (Chhatre et al., 2018; Jones et al., 2018; 
Leroy et al., 2020; Platt et al., 2019; Whitney et al., 2010), directly 
affect phenotypic traits (e.g. Darwin's finches beak shape, Grant & 
Grant,  2019) and thereby allow for niche expansion (e.g. Pfennig 
et al., 2016 and reference therein). In turn, ecological niche expansion 

could result in an increase in census population sizes and foster pop-
ulations' resilience to environmental changes. Thus, to better under-
stand the role of hybridization in species demographic histories, it is 
necessary to study all hybridizing species simultaneously (Cannon 
& Petit, 2020). This requires extensive sampling across entire distri-
bution ranges and examples of such large-scale study remain scarce 
outside model species (e.g. Bruxaux et al., 2024) and in particular in 
plants (Nieto Feliner et al., 2023).

Picea abies [L.] H. Karst (Norway spruce) and P. obovata Ledeb. 
(Siberian spruce) are keystone species of the Eurasian boreal forest, 
and their joint range extends from the Norwegian Coast (~10°E) in 
the West to the Sea of Okhotsk in the East (~140°E). Like other 
boreal tree species, P. abies and P. obovata experienced cycles of 
population expansion and contraction over multiple glacial peri-
ods. The current joint-distribution of P. abies and P. obovata shows 
a clear longitudinal pattern but no clear delineation between their 
natural range can be drawn; they occupy different but overlapping 
ecological niches (Karunarathne et  al.,  2024). Phenotypic traits 
also vary from one genetic background to the other (e.g. sur-
vival, growth, shape of cone-scale, Lagercrantz & Ryman,  1990; 
Nakvasina et al., 2019; Orlova et al., 2020; Popov, 2010) and P. abies 
can be discriminated from P. obovata and from their hybrid forms 
(Nakvasina et  al.,  2017, 2019; Popov,  2010, 2013). Yet, despite 
their great economic and ecological importance, the geographical 
patterns of genetic variation of the two species remain unclear, in 
particular in their putative contact zone in the Eastern European 
Plain. While P. abies can be separated into several well-delineated 
genetic clusters reflecting major geographical domains and pop-
ulation movements during glacial cycles (Chen et al., 2019; Tsuda 
et al., 2016), no clear population subdivision has been observed so 
far within P. obovata using nuclear markers, despite its much wider 
range (Tollefsrud et al., 2008, 2015; Tsuda et al., 2016). Current 
literature suggests that the last time the two species came into 
contact was after the LGM with a strong East to West recoloniza-
tion by P. obovata. In the northern part of the range, this resulted 
in a pattern of introgression from local populations of P. abies into 
incoming P. obovata individuals (Chen et al., 2019; Li et al., 2022; 
Tsuda et  al.,  2016). By jointly analyzing nuclear (microsatellites) 
and mitochondrial markers, Tsuda et al. (2016) also detected two 
migration barriers, one roughly separating the northern from the 
southern range of P. abies and the other corresponding to the Ural 
Mountains. It was suggested that these two geographical barriers 
were responsible for the observed non-homogeneous longitudi-
nal gene flow between the two species. Extensive genomic data 
confirmed the presence of gene flow from P. obovata to the north-
ern domain of P. abies and suggested the existence of four main 
genetic ancestral clusters across the P. abies–P. obovata complex 
(Chen et al., 2019; Li et al., 2022). Unfortunately, a high sampling 
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    |  3 of 14ZHOU et al.

bias towards P. abies and a limited sampling of individuals within 
the putative hybrid zone strongly limited inferences on species ge-
netic interaction over multiple glacial cycles.

The present study investigates the role of hybridization in shap-
ing the joint demographic history of the two spruce species over 
multiple glacial cycles and how it influenced their current spatial 
distribution. To do so, we used extensive genomic data (>480,000 
SNPs) from both nuclear and chloroplast DNA from 542 individu-
als sampled in 55 populations. The sampling ranged from Western 
Europe and Fennoscandia to the Yenisei River in Siberia, with 
a significant sampling of the putative P. abies–P. obovata hybrid 
zone (Figure 1a). We then combined different population genetics 
analyses to tease apart the effect of ancient demographic events, 

hybridization, and ongoing gene flow in shaping the current distribu-
tion of genetic variation. First, our study provides a precise mapping 
of the genetic diversity of both species at a continental scale and 
shows that gene flow between the two species is pervasive, with 
a nearly continuous transition from one genetic background to the 
other. Using extensive genome-wide markers, we also showed a bi-
directional but asymmetrical introgression pattern between the two 
species. In the North, P. obovata alleles introgress into P. abies ge-
nome while P. obovata extends westwards. Whereas in the South 
P. abies alleles introgress into P. obovata genome as P. abies moves 
eastwards. Using coalescent simulations, we further demonstrated 
that the two species regularly came into contact across multiple ice-
cycles, a process that gave rise to current genetic clusters. Hence, 

F I G U R E  1 Population structure and gene flow. (a) the pies represent the proportion of individuals in a population belonging to a given 
genetic cluster defined using UMAP. The background of the map represents effective migration surface across space estimated using fEEMS. 
The triangles represent the grids used in fEEMS, the colours refer to the scale on the top of the map giving the relative intensity of gene 
flow. Populations located inside a same deme of the grid were gathered as one single population. Main barriers identified were labelled with 
numbers. The core of the hybrid zone was marked with black dotted lines. Barrier 1: Alpine Mountains; Barrier 2: Baltic Sea; Barrier 5: Ural 
Mountains. (b) results of PCA shown as plotting PC2 against PC1. (c) Regression of population pairwise FST over geodesic distances.
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4 of 14  |     ZHOU et al.

hybridization between the two species fostered their genetic diver-
sity and may have helped both species overcome major climatic fluc-
tuations over the quaternary.

2  |  MATERIAL S AND METHODS

2.1  |  Sampling, sequencing and SNP calling

We sequenced the DNA of 542 trees from 55 populations sam-
pled across P. abies and P. obovata natural ranges (Figure  S1B, 
Appendices S1 and S2) using exome capture (40,018 probes, Vidalis 
et al., 2018). We aligned the raw reads against the reference genome 
of P. abies v1.0 (Nystedt et al., 2013) and trimmed the alignment files 
before SNP calling. After hard-filtering, 480,428 putatively neutral 
SNPs (i.e. synonymous, intronic and intergenic), pruned for high 
linkage disequilibrium (r2 < 0.5), were kept for downstream analy-
ses. Detailed procedures and filtering parameters are presented in 
Appendix S7: ‘Sequencing and SNP calling’.

SNPs from cpDNA were identified following the same protocol 
as for nuclear SNPs but without pruning for high linkage disequilib-
rium. Only 484 samples were kept for the chloroplast dataset after 
removing samples with a too high missing rate (>30%).

2.2  |  Population genetic structure and clustering

Population genetic structure was first investigated through prin-
cipal component analysis (PCA) to assess spatial genetic pat-
terns using EIGENSOFT v. 7.2.0 with default parameters (Galinsky 
et al., 2016). Fine-scale genetic clustering was then performed with 
Uniform Manifold Approximation and Projection (UMAP) analysis 
(Diaz-Papkovich et  al.,  2019). We estimated ancestry component 
coefficient using ADMIXTURE v. 1.3.0 (Alexander et al., 2009). We 
performed 10-fold cross validation with 200 bootstraps to define K, 
the theoretically optimal number of ancestry components (K ranges 
from 1 to 10). Finally, we used Bayesian inference implemented in 
BayPass v2.2 (Gautier, 2015) to estimate the empirical patterns of 
covariance in allele frequencies among populations and compared 
it with the clustering obtained with individual-based approach 
(UMAP). Detailed explanations for UMAP and BayPass are provided 
in Appendix S7: ‘Genetic clustering’.

2.3  |  Genetic diversity and population divergence 
estimation

For each population (i.e. sampling location) and each genetic clus-
ter identified using UMAP approaches, we computed nucleotide di-
versity (Nei's π, Nei & Tajima, 1981) and Tajima's D (Tajima, 1989) 
using the R package ‘PopGenome’ v2.7.5 (Pfeifer et  al.,  2014). The 
estimated nucleotide diversity was corrected with the length of 
effectively sequenced region and the proportion of filtered SNPs. 

We also estimated Weir and Cockerham weighted FST (Weir & 
Cockerham, 1984) for each population pair using VCFtools v0.1.17 
(Danecek et al., 2011).

2.4  |  Isolation-by-Distance and effective migration 
surfaces

The global pattern of Isolation-by-Distance (IBD, Morton,  2013) 
was first investigated by regressing population pairwise FST to 
corresponding pairwise geodesic distances (R package ‘geodist’ 
v0.08, Padgham, 2021); we used a Mantel test (Mantel, 1967) with 
10,000 permutations to test the significance of the correlation be-
tween the two distance matrices (R, ‘vegan’ v2.6, Dixon, 2003). We 
then identified corridors and barriers to gene flow using the fEEMS 
v1.0.1 (Marcus et al., 2021) software, that estimates effective mi-
gration surfaces across space. We adopted a grid size of 100 km2 
that was the best compromise between computational burden 
and model misspecification. All 55 populations were assigned to 
48 different grids. Individuals from different sampling locations 
within the same grid that were genetically close were grouped, 
leaving a minor risk of bias in migration surface estimation with 
adjacent grids.

2.5  |  Chloroplast haplotype group analysis

SNPs located in the chloroplast genome were used for unrooted 
maximum likelihood (ML) phylogenetic inference using IQtree v2.03 
(Nguyen et al., 2015), see Appendix S7: ‘Model comparison’ – IQtree.

2.6  |  Inference of ancient migration events 
between the main clusters

We used TreeMix v1.13 (Pickrell & Pritchard, 2012) to infer the pat-
tern of population splits and major historical migration events among 
the main genetic entities. A maximum likelihood phylogenetic tree 
of the main genetic clusters identified using UMAP was first built 
by TreeMix. The support of the resulting phylogeny was evaluated 
by bootstrapping blocks of 500 SNPs. The homogenous genetic 
cluster formed by populations located along the Yenisei River was 
used as the outgroup to root the tree and up to 10 edges (‘migration 
events’) were added to the tree (see Appendix S7: ‘Model compari-
son’ – TreeMix).

2.7  |  Demographic history inference of the main 
clusters

In order to test alternative demographic models (see Appendix S7: 
‘Model comparison’ – FastSimCoal2), we used the coalescent-
based composite likelihood method implemented in FastSimCoal2 
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    |  5 of 14ZHOU et al.

(Excoffier et  al.,  2021), considering a generation time of 25 years 
and a mutation rate of 2.75 × 10−8 per site per generation (Ann 
et al., 2007; Hanlon et al., 2019; Nystedt et al., 2013).

We used the output of the TreeMix analysis to define the demo-
graphic models to be tested. The models were built with increasing 
complexity and migration events were added progressively in the 
order suggested by the TreeMix analysis. Five scenarios with dif-
ferent numbers of edges added (ranging from 0 to 4) were initially 
tested. We then tested additional models, notably considering dif-
ferent origins for the clusters with ambiguous phylogenetic positions 
in TreeMix (see Section 3: ‘Biased ancient migration from P. obovata 
into P. abies’). Migration was only allowed between adjacent clusters 
to avoid over-parametrization (the various models are presented in 
Appendices S3 and S4; also see Appendix S7: ‘Site frequency spec-
tra (SFS)’ and ‘Model comparison’ – FastSimCoal2). We also explored 
simpler models based on the four clusters defined using ADMIXTURE 
(see also Appendix S7: ‘FastSimCoal2 simulation with four clusters’, 
Table S1 and Figure S5).

3  |  RESULTS

3.1  |  Continuous change in genomic background 
from one species to the other

First, we measured genetic diversity across all populations from 
480,428 putatively neutral nuclear SNPs. Nei's nucleotide diver-
sity, π, ranges from 0.00524 to 0.00687 and shows a longitudi-
nal gradient, increasing from West (P. abies) to East (P. obovata, 
Spearman's rho = 0.5, S = 13,413, p < 0.001, Appendix S2). Tajima's 
D statistics were negative in all populations (−0.91 to −0.031, 
median: −0.397, Appendix S2). Considering that Tajima's D is ex-
pected to roughly follow a beta distribution of mean 0 and vari-
ance 1 (Tajima, 1989), the populations do not significantly depart 
from the standard coalescent model even if the global negative 
trend might suggest recent population expansion, as expected 
after the LGM. We then investigated genetic structure with a PCA 
(Figure 1b and Figure S2). The first two principal components (PCs) 
together explain ~5.1% of the total genetic variation and clustering 
reflects geography (Figure  S2E,F). No clear delineation between 
the two species can be drawn.

As some population structure is still captured by other PCs (e.g. 
PC3 and 4, see Figure S2C,D), we performed dimensionality reduc-
tion incorporating the first five PCs using UMAP (Diaz-Papkovich 
et al., 2019). Nine genetic clusters can be distinguished. Among them, 
two include only one or two populations (Figure 1a, Figure S2A and 
Appendices S1 and S2). The first one (ITA) includes two populations 
located at different altitudes (ITAL and ITAH) in the Apennine region 
in Italy (Figure  1, Figure  S1B). The second cluster (PAH) is from a 
population located on an elevated plateau in Southern Urals (Mount 
Iremel). These two clusters are isolated from the rest of the range of 
P. abies and P. obovata. The seven other clusters grouped individuals 
according to their geographical distribution (Figure 1a). In P. obovata, 

the main population structure runs along the longitude where three 
main clusters can be discriminated. The Yenisei (YEN) cluster only 
contains individuals from populations sampled along the Yenisei River. 
Populations located along the Ob River, East of the Ural Mountains 
range, form a cluster of their own (OB) and those located West of the 
Ural Mountains range gather into a third cluster (URAL, Figure 1a). It is 
worth noting that one isolated population from the northern distribu-
tion of P. obovata, Indigo, belonged to the URAL cluster. In contrast with 
P. obovata, the main population structure runs along latitude in P. abies. 
The EUR cluster gathers populations from the Alpine and Carpathian 
Mountain ranges, and the EUR_RUS cluster groups populations from 
the Russia-Baltic region. The last two clusters, Fenno1 and Fenno2, 
cover most of the hybrid zone that extends from Fennoscandia up to 
the Ural Mountains and split it into a Northern-Eastern (Fenno1) and a 
Southern-Western (Fenno2) cluster (Figure 1a,b). A population-based 
clustering approach (Günther & Coop, 2013) confirmed the clustering 
based on individual data (Figure S1).

3.2  |  Extensive gene flow explains the continuous 
change in genomic background

Population structure analyses suggested the occurrence of exten-
sive ongoing gene flow between P. abies and P. obovata genetic back-
grounds. We first investigated the pattern of Isolation-by-Distance 
(IBD) by regressing population pairwise FST over the geodesic dis-
tance between each population in a pair. The divergence among 
populations was globally low with the highest FST (~0.25) measured 
between Yenisei River (P. obovata) and Italian populations (P. abies). 
The regression revealed a striking IBD pattern across the whole 
range of both species (r2 = 0.82, Figure 1c, Mantel's correlation coef-
ficient r: 0.92, p < 0.001) and no gap in the distribution was observed. 
In order to capture local deviations in gene flow (i.e. barriers and 
corridors), we estimated the geographical distribution of effective 
migration rates using fEEMS (Marcus et al., 2021). As expected, areas 
with reduced migration rates (hereafter ‘barriers’) delineate the main 
genetic clusters identified with UMAP while the migration rate was 
higher than the average within clusters (Figure 1a). Within P. obovata, 
the Ural Mountains clearly constitute a barrier to gene flow separat-
ing URAL and OB genetic clusters (barrier 5, Figure 1a). However, 
in P. abies, no clear topological barrier can be found to explain the 
separation of EUR_RUS from EUR. The Baltic Sea was identified as 
a barrier to gene flow between P. abies clusters and Fenno2 likely 
due to recent recolonization history after LGM (barrier 2, Figure 1a). 
Importantly, we found two main barriers to gene flow delineating a 
corridor between Southern Urals and Northern Fennoscandia that 
do not correspond to any clear topological variation but delineate 
the hybrid zone. The first barrier (barrier 3) separates Fenno2 from 
Fenno1 in the West and the second (barrier 4) separates Fenno1 
from URAL in the East (Figure 1a). These two barriers are probably 
best explained by a combination of ancient demographic events and 
natural selection. For instance, barrier 3 matches the transition in 
climatic groups defined by Karunarathne et al. (2024).
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3.3  |  Four ancestral populations contributed to 
current genetic variation

To investigate how ancient demographic history shaped the current 
distribution of genetic variation, we used ADMIXTURE (Alexander 
et al., 2009) to first estimate ancestry components and better under-
stand the origin of the current population structure. Based on 10-fold 
cross-validation (CV), K = 3 or 4 best explained the data (Figure  2, 
Figure S3). In both cases, ADMIXTURE revealed a continuous genetic 
composition change from ‘pure’ EUR (P. abies) to ‘pure’ YEN (P. obovata) 

genetic background, which is consistent with the result of the PCA 
analysis. However, in contrast with what would be expected if K = 2, 
the admixed populations do not directly share EUR and YEN genetic 
components. Instead, the analysis revealed a two-fold admixture pat-
tern, with populations sharing either EUR (EUR_RUS, Fenno1 and 
Fenno2) or YEN (PAH, URAL and OB) genetic component with a clus-
ter of third origin (Figure 2a). The main ancestry component found for 
these clusters for K = 3 (green in Figure 2a, top panel) is split into two 
ancestral components when K = 4 (see AC_FEN, green, and AC_UR, 
olive, in Figure 2a, bottom panel).

F I G U R E  2 Distribution of ancestry components and chloroplast haplotypes. (a) ADMIXTURE plot showing the ancestry components 
(nuclear DNA) distribution for K = 3 (upper panel) and K = 4 (bottom panel). (b) Geographical distribution of ancestry components estimated with 
ADMIXTURE analysis (K = 4, left panel) and scree plot of cross-validation errors for different K values (right panel). (c) Geographical distribution of 
the four main chloroplast DNA haplotype groups (left) and maximum likelihood tree showing their phylogenetic relationships (right panel).
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In conifers, chloroplasts are haploid, paternally inherited (i.e. 
through pollen) but dispersed with both pollen and seeds. Investigating 
the distribution of genetic variation of chloroplast DNA (cpDNA) thus 
provides additional information on pollen and seed dispersal (Scotti 
et al., 2008; Tollefsrud et al., 2015). Four well-supported chlorotype 
groups were identified using a maximum likelihood (ML) phylogeny 
built on 87 chloroplast SNPs and their geographical distribution glob-
ally matches the distribution of the ancestry components inferred 
from nuclear markers (ADMIXTURE analysis, K = 4) but with a larger 
geographical spread (Figure 2c). Group 1 and group 4, that are pre-
dominantly found along the Yenisei River and in Western Europe, re-
spectively, are also found in populations located within the hybrid zone 
while the two corresponding main ancestry components estimated 
from nDNA, AC_EUR and AC_YEN, are not into contact in the hybrid 
zone. The other two groups (CP groups 2 and 3) are widely distributed 
across the hybrid zone with no clear geographical pattern even though 
they likely originate from the two different species (Figure 2c). Finally, 
most of the populations from the hybrid zone display chlorotypes be-
longing to at least three different groups. This analysis supports the 
existence of cross-species long-range pollen flow and shows that the 
chlorotypes originating from P. obovata (CP group 1) introgress further 
West in the North and those originating from P. abies (CP group 4) in-
trogress further East in the South.

The distribution of nuclear ancestries and chlorotype groups to-
gether suggest that four instead of two main ancestral populations 
contributed to the contemporary genetic variation across the joint 
distribution of the two species.

3.4  |  Biased ancient migration from P. obovata into 
P. abies

The previous analyses revealed a gradual transition from the ge-
netic background of one species to the other that extends from 
Northern Fennoscandia up to Southern Urals, suggesting ancient 
admixture events between P. abies and P. obovata. Hence, we used 
TreeMix (Pickrell & Pritchard, 2012) to quantify the number, intensity 
and direction of main migration events between the two species. 
The best model explained 99.8% of the total variance and was ob-
tained by adding four edges (i.e. main migration events) to the initial 
tree (Figure 3a and Figure S4). The resulting phylogenetic tree first 
separates YEN and OB from EUR, Fenno1, Fenno2, and EUR_RUS 
clusters with URAL branching out from the branch connecting these 
two groups. EUR_RUS cluster splits early from the common ances-
tor of EUR, Fenno1 and Fenno2 clusters. The model suggests that 
the first migration event occurred from P. obovata to what is today, 
Fenno2 (arrow 1 in Figure 3a). More importantly, we detected two 
concomitant migration events occurring from URAL towards OB 
(P. obovata) and Fenno1 (P. abies) (arrows 2 and 3, respectively, in 
Figure 3a). URAL is thus an ancestral cluster that influenced both 
P. obovata and P. abies genetic diversity, shedding a new light on 
the patterns observed with ADMIXTURE and fEEMS analyses. The 

most recent migration event was from EUR towards EUR_RUS 
(arrow 4, Figure  3a). This explains the close relationship between 
the two clusters observed with PCA and ADMIXTURE, despite the 
long divergence time suggested by TreeMix. All migration events 
were confirmed with f3-tests as suggested by (Chen et  al.,  2018) 
(Appendix S5). However, one needs to be cautious when interpret-
ing the reticulate evolutionary history revealed by TreeMix. When 
the migration weights are close to 0.5, the branching and the source 
population for migration could be flipped, both being theoretically 
indistinguishable from one another, see for instance arrows 3 and 4 
in Figure 3a.

3.5  |  Demographic history inference

The results of TreeMix provide new insights into the complex evolu-
tionary dynamics of the two species but did not allow for a detailed 
inspection of their demographic histories. It is not clear whether 
URAL split from YEN or EUR. Similarly, the origin of EUR_RUS clus-
ter remains unclear due to the roughly equal contribution of the two 
source populations. To solve these issues, we explored different de-
mographic scenarios with different sets of parameters and topolo-
gies with FastSimCoal2 (Excoffier et al., 2021). Among the 36 models 
we explored, one model stands out and recovered the observed site 
frequency spectra well (CLR: 747,198, Appendix S3, S4 and S6). The 
best model and the confidence intervals for the estimates are pre-
sented in Figure 3b and Table 1.

The use of a coalescent-based approach confirmed that the URAL 
cluster is ancient (TUR1: ~820 kya) and diverged from the YEN cluster 
after the split between the ancestors of P. abies and P. obovata (Tanc: 
~2.5 mya). It also emphasizes the importance of admixture events in 
the history of the two species and confirms the hybrid origin of some 
clusters. Fenno2 resulted from the admixture between URAL and 
EUR (TFenno2: ~230 kya) with a higher contribution from the P. abies 
genetic background (relative contribution, 60%) while Fenno1 orig-
inated slightly later from the admixture between URAL and Fenno2 
(~187 kya), with a major contribution from Fenno2 (~90%). At roughly 
the same time, the OB cluster formed from the admixture between 
YEN (~90%) and URAL (~10%). The concomitance of these two events 
suggests that they occurred during the same interglacial period. 
Finally, the EUR_RUS cluster resulted recently from the admixture 
between EUR (~50%) and Fenno2 (~50%) clusters, likely as a result 
of the post-LGM population expansion (TEUR_RUS: ~3150 years ago).

In summary, TreeMix and FastSimCoal2 analyses highlight three 
key inferences of the evolutionary history of P. abies and P. obovata. 
First, most of the clusters originated much before the LGM. Second, 
the main clusters except for the two ‘pure’ ones (EUR and YEN) were 
the results of admixture between more ancient genetic entities. 
Third, recurring hybridization between the two species played a cru-
cial role in shaping the current distribution of genetic variation, with 
a central role played by the URAL cluster that contributed to several 
admixture events involving both species.
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4  |  DISCUSSION

In the present study, we investigated the joint demographic history 
of two dominant spruce species in Eurasian boreal forests. Our re-
sults highlight three main features of this demographic history. First, 
most pivotal events occurred before the Last Glacial Maximum, in-
dicating that the current population structure is not solely a result 
of post-LGM events. Secondly, bidirectional gene flow/admixture 
played an extremely important role in shaping the geographical 
distribution of the current diversity. Thirdly, the divergence of the 
main genetic ancestries predated LGM and persisted across several 
glacial–interglacial cycles despite substantial gene flow occurring 
within the common habitat of these two species. This remarkable 
resilience to gene flow highlights the enduring impact of historical 
events on the genetic makeup of these species. Below we discuss 
the implications of these features on the inferences that can be 
drawn on the demographic history of the two species.

4.1  |  ITA, PAH and indigo are likely ‘relic’ genetic 
clusters/populations

Out of the nine genetic clusters identified using UMAP, the ITA and 
PAH clusters included only few individuals from isolated populations 
from the Apennines (Northern Italy) and from the Southern Urals, 
respectively. ITAH and ITAL were collected from the southern limits 
of the natural range of P. abies and are geographically isolated from 
the other populations of the species, as confirmed by fEEMS analysis 

(Barrier 1, Figure 1a and Figure S1). The low nucleotide diversity of 
these populations further supports a higher level of genetic drift 
than in other populations. Similarly, higher Tajima's D estimates than 
in surrounding populations indicate that their demographic histories 
also differed (Appendix  S2). The autochthonous origin of ITA was 
first hypothesized by Chiarugi (1936a, 1936b), and was supported by 
phytological, morphological and genetic data (Borghetti et al., 1988; 
Bucci & Vendramin,  2000; Ferrarini,  1977; Giannini et  al.,  1991, 
1994; Magini et al., 1980; Vendramin et al., 2000). The most recent 
palynological records also support the local persistence of P. abies 
at low altitudes in the northern Apennines during the LGM (Magri 
et  al.,  2015; Morales-Molino et  al.,  2021; Ravazzi,  2002; Vescovi 
et al., 2010).

Individuals from PAH, a population located at high altitude, clus-
tered separately from all nearby populations (UMAP), including PAL, 
a nearby population of lower altitude. In contrast, PAH is genetically 
closer than expected, given the geographical distance, to Indigo, a pop-
ulation located at the northern limit of the P. obovata range (Figure 1, 
Figure S1). Both PAH and Indigo share phenotypic traits characteristic 
of adaption to harsh habitats with extreme temperatures and strong 
winds; typically, small trees with a ‘bushy’ architecture (V. Semerikov 
and M. Lascoux, personal observation), as also encountered at high 
altitude in Norwegian and Swedish mountain ranges (for a picture, 
see Nota et al., 2022). The observed pattern could therefore be the 
combined result of convergent local adaptation to extreme environ-
ments and long-term survival through glacial periods as small and 
isolated refugia. Sediment coring analysis confirmed the presence of 
spruce pollen during LGM in Indigo (Väliranta et al., 2011). It is also 

F I G U R E  3 Demography history inference. (a) The tree with the highest support in TreeMix analysis is represented. The main migration 
events are shown with arrows (labelled from 1 to 4). (b) FastSimCoal2 analysis, the best model with four admixture events is represented. 
Time estimates (number on the left) were obtained from the number of generations considering a mean generation time of 25 years. 
Horizontal blue bars indicate roughly the glacial periods for the last 800,000 years. For both plots, the numbers above/next to the arrows 
indicate the relative contribution of the source populations to the sink populations.
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    |  9 of 14ZHOU et al.

well known that high mountains served as refugia for P. abies popu-
lations during glacial periods (Nota et al., 2022; Parducci et al., 2012; 
Tollefsrud et al., 2008, 2015) and the same probably applies to the PAH 
population. In Fennoscandia, these high-altitude relics did not have a 
significant contribution to the re-colonization after the LGM (Nota 
et al., 2022) and the same seems to be true in PAH that genetically 
differs from nearby PAL. PAH and Indigo in P. obovata, as well as ITA in 
P. abies appear to be relics of past distributions.

4.2  |  Two ancient cryptic refugia bridge P. abies and 
P. obovata genetic backgrounds

In P. abies, our clustering corroborates the primary population struc-
ture identified in earlier investigations (Chen et al., 2019; Li et al., 2022; 
Milesi et al., 2023). In particular, we confirmed that the genetic contri-
bution of P. abies expands as far East as the Southern Ural Mountains 
(Krutovskii & Bergmann,  1995; Tsuda et  al.,  2016). Much less was 
known about P. obovata genetic structure, and our study revealed the 
existence of at least three main genetic clusters: from East to West, a 
first cluster comprising populations sampled along the Yenisei River 
(YEN), a second one grouping populations along the Ob River (OB), and 
a third one west of the Ural Mountains (URAL) (Figure 1, Figure S1).

Recent literature showed a pattern of introgression of P. abies 
populations by P. obovata genetic background, in particular in the 
Northern range of P. abies (Chen et al., 2019; Li et al., 2022; Tollefsrud 
et al., 2015; Tsuda et al., 2016). The analyses of mitochondrial DNA 

and SSR markers by Tsuda et al. (2016) suggested that cryptic P. abies 
populations might have acted as stepping stones for P. obovata west-
wards move. The presence of those ‘stepping stones’ would help ex-
plain the asymmetric patterns of introgression observed for mtDNA 
and nDNA (see Figures 1a and 3b in Tsuda et al., 2016) and would also 
be consistent with Currat et al. (2008) introgression model. In line with 
these results, the admixture analysis suggested that K = 3 or K = 4 an-
cestry components were at the origin of today's population structure 
(Figure 2b). It implies that at least one (K = 3), or more probably two 
(K = 4), ancestry components contributed to the genetic variation we 
observe today. Additionally, we detected four main chloroplast haplo-
types. Like nDNA, cpDNA is dispersed through both pollen and seeds 
(Petit et al., 2005) but it has been shown to introgress more readily 
than nDNA (Soltis et al., 1992 and reference therein). Their phyloge-
netic relationships and spatial distribution suggest that these haplo-
types arose from the same ancestral populations as the ones identified 
using nuclear polymorphisms. This further supports our hypothesis of 
the existence of two cryptic refugia, one with a more P. abies genetic 
background (AC_FEN and CP group2, Figure 2) and one with a more P. 
obovata background (AC_UR and CP group3, Figure 2).

By comparing the distribution of nuclear and chloroplast ge-
netic diversity from our study with the distribution of mitochon-
drial genetic diversity from Tsuda et  al.  (2016), we can infer that 
past populations in the hybrid zone were likely founded by west-
ward colonization from the P. obovata domain, the mitochondrial 
haplotype being retained into the two refugia in the hybrid zone. 
Individuals from one refugium then received a massive gene flow 
from P. abies through pollen dispersal and the local chloroplast ge-
nome was replaced by the one from P. abies (chloroplast capture, 
Tsitrone et al., 2003; Schulte et al., 2021; Yang et al., 2021) while 
the other refugium was more influenced by P. obovata. This hypoth-
esis would also explain the inconsistency of nuclear and chlorotype 
divergence between the two main ancestral components/groups 
in the hybrid zone: CP group 2 and CP group 3 originate from dif-
ferent genetic backgrounds (Figure 2c), while the FST between the 
two nuclear ancestral components (AC_FEN and AC_UR) estimated 
with ADMIXTURE was among the lowest (Table 2), suggesting pos-
sible different origins of nuclear and chloroplast sequences for one 
of the two ancestral populations in the hybrid zone. Alternatively, 
the observed cytonuclear discordance can also be explained by in-
complete lineage sorting instead of chloroplast capture. However, 
it is difficult to distinguish the two scenarios (e.g. Liu et al., 2020; 
Morales-Briones et al., 2018; Rose et al., 2021), especially with ex-
tensive ongoing gene flow and no proper outgroup, which it is the 
case in this study.

TA B L E  1 Demographic parameters estimated for the model 
using FastSimCoal2.

Parameters Point estimation 2.50% 97.50%

NEUR 200,301 198,875 268,481

NOB 139,799 123,490 169,277

NYEN 90,266 63,134 148,423

NURAL 95,476 91,911 142,727

NFenno1 103,151 97,447 112,885

NFenno2 156,520 152,277 202,673

NEUR_RUS 50,108 50,386 123,478

MYEN-OB 0.94 0.81 0.98

MEUR-Fenno2 0.60 0.56 0.69

MURAL-Fenno1 0.08 0.02 0.18

MEUR-EUR_RUS 0.46 0.46 0.49

TFenno2 230,650 214,191 281,793

TURAL 818,900 571,852 1,088,353

TFenno1 188,650 181,676 206,930

TOB 187,225 105,660 244,877

Tanc 2,439,200 2,300,048 2,790,453

TEUR_RUS 3150 3411 9683

Note: M, migration proportion from source cluster to sink cluster for 
admixture events; N, effective population size; T, time for divergence or 
admixture events; Tanc, coalescent time for all clusters.

TA B L E  2 Genetic differentiation among the putative ancestry 
populations inferred by ADMIXTURE.

AC_YEN AC_EUR AC_UR

AC_EUR 0.173

AC_UR 0.087 0.139

AC_FEN 0.124 0.062 0.064
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Both, a tree-based approach (TreeMix) and coalescent simula-
tions (FastSimCoal2) supported recurrent admixture events between 
the main genetic entities that gave rise to the main genetic clusters. 
Even if a precise timing of these admixture events is out of reach 
given the uncertainties about mutation rate and generation time in 
spruce species, it is worth noting that they all date back before the 
LGM (Figure 3b and Table 1). Our best estimates showed that the 
main admixture events between P. abies and P. obovata genetic back-
ground occurred during the Pleistocene in agreement with what was 
already described (Chen et al., 2019; Tsuda et al., 2016) and likely 
during inter-glacial recolonization. Note that a direct comparison of 
the estimates between these studies is not possible as the demo-
graphic models and the gene pool considered differ across studies. 
Two genetic clusters, URAL and Fenno2, were revealed to be ancient 
genetic entities that survived multiple glacial cycles and play sub-
stantial parts in shaping the current distribution of genetic variation. 
The two cryptic refugia likely inhabited the ancestral populations of 
each of the two clusters during glacial periods, promoting genetic 
divergence and giving birth to the two ancestries (AC_UR and AC_
FEN, Figure 2b).

The location of these refugia remains unclear but our analy-
ses point towards Western Russia-Eastern Fennoscandia and the 
Southern Ural Mountains. Tollefsrud et al. (2008) showed that early 
Holocene pollen records were enriched in the Alps and Carpathian 
Mountains, which are known refugia for P. abies, but also in a large 
area in Western Russia. The latter could thus be the location of a 
refugium during glacial periods as also suggested by Giesecke and 
Bennett  (2004) and Latałowa and van der Knaap  (2006). Locating 
the other refugium could be more challenging as the classical con-
cept of refugia may not apply due to the lack of complete glaciation 
of the region. According to palaeobiological records, Siberia was a 
dry desert interspersed with pockets of forested areas (Semerikov 
et al., 2013 and reference therein). Still, Karunarathne et al.  (2024) 
suggested that the southern part of the Siberian Plain was a suit-
able habitat for P. obovata during glacial periods and the presence of 
spruce during the LGM in the Baikal region is attested by fossil pol-
len (Kobe et al., 2022). Using ecological niche modelling and back-
ward climate projection, Karunarathne et al.  (2024) also suggested 
that the distribution ranges of P. abies and P. obovata overlapped 
during interglacial periods in their Northern range (~145 kya). This 
could, for instance, explain both the admixture of the two species at 
the origin of the Fenno1 cluster (~180 kya, Figure 3b) and the fact 
that P. obovata contribution expands further West in the Northern 
range of P. abies.

4.3  |  Ecological factors could explain the 
maintenance of distinct genetic clusters despite 
extensive gene flow

Current genomic variation shows a continuous spatial distribu-
tion between P. obovata and P. abies. The low differentiation 
between populations geographically distant and belonging to 

different genetic clusters having diverged long ago highlights the 
maintenance of large effective population sizes through time and 
extensive gene flow sustained by long-distance pollen dispersal 
(Figures  1c, 2b). Despite such a high gene flow, well-delineated 
genetic clusters persist at the nuclear level, probably because 
of the recurrent sheltering by well-defined glacial refugia. While 
distinct barriers to gene flow explain the distribution of current 
genetic diversity (e.g. mountain ranges, the Baltic Sea), there is no 
direct evidence of a topographic cause for the barrier within the 
hybrid zone (barrier 2 and 3, Figure  1a). This barrier could thus 
be the result of the interplay of the ancient demographic events 
described above with ecological factors and local adaptation. A 
whole body of literature discriminates P. abies from P. obovata and 
their hybrids based on the shape of the cone scale. Notably, the 
distribution range of these groups aligns well with the distribu-
tion of the main genetic clusters we identified within the hybrid 
zone (e.g. Popov, 2010, 2013; Pravdin, 1975). Two types of hybrids 
can be further discriminated using morphological traits, hybrids 
with properties of P. abies or with properties of P. obovata (e.g. 
Nakvasina et al., 2019; Orlova et al., 2020) mirroring the distribu-
tion of the ancestry components within the hybrid zone. Nakvasina 
et al. (2017) showed that the various hybrid forms display differ-
ent phenotypic plasticity and that both hybrid forms had higher 
survival rates than the non-hybrids. The provenance test was con-
ducted in the Arkhangelsk Region, the highest survival rate being 
achieved by the local genotype, namely hybrid with ‘P. obovata’ 
properties. Some of the samples from the provenance tests were 
also included in this study (samples from population R1, R2, R5, 
R8, R20, R24, R27, R29, R35 and R38, see Figure S1B). In line with 
these studies, Karunarathne et al. (2024) showed that the hybridi-
zation between the two species enlarged both species' ecologi-
cal niches, with hybrids occupying a specific ecological niche. Li 
et al. (2022) have further evidenced the role of local adaptation in 
the maintenance of the contact zone between Fenno1 and Fenno2 
in Sweden, and that despite extensive gene flow. These studies 
thus further support the role of natural selection in maintaining 
hybrid zones between locally adapted ecotypes. It would certainly 
be interesting to extend the approach developed in Li et al. (2022) 
to other contact zones across the ranges of P. abies and P. obovata.

4.4  |  Hybridization enhances genetic diversity but 
does not affect species boundaries

Taxonomic status of P. abies and P. obovata has been recurrently 
discussed and is likely to remain controversial (see Lockwood 
et al., 2013 and references therein). Our study shed a new light on 
the intensity of the gene flow between P. abies and P. obovata across 
what can be perceived as one of the largest hybrid zones but does 
not challenge their species status. Instead, we propose to consider P. 
abies and P. obovata more as a syngameon (Grant, 1981) as the deep-
seated genetic structure between the two species also matches 
already characterized phenotypic differences (e.g. Nakvasina 
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    |  11 of 14ZHOU et al.

et al., 2017; Popov, 2010, 2013; Pravdin, 1975) and ecological niche 
preferences (Karunarathne et al., 2024). Also, fixation index values 
between non-admixed populations of P. abies and P. obovata (from 
FST = 0.18 to 0.25) are the highest reported so far for closely related 
spruce species (e.g. compared to P. asperata and P. crassifolia, Feng 
et al., 2023; P. glauca and P. engelmannii, De La Torre et al., 2014; 
P. meyeri, P. koraiensis and P. mongolica, Liu et al., 2024). In striking 
contrast, for instance, Scots pine (P. sylvestris) displays a much lower 
genetic differentiation across an even broader distribution range 
(Bruxaux et al., 2024).

Our study is in line with studies highlighting the extent and role 
of hybridization in forest trees species' evolutionary dynamics (e.g. 
Leal et al., 2024; Budde et al., 2023; Wang et al., 2019; Pfeilsticker 
et al., 2022; Larson et al., 2021, respectively for birch, beech, poplar, 
eucalypts or rainforest trees species). When not selected against, 
hybridization has been shown to enhance genetic diversity and fos-
ter species response to main climatic changes (e.g. Buck et al., 2023 
in pines, Cannon & Petit, 2020 in oaks, Karunarathne et al., 2024 in 
spruce), contribute to local adaptation through adaptive introgres-
sion (e.g. Chhatre et al., 2018; Jones et al., 2018; Leroy et al., 2020; 
Platt et al., 2019; Whitney et al., 2010) or facilitate tree invasion dy-
namics (Gaskin, 2017 and reference therein) and should therefore be 
considered for forest conservation and management plan and trees 
breeding programme (Janes & Hamilton, 2017).

5  |  CONCLUSION

Thanks to the development of Next Generation Sequencing tech-
nologies, it is now affordable to conduct population level studies 
at continental scale with extensive genomic markers even for non-
model species. This offers new opportunities for apprehending the 
evolutionary importance of species hybridization, in particular for 
species with long range gamete dispersal. Our study highlights the 
importance of considering whole species complexes, instead of sep-
arate entities, to retrieve complex demographic histories. It showed 
that the recurrent hybridization between the two-spruce species 
that occurred during multiple glacial–interglacial cycles likely helped 
both species to overcome drastic contraction of their ranges and 
potentially fostering recolonization using refugia of hybrid nature 
as stepping stones. The fine mapping of genetic diversity changes 
at continental scale also allowed us to describe an extensive hybrid 
zone with an unprecedented resolution. The hybrid zone extends 
from Northern-Fennoscandia to Southern Urals where no topologi-
cal barriers are found, strongly suggesting a main role of natural se-
lection in its maintenance.
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