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Abstract

Scots pine (Pinus sylvestris L.) spans most of Eurasia, yet southern and mountainous popula-
tions may retain distinctive genetic components shaped by long-term isolation and complex
postglacial dynamics. We genotyped 186 trees from four Scots pine stands in Armenia
(AM1-AM4) and reference stands from Germany, Russia and Montenegro with the PiSy50k
SNP array and integrated these data with published European array datasets from Finland,
Poland and the Baltic region. After quality checks and conservative SNP filtering, 627 indi-
viduals from 47 populations and 3659 SNP loci were retained. Within-population diversity
was generally high; Armenian stands AM2-AM4 were among the most diverse, whereas
AM1 showed reduced diversity and the highest differentiation relative to the remainder of
the dataset (FST vs. rest = 0.0047). Direct pairwise Fst and hierarchical AMOVA confirmed
pronounced heterogeneity among Armenian stands, with AM1 the most differentiated
stand, AM2 and AM4 closest to the broader Eurasian background, and AM3 intermediate.
Principal component analysis (PC1 = 1.42%, PC2 = 0.76%) again separated AM1 strongly
from all non-Armenian samples, while AM2 overlapped with the central/eastern European
cluster and AM3 and AM4 combined continental-like and AM1-like individuals. Structure-
like inference with LEA /sNMF showed a broad cross-entropy plateau from approximately
K =4 to K = 6; we therefore use K = 5 as a practical summary, which highlighted a dominant
AM1-associated ancestry component and variable continental admixture in AM2-AM4.
KING kinship estimates provided little evidence for within-stand family clustering in Arme-
nian stands; no second-degree-or-closer pairs were observed in AM1-AM4. Together, the
results reveal pronounced heterogeneity among Armenian Scots pine stands and identify
AM1 as a highly differentiated but unresolved genomic component, providing a genomic
baseline to support conservation planning, provenance evaluation and the management of
forest reproductive material in the Lesser Caucasus.
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1. Introduction

Scots pine (Pinus sylvestris L.) is among the most widely distributed conifers of Eurasia
and a keystone species in boreal and temperate forest ecosystems. Its distribution spans
strong gradients in temperature, moisture, continentality, and edaphic conditions, making
the species a model for studying how demographic history, gene flow, and selection shape
genetic variation over large spatial scales [1]. Range-wide genomic analyses consistently
report high within-population diversity and low-to-moderate differentiation across much
of the continuous range, a pattern consistent with large effective population sizes and
extensive wind-driven pollen dispersal [1,2].

Importantly, low genome-wide differentiation does not imply genetic uniformity. Scots
pine frequently shows subtle but repeatable spatial signals at continental scales, including
isolation-by-distance and weak geographic clines in allele frequencies. These gradients
can coexist with deeper historical structure, because lineage divergence and secondary
contact may predate the last glaciation and persist despite high present-day gene flow [2].
For example, SNP-array analyses indicate that major lineages likely diverged during the
Mid-Pleistocene and that parts of Europe form admixture zones shaped by multiple recolo-
nization sources [3]. In addition, in regions with a long silvicultural history, present-day
admixture can be reinforced by human-mediated transfer of forest reproductive material,
further reducing apparent structure in Central Europe and parts of Fennoscandia [2,4].

These demographic features also contribute to an often-noted “phenotype—genotype
paradox” in forest trees: pronounced phenotypic differentiation and local adaptation can
occur even when neutral differentiation is weak [5]. In Scots pine, genome-wide scans
detected only limited numbers of robust genotype—environment associations [1], which
has been interpreted as consistent with highly polygenic and/or functionally redundant
adaptation under strong gene flow. Consequently, placing regionally sampled populations
into a broad geographic context is essential for separating historical structure and admixture
from signals that could be related to local adaptation.

The South Caucasus forms a biogeographic crossroads between Europe and Western
Asia and is characterized by complex topography and strong climatic gradients [6]. For
Scots pine, the Caucasus and adjacent Black Sea regions have been discussed as potentially
important reservoirs of genetic diversity, but also as regions where populations may be
fragmented and differentiated because dispersal among mountain massifs and valleys is
constrained [7]. Marker-based studies in the Greater Caucasus and Crimea reported spa-
tially structured variation and strong differentiation of isolated high-mountain groups [8].
Cytoplasmic-marker analyses further suggest that Scots pine populations in the eastern
Black Sea region (Crimea—Caucasus—Asia Minor) share a common origin and are deeply
divergent from the main Eurasian range, with evidence for past north-to-south migration
and hybridization in the Caucasus during glacial periods [9]. Complementary mtDNA
phylogeographic analyses also point to distinct refugial contributions around the north-
ern Black Sea basin and broader Eurasian lineage contrasts [10]. Together, these studies
imply long-term regional distinctiveness and motivate testing whether Armenian material
contains unusual genomic components, although strong historical interpretations require
adequate regional reference sampling.

High-density SNP genotyping now enables more detailed evaluation of these patterns
and facilitates cross-study comparison. The PiSy50k SNP array was developed to provide
a standardized, genome-wide platform for Scots pine, demonstrating robust genotyping
performance despite the species’ massive genome and enabling reproducible population-
genomic analyses [11]. Together with related SNP-array resources used in European studies,
such tools make it feasible to integrate datasets across projects using shared markers and to
place Armenian material into a broader Eurasian comparative context.
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Beyond reconstructing structure, genomic datasets are increasingly used to assess
adaptive potential and vulnerability to climate change. Recent work combining SNP-
array data with genotype—environment relationships has quantified genomic vulnerability
(genomic offset) in Scots pine and discussed how these metrics could inform climate-
adaptive management, including assisted gene flow or assisted migration [12]. In parallel,
genomic evidence has been used to reassess provenance-region delimitations, emphasizing
that management units based on traditional regionalization may not always align with
observed genomic structure [13]. These issues are especially pertinent for southern and
mountainous populations, where reduced connectivity and strong environmental gradients
may increase both the conservation value of distinct gene pools and their sensitivity to
climate change [7].

Armenia lies within the Lesser Caucasus and hosts a local pine variety, currently
considered as Pinus sylvestris var. hamata [14]. Small stands of this taxon are geographically
isolated from the continuous boreal forests of northern Eurasia, scattered throughout the
northern part of the country. Displaced by other forest tree species, they occupy very
narrow ecological niches (steep southern and south-western rocky slopes). Their total area
of the variety was less than 1000 hectares (pure stands) and 2400 hectares (mixed forests) a
century ago [15]. Of the current 17.7 thousand hectares of pine forests in Armenia, nearly
95% of stands are plantations established during the Soviet period, using seed sources
of P. sylvestris var. hamata and P. nigra subsp. pallasiana from Crimea, as well as typical
P. sylvestris [16] from other parts of the species’ distribution range.

Accordingly, present-day Armenian plantation stands are relevant management units,
but they cannot automatically be interpreted as direct proxies for undisturbed native
regional gene pools.

Genome-wide data for Armenian Scots pine remain scarce, limiting inference on
whether Armenian plantation stands are gnomically similar to the broadly shared continen-
tal gene pool, differentiated within the eastern Black Sea/Caucasus context, or mixtures
shaped by planting history and historical connectivity. Here, we use PiSy50k genotypes
from four Armenian stands and integrate them with newly genotyped comparative stands
and published European SNP datasets to analyse Armenian material in a broader Eurasian
context. Specifically, we aim to (1) quantify genetic diversity and kinship within Arme-
nian stands; (2) assess their differentiation and hierarchical position relative to reference
populations; and (3) describe their affinities using principal component analysis (PCA)
and LEA /sNMF admixture inference. Throughout, we interpret the Armenian material
conservatively as plantation stands of uncertain provenance and evaluate whether any
distinct genomic component is robustly supported by the data.

2. Materials and Methods
2.1. Sampling and Study Material

We analysed Scots pine from eight focal sampling locations: four stands in Armenia
(AM1-AM4), two in Germany (GER1-GER2), one in Russia (RU1), and one in Montene-
gro (MOT1).

The four Armenian stands were selected to represent geographically separated
plantation stands that currently define the main management units available for this
study, rather than an exhaustive sample of all natural Scots pine occurrences in Armenia.
Armenian samples were collected from planted stands, with sampled trees spaced by
more than 50 m. Because historical records were lost following the collapse of the
Soviet Union, the provenance of the planting material remains uncertain, although it
was regarded locally as putatively Armenian. Three populations (GER1, MOT1, RU1)
were sampled from material of an international Scots pine provenance trial located
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in Waldsieversdorf, Germany [17]. The seed material of these provenances has been
collected from at least 25 different trees in natural stands. The material of GER2 is
from the seed orchard Waldsieversdorf-Guestrow (register number: 123851040044). The
trees of this seed orchard represent more than 50 plus trees of a local natural stand near
Guestrow. These non-Armenian populations were included as comparative reference
material rather than as a second primary study system.

To provide a broader comparative context, we additionally used published geno-
type data from 428 individuals across 39 populations in Finland, Poland, and the Baltic
region [12]. These published samples were collected in natural stands and served as addi-
tional reference populations for placing the Armenian plantation material into a broader
Eurasian context. The initial merged dataset comprised 627 individuals from 47 populations
(Table 1, Figure 1).

Table 1. Samples used in the study, group 1 = own new samples, group 2 = published data taken
from Labiszak and Wachowiak [12]; arc = acronym of the location, N = number of genotypes used for
the analysis.

Arc Country Location Lat Long N  Group
AM1 Armenia Aparan 40.36 44.21 24 1
AM?2 Armenia Srbasar 41.07 4494 14 1
AM3 Armenia Stepanavan 40.99 44.37 24 1
AMA4 Armenia Tsovagyugh 40.60 44 .95 25 1
GER1 Germany Lampertheim 49.50 8.50 25 1
GER2 Germany Guestrow 53.78 12.22 25 1
MOT1 Montenegro Maocnica 43.17 19.50 25 1
RU1 Russia Kondeszkoe 59.96 33.50 24 1
EST Lithuania  Cepkeliai 5898  24.48 10 2
FINO1 Finland Rovaniemi 61.74 26.14 20 2
FINO02 Finland Joutsa 64.69 25.71 20 2
FINO3 Finland nr Rovaniemi 66.57 26.21 19 2
FINO4 Finland Kuopio-Helsinki 69.65 29.07 14 2
FINO5 Finland Usjoentie 61.66 29.30 10 2
FINO6 Finland Ivalontie 61.76 29.39 10 2
FINO07 Finland Utsjoki 61.84 28.96 10 2
FINO8 Finland nr Palonoja 66.60 26.12 10 2
FINO09 Finland nr Ahmaniemi 67.71 27.02 10 2
FIN10 Finland Kamaen 68.15 27.10 10 2
FIN11 Finland Nr Tuuruniemi 63.03 27.15 10 2
FIN12 Finland Salla Reindeer Park 69.70 27.08 10 2
FIN13 Finland nr Hietakyla 69.88 27.00 10 2
FIN14 Finland Savonlinna 69.34 27.22 10 2
FIN15 Finland nr Ahola 69.17 27.22 9 2
FIN16 Finland nr Kaarti 66.74 28.82 9 2
FIN17 Finland nr Kielajoki 66.66 29.06 11 2
FIN18 Finland nr Raatepuro 65.81 29.24 10 2
FIN19 Finland Utraslahti 65.44 29.03 10 2
FIN20 Finland Punkaharju 64.83 28.90 10 2
FIN21 Finland nr Temmes 61.45 26.69 10 2
LTU Latvia Dunezers Lake 54.02 24.55 20 2
LVA Estonia Vardi 57.15 24.35 10 2
POLO01 Poland Chojnik 50.83 15.63 10 2
POLO02 Poland Szczeliniec 50.43 16.23 23 2
POLO03 Poland Bledne Skaty 49.40 20.82 9 2
POL04 Poland Skalniak 49.27 19.83 10 2
POLO05 Poland Glowa Krdla 49.42 20.36 11 2
POL06 Poland Niknaca Laka 49.10 22.49 9 2
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Arc Country Location Lat Long N  Group
POL07 Poland Woziwoda 53.67 17.91 10 2
POLO08 Poland Koryciska Wielkie 52.74 23.58 9 2
POL09 Poland Mitomiyn 51.95 22.82 11 2
POL10 Poland Tabo6rz reserve 53.75 19.83 5 2
POL11 Poland Pieninski National Park  53.77 20.04 9 2
POL12 Poland Pusta Wielka 50.47 16.39 10 2
POL13 Poland Tarnawa 50.48 16.38 10 2
POL14 Poland Liski reserve 50.47 16.30 11 2
POL15 Poland Hajnéwka 50.48 16.29 12 2
N
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Figure 1. Map of new genotyped eight Scots pine locations (black circles) and location of the added
populations from the study of Labiszak and Wachowiak [12] represented by red circles.

2.2. SNP Genotyping and Data Integration

DNA was extracted from needles following the protocol of Bruegmann et al. [18]. The
in-house dataset was genotyped using the PiSy50k SNP array [11]. The array includes
47,712 SNPs derived from exome capture, transcriptome resources, and candidate-gene
resequencing in P. sylvestris. Genotyping and initial quality control were carried out at the
University of Bristol Genomics Facility (Bristol, UK), and genotype calling was performed
in Axiom Analysis Suite. In the in-house dataset, we initially retained samples with QC
call rate > 90% and markers with call rate > 97%; under these criteria, 25,339 SNPs were
classified by Axiom Analysis Suite as “Best and Recommended”.

Published European genotypes were obtained from Labiszak and Wachowiak [12] and
originated from a dataset that had already been quality filtered in the source study. Datasets
were merged by intersecting SNPs with shared identifiers. Variant identifiers in the in-
house VCF included an INFO tag containing the original SNP identifier (originalsnpid),
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enabling harmonization with the published marker set. The merged variant set contained
3733 shared SNP loci before post-merge filtering.

2.3. Quality Control and Filtering

Quality control (QC) of the merged dataset was conducted in R using a sequential
workflow applied to the shared SNP panel. Only biallelic loci were retained. Loci were
first filtered by call rate (>0.90) and polymorphism, after which individuals were filtered
by call rate (>0.90). Locus call rate and polymorphism were then recalculated on the
retained individuals and loci were filtered a second time. We additionally screened for
exact genotype duplicates, defined as pairs showing no discordant genotype calls across
all shared non-missing loci, and removed any such pairs if present. Because targeted
kinship diagnostics identified one AM3 near-duplicate pair that did not meet this strict
exact-duplicate definition, one member of that pair (P07_PISYL_7917_1.CEL) was removed
manually for the analyses. A global minor allele frequency filter of MAF > 0.05 was
then applied and the remaining loci were LD pruned using a greedy within-chromosome
sliding-window procedure. All revised downstream analyses were conducted on this
stricter filtered dataset, which comprised 3127 SNPs.

2.4. Population Genetic Summary Statistics

All population genetic analyses were performed in R (R Core Team) using a workflow
that parses variant call format (VCF) data with vcfR and converts genotypes into analysis-
ready objects for multivariate and population-genetic computations [19]. Genotypes were
treated as diploid biallelic SNPs coded as the number of alternative alleles per individual
and locus (0, 1, 2; missing genotypes retained as NA).

For each population, we computed the proportion of polymorphic loci, observed
heterozygosity (H,), expected heterozygosity (He), and the mean effective number of alleles
(Ae) across loci. Allele frequencies were calculated per locus as p = mean(G)/2 (ignoring
missing values), where G is the genotype code. A locus was considered polymorphic when
0 < p < 1. Expected heterozygosity was computed as He = 2p(1 — p) and summarised
as the mean across loci. Observed heterozygosity was computed as the mean fraction of
heterozygous genotypes (G = 1) per locus, averaged across loci. The effective number of
alleles for biallelic loci was calculated as Ae = 1/(p? + (1 — p)?) and averaged across loci.

As a descriptive summary, population differentiation was summarised as FST versus
the remainder of the dataset (FST_vsRest). For each focal population, we partitioned
samples into two groups (focal vs. rest) and computed per-locus heterozygosities using
allele frequencies estimated from observed genotype counts. Total heterozygosity was
computed as Hi = 2p¢(1 — pt), where p; is the pooled allele frequency, and within-group
heterozygosities were computed as H; = 2p1(1 — p1) and Hy = 2py(1 — p2). Within-group
heterozygosity was combined as a sample-size-weighted mean Hs = w1H; + wyH, with
weights proportional to allele counts. Locus-specific differentiation was then calculated
as Fst = (Ht — Hg)/H; [20,21], excluding loci with H¢ = 0 or non-finite values. Fst was
reported as the mean Fgr across loci.

To strengthen inference on population differentiation, we additionally recalculated
direct pairwise Fst values among the four Armenian stands (AM1-AM4) and between each
Armenian stand and a reduced set of selected reference populations on the revised filtered
dataset. Pairwise Fst was estimated using the same heterozygosity-based formulation
as above. Uncertainty was assessed by non-parametric bootstrap resampling across loci
(1000 replicates); for each comparison, loci were resampled with replacement and pairwise
Fst was recalculated to obtain percentile 95% confidence intervals.
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We complemented the pairwise differentiation analyses with analysis of molecular
variance (AMOVA) on the same revised filtered dataset. For the selected comparison panel,
individuals were assigned hierarchically to Region (Armenia vs. reference populations)
and Population nested within Region; in addition, an Armenia-only AMOVA was per-
formed across AM1-AM4 using Population as the grouping factor. AMOVA was calculated
from individual Nei genetic distances with 999 permutations, and variance components,
the proportion of total variance explained at each hierarchical level, and Phi-statistics
were extracted.

2.5. Kinship Statistics

To characterise within-population relatedness and detect potential family structure
consistent with a narrow seed basis, we estimated pairwise kinship coefficients using the
KING robust method-of-moments estimator [22]. Genotypes from the filtered SNP set were
converted to GDS format and kinship was computed with the r-package SNPRelate [23],
which implements a KING-style estimator that is comparatively robust to population strati-
fication. For each population, we retained only within-population pairs and summarised
the distribution of kinship values (mean, median, and the 95th percentile). We addition-
ally quantified the proportion of pairs falling into standard KING relationship ranges:
duplicate/near-identical (kinship > 0.354), first-degree relatives (0.177 < kinship < 0.354;
parent-offspring or full-sibs), and second-degree relatives (0.0884 < kinship < 0.177; in-
cluding half-sibs, avuncular, or grandparent-grand-offspring), treating an excess of second-
degree-or-closer pairs as indicative of sampling dominated by a limited number of seed
parents or seed lots.

To clarify an observed pair in AM3 that was classified in the kinship analysis as “nearly
duplicate”, we complemented the exact-duplicate check with targeted pairwise similarity
diagnostics. For the pair with the highest KING kinship coefficient, we calculated the
rrBLUP genomic relationship, the number of shared non-missing loci, the numbers of
concordant and discordant loci, genotype concordance and discordance rates, and an IBS-
style mismatch summary including the number of opposite homozygotes. We also ranked
all within-AM3 pairs by KING kinship to assess whether the flagged pair represented an
extreme outlier within that stand.

2.6. Approach for Principal Component Analysis

Genome-wide structure among individuals was examined using principal component
analysis (PCA) of SNP genotypes implemented in adegenet [24]. PCA was computed with
adegenet::glPca on centred and scaled genotypes (center = TRUE, scale = TRUE), retaining
10 principal components for computation. Individuals were coloured by population to
facilitate interpretation of geographic patterns. In addition to the main PC1-PC2 plot, we
examined scree plots and supplementary PC1-PC3 and PC2-PC3 plots, and we repeated
PCA on the Armenia-only subset as a robustness check. Plots were produced with ggplot2
as part of the tidyverse workflow [25].

2.7. Admixture Inference Using LEA/SNMF

We inferred STRUCTURE-like ancestry coefficients using the sparse non-negative ma-
trix factorization (SNMF) algorithm implemented in the LEA package [26,27]. For the analy-
sis, genotypes were exported to LEA’s. geno format after removal of P07_PISYL_7917_1.CEL,
application of the global MAF > 0.05 filter, and LD pruning; the resulting filtered dataset
comprised 3127 SNPs. Diploid biallelic genotypes were encoded as 0/1/2 and missing
values as 9, matching LEA input requirements.

Admixture models were fitted for K = 1-10 ancestral clusters using 100 replicate
runs per K (repetitions = 100), diploid ploidy (ploidy = 2), and regularisation parameter

https:/ /doi.org/10.3390/£17040417


https://doi.org/10.3390/f17040417

Forests 2026, 17,417

8 of 19

alpha = 100. Computations used multi-core parallelism with the CPU set to the number of
physical cores minus one. Model fit was assessed using the cross-entropy criterion com-
puted on masked genotypes, and for each K, the best run was selected as the replicate with
minimum cross-entropy [26]. To evaluate run stability, we summarised the cross-entropy
distribution for each K by its minimum, mean, median, standard deviation, interquartile
range, and maximum, together with the difference between the best and second-best runs
and the number of runs falling within 0.1% and 1% of the best cross-entropy value. Admix-
ture bar plots were compared across neighbouring K values to assess whether the broad
structure was robust rather than dependent on a single K-specific solution.

3. Results
3.1. Dataset After Merging and QC

After merging the in-house and published datasets and applying the revised filtering
pipeline, including removal of one near-duplicate AM3 sample, global MAF > 0.05 filtering,
and LD pruning, the final dataset contained 627 individuals from 47 locations and 3659 SNP
loci. Armenian sample sizes were 24 in AM1, 14 in AM2, 24 in AM3, and 25 in AM4.

3.2. Population Summary Statistics

Across the merged dataset (627 individuals, 47 populations; Table 2), within-population
diversity was high and broadly comparable among most locations. The proportion of poly-
morphic loci (Poly) ranged from 0.834 to 0.995 (mean 0.946), while observed heterozygosity
(Ho) varied within a narrow interval (0.309-0.335; mean 0.329). Expected heterozygosity (He)
and the effective number of alleles (Ae) showed similarly restricted ranges (He 0.296-0.325,
mean 0.313; Ae 1.502-1.544, mean 1.525). Differentiation of each population relative to the
remainder of the dataset was generally low (FST vs. rest 0.0009-0.0021 for 46/47 populations;
mean 0.0012).

Table 2. Population summary statistic (N = number of genotyped individuals, Poly = proportion
of polymorphic loci, Ho = mean observed heterozygosity, He = mean expected heterozygosity,
Ae = mean effective number of alleles, FsT = genetic differentiation against all other samples.

Location Country N Poly Ho He Ae Fgt Vers Rest
AM1 Armenia 24 0.934 0.309 0.301 1.509 0.0047
AM2 Armenia 14 0.973 0.335 0.320 1.536 0.0009
AM3 Armenia 23 0.988 0.328 0.322 1.541 0.0018
AM4 Armenia 25 0.995 0.331 0.325 1.544 0.0010
EST Lithuania 10 0.943 0.330 0.312 1.523 0.0009
FINO1 Finland 20 0.990 0.329 0.323 1.540 0.0009
FINO2 Finland 20 0.987 0.325 0.320 1.535 0.0010
FINO3 Finland 19 0.981 0.327 0.319 1.534 0.0010
FINO4 Finland 14 0.961 0.329 0.313 1.523 0.0011
FINO5 Finland 10 0.941 0.331 0.314 1.526 0.0009
FINO6 Finland 10 0.941 0.330 0.314 1.528 0.0009
FINO7 Finland 10 0.939 0.328 0.310 1.520 0.0009
FINO8 Finland 10 0.942 0.330 0.312 1.523 0.0009
FIN09 Finland 10 0.940 0.329 0.311 1.521 0.0010
FIN10 Finland 10 0.940 0.326 0.311 1.522 0.0010
FIN11 Finland 10 0.928 0.329 0.308 1.514 0.0010
FIN12 Finland 10 0.934 0.331 0.310 1.521 0.0009
FIN13 Finland 10 0.927 0.330 0.308 1.517 0.0012
FIN14 Finland 10 0.928 0.328 0.311 1.523 0.0010
FIN15 Finland 9 0.918 0.327 0.305 1.512 0.0010
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Location Country N Poly Ho He Ae Fst Vers Rest
FIN16 Finland 9 0.934 0.334 0.314 1.529 0.0009
FIN17 Finland 11 0.943 0.330 0.311 1.524 0.0011
FIN18 Finland 10 0.932 0.331 0.308 1.517 0.0011
FIN19 Finland 10 0.944 0.332 0.312 1.521 0.0009
FIN20 Finland 10 0.924 0.331 0.309 1.520 0.0011
FIN21 Finland 10 0.929 0.333 0.310 1.523 0.0012
GER1 Germany 25 0.991 0.331 0.322 1.538 0.0016
GER2 Germany 25 0.990 0.333 0.325 1.543 0.0011
LTU Latvia 20 0.986 0.331 0.321 1.537 0.0010
LVA Estonia 10 0.947 0.333 0.315 1.527 0.0009
MOT1 Montenegro 25 0.991 0.331 0.324 1.542 0.0013
POLO1 Poland 10 0.943 0.328 0.313 1.525 0.0009
POLO02 Poland 23 0.975 0.324 0.316 1.530 0.0021
POLO03 Poland 9 0.934 0.330 0.311 1.522 0.0009
POL04 Poland 10 0.924 0.327 0.306 1.514 0.0012
POLO05 Poland 11 0.943 0.331 0.313 1.526 0.0011
POLO06 Poland 9 0.898 0.327 0.301 1.507 0.0012
POLO7 Poland 10 0.939 0.332 0.313 1.526 0.0009
POLO08 Poland 9 0.919 0.328 0.307 1.516 0.0010
POL09 Poland 11 0.945 0.329 0.315 1.530 0.0009
POL10 Poland 5 0.834 0.332 0.296 1.502 0.0009
POL11 Poland 9 0.915 0.327 0.306 1.514 0.0011
POL12 Poland 10 0.942 0.334 0.313 1.525 0.0010
POL13 Poland 10 0.929 0.327 0.310 1.521 0.0011
POL14 Poland 11 0.924 0.324 0.304 1.511 0.0015
POL15 Poland 12 0.951 0.327 0.312 1.523 0.0014
RU1 Russia 24 0.990 0.329 0.322 1.539 0.0011
Mean 0.946 0.329 0.313 1.525 0.0012

Armenian stands (AM1-AM4) fell within the overall diversity range and, for three of
the four stands, exhibited diversity metrics at the upper end of the European distribution.
Poly was high in AM2-AM4 (0.973-0.995), with AM4 showing the highest value observed
across all populations (0.995). AM2 also displayed the highest Ho (0.335) and elevated He
(0.320) and Ae (1.536), indicating no reduction of within-stand diversity compared with
northern and central European populations. AM3 and AM4 likewise showed high He
(0.322 and 0.325, respectively) and Ae (1.541 and 1.544), consistent with a broad allelic basis
in these stands.

In contrast, AM1 differed from the other Armenian stands by showing reduced within-
population diversity. AM1 had lower Poly (0.934), the lowest Ho in the dataset (0.309), and
low He and Ae (0.301 and 1.509), placing it at the lower end of the overall distribution for
these metrics (Table 2).

Differentiation patterns were similarly heterogeneous among Armenian locations.
AM2 and AM4 showed very low differentiation relative to the remainder of the dataset
(Fst = 0.0009 and 0.0010, respectively), comparable to the lowest values observed among
European populations. AM3 showed moderately elevated differentiation (Fst = 0.0018),
while AM1 was a clear outlier with markedly higher differentiation (Fst = 0.0047), ap-
proximately fourfold higher than the dataset mean and more than twice the next-highest
population value (Table 2).

Pairwise FgT analyses on the dataset refined these patterns while preserving the same
overall ranking (Supplementary Table S1). AM1 showed the highest pairwise differen-
tiation, particularly relative to AM2 (Fst = 0.03819, 95% bootstrap CI 0.03660-0.03983)
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and AM4 (0.02992, 0.02870-0.03111), whereas differentiation between AM1 and AM3 was
lower but still clearly elevated (0.01660, 0.01592-0.01728). Among the remaining Arme-
nian stands, AM2 and AM4 were the least differentiated pair (0.01331, 0.01276-0.01390),
with AM3 showing intermediate differentiation to both AM2 (0.01883, 0.01797-0.01964)
and AM4 (0.01430, 0.01369-0.01493). In comparisons with reference populations, AM1
remained consistently more differentiated (0.03623-0.04369) than AM2 (0.01398-0.02356),
AMS3 (0.01791-0.02600), or AM4 (0.01242-0.02027). Bootstrap confidence intervals were
narrow throughout, indicating that these differences were stable across loci.

Hierarchical AMOVA further showed that 4.0% of total genetic variance in the se-
lected panel was attributable to differences between Armenian and reference regions,
5.7% to differences among populations within regions, and 90.3% to variation within
populations (Supplementary File S1). Both the regional component (sigma2 = 0.00105;
Phi_CT =0.0396; p < 0.001) and the population-within-region component (sigma2 = 0.00151;
Phi_SC = 0.0594; global Phi_ST = 0.0967; p < 0.001) were significant. In an Armenia-
only AMOVA, 9.0% of total variance was explained by differences among the four Ar-
menian stands (sigma2 = 0.00224; Phi = 0.0904; p < 0.001), confirming substantial within-
Armenia structuring.

3.3. Kinship

Within-population relatedness was generally low across the dataset. KING kinship
coefficients were centred close to zero, and the vast majority of within-population pairs fell
below the second-degree cutoff (kinship < 0.0884; Table 3). Accordingly, the density curves
in Figure 2 are typically sharply peaked around zero with only limited right tails.

Table 3. Proportion of different levels of relatives based on the kinship analysis (N = number of
genotyped individuals, Npairs = number of pairs with each location, closer as 1stDegree = propor-
tion of individuals with kinship values higher than full-sibs, 1stDegree = proportion of full-sibs,
2ndDegree = proportion of half-sibs, unrelated = proportion of unrelated individuals.

Location Country N Npairs Closer as 1stDegree 1stDegree  2ndDegree Unrelated
AM1 Armenia 24 276 0.000 0.000 0.000 1.000
AM2 Armenia 14 91 0.000 0.000 0.000 1.000
AM3 Armenia 24 276 0.000 0.000 0.000 1.000
AM4 Armenia 25 300 0.000 0.000 0.000 1.000
EST Lithuania 10 45 0.000 0.000 0.000 1.000
FINO1 Finland 20 190 0.000 0.000 0.000 1.000
FINO2 Finland 20 190 0.000 0.000 0.005 0.995
FINO3 Finland 19 171 0.000 0.000 0.012 0.988
FINO4 Finland 14 91 0.011 0.000 0.011 0.978
FINO5 Finland 10 45 0.000 0.000 0.000 1.000
FINO6 Finland 10 45 0.000 0.000 0.022 0.978
FINO7 Finland 10 45 0.000 0.000 0.000 1.000
FINO8 Finland 10 45 0.000 0.000 0.000 1.000
FIN09 Finland 10 45 0.000 0.000 0.000 1.000
FIN10 Finland 10 45 0.000 0.000 0.000 1.000
FIN11 Finland 10 45 0.000 0.022 0.022 0.956
FIN12 Finland 10 45 0.000 0.000 0.022 0.978
FIN13 Finland 10 45 0.000 0.000 0.089 0.911
FIN14 Finland 10 45 0.022 0.000 0.000 0.978
FIN15 Finland 9 36 0.000 0.028 0.000 0.972
FIN16 Finland 9 36 0.000 0.000 0.000 1.000
FIN17 Finland 11 55 0.018 0.000 0.018 0.964
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Table 3. Cont.
Location Country N Npairs Closer as 1stDegree I1stDegree  2ndDegree Unrelated
FIN18 Finland 10 45 0.022 0.000 0.044 0.933
FIN19 Finland 10 45 0.000 0.000 0.000 1.000
FIN20 Finland 10 45 0.022 0.000 0.000 0.978
FIN21 Finland 10 45 0.000 0.022 0.044 0.933
GER1 Germany 25 300 0.003 0.000 0.007 0.990
GER2 Germany 25 300 0.000 0.003 0.013 0.983
LTU Latvia 20 190 0.000 0.000 0.005 0.995
LVA Estonia 10 45 0.000 0.000 0.000 1.000
MOT1 Montenegro 25 300 0.010 0.000 0.010 0.980
POLO1 Poland 10 45 0.000 0.000 0.000 1.000
POLO02 Poland 23 253 0.020 0.000 0.036 0.945
POLO03 Poland 9 36 0.000 0.000 0.000 1.000
POLO04 Poland 10 45 0.000 0.000 0.111 0.889
POL05 Poland 11 55 0.018 0.000 0.000 0.982
POL06 Poland 9 36 0.000 0.000 0.056 0.944
POLO7 Poland 10 45 0.000 0.000 0.022 0.978
POLO08 Poland 9 36 0.000 0.000 0.056 0.944
POL09 Poland 11 55 0.000 0.000 0.000 1.000
POL10 Poland 5 10 0.000 0.000 0.000 1.000
POL11 Poland 9 36 0.028 0.000 0.000 0.972
POL12 Poland 10 45 0.000 0.000 0.022 0.978
POL13 Poland 10 45 0.022 0.000 0.000 0.978
POL14 Poland 11 55 0.000 0.000 0.073 0.927
POL15 Poland 12 66 0.000 0.000 0.000 1.000
RU1 Russia 24 276 0.011 0.000 0.000 0.989
Within-population KING kinship distributions
Dashed lines: 2nd degree (0.0884), 1st degree (0.177), duplicates (0.354)
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Figure 2. Distribution of kinship among individuals in the different locations.
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PC2 (0.76%)

All four Armenian stands showed little evidence of close relatives. For AM1 (N = 24),
AM2 (N = 14), AM3 (N = 24), and AM4 (N = 25), none of the within-population pairs
(Npairs = 276, 91, 276, and 300, respectively) exceeded the second-degree threshold
(Table 3). In contrast, a small number of reference populations showed detectable second-
degree or closer relationships, including POL02 (closer than first-degree = 0.020; second-
degree = 0.036), POL04 (second-degree = 0.111), and FIN13 (second-degree = 0.089), which
correspond to visible right-shifted tails in Figure 2. Overall, Armenian stands were compa-
rable to the majority of Eurasian populations and did not show pronounced within-stand
family clustering.

3.4. Principal Component Analysis

PCA of 3659 SNP loci across 627 individuals again revealed weak but interpretable
genome-wide structure (Figure 3). PC1, PC2, and PC3 accounted for 1.42%, 0.76%, and
0.59% of the total genetic variance, respectively. Despite the low variance explained, the
ordination and the supplementary axis combinations showed consistent broad contrasts
between Armenian and non-Armenian samples (Supplementary Figure S1).
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Figure 3. PCA of 627 individuals from 47 locations (PC1 vs. PC2).

Along PC1, all non-Armenian reference individuals fell within a narrow range (—7.03
to 3.51; Supplementary File S2), whereas the Armenian stand AM1 formed a clearly sep-
arated cluster with uniformly high PC1 scores (24.12-30.40; mean 27.39 £ 1.60 SD). This
strong displacement of AM1 was retained across the PC1-PC2 and PC1-PC3 projections,
supporting AM1 as the most distinct Armenian stand in the revised dataset.
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The remaining Armenian stands were again heterogeneous. AM2 overlapped entirely
with the European cloud on PC1 (—2.20 to 2.84) and showed negative PC2 values (mean
—2.51), placing it closest to the central /eastern European background. AM4 was largely
similar to this continental group (22 of 25 individuals with PC1 between —5 and 5), but
included three individuals with high PC1 values (>20) that clustered with AM1. AM3
showed the largest within-stand spread, spanning nearly the full PC1 range of the dataset
(—2.50 to 28.04) and including 10 individuals with PC1 > 20 that co-localised with AM]1,
while eight AM3 individuals fell within the central European cloud (PC1 between —5 and
5; Figure 3; Supplementary File 52).

PC2 captured additional geographic structure among the reference populations, sep-
arating northern from central/eastern Europe: Finnish populations were concentrated
at positive mean PC2 values (2.39-6.66), whereas Polish populations extended towards
strongly negative values (population means down to —12.13; individual minima to —22.87).
Armenian samples spanned this axis, with AM1 plotting in the upper part of the ordination
(PC21.72-6.05) and AM2-AM4 distributed across both negative and positive PC2 values,
consistent with variable affinities to different parts of the Eurasian gene pool. PC3 did not
reveal a contradictory separation pattern, but the supplementary PC1-PC3 and PC2-PC3
plots supported the same broad structure (Supplementary Figure S1).

The Armenia-only PCA increased the visibility of within-Armenia differentiation
(Supplementary Figure S2). In this subset, PC1, PC2, and PC3 explained 5.44%, 1.58%, and
1.52% of the variance, respectively. AM1 and AM?2 occupied opposite ends of PC1, AM4
was largely closer to AM2 but remained widely dispersed, and AM3 spanned much of the
within-Armenia range, confirming that the Armenian material is internally heterogeneous
and that AM1 remains the most differentiated stand. Scores for the first ten principal
components for each individual are provided in Supplementary File S2.

3.5. Structure-like Admixture Results LEA

Cross-entropy was highest for K =1 and declined strongly up to approximately K = 4-6,
confirming that the dataset contains population structure (Figure 4). However, the cross-
entropy differences among K = 4-10 were small and formed a broad plateau across repeated
runs, indicating that the data do not support one uniquely resolved number of ancestry
components. We therefore interpret K = 5 as a practical and visually informative summary
of the broad structure shown in Figures 5 and 6, while recognising that neighbouring
solutions in the same range receive similar support.

At K =5, ancestry proportions showed a clear, broad geographic organisation across
Europe (Figure 5) that was also reflected in the map presentation (Figure 6). Finnish
populations were dominated by one northern component, whereas most central and
southeastern European reference populations were dominated by a different widespread
continental component. The Baltic populations and RU1 were intermediate, showing
mixed ancestry proportions consistent with a transition zone between the northern and
continental patterns.

Within Poland, most locations also showed a predominant continental ancestry com-
ponent, but several populations exhibited stronger contributions from an additional compo-
nent, indicating finer substructure within the Polish sampling. Across the best-run bar plots
from K = 1 to K = 10 (Supplementary Figure S3), these finer subdivisions varied more than
the main north-versus-continental contrast, reinforcing that detailed admixture partitions
are less stable than the broad structure.

Armenian stands were heterogeneous and contrasted strongly with the Finland-
dominated and central European patterns. AM1 was nearly fixed for one Armenia-associated
ancestry component in the representative K = 5 solution and remained distinct across neigh-
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LEA

bouring K values. AM2 showed ancestry dominated by the widespread continental compo-
nent and clustered closest to the central/eastern European reference populations, whereas
AM3 displayed the strongest admixture between the AM1-associated and continental com-
ponents. AM4 was intermediate, containing mainly continental-like individuals but also

a smaller subset with substantial AM1-like ancestry. Thus,

the LEA analysis supports ro-

bust broad subdivision and marked heterogeneity among Armenian stands, while the exact
number and composition of fine-scale ancestry components should be interpreted cautiously.
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Figure 6. Map with distribution of the Structure like admixture clusters in 47 Scots pine populations.

4. Discussion

Across the Eurasian range, Scots pine typically shows weak to moderate genetic
structure, reflecting large effective population sizes and extensive pollen-mediated gene
flow, with subtle clines and isolation-by-distance rather than sharp lineage breaks. Our
SNP dataset is consistent with this general picture: although the first PCA axes explain
only a small fraction of genome-wide variance and the LEA cross-entropy surface enters a
broad plateau from approximately K = 4 to K = 6, the combined PCA, pairwise Fgr, and
AMOVA results still indicate structured but modest regional differentiation rather than
sharp lineage breaks [1,3,10].

In this continental context, the Armenian stands are the most distinctive part of the
dataset, but they also illustrate that divergence in Scots pine is often expressed as shifts in
ancestry proportions and pairwise differentiation rather than complete isolation. Among
the four Armenian locations, AM1 is consistently the most differentiated stand in the analy-
ses, whereas AM2 and AM4 are much closer to the broader Eurasian reference variation
and AM3 remains intermediate. The pairwise FsT and AMOVA results strengthen this inter-
pretation by showing stable differentiation patterns and significant hierarchical structure.

The pronounced distinctiveness of AM1, together with intermediate admixture in AM3
and AM4, is compatible with the broader view that southern, mountainous and/or frag-
mented parts of the range can harbour more differentiated gene pools than the boreal core.
Marker-based work in the Greater Caucasus and Crimea reported spatially structured varia-
tion consistent with regional differentiation [8], and cytoplasmic-marker analyses suggested
that Caucasus populations did not contribute recently to the postglacial recolonisation of
the main Eurasian range, supporting long-term regional distinctiveness [9]. Range-wide
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phylogeographic syntheses likewise emphasise that multiple refugial areas and complex
colonisation routes can generate geographically localized lineages or allele-frequency shifts
in southern Europe and around major mountain systems [10,28]. Together, these studies
motivate testing whether Armenian material contains unusual genomic components, but
they do not by themselves demonstrate that AM1 represents a confirmed long-term Ar-
menian lineage. This broader interpretation is also consistent with Dering et al., [7], who
concluded from Caucasus-wide mtDNA, microsatellite, and species-distribution analyses
that Scots pine in the Caucasus ecoregion reflects a distinctive glacial and postglacial history
relative to the main European range.

Recent genomic work further highlights that these patterns can be tracked with dense
SNP resources. The PiSy50k array provides a standardised genotyping platform for Scots
pine, enabling cross-study comparability and efficient integration of datasets [11]. Analyses
of rare-allele distributions across Europe indicate that signals of demographic expansion
and refugial persistence can remain detectable in current variation, even when overall
differentiation is low [29]. Within this framework, the strong Armenian-associated com-
ponent in AM1 is best interpreted as evidence for a highly differentiated genetic group
within the present dataset rather than as proof of a confirmed rear-edge lineage; its origin
remains unresolved because the analysed stands are plantations of uncertain provenance
and adjacent regional reference sampling is still sparse.

At the same time, admixture patterns in a species with long-distance pollen dispersal
can also be shaped by anthropogenic seed transfer. Across Eurasia, Scots pine has a long his-
tory of forest management and planting, and genomic studies increasingly point to human-
mediated gene transfer as an additional driver of non-local ancestry signals, superimposed
on postglacial history and isolation-by-distance [2,4]. The fact that AM2-AM4 carry large
proportions of widespread Eurasian ancestry is therefore consistent with two non-exclusive
scenarios: (i) natural connectivity among Caucasus mountain stands via pollen flow and
stepping-stone dispersal, or (ii) partial establishment from non-local seed sources followed
by local gene flow. Distinguishing these scenarios will require denser regional sampling
(e.g., Georgia, eastern Turkey, northern Iran) and, ideally, historical information on stand
origin and planting.

The LEA results are consistent with weak but repeatable broad-scale structure across
Europe, but they do not uniquely resolve one biologically definitive number of ancestry
components. In the analysis, cross-entropy decreased strongly from K = 1 to approximately
K = 4-6 and then formed a broad plateau, indicating that broad subdivision is robust,
whereas finer admixture partitions are more model-dependent. We therefore treat the
cluster profiles in Figures 5 and 6 as exploratory summaries of structure rather than as
direct evidence for specific refugia or migration routes, although the dominant Finnish
component and regionally varying contributions in central and eastern Europe remain
compatible with previously reported postglacial and management-related history [3,28].

Kinship analyses provide an important check on whether within-location sampling
could bias inference of population structure. Using the KING robust estimator on the
revised filtered marker set, we detected virtually no close relatives within any Armenian
location. These results suggest that the Armenian sampling captured multiple, apparently
unrelated genotypes rather than a few family groups, and that the pronounced AM1 signal
is unlikely to be an artefact of sampling many siblings or clones [22,23,30].

Nevertheless, the interpretability of kinship summaries depends on sample size.
For small populations (e.g., N =~ 10), the number of pairwise comparisons is limited
(45 pairs), so estimated proportions of close relatives can change substantially with
a single additional related pair. In such cases, kinship analysis remains useful as a
screening tool to identify extreme situations (e.g., plantations dominated by a few
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families) and to flag duplicates, but absence of detected close kin should not be over-
interpreted as proof of a broad founder base. Wherever possible, kinship results should
therefore be considered alongside stand history and other indicators of genetic diversity
(e.g., heterozygosity, polymorphism rate).

From a management and conservation perspective, the analyses indicate that the
Armenian plantations should not be treated as a single homogeneous unit. AM1 deserves
particular attention because it is consistently the most differentiated stand in the present
dataset, whereas AM2 and AM4 show much stronger affinities to widespread Eurasian
reference material and AM3 is intermediate. However, these genomic patterns alone are
not sufficient to define seed-transfer zones or to infer adaptive distinctiveness, because
plantation provenance is uncertain and direct evidence on adaptive traits is still lacking.
Integrating Armenian material into common-garden trials and expanding regional refer-
ence sampling would therefore be a logical next step to test whether the differentiated
AM1-associated genomic component corresponds to distinctive phenotypes or locally rel-
evant adaptive variation [17,31-34]. This caution is reinforced by Dering et al., [7], who
emphasized both the evolutionary distinctiveness of Scots pine in the Caucasus ecore-
gion and the conservation relevance of its southern mountain populations under ongoing
climate change.

Finally, several limitations should be acknowledged more explicitly. Our study fo-
cuses on plantation stands of uncertain provenance rather than verified natural source
populations, and the merged dataset is constrained to the set of SNPs shared across studies.
SNP arrays can introduce ascertainment bias that may reduce sensitivity to rare, region-
specific variation. In addition, sampling density is uneven across Eurasia, with limited
representation from regions directly adjacent to Armenia. Future work that combines dense
regional sampling, organellar markers, and explicit genotype—environment association
analyses would help to disentangle demographic history, ongoing gene flow and potential
local adaptation in the South Caucasus, and to refine conservation and seed-transfer recom-
mendations for Scots pine in this region [11-13]. In this regard, the severe future habitat
contraction projected for Caucasian Scots pine by Dering et al., [7] further underscores
the need to resolve provenance and to evaluate differentiated Armenian material within a
broader regional conservation framework.

5. Conclusions

Genome-wide SNP data demonstrate that Scots pine plantations in Armenia are
not genetically homogeneous. Across all revised analyses, AM1 emerges as the most
differentiated stand within the present dataset, whereas AM2 and much of AM4 align more
closely with widespread Eurasian variation and AM3 remains intermediate. Pairwise FST,
hierarchical AMOVA, PCA robustness checks, and repeated LEA analyses all support this
broad pattern, and it remains stable after removal of a near-duplicate AM3 sample and
stricter SNP filtering. At the same time, because the Armenian stands are plantations of
uncertain origin and regional reference sampling remains incomplete, the AM1-associated
genomic component should be interpreted as a highly differentiated but unresolved genetic
signal rather than as proof of a distinct long-term Armenian lineage. For conservation
and management of forest reproductive material, the most defensible implication is that
Armenian stands should be treated as non-equivalent management units and prioritized
for further provenance verification, regional sampling, and common-garden evaluation
before specific deployment recommendations are made.
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with bootstrap confidence intervals. Supplementary File S1: AMOVA results. Supplementary File S2:
PCA results for all individuals, including scores for PC1-PC10. Supplementary Figure S1: PCA
panel for all individuals. Supplementary Figure S2: PCA panel for Armenian individuals only.
Supplementary Figure S3: LEA structure-like results, showing the panel of best-run bar plots
for K = 1-10.
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