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Abstract We analyzed mitochondrial DNA polymorphisms to search for evidence of the genetic structure and
patterns of admixture in 124 populations (N = 1407 trees) across the distribution of Scots pine in Europe and Asia.
The markers revealed only a weak population structure in Central and Eastern Europe and suggested postglacial
expansion to middle and northern latitudes from multiple sources. Major mitotype variants include the remnants
of Scots pine at the north-western extreme of the distribution in the Scottish Highlands; two main variants
(western and central European) that contributed to the contemporary populations in Norway and Sweden; the
central-eastern European variant present in the Balkan region, Finland, and Russian Karelia; and a separate one
common to most eastern European parts of Russia and western Siberia. We also observe signatures of a distinct
refugium located in the northern parts of the Black Sea basin that contributed to the patterns of genetic variation
observed in several populations in the Balkans, Ukraine, and western Russia. Some common haplotypes of
putative ancient origin were shared among distant populations from Europe and Asia, including the most
southern refugial stands that did not participate in postglacial recolonization of northern latitudes. The study
indicates different genetic lineages of the species in Europe and provides a set of genetic markers for its
finer-scale population history and divergence inference.

Key words: admixture, divergence, glacial refugia, mitochondrial DNA, Pinus sylvestris, population structure, postglacial
recolonization.

1 Introduction develop predictive models to forecast the likely impacts of

In Europe, tree populations have experienced recurring
waves of extinction and migration driven by glacial cycles,
and the consequences of these processes for contemporary
genetic variation are still being identified (Hewitt, 2000; Petit
et al., 2008). Although broad patterns of northern extinction
and southern persistence are evident for many species,
variations in the locations of refugial populations, and
interactions between rates of migration, the distribution of
suitable habitat, and topography have produced a wide
range of outcomes for different species (Petit et al., 2003).
For boreal species, in particular, which are potentially
capable of having survived glacial maxima far to the north
of recognized refugial areas, reconstruction of postglacial
demographics in Europe has been difficult. However, to
advance our understanding of the genetic basis of
phenotypic divergence and adaptation within species, or

environmental changes on our forests, the nature and
dynamics of population structures in tree species must be
more clearly resolved.

Scots pine (Pinus sylvestris L.) is a species of high
ecological and economic importance that comprises >20%
of the productive forest area in Europe. It has the broadest
distribution of all pines, with natural populations covering
large parts of Europe and Asia from western Scotland to
eastern Siberia (San-Miguel-Ayanz et al., 2016). The ecological
niche of Scots pine is also broad and spans several climatic
zones and crosses more than 30 degrees of latitude from
southern Spain (37°N) to the Arctic (70°N) and from sea level
to >2500 m above sea level. Despite the vast geographic and
ecological breadth, and numerous recognized ecotypes
reflecting its phenotypic and ecophysiological variations
(Giertych, 1991; Oleksyn et al., 1992; Shutyaev & Giertych,
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2000; Zadworny et al., 2016), Scots pine remains taxonomi-
cally homogeneous. Clear clinal patterns of adaptation to
local environmental conditions have been established since
postglacial migration, as evident in growth traits, phenology,
abiotic stress resistance, or responses to light spectra
(Hurme et al., 1997; Savolainen et al., 2007; Salmela et al.,
2011; Ranade & Garcia-Gil, 2013; Wachowiak et al., 2017;
Ramirez-Valiente et al., 2021). Patterns of population differ-
entiation are generally clinal across the range and vary with
latitude (Hurme et al, 1997; Kujala & Savolainen, 2012),
although local adaptation at a fine scale is evident where
landscapes are environmentally heterogeneous across short
spatial scales (Salmela et al., 2011; Donnelly et al., 2016; Perry
et al., 2016).

Although the patterns of Scots pine morphological
variations are known, the underlying demographic history
of populations contributing to the establishment of the
present-day distribution is not fully resolved. Pollen and
macrofossil data indicate that the widespread paradigm of
retreat to southern refugia during the last glacial period does
not provide the full picture for Scots pine and that low-
density persistence at high northern latitudes, cryptic
refugia, and early postglacial dispersal are all likely to have
played a role (Birks, 1989; Willis & van Andel, 2004; Cheddadi
et al., 2006; Parducci et al., 2012; Tzedakis et al., 2013).
Generally, low between-population genetic differentiation
has been found across the distribution using isozymes,
microsatellites, and nuclear sequence variation (Prus-
Glowacki & Stephan, 1994; Cheddadi et al., 2006; Wachowiak
et al, 2014), probably resulting from widespread species
persistence during the Last Glacial Maximum (LGM) and its
high dispersal ability by seeds and pollen (Robledo-Arnuncio
et al, 2004). Genetic approaches using sequence poly-
morphism in nuclear genes and coalescent simulation
approaches indicate an ancient bottleneck of Scots pine
populations in Europe; however, this event likely predates
the last glacial period (Pyhdjarvi et al., 2007).

Population structure assessments using maternally in-
herited seed-dispersed mitochondrial (mtDNA) markers
have been largely limited to variations in a few polymorphic
markers, mostly the nad1 and nady regions (Sinclair et al.,
1998; Sinclair et al., 1999; Soranzo et al., 2000; Cheddadi
et al.,, 2006; Naydenov et al., 2007; Pyhgjarvi et al., 2007).
However, due to the low spatial resolution of these markers,
population structure has only been resolved at a broad scale
(Soranzo et al., 2000; Naydenov et al., 2007; Pyhgjarvi et al.,
2008; Wdjkiewicz et al., 2016a; Dering et al., 2017; Semerikov
et al.,, 2018; Zimmer & Sgnstebg, 2018). Southern refugial
populations were certainly present and are consistently
evident in marker data sets as locations of distinctive
mitotypes in Iberia, Italy, and Turkey (Cheddadi et al., 2006;
Dering et al., 2017; Donnelly et al., 2017; Semerikov et al,,
2020). North of these locations, little genetic structure is
evident, as much of western Europe was found to be
dominated by a single mitotype, while a distinctive group of
populations was evident from elevated frequencies of a
different mitotype in eastern Sweden, Finland, and western
Russia (Sinclair et al., 1999; Soranzo et al., 2000; Cheddadi
et al., 2006; Naydenov et al., 2007; Pyhdjarvi et al., 2008;
Buchovska et al., 2013; Dering et al., 2017; Semerikov et al,,
2018). Additional work has been performed with more
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variable pollen mediated, paternally inherited chloroplast
DNA markers, and with nuclear DNA markers. However,
these are generally less suitable for phylogeographic
inference in pines as compared to seed-dispersed, maternally
inherited mtDNA markers, due to their high dispersal ability
and homoplasy in the case of cpSSRs, which tends to obscure
the structure at wide spatial scales. These markers have
shown little structure and primarily demonstrate that gene
flow among Scots pine populations is extensive (Wachowiak
et al.,, 2009; Belletti et al., 2012; Kujala & Savolainen, 2012;
Dering et al., 2017; Téth et al., 2017; Tyrmi et al., 2020).

Novel genomic resources have recently been developed
for Scots pine and its close relatives with the use of next-
generation sequencing approaches (Wachowiak et al., 2015;
Donnelly et al., 2017). They include information on the
polymorphisms in large numbers of fragments of rese-
quenced mitochondrial DNA (Donnelly et al., 2017), which
were used for the development of a set of novel
mitochondrial markers (Wachowiak et al., 2018; tabiszak
et al., 2019; Zaborowska et al., 2020). In this study, we aimed
to use polymorphisms in seed-mediated and maternally
transmitted mitochondrial DNA to investigate genetic
variations within and among Scots pine populations across
its range. We applied the markers to search for evidence of
genetic structure of the population in Scots pine and the
possible admixture of populations of different origins that
might have contributed to the establishment of different
ecotypes of the species in Europe and Asia.

2 Material and Methods

2.1 Sampling, DNA extraction, and PCR amplification

Plant material was collected from 124 autochthonous
populations of Scots pine in Europe and Asia: 1407 trees
were analyzed, comprising 5-30 different individuals from
each location (Table 1; Fig. 1). Genomic DNA was extracted
from needles or a single haploid megagametophyte per
mother tree using a DNeasy Plant Mini Kit (Qiagen) and a
Genomic Mini AX Plant kit (A&A Biotechnology) following
the standard manufacturer protocol, and its quality was
evaluated using a BioPhotometer (Eppendorf). A set of 10
polymorphic mtDNA markers (PRs, PR7, PR15, PR19, PR2o,
PR21, PR24, PR25, PR29, PR31) and one insertion/deletion locus
in nad1 intron B/C were genotyped (Table S1) according to
the methods described in tabiszak et al. (2019) and Soranzo
et al. (2000), respectively. Full details of PCR amplification
and genotyping of the markers are provided in the
Supporting Information.

2.2 Nucleotide and haplotype variations

Multilocus genotypes were recorded for all 11 polymorphic
markers. The level of missing data was assessed; however,
no sample exceeded the cut-off level set at 10% and thus all
individuals were retained. For haplotype analysis, in 198
individuals, single missing positions in genotypes were
imputed according to the most similar haplotypes and/or
the variants dominating in the same population: the creation
of de novo haplotypes was avoided. For subsequent analyses,
the indel in the nadt locus was coded as a single mutation
event. The spatial distribution of mtDNA haplotypes
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Table 1 Location of the investigated populations
Acr. Location N Lat. Long. Acr. Location N Lat. Long.
Fl.1 Finland, Joutsa 24 6174 26.14 PL.20 Poland, Mitomtyn 10 53.75 19.83
Fl.2 Finland, nr Temmes 24 64.69 25.71  PL.21 Poland, Tarnawa 10 49.10 22.49
FI.3 Finland, nr Rovaniemi 24 66.57 26.21  PL.22 Poland, Liski reserve 10 50.93 23.87
Fl.4 Finland, nr Kielajoki 24 69.65 29.07 PL.23 Poland, Jarocin 10 51.97 17.48
Fl.5 Finland, Punkaharju 10 61.76 29.39 ES.1 Spain, Cuenca Una 12 40.44 1.98
FI.6 Finland, Kolari 10 67.18 24.05 ES.2 Spain, Sierra de Gudar, 12 40.36 0.72
Fl.7 Finland, Usjoentie 10 69.55 27.23 ES.3 Spain, Cuenca 12 40.44 1.90
FI.8 Finland, Ruka 10 66.18 29.15 ES.4 Spain, Sierra Nevada 12 3713 3.43
Fl.9 Finland, Viitostie 10 65.44 29.03 ES.5 Spain, Trevenque 10 37.10 -3.55
Fl.1o Finland, Oulu 10 65.07 25.46 ES.6 Spain, Valsain 10 40.87 -4.04
Fl.11 Finland, Savonlinna 10 61.84 28.96 SCO.1 Scotland, Abernethy 10 57.21  -3.61
Fl.12 Finland, road to Rovaniemi 10 66.46 25.59 SCO.2 Scotland, Allt Cul 10 57.04 -3.35
Fl.13 Finland, Rovaniemi ACHA 10 66.60 26.12 SCO.3 Scotland, Amat 10 57.87 -4.60
Fl.14 Finland, Ivalontie 10 67.71 27.02 SCO.4 Scotland, Ballochuie 10 56.99 -3.30
Fl.15 Finland, Ivalontie 10 68.15 27.10 SCO.5 Scotland, Beinn Eighe 10 57.63 -5.35
Fl.16 Finland, Siida 10 68.91 27.07 SCO.6 Scotland, Black 5 56.67 -4.32
Fl.17 Finland, Usjoentie 10 69.88 27.00 SCO.7 Scotland, Coille Coire Chuilc 10 56.41 -4.71
F1.18 Finland, Kamaen 10 69.34 27.22 SCO.8 Scotland, Cona Glen 10 56.79 -5.33
Fl.19 Finland, Noryskontie 10 67.74 29.02 SCO.9 Scotland, Crannach 10 56.58 -4.68
Fl.20 Finland, Salla Reindeer Park 10 66.74 28.82 SCO.10 Scotland, Glen Affric 5 57.27 -4.92
Fl.21 Finland, Kuopio-Helsinki 10 61.45 26.69 SCO.11 Scotland, Glen Cannich 10 57.33 -4.96
Fl.22 Finland, Naantalii 10 60.47 22.01 SCO.12 Scotland, Glen Derry 10 57.03 -3.58
SE.1 Sweden, Vdaster Mj6ingenn 6 62.75 13.58 SCO.13 Scotland, Glen Einig 10 57.95 -4.76
SE.2 Sweden, Tjdrnbergsheden 9 64.62 20.80 SCO.14 Scotland, Glen Loy 7 56.91 -5.13
SE.3 Sweden, Backsjon 12 63.95 20.38 SCO.15 Scotland, Glen Tanar 5 57.05 -2.86
NO.1 Norway, Alta 12 69.99 20.38 SCO.16 Scotland, Loch Clair 10 57.56 -5.36
NO.2 Norway, Ostamarka 12 59.87 11.05 SCO.17 Scotland, Meggernie 10 56.58 -4.35
NO.3 Norway, Smoldalen 12 6145 12.42 SCO.18 Scotland, Rhidorroch 10 57.89 -4.98
EE.1 Estonia, Vardi 10 58.98 24.48 SCO.19 Scotland, Rothiemurcys 5 5715 -3.77
EE.2 Estonia, Pdrnu rannaniidu 10 5836 24.56 SCO.20 Scotland, Shieldaig 13 57.51 -5.64
Lv Latvia, Dunezers Lake 10 57.15 24.35 SCO.21 Scotland, Strath Oykel 10 57.98 -4.61
LT.1 Lithuania, Ciapkeliai 12 54.05 24.42 HU Sopron 12 47.67 16.52
LT.2 Lithuania, Marcinkonys 12 54.02 24.55 RO Dedulesti 5 45.01 24.53
FR.1 France, Arlanc-Mayres 12 45.40 3.69 BG Pirin, Bansko Razlog 12 41.88 23.36
FR.2 France, Chabrioux 12 45.57 3.93 RS.1 Serbia, Zlatibor Mt. 12 43.68 19.67
DE.1 Germany, Godendorf 12 53.27 13.13 RS.2 Serbia, Velika Plec 12 4418 20.03
DE.2 Germany, Joachimsthal 12 52.97 13.67 GR Greece, Fteri 12 40.19 22.13
DE.3 Germany, Enzenauer Kopf 12 47.73 11.46 TR Turkey, Savsat Ardahan 12 41.23  42.43
AT Austria, Pernitz 10 47.91 16.00 TR.2 Turkey, Catacik 12 39.96 311
CH Switzerland, Follateres 12 46.12  7.07 TR.3 Turkey, Tosya llgazi 12 4112 34.06
IT.1 Italy, Casina 10 44.54 10.52 TR.4 Turkey, Artvin 12 4115  41.76
IT.2 Italy, Casina 12 44.54 10.54 UAn Ukraine, Yalta 12 44.55 34.20
IT.3 Italy, Cella di Palmia 12 44.63 1017 UA2 Ukraine, Sokil 1 5117  23.55
PL.1 Poland, Wegliniec reserve 14 51.28 1523 UAS3 Ukraine, Yavorivskyi National Park 12 51.00 23.30
PL.2 Poland, Chojnik 14 50.83 15.63 UA4 Ukraine, Luck 12 50.75 25.33
PL.3 Poland, Zieleniec reserve 15 50.35 16.41 RU.1 Russia, Bobrovka 12 53.17 83.88
PL.4 Poland, Szczeliniec 30 50.43 16.23 RU.2 Russia, Khanty-Mansi 12 62.35 70.68
PL.5 Poland, Skalniak 1 50.47 16.30 RU.3 Russia, Western Siberia 12 62.76 62.31
PL.6 Poland, Gtowa Krdla 16 50.48 16.38 RU.4 Russia, Goritsy 12 59.86 38.27
PL.7 Poland, Zwierzyniec 10 50.60 22.96 RU.5 Russia, Volga Kama Nature Reserve 12 55.18 49.17
PL.8 Poland, Gubin 10 51.95 14.72 RU.6 Russia, Kadnikow 8 59.56 40.47
PL.9 Poland, Barlinek 10 52.98 15.23 RU.7 Russia, Pavlovsk 20 53.29 82.94
PL.10 Poland, Pusta Wielka 10 49.40 20.82 RU.8 Russia, Karmanka 22 51.87 87.10
PL.11 Poland, Koryciska Wielkie 1 49.27 19.83 RU.9 Russia, Artybasz 1 5179 87.25
PL.12 Poland, Pieniriski National Park 12 49.42 20.36 RU.10 Russia, Minusinsk 16 53.57 91.80
PL.13 Poland, Woziwoda 10 53.67 17.92 RU.1 Russia, Tanzybey 12 53.16 92.88
Continued

www.jse.ac.cn

J. Syst. Evol. 61(2): 315-327, 2023

858017 SUOLLLIOD aAIER.D) 9|dedl|dde ay Aq peusenob afe sopoiLe YO ‘8sn Jo Sejnl 10} Aig1 8UIUO 4|1 UO (SUOTIPUOI-PUR-SWLB)/L0D A8 1M AReJg1jBUI|UO//:ScY) SUONIPUOD pue SW.B 1 8U) 88S *[7202/T0/yz] Uo Ariqiauljuo AIm ‘So.L Ag 20621 8SI/TTTT 0T/I0p/W0 A3 | Aleig1jeul|uo//Sdny wouy pepeojumod ‘g ‘€202 ‘TE896S.T



318

Table 1 Continued

Wachowiak et al.

Acr. Location N Lat. Long. Acr. Location Lat. Long.
PL.14 Poland, Sycéw 10 5130 17.72 RU.12 Russia, Stolby Nature Sanctuary 6 55.95 92.77
PL.15 Poland, Pisz 10 53.60 2177 RU.13 Russia, Murmansk 10 68.97 33.15
PL.16 Poland, Bolewice 10 52.38 16.12 RU.14 Russia, Alu 10 67.18 32.42
PL.17 Poland, Wyszkow 12 52.67 21.48 RU.15 Russia, Yakkima 10 61.52 30.14
PL.18 Poland, Taborz 14 53.75 20.03 RU.16 Russia, Apatyty 8 67.58 33.43
PL.19 Poland, Hajnéwka 10 52.74 23.58 RU.17 Russia, Zoja 8 67.41 32.65

Acr., acronym for the population; lat., latitude (N); long., longitude (E); N, number of samples analyzed.

(mitotypes) was assessed between populations. The phylo-
genetic relationship among the obtained haplotypes was
inspected using a median-joining network constructed with
POPART v.1.7 (Bandelt et al., 1999). The levels of diversity and
differentiation were calculated for each population and each
of the 12 geographical regions. The regions were defined
based on the geographic location of the populations and/or
putative refugial or distinctive stands. These regions are (1)
Spain; (2) Italy; (3) Scotland; (4) Western Europe (France,
Germany, Austria, Switzerland); (5) Poland; (6) Ukraine;
(7) the Balkans (Hungary, Serbia, Romania, Bulgaria, Greece);
(8) the Baltic region (Lithuania, Latvia, Estonia); (9) Turkey;
(10) Russia; (1) Scandinavia (Norway, Sweden); and
(12) Finland (including neighboring populations RU.13-17;
see Table 1). Basic statistics including the number of
haplotypes detected in each population (A), number of
private haplotypes (P), effective number of haplotypes (N.),
haplotypic richness (Ry), and haplotype diversity (Hq) were
calculated at the population level and averaged across
regions using HaplotypeAnalysis 1.05 software (Eliades &
Eliades, 2009). Additionally, to determine whether there was
a relationship between genetic diversity and latitude, we
performed a linear regression analysis between four different
measures of genetic diversity: number of haplotypes (A),
effective number of haplotypes (N.), haplotypic richness (Ry,),
and haplotype diversity (Hg). We used the stat_smooth
function using the method “Im” in ggplot2 to calculate and
visualize the regression lines (Wickham, 2016). An inverse
relationship between genetic diversity and latitude is
commonly found for plant and animal species, especially in
the Northern Hemisphere, and is an indicator of postglacial
recolonization from southern refugia at the Pleistocene/
Holocene boundary. We looked at this relationship for the
whole data set and for each region. All calculations were
performed in R v.4.0.3 (R Core Team, 2022) and visualized

using ggplot2.

2.3 Population differentiation

We used cladistic analysis based on the unweighted pair
group method with the arithmetic mean (UPGMA) to inspect
the genetic relationships between populations to find
whether there is a tendency of populations to group by their
geographic locations. The genetic distance among popula-
tions, based on the mean number of differences across all
mtDNA sites, was calculated in MEGA 7 (Kumar et al., 2016)
and used in Principal Coordinate Analysis (PCoA) in GENALEX
v.6.503 software (Peakall & Smouse, 2012) both at the
population level and on the regional scale. Additionally, we
used two different approaches to detect genetically distinct

J. Syst. Evol. 61(2): 315-327, 2023

clusters of populations. First, we used Bayesian population
clustering based on linked data implemented in BAPS
(Corander & Marttinen, 2006; Corander & Tang, 2007) to
delineate the main genetic clusters in the data set, with the
maximum number of potential clusters set to 100. The
population and individual admixture were subsequently
tested on the basis of these population clustering results
and visualized using the pophelper package in R (Francis,
2017). Then, to formally check for the presence of phylogeo-
graphic structure in our data set, two measures of population
differentiation including Gsr (Nei, 1973) and Nst (Lynch &
Crease, 1990) were calculated and compared using a
permutation test with 1000 replicates in PermutCpSSR v.2.0
(Pons & Petit, 1996; Burban et al., 1999). The tests take into
account haplotype frequency alone (Gsr) and haplotype
similarity (Nst), and the presence of phylogeographic
structure is confirmed when the Ngt value is higher than
Gst. The test was applied to the entire data set and within
each region to verify the presence of large- and fine-scale
population structure. Finally, to verify the hypothesis of
isolation by distance (IBD) in P. sylvestris resulting from
postglacial recolonization of a few refugial areas, we used the
Mantel test separately in each region and for all populations.
Correlations between genetic and geographic distances
among populations were performed using 999 permutations
of Euclidean distances in R using the mantel.randtest function
in the adegenet package (Jombart, 2008).

3 Results

3.1 Haplotype variation
All 11 markers were polymorphic, providing 73 novel
haplotypes in 1407 trees across the P. sylvestris populations
(Table S2). The four most frequent haplotypes (H8, H14, H4,
H2) were present in almost 60% of the trees and in the
majority of regions (with the exception of H14, the remaining
three haplotypes were found in seven to nine regions). We
also recorded an excess of minor frequency haplotypes—39
of 73 haplotypes were present only in one or two individuals
(27 and 17, respectively). The majority of singleton mitotypes
were found in populations from Poland and Finland. As these
low-frequency haplotypes are not phylogenetically informa-
tive, we used only 29 major haplotypes present in at least
three individuals to show their geographic distribution (Fig. 1)
and to reconstruct the haplotype network (Fig. 2).

Overall, the haplotype network revealed two main groups
of haplotypes. These include haplotype H8 and several other
less frequent haplotypes, mostly from Finland, in one group
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Fig. 1. The geographic distribution of 29 major mitochondrial DNA haplotypes in the populations analyzed. The colors
correspond to those used in the haplotype network in Fig. 2. The figure was created with Natural Earth vector data (public

domain) and modified.

and haplotypes H1, H2, H4, H6, and H14 from the other
regions in the other group. However, the distribution of
haplotypes from those two groups did not constitute a clear
phylogeographic pattern as haplotypes were shared by
individuals from different regions across the sampled range
(Fig. 1). Furthermore, only 6 of the 29 major haplotypes were
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region specific and shared between different populations
within regions. However, in light of putative migration
routes, the co-occurrence of some haplotypes in different
regions might also be informative. Among the most insightful
examples are (1) the distribution of haplotype H14, which is
fixed in all populations from Scotland and present only in a
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H14

Fig. 2. The median-joining network of haplotypes detected at 11 mitochondrial DNA regions analyzed for 124 Scots pine populations.
Areas of the circles are proportional to haplotype frequencies, and hatch marks represent numbers of nucleotide differences

between them.

Table 2 Haplotype diversity at 11 mtDNA loci in 12 Pinus
sylvestris averaged for regional groups

Regional group N N, A P Ne Rn Hgq

The Balkans 65 6 1 1 4.884 8.264 0.808
The Baltic Region 54 5 10 2 6.451 7.022 0.861
Finland 322 27 29 13 3.850 6.761 0.743
Italy 34 3 2 0 1710 1000 0.428
Poland 279 23 40 22 7.676 9.853 0.873
Russia 155 12 6 1 2.015 2.322 0.507
Scandinavia 63 6 12 1 4.309 6.680 0.780
Scotland 190 21 1 0 1000 0.000 0.000
Spain 68 6 3 0 1380 1342 0.280
Turkey 48 4 6 1 3.716  4.242 0.746
Ukraine 47 4 13 4 5.697 8.631 0.842
Western Europe 82 7 15 2 4.537 8.031 0.789

A, number of haplotypes; Hy, haplotype diversity; N, sample
size; N, effective number of haplotypes; N, number of
populations; P, number of private haplotypes; and Ry, haplotype
richness. For details of the composition of regional groups, see
Table S2.

few individuals from continental Europe (populations from
Poland and Germany); (2) the disjunct occurrence of
haplotype H22, which is unique to individuals from Romania
and from a population in Russia; and (3) the sharing of
haplotypes H4 and H25 between multiple populations from
Russia and Turkey.

The levels of diversity and differentiation were calculated for
each population and averaged for each of the 12 regions
(Tables 2, S3). The mean haplotype diversity for the entire
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collection was Hy = 0.390, although there was a lot of variation
between populations and regions. The lowest average haplotype
diversity was detected in Scotland, Italy, and Spain (Hq=0.280
and 0.428, respectively), while the highest average haplotype
diversity was detected in Poland, the Baltic region, and Ukraine
(0.873, 0.861, and 0.842, respectively; Table 2). About 33% of the
populations were fixed for one haplotype (all Scottish, five
Spanish and Russian, three Italian and Finnish, two Polish, and
single populations from France and Serbia; Fig. 1; Table S2). Both
the highest number of haplotypes in the regions and the highest
number of haplotypes detected in a single population were in
Poland (haplotype number on a regional scale A=40 and A=11
in population PL.1), and almost 44% of all populations studied had
haplotype diversity greater than 0.500 (Fig. 1; Table S2).

Contrary to the expectation under the “southern richness
northern purity” model of genetic diversity following postglacial
migration, we found low to moderate levels of mtDNA variation
in southern refugial areas (Spain, Italy, the Balkans, Turkey),
moderate levels of variation in the northernmost regions of
Fennoscandia (Norway, Sweden, Finland, and Russian Karelia),
and the highest mtDNA diversity in middle-latitude regions
(western Europe, Poland, Ukraine, the Baltic region). Therefore,
the linear regression analysis did not indicate any significant
relationships between four different measures of genetic
diversity and latitude for the entire data set (even after
accounting for the excess population with Hy=0) and the
weak but statistically significant inverse relationship in the case
of Northern Europe groups (Fig. S1).

3.2 Population differentiation

Analysis of genetic relationships between populations using
UPGMA revealed a similar division between two groups as in
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Fig. 3. Principal Coordinate Analysis (PCoA) based on the mean number of nucleotide differences between 124 Scots pine
populations. All populations from Scotland were located at the same point on the Principal Coordinate plane and thus, for

clarity, are represented together as SCO.

the case of the haplotype network: one composed
predominantly of populations from Finland and the other
from the remaining stands. Some regions were more
homogeneous, for example, Finland, Spain, Russia, and
Ukraine, but in general, haplotypes were mixed in
populations rather than having specific geographic origins
(Fig. S2). The lack of population structure was more evident
when looking at PCoA analysis results at both population and
regional levels. In each case, the first two principal axes
jointly explained 50.1% of the variation in the data at the
population level (Fig. 3) and 73.5% at the regional level
(Fig. S3). Both analyses showed the close relationships
between populations from different regions, with only a few
more distinctive regions, for example, Scotland, Spain,
Turkey, Italy, and Finland. BAPS analysis defined 29
genetically distinct clusters that clearly coincide with 29
major haplotypes identified for this data set (Fig. S4). The
comparison of Nst and Gsy provides a formal indication of the
lack of signatures of phylogeographic structures in
P. sylvestris. For all regions, as well as for the whole data
set, those statistics were not significantly different from each
other. Interestingly, the Mantel test showed a weak but
statistically significant relationship between the genetic and
geographic distances (r’=0.22, p<0.001) and this was
mainly due to the IBD pattern found within populations in
Finland, Scandinavia, western Europe, and Russia (Fig. S5).

4 Discussion

4.1 Scattered recolonization refugia

The mixing of haplotypes at a large geographical scale may
reflect the segregation of ancient polymorphisms driven by
changes in species range during postglacial recolonization.

www.jse.ac.cn

Point mutations alone, although occurring at a generally slow
rate in pine mitochondrial genomes (Wang & Wang, 2014),
seem sufficient to create novel variants and haplotypes
detected in our study. Although some mitotypes could
possibly result from recombination events, such phenomena
at mtDNA in conifers seem rare and were hypothesized
mostly for interspecific contact zones, where the breakdown
of mating barriers during the hybridization process may
possibly lead to occasional biparental inheritance of
mitochondria (Jaramillo-Correa & Bousquet, 2005; Pole-
zhaeva et al., 2010; Wang & Wang, 2014). In our data set,
the pattern of genetic variability in large parts of the Scots
pine distribution, especially in central and eastern Europe,
does not correspond to geographical location, but rather to
the distribution of various mitotypes spread throughout the
pine range, ultimately leading to significant homogenization
of the mtDNA pool. Even though the Mantel test was
statistically significant in our data set, the correlation
between geographical and genetic distance is weak and
the results are highly influenced by populations from the
species margins with a more homogeneous structure at its
core. Therefore, the IBD model with a stepping stone
assumption is not sufficient to explain the observed data.
Homogenization of the mtDNA pool indicates multiple waves
of migration from different refugial regions. Fossil records
and genetic data previously indicated the possible survival of
patchy and scattered refugial populations of Scots pine
during the LGM (~20 000 years ago) at northern latitudes,
including, among others, the Alps, Hungarian plain,
Romanian Carpathians (Cheddadi et al.,, 2006; Naydenov
et al,, 2007; Haesaerts et al., 2010; Feurdean et al., 2011;
Bernhardsson et al, 2016), the Bulgarian mountains
(Naydenov et al., 2007; Provan & Bennett, 2008), Slovakia
(Willis & van Andel, 2004), and possibly ice-free locations in
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close proximity to the relatively temperate conditions of the
Atlantic Ocean (Sinclair et al., 1999; Parducci et al., 2012). Our
results are in line with those suggestions and further indicate
that scattered populations that have survived in central and
southern Europe, including the Danube River basin, could
explain the high genetic diversity observed in that area in our
study. This conclusion is supported by the lack of a formal
large-scale phylogeographic structure, the lack of the
expected southern richness northern purity pattern, the
relatively low variability in southern areas usually considered
as refugial sites, and the greatest variability in the central
European part of the Scots pine distribution where
individuals from various waves of migration from many
scattered refugial populations have putatively met and mixed
with each other. Consequently, populations from the Alps,
Poland, western Ukraine, and the Baltic countries have large
haplotype diversity compared to other regions. Furthermore,
the Polish populations had the largest number of haplotypes,
the highest haplotype diversity, and the largest number of
unique haplotypes. These patterns of distribution reflect
different waves of migration and crossing of populations of
different origins in the area. However, not all of the Polish
populations were sampled from protected or inaccessible
mountain regions, and some lowland locations representing
local ecotypes were collected from commercial forests.
Therefore, the influence of human-mediated transfer of
plant material cannot be completely ruled as a cause of
variability of some of the analyzed populations. Studies on
Scots pine and other forest tree species document evidence
for historic transfer of reproductive material in Europe
(Myking et al., 2016; Jansen et al., 2017).

4.2 Different population history of Fennoscandia

The data indicate a few major genetic lineages that have
contributed most to the recolonization process at middle and
northern latitudes in Europe. Our data support earlier
observations of heterogeneous patterns of genetic variation
in different species of forest trees in Fennoscandia (Parducci
et al.,, 2012; Salojarvi et al., 2017; Wang et al., 2020). The
combination of mitotypes was clearly different between
Norwegian and Swedish stands as compared to Finland and
Russian Karelia. The latter part of Scots pine distribution was
inhabited during colonization by a variable group of initial
populations and the data fit the IBD stepping stone model.
Consequently, we observed a weak but statistically signifi-
cant correlation between geographic and genetic distance
and a decrease in all measures of variation with latitude for
Finland. The combination of haplotypes (especially H8, H6,
Hs, and H10) suggests that the source and direction of
colonization in Finland and Russian Karelia were from the
south, but not from the east. For instance, frequently
present haplotypes in Finland (H8 and H10) are present in
Austria and Hungary. Interestingly, pines from postglacial
peat bogs in the Stotowe Mountains in Poland contained
haplotype H8 (tabiszak et al., 2019), which is common in
Poland, and it is the most frequent haplotype in the Finnish
populations. Although it seems clear that the Baltic
countries, Finland, and the area of Russian Karelia were not
recolonized from the east, our sampling from the western
part of Russia is not dense enough to exclude the possibility
of a putative source of recolonization of that area from a
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refugium to the south-east of Moscow (Buchovska et al.,
2013) or southern refugium in the Carpathian Mountains or
the Balkan region. The Carpathians have been suggested as a
refugial area for another boreal forest conifer Picea abies
(Gugerli et al., 2001); however, this region did not contribute
to recolonization of the discontinuous northern part of the
Norway spruce range (Dering et al, 2012). In contrast,
populations from Norway and Sweden have a different
composition of haplotypes than those from Finland. These
patterns suggest that northward colonization was likely to
have reached western Scandinavia from western and central
Europe, which have a high frequency of haplotypes present
(such as H4 and H2, respectively). Patterns of division
between Western and Central versus Eastern European
populations and between Swedish and Norwegian versus
Finnish populations were also observed in the distribution of
mitotypes detected at nad1 and nad7 introns in earlier studies
(Naydenov et al., 2007; Pyhgjarvi et al., 2008; Dering
et al., 2017).

4.3 A glacial refugium in the northwest?

Additional insight into the population structure might be
gained by examining the current distribution of fixed
haplotypes, especially those found only in particular regions
and/or populations. Overall, such haplotypes in our data set
were restricted mainly to marginal parts of the species
distribution. The most genetically homogeneous but distinct
region as compared to the others was Scotland. All 190
samples from 21 stands representative of the remnant
Scottish Scots pine populations from the most north-
western parts of the species distribution were fixed for
only one haplotype (H14). This variant shows a marginal
frequency on the continent that is present in just a few
individuals in one Polish and one German population, and it is
only one mutation away from H1, which is very common in
Germany and France. A relatively recent and rapid wave of
migration over the land bridge connecting the British Isles
with mainland Europe, either by a small number of colonizers
or by a very homogeneous group, could explain such a
pattern. The British Isles were largely ice-covered during the
LGM and the contemporary population is certainly a product
of postglacial establishment. However, in other molecular
data sets, there is no sign of the severe founder effect that
would be expected by a rapid wave of migration from a small
source population (Wachowiak et al., 2011; Sejrup et al., 2016;
Semerikov et al., 2020). Some heterogeneity of the western
populations in Scotland compared to other locations was
shown based on mtDNA RFLP variation (Sinclair et al., 1998)
and, although no differentiation between Scottish and
mainland European populations was observed at the cpSSR
loci, a unique, low-frequency allele was identified in some
western sites (Provan et al., 1998). Furthermore, variation at
nuclear gene loci showed that Scottish populations have
equally high or higher genetic diversity than populations
from continental Europe (Wachowiak et al., 2011). Therefore,
our results do not exclude the existence of a northwestern
refugium during the LGM, which may have contributed to
Scots pine recolonization of Scotland and partially western
Europe. However, it is equally possible that the homogeneity
of the Scottish mtDNA data reflects the founder effect of
colonization from a central European source, while wider
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genetic diversity is accounted for by extensive subsequent
pollen flow into the founder populations.

4.4 Genetic variation in southern refugia

Previous studies at different biochemical and molecular
markers provide several lines of evidence indicating low or
nonexistent contributions of more or less isolated southern
glacial refugia located in the Iberian Peninsula, Apennine
Peninsula, and Asia Minor to northward colonization of
Europe (Soranzo et al., 2000; Cheddadi et al., 2006; Labra
et al., 2006; Pyhdjarvi et al., 2008; Prus-Gltowacki et al., 2012;
Jasiriska et al., 2014; Pavia et al,, 2014). Our data indicate
distinct haplotypes between the Iberian and Apennine
Peninsulas and show genetic variation between populations
in each of these areas. Patterns of between population
divergence among the patchily distributed Iberian popula-
tions were reported for chloroplast SSR loci (Robledo-
Arnuncio et al, 2005). We found different mitotypes
between the Apennine populations that showed low genetic
diversity in earlier studies (Scalfi et al., 2009; Belletti et al.,
2012). Significant differentiation between populations from
the Apennines compared to populations from the southern
slopes of the Italian Alps likely reflects their isolation and low
population size, as well as limited gene flow between
the regions. Together, this also suggests that Scots pine
populations from that area have not contributed to
the postglacial recolonization of Central and Northern
Europe (Cheddadi et al., 2006; Scalfi et al., 2009). Our data
show that the Iberian and Apennine Peninsulas share
mitotypes present in other distinct parts of the species
range. However, the presence of haplotype H4 in Iberia and
populations from Asia Minor to Western Siberia indicates its
ancestral origin and probable widespread occurrence before
the last glacial period. Interestingly, this haplotype (together
with H2) is present at high frequency in populations from the
Stotowe and the Karkonosze Mountains in southern Poland,
which are presumed to have been established during the
early Holocene (Boratyriska et al., 2021). The existence of
different haplotypes in the Apennine Peninsulas present at
high frequency in the eastern European distribution and in
the Balkans suggests a connection between those regions
that may predate the last glacial period, as found in other
forest tree species (Zaborowska et al., 2020).

4.5 The Balkans and the Black Sea basin

Our data also show some less frequent haplotypes present in
highly localized distributions. Such endemic mitotypes may
represent new variants or remnants of isolated stands that
survived locally, but did not contribute to the major
recolonization events. Recent mtDNA and c¢pDNA analyses
suggested that the eastern Black Sea region, including
Crimea, Caucasus, and Asia Minor, has a distinct origin and
might have been isolated from the populations of the main
range for a long time (over hundreds of thousands of years,
Semerikov et al., 2020; Dering et al., 2021). Our data show
that populations across a large area of the Black Sea basin,
including Crimea, western Ukraine, Romania, Bulgaria, and
western Russia, share haplotypes that were not observed
elsewhere in our sample. The results suggest their distinct
genetic character but relatively limited dispersal during the
postglacial expansion period. Additionally, populations from
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Asia Minor had mitotypes observed in Western Siberia and
most eastern Scots pine populations that were distinct from
major haplotypes observed in the Balkans and other parts of
the Black Sea basin. Greater connectivity between the Asia
Minor populations and eastern parts of the distribution was
suggested in earlier mtDNA studies (Pyhajérvi et al., 2008)
and isolation between the Balkan and Asia Minor populations
of Scots pine was observed at SSR loci (Wdjkiewicz et al.,
2016b). The Balkan populations were possibly influenced by
migrants from the regions of eastern Italian Alps and this
connection was observed for other forest tree species
(Zaborowska et al., 2020).

4.6 Different population history of European and Asian
pines

It is not clear so far to what extent the populations from the
main species range in Europe versus eastern European and
Asian populations contributed mutually to the recolonization
process. Haplotypes in the eastern European/Russian part of
the distribution (Rus-4 and 6) are similar to those found in
populations from the far eastern territory of Russia and are
distinct from the most frequent haplotypes in Russian Karelia
and Finland. Clearly, pines have not migrated from
Fennoscandia eastward to the Siberian steppes, and most
European Scots pine have a different origin and postglacial
history than eastern European/Russian and Siberian pop-
ulations. Our data indicate distribution of the same mitotypes
across large areas from eastern European parts of Russia to
southwestern regions of the Altai Mountains (meridians
38-93, respectively). Populations in that area show a much
lower haplotype diversity and a relatively uniform haplotype
structure compared to most European locations, suggesting
a much simpler recolonization history and migration from
limited sources. Populations from the most eastern distribu-
tion occur in regions indicated as refugial stands for
recolonization of the West Siberian Plain by other conifer
species of the boreal forest, including the genus Larix
(Semerikov et al., 2013), and an eastern refugium in the
region of southern Urals was previously suggested (Semer-
ikov et al., 2018). Results of other studies including patterns
of polymorphisms at cpSSR loci across eastern Fennoscandia
and the north-eastern European part of the Russian
distribution support the conclusion that those regions have
their own independent history (Semerikov et al., 2014).

5 Conclusions

The presented study is a step forward toward understanding
of the complex population history of Scots pine across its
European and Asian range. We reveal a high genetic variation
of populations in central and eastern Europe, including the
Alps, the Hungarian plain, and the Balkans, which most likely
contained many patchily distributed populations that
survived the LGM and expanded to the middle and northern
latitudes in Europe. Not all survivors succeeded equally in the
post-glacial recolonization process. Major mitotype variants
identified include the remnants of Scots pine in most
western distributions of the species that colonized the
Scottish Highlands, two main western and central European
variants that contributed to the present populations in
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Norway and Sweden, the central-eastern European lineage
that colonized Baltic countries, Finland, and most western
areas of Russia, and separate one common to most eastern
European parts of Russia and western Siberia. We also
observed signs of a distinct refugium located in the northern
parts of the Black Sea basin that contributed to the genetic
variation observed in several populations in the Balkans,
Ukraine, and Western Russia. Shared haplotypes between
individuals from geographically distant and more or less
isolated refugial stands in the Iberian Peninsula, Asia Minor,
Asia, and the major continuous European distribution of the
species are most likely of ancient origin with a distribution
that predates the Quaternary glaciations. The developed
markers applied in other populations of Scots pine
distribution not covered in the presented study might be
helpful in providing a more complete picture of the species
postglacial history.
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Supplementary Material

The following supplementary material is available online for
this article at http://onlinelibrary.wiley.com/doi/10.1111/jse.
12907/suppinfo:

Table S1. Mitochondrial markers analysed and frequency of
the variants in the probe. In 198 individuals from the total of
1407, at most two unidentified alleles were recorded and
missing sites in those individuals were imputed from the
most closely related complete haplotype.

Table S2. Major haplotypes, their frequency and presence in
the studied regions.

Table S3. Haplotype diversity at 11 mtDNA loci in 124 Pinus
sylvestris populations. Acr. — Population acronym, N — sample
size, A — number of haplotypes, P — number of private
haplotypes, N. — effective number of haplotypes, Ry —
haplotype richness, Hqy — haplotype diversity, and regional
groups. See Table 1 for details of populations location.
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Fig. S1. Linear regression analysis of four different
measures of genetic diversity (A-D) and latitude of
population origin for (1) the whole dataset (including
population with Hg=0) and (2) Northern Europe
(including Finland, Sweden, Norway and Russian Karelia
(populations R.13-R.17)). Genetic diversity measures used
: Hqg — haplotype diversity, R, — haplotype richness, Ne —
effective number of haplotypes, A - number of
haplotypes.

Fig. S2. UPGMA phylogenetic tree of 124 P. sylvestris
populations. Colors indicate defined regional groups of
pines. All populations from Scotland are represented
together as SCO.

Fig. S3. PCoA based on mean number of nucleotide
differences averaged across populations within twelve
geographical regions defined including Spain; Italy;
Scotland; Western Europe (France, Germany, Austria,
Switzerland); Poland; Ukraine; Balkans (Hungary, Serbia,
Romania, Bulgaria Greece); Baltic region (Lithuania,
Latvia, Estonia); Turkey; Russia; Scandinavia (Norway,
Sweden); Finland.

Fig. S4. Output of clustering analysis of Scots pine
populations performed using all polymorphic sites for
K=29 in BAPS software.

Fig. S5. The results of the Mantel test for (1) all populations
analyzed and (2) regions were the statistically significant
relationships between genetic variation and geographical
distances were observed.
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