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Abstract

The relict character of the Scots pine populations from the Tatra Mts. (Western Carpathians) was formed on scarcely accessible,
ecologically extreme habitats, in areas which were not under human activity. An exhaustive genetic analysis of the Scots pine
populations from the refugial locations in the Tatra Mts. (Poland) had not yet been. In this study, we characterize the genetic
variation and differentiation of the relict Scots pine populations from the Tatra Mts., to provide information on their genetic
resources and the conservation implications. Eight paternally inherited chloroplast microsatellite loci were used to investigate the
genetic structure of 4 relict populations, which were compared with the natural populations from the Baltic region (5 populations
from Lithuania, Latvia and Estonia) and to a northern range from Russia (5 populations from the Kola Peninsula and Arkhangelsk
Oblast). The four relict pine populations were characterized by a lower level of genetic variation when compared to the Baltic and
northern populations, which was expressed in lower values of particular genetic parameters: numbers of alleles and haplotypes,
haplotype genetic diversity, haplotype differentiation, and mean genetic distance between individuals in the population. Our
results revealed a very high and significant genetic differentiation between all the analyzed populations, as well as between the
three analyzed regions (PhiPT =8%). Furthermore, the relict populations within a close geographic location showed higher
differentiation (PhiPT = 5%) compared to the northern Russian and Baltic populations that were separated by tens and hundreds
of kilometers. The relict populations of P. sylvestris from the Tatra Mts. deserve conservation efforts due to the fact that they are
an important component if the species-poor Tatra forests.
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Introduction

The Scots pine (Pinus sylvestris L.) is the main component of
forest ecosystems in Eurasia, and is a species of great ecolog-
ical and economic importance. This species of pine is charac-
terized by a wide geographical range and extremely high tol-
erance to various environmental conditions (Labra et al. 2006;
Pravdin 1969; Téth et al. 2017b). In the northern Tatras (in
Poland) there are few populations of P. sylvestris, which are
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considered as the Holocene relics or even glacial relics
(Staszkiewicz 1968, 1993; Jankovska and Pokorny 2008).
As has been suggested based on the palynological (Latalowa
et al. 2004) and genetic records (To6th et al. 2017a, b), one of
the glacial refugium could exist in the Carpathians and their
northern foreland. The relict populations from the Western
Carpathians (Tatra Mts. in Poland) possess many distinctive
morphological features in terms of their cones, seeds and
needles (Zajaczkowski 1949; Skrzyszewski 2004). The relict
character of the Tatra pine was formed on scarcely accessible,
ecologically extreme habitats, which allowed it to survive de-
spite eradicating the human activity in these areas (Lysek
1974). 1t has a number of morphological traits that classify it
as v. carpatica, ¢.g. smaller and lighter cones, lighter seeds,
shorter needles, and a thin light bark (Staszkiewicz 1966). To
our knowledge, an exhaustive genetic analysis of the Scots
pine populations from the refugial locations in the northern
Tatra Mts. has not yet been conducted. This is probably
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because these populations are usually difficult to access (i.e.
they grow in an environment of mountain peat-bogs and
rocks). On the other hand, due to the fact that these popula-
tions were not subject to anthropopression and were excluded
from intensive forest management, they could be an important
source of genetic information about the original Scots pine
gene pool.

Genetic distinctiveness of the southern Tatra populations
from Slovakia was found in the studies of Téth et al.
(2017a). Based on combining paleoenvironmental data,
vegetation modeling and genetic analysis it has been shown
that isolation in glacial refugia and migrations significantly
affect shaping the modern genetic diversity of Scots pine in
Europe (Cheddadi et al. 2006). Knowledge about the level
of genetic diversity present in relict populations is an ex-
tremely valuable basis of the data used for preparing and
carrying out protective activities, not only for these small
and endangered populations but also for the Scots pine as a
species in general This is particularly important in the case
of a species that has been intensively cultivated in Europe
for over 200 years. As a result, there is scarcely any popu-
lation of P. sylvestris of a natural or even a primary charac-
ter, which has not been subjected to anthropopressure.
Consequently, research on the genetic variation of natural
populations, or those not under forest management, is a
rarity (Wojnicka-Pottorak et al. 2017a, b).

Chloroplast microsatellites (cpSSRs), alongside other
markers such as nuclear SSRs, RFLPs, mitochondrial markers
and allozymes, have for many years been the basic and uni-
versal tools used to characterize tree genetic resources
(Vendramin et al. 1996; Ribeiro et al. 2002; Navascués et al.
2006), including the Scots pine (Provan et al. 1998; Dzialuk
and Burczyk 2002; Wojnicka-Péttorak et al. 2017a).

In this study, we use cpSSR markers in order to charac-
terize the genetic variation of relict Scots pine populations
from the north of the Tatra Mts. in the Western Carpathians,
and compared these with natural populations from the Baltic
region (Lithuania, Latvia and Estonia) and from a northern
range in Russia (Kola Peninsula and the Arkhangelsk
Oblast). The origins and the level of genetic variation of
the natural Scots pine populations in these two regions are
poorly documented. These populations, which are charac-
terized by specific features mainly resulting from their com-
plex origin (recolonization after glaciation) and related to
specific habitat locations e.g. an extreme northern climate
and ecological conditions, forest peat-bogs etc. (Pravdin
1969), could provide valuable baseline information for the
conservation and genetic resources of the Scots pine. The
P sylvestris populations from the Baltic region are classified
as v. rigensis (v. baltica) (Molotkov and Patlaj 1991;
Staszkiewicz 1993), a tree with a straight, soaring stem
and with dark red bark.
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Our main aim was to characterize the genetic resources of
the relict populations of Scots pine in the Western Carpathians
and compare them to populations originating from the Baltic
region and from northern Russia. To our best knowledge, this
is the first report on the relict gene pool of Scots pine from the
northern Tatra Mts. (Western Carpathians). We hope to pro-
vide relevant information for the conservation and manage-
ment of present and future gene resources.

Materials and methods
Plant materials

Fourteen populations of Scots pine (420 individuals) covering
an area in the northern edge of the range (5 populations), as
well as those from the eastern Baltic Sea region (5 popula-
tions) were used in the study as the reference populations, and
were compared with the relict populations from the northern
Tatra Mts. (4 populations from Poland) (Table 1). The Tatra
populations of Scots pine were considered as relict and as
representing the generations of trees that survived the glacia-
tion (Latalowa et al. 2004; Staszkiewicz 1968, 1993;
Jankovska and Pokorny 2008). From each population, needles
were collected from 30 randomly selected individuals of Scots
pine.

DNA isolation, PCR conditions and capillary
electrophoresis

Pine needles frozen in liquid nitrogen (100 mg of tissue) were
homogenized and extracted according to the standard CTAB
procedures (Doyle and Doyle 1990). The isolated DNA was
dissolved ina 0.1 x TE buffer (10 mM pH 8.0 Tris-HCI, 1 mM
pH 8.0 EDTA) for further use. The quality and amount of the
extracted DNA was checked on a Nanodrop ™ ND-1000
(ThermoScientific) spectrophotometer and diluted to a final
concentration of 20 ng / pl. All of the trees were genotyped
using eight microsatellite loci, including the following chlo-
roplast SSRs: PCP1289, PCP30277, PCP41131, PCP45071,
PCP71987, Pt45002, Pt30204, and Pt71936 (Vendramin et al.
1996; Provan et al. 1998). The characteristics of the analyzed
microsatellite loci are presented in Table 2. PCR reactions
were performed in a 2720 Thermal Cycler (Applied
Biosytems). Two multiplex PCRs were designed. Multiplex
I included the following loci: Pt 30204, Pt 71936, PCP 1289,
and PCP 41131. In addition, Multiplex II included the loci:
PCP 30277, Pt 71987, PCP 45071, and Pt 45002. The PCR
conditions were as follows: initial denaturation at 94 °C for
5 min followed by 30 cycles of a 30 s denaturation at 94 °C,
annealing 50 °C for 1 min and incubation at 72 °C for 1 min. A
final extension was performed at 72 °C for 10 min. The am-
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Table 1 Localization and origin of the studied populations of P. sylvestris

Region Symbol Population Country N Latit. (N)/ Longit. (E) Altitude npm (m)

Relict populations MG Macelowa Gora Poland 30 49°24°N; 20°22'E 764
WK Wielkie Koryciska Poland 30 49°16°N; 19°48'E 1118
LS Lysa Skata Poland 30 49°15°N; 20°06'E 1170
SKZG Sokolica, Kazalnica, Zamkowa Gora Poland 30 49°25°N; 20°26'E 740

Baltic populations ENt Nigula bog Estonia 30 58°01°N; 24°41'E 160
ENm Nigula mineral Estonia 30 58°58°N; 24°24'E 25
LKm Kemari mineral Latvia 30 56°51°N; 23°31'E 24
LKt Kemari bog Latvia 30 56°51°N; 23°31'E 17
LZ Zuwintas Lithuania 30 54°28°N; 23°36'E 83

North range populations RM Murmansk Russia 30 68°45°N; 33°12'E 230
RK Kandalaskie Tundry Russia 30 67°08°N; 32°18'E 280
RW Wierchowoje Bolota Russia 30 64°13°N; 42°29'E 42
RG Golubino Russia 30 64°33°N; 43°15'E 44
RO Onega Russia 30 63°54°N; 38°14'E 29

plification reaction for cpDNA was performed in a 6 pl vol-
ume. The reaction mixture contained: 1x Type-it®
Microsatellite PCR Kit, 1x Q-Solution, 0.2 uM primers in
both directions (F and R), and deionized water. One of the
primers of each locus was labeled with a fluorescent marker
(6FAM —Dblue, VIC — green, NED — yellow, and PET —red) to
avoid confusion during the analysis of the results. The ampli-
fication products were capillary electrophoresed on a 3130xl1
Genetic Analyzer (Applied Biosystems) using the GeneScan
™ 600LIZ ™ standard. The chromatograms were analyzed in
the Peak Scanner ver. 1.0. (Applied Biosystems).

Data analysis

The allelic frequencies, number of alleles and genetic di-
versity were calculated using FSTAT software (Goudet
2001). Haplotypes were determined as a combination of
the different microsatellite variants across the cpSSR loci.
Haplotype Analysis ver. 1.05 software (Eliades and
Eliades 2009) was used to estimate the haplotype frequen-
cies, number of haplotypes (A), effective number of hap-
lotypes (NVe), haplotypic richness (HR — El Mousadik and
Petit 1996), genetic diversity (He), and the mean genetic
distance between individuals (Dsh®> — Goldstein et al.
1995). GenAIEx ver. 6.5 software (Peakall and Smouse
2012) was used to: a) divide the total level of genotypic
variance into a variance within and among populations
and regions by the hierarchical analysis of molecular var-
iance (AMOVA); b) correlate the genetic distance (GD)
(Nei 1972) and the geographic distance (GGD) matrices
between populations using the Mantel test; and c)

calculate pairwise the genetic differentiation between the
populations PhiPT (analogue of Fgt) via AMOVA. The
statistical significance of the AMOVA and Mantel tests
was determined for all populations and loci, with the
number of permutations set to 999.

Results

Allele variation and genetic diversity
within populations

A total of 420 samples of P. sylvestris representing fourteen
populations were analyzed according to eight chloroplast
microsatellite markers, giving a total of 53 size variants,
ranging from 3 (PCP41131) to 9 (Pt30204). The distribution
of the size variants for each region was unimodal, with the
variants differing by 1 bp from each other, which is consis-
tent with a stepwise mutation model (SMM). Those loci
were highly polymorphic, except for the locus PCP41131
which was monomorphic in the populations from Lithuania
(LZ), Latvia (Ent) and Poland (WK, LS, MG, SKZG). The
number of detected alleles per locus was the lowest in the
relict populations (mean 3.688), while the northern Russian
samples presented the highest values (mean 4.3). The same
tendency appeared in the effective number of alleles. The
lowest of all values was observed in the Polish relict popu-
lation (WK, 1.919), while the highest was recorded in the
Russian population (RK, 2.995). Private alleles, at a fre-
quency of 0.033, were found in two of the relict populations
(WK in locus PT45002; MG in locus Pt71936) and in two
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Table 2 Characteristics of

chloroplast microsatellite loci Locus Observed allele size range (bp) Observed number of alleles PhiPT

used to analyze genetic diversity p<0.01

in Pinus sylvestris populations:

PhiPT — AMOVA genetic differ- Pt71987 108-114 7 0.053

entiation among populations Pt45002 165-171 6 0.035
Pt30204 137-145 9 0.059
Pt71936 140-147 8 0.121
PCP1289 101-105 5 0.034
PCP41131 136-138 3 0.035
PCP30277 130-138 9 0.076
PCP45071 140-152 7 0.193

Russian populations (RG in locus PCP45071; RG in locus
PCP45071) (Table 3).

The average genetic diversity (h) of the eight analyzed
cpSSR loci was the lowest (mean 0.480) in the relict popula-
tions (from 0.404 to 0.559). In the Baltic and Russian popu-
lations, values of 0.533 and 0.562 were found, respectively
(Table 3).

The Mantel test showed a significant positive correlation
between the genetic and geographic distances for the analyzed
populations of Scots pine (R* = 0.052; P<0.03).

Haplotype variation

The different size variants resulted in a total of 355 different
haplotypes among the 420 individuals. The four relict popu-
lations of Scots pine were characterized by the lowest number
of haplotypes, with a mean of 27 (ranging from 24 to 30);
whereas the populations from the northern edge of the
Russian range possessed on average 28 haplotypes (ranging
from 27 to 30); and the Baltic populations had 29 haplotypes
(ranging from 27 to 30) (see Table 3). The same tendency was
reflected in the effective number of haplotypes in the three
groups of populations: the highest number was recorded in
the Baltic populations (mean 28.4) and the lowest in the relict
populations (mean 24.8). A high proportion (50-93%) of the
haplotypes found in this study were unique, which means that
between 210 to 390 trees (out of 420 individuals) could be
uniquely genotyped. The 8% of the haplotypes were detected
in two individuals, and the rest were found in 3-8 trees. The
frequency of the most common haplotype was the highest in
the relict populations (mean 0.075) and lowest in the Baltic
populations (mean 0.053). This corresponds to the lowest hap-
lotype differentiation (Hy = 0.992) of the relict populations in
comparison to the Russian (0.995) and Baltic populations
(0.998), as well as the mean genetic distance among individ-
uals (Dg): 9.27 in the relict; 11.4 in the Baltic; and 13.99 in
the Russian populations (see Table 3). There was a different
number of haplotypes that was typical for the three groups of
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populations: in the relict populations it was twelve; and ten in
each group of the Russian and Baltic populations. Between
the relict and the Russian populations, three common haplo-
types were found; between the relict and the Baltic popula-
tions there were five; but no common haplotype was found
between the Russian and the Baltic populations (see Table 4).

Genetic differentiation among populations

The analysis of molecular variance (AMOVA) locus by locus
showed that all of the eight analyzed loci had a significant
impact on the level of population differentiation (PhiPT).
The highest value of PhiPT was found in two loci:
PCP45071 (0.193) and Pt71936 (0.121) (probability 0.01)
(Table 2). The AMOVA also revealed high and significant
differences among the 14 populations of P. sylvestris, which
accounted for 8% (probability of 0.01) of the total cpSSR
variance. The variation among the three regions (relict,
Baltic and Russian) accounted for about 8% of the total vari-
ance and for 3% of the variance among the populations within
those groups (probability of 0.01). The AMOVA performed
separately within the particular groups showed a very high and
significant differentiation among the relict populations
(PhiPT =5%; p<0.01). The Baltic and Russian populations
were much less differentiated: 2% (p<0.01) and 3%
(p <0.028), respectively (see Table 5).

A PCoA analysis based on the PhiPT values clearly iden-
tified three major groups (Fig. 1). One group included the
most northern populations from Russia (RM, RO, RK, RG,
RW).This group was also distinguished by a high frequency of
allele 111 in the locus Pt71987 and of allele 149 in the locus
PCP45071. The second group contained the four relict moun-
tain populations from Poland (MG, SKZG, LS, WK) and the
third group included the populations from Latvia (LKT,
LKm), Lithuania (LZ) and Estonia (Ent, ENm). The first and
the second principal coordinates explained 76% of the total
variation for the cpSSR markers. A similar pattern of genetic
relationships between the Scots pine populations defined
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Table 3 Genetic parameters of the studied Scots pine populations: N —
numer of samples; N4 —numer of alleles, N4, — mean numer of alleles per
locus, Ng, — effective numer of alleles, Npy — numer of private alleles, h—
genetic diversity, N;; — number of haplotypes; Ng;; — effective number of

haplotypes; Npy — number of unique haplotypes, C; — frequency of the
most common haplotype in population; Hy; — haplotype differentiation,
DZ.\,h — mean genetic distance among individuals in population (for
abbreviations see Table 1)

Region Populaton N N, Naz  Nga New  h Ny New Npwr Cu Hy Dy,
Relict populations MG 30 31 3875 2405 1 0497 27 25,000 21 0,067 0993 10,63
WK 30 33 4125 1919 1 0404 24 20,455 16 0,100 0,984 8,60
LS 30 22 2750 2164 - 0459 27 23,684 15 0,100 0,991 6,70
SKZG 30 34 4000 2675 - 0.559 30 30,000 27 0,033 1000 11,16
Mean 30 30 3.688 2291 2 0.480 27 24785 1975  0.075 0992 927
Baltic populations ENb 30 33 4125 2536 - 0510 29 28,125 21 0,067 0,998 11,75
ENm 30 34 4250 2586 - 0.556 30 30,000 27 0,033 1000 11,50
LKb 30 32 4000 2783 - 0.558 30 30,000 21 0,033 1000 12,63
LKm 30 37 4625 2767 - 0.558 30 30,000 26 0,033 1000 14,79
LZ 30 26 3250 2222 - 0483 27 23,684 20 0,100 0991 6,52
Mean 30 324 405 2579 - 0533 292 28362 23 0.053 0998 11.44
North range populations ~ RM 30 33 4125 2422 - 0521 27 25,000 21 0,067 0,993 10,24
RK 30 36 4625 2995 0576 29 28,125 22 0,067 0,998 1645
RW 30 34 4250 2714 2 0592 26 22,500 22 0,100 0,989 13,47
RG 30 34 4250 2913 0.560 28 26471 18 0,067 0995 17,97
RO 30 34 4250 2612 - 0.561 30 30,000 26 0,033 1000 11,84
Mean 30 342 43 2731 3 0562 28 26419 218  0.067 0995 13.99

Mean values are bolded

above was shown at the dendrogram constructed on the basis of
Nei’s (1972) genetic distances (UPGMA method) (Fig. 2). A
Principal Coordinate Analysis performed for the relict popula-
tions based on the pairwise PhiPT values confirmed their ge-
netic differentiation explaining 98% of the variation (Fig. 3).

Discussion

For the first time, the genetic variation and differentiation of
Scots pine populations from the refugial stands in the Tatra
Mountains in Poland was assessed based on the polymor-
phism of cpSSR markers and was compared to the variations
found in natural populations from the Baltic region and the
northern edge of the species distribution. The comparison with
populations representing the Baltic region and the northern
extremity of the Scots pine range (from a northern Russian
region) makes it possible to assess the variations found in the
populations with different histories that evolved under varying
selective pressures in different environments. Our data
showed that most of the genetic variation located within the
Scots pine populations was typical to that of woody species
(Hamrick et al. 1992). There were, however, some noticeable
differences in the parameters describing the within-population
genetic variation of the relict populations vs. the peripheral
populations and the populations from the core distribution
area.

The four relict pine populations were characterized by a
lower level of genetic variation when compared to the Baltic
and northern populations, which was expressed in lower
values of particular genetic parameters: numbers of alleles
and haplotypes, haplotype genetic diversity, haplotype differ-
entiation, and mean genetic distance between individuals in
the population. The highest values of these parameters were
found in the northern Russian populations. The relict popula-
tions had the lowest number of private haplotypes and two
private alleles were recorded. By comparison, an excess of
private alleles was observed in the peripheral Scots pine pop-
ulations from Spain and Italy based on an analysis of the
allozyme and nSSR loci (Prus-Glowacki et al. 2006; Belletti
etal. 2012), as well as in those from Scotland, and the Iberian
and Anatolian Peninsulas based on the nSSR loci
(Wojkiewicz et al. 2016). Our findings indicated a higher
haplotype diversity (Hg =0.984—1.000) and genetic distance
between individuals in the populations (D%, = 6.7-11.16)
than was found in the previous studies on Scots pine popula-
tions representing a wide distribution range of the Scots pine
in Europe and Asia (Semerikov et al. 2014: Hy =0.924—
0.992, D?y;,=2.5-6.0; Wojkiewicz and Wachowiak 2016:
Hy; =0.98-1.00, D°y, = 4.15-11.24). Whereas the long dis-
tance gene flow occurring by pollen migration tends to have
a homogenizing effect on the genetic variation of Scots pine
populations, our results revealed a very high and significant
differentiation between all the analyzed populations, as well as
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Table 4 Distribution and frequency of common haplotypes in particular populations of Scots pine

Haplotype

Relict populations

Baltic populations

North range populations

SKZG WK

LS

MG

LKt

LKm

ENt

ENm

LZ

RM

RO

RK

RG

RW

H1

H2

H3

H4

H5

Heé

H7

H8

H9

H10
HI11
H12
H13
H14
H15
H16
H17
H18
H19
H20
H21
H22
H23
H24
H25
H26
H27
H28
H29
H30
H31
H32
H33
H34
H35
H36
H37
H38
H39
H40
H41
H42
H43
H44

0.033

0.066
0.066
0.033

0.033
0.033
0.100
0.066

0.066
0.033

0.033

0.033
0.033
0.100
0.066

0.033

0.033

0.033
0.033

0.033

0.066

0.066
0.066

0.066
0.033

0.033
0.033
0.033

0.033

0.033

0.033

0.033
0.033

0.033
0.033

0.033
0.033

0.033

0.066
0.033

0.033
0.033
0.033

0.033

0.033

0.033

0.033

0.033

0.033
0.100

0.033

0.066
0.033

0.033

0.066

0.033

0.167

0.033

0.033

0.033

0.033

0.033
0.066
0.033
0.100
0.033

0.066
0.033

0.066

0.066

0.066

0.033

0.033

0.033

0.033

0.033

0.033
0.033
0.033

0.033

0.033

Haplotypes unique for regions are bolded (for abbreviations see Table 1)
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Table 5  Analysis of molecular variance (AMOVA) for cpSSR markers among and within regions of populations

Source of variation df Sum of squares Variance components Percentage of variation P
Among populations 13 106.888 8.222 8% 0,001
Within populations 406 887.300 2.185 92%
Total 419 994.188 100%
Among regions 2 41.983 20.991 8% 0.001
Among populations 13 96.208 6.872 2% 0.001
Within populations 406 1060.233 2.151 90% 0.001
Total 419 1198.424 100%

Relict populations
Among populations 3 15.683 5% 0.001
Within populations 116 230.267 5.228 95%
Total 119 245.950 1.985 100%

Baltic populations
Among populations 4 13,533 2% 0.010
Within populations 145 319,867 3383 98%
Total 149 333,400 2206 100%

North range populations
Among populations 4 17,220 4305 3% 0,028
Within populations 145 337,167 2325 97%
Total 149 354,387 100%

df degree of freedom, P probability

between the three analyzed regions (PhiPT =8%). The relict
populations were also significantly differentiated from each
other (PhiPT =5%). In contrast, the populations from the
Baltic and northern Russia regions were characterized by lower
PhiPT values typical for the cpSSRs (2% and 3% respectively).
Our results also showed values considerably higher than those
previously reported for P. sylvestris using chloroplast markers
(PhiPT =3.2%, Provan et al. 1998; PhiPT =0.31%, Robledo-
Arnuncio et al. 2005). Previous research on the variation of
native populations of P. sylvestris across its broad European
distribution using cpSSR markers revealed a much lower
inter-population genetic differentiation: from 0.0 to 8%

Coord. 2 20%

Coord. 1 56%

Fig. 1 Principal coordinate analysis (PCoA) based on the PhiPT values
for the 14 analyzed populations (for the abbreviations, see Table 1)

(Wojkiewicz and Wachowiak 2016). Similarly low values of
the PhiPT (0.41-1.7%) were found by Semerikov et al. (2014)
between 38 Scots pine populations in Asia and Eastern Europe.

The presented findings indicate contrasting trends in genet-
ic differentiation among the populations within various geo-
graphical regions. The relict populations with a geographical-
ly close location showed higher genetic differentiation com-
pared to the northern Europe and Baltic populations, which
were separated by tens and hundreds of kilometers. A similar
conclusion was presented by Wojkiewicz et al. (2016) for
populations of Scots pine from Europe and Asia Minor.
Significant variation between mountain Scots pine popula-
tions (14%) was also reported in populations from the
Apennines and Alps (Scalfi et al. 2009). In the case of moun-
tain populations from Bulgaria, an AMOVA analysis revealed
that a 10.99% variation was found among the population
(Naydenov et al. 2005).

The analysis of the PCoA, based on the PhiPT coefficient,
pointing out a genetic similarity of the SKZG and MG popu-
lations and a separateness of the WK and LS populations. The
studies by Staszkiewicz (1966, 1993), based on the morpho-
logical variability of cones, proved the existence of two types
of P. sylvestris in the Tatra Mts.: slightly changed v. polonica
in LS (Lysa Skala) population; and V. meridionalis in the WK
(Wielkie Koryciska) population. The separateness of these
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Fig. 2 Dendrogram based on
Nei’s genetic distances showing
the genetic relatedness of the
Pinus sylvestris populations (for
the abbreviations, see Table 1)

70.3 LKt T
48.5 Ent
60.3 LZ -
LKm
- ENm J
237 MG 19

Baltic

49.6 populations

53.9

37.7 SKZG
19.1 LS
WK
50 RK 7

41.8 RM
35.9 RO North range

45 B populations

RG

Relict
populations

RW

0.300

populations has also been confirmed by the studies of
Androsiuk and Urbaniak (2006) based on the needle morpho-
logical traits.

Such a large genetic differentiation of populations located
at a relatively near geographical distance results from the in-
teraction of many factors, and is known as the “mountain
effect” (Naydenov et al. 2011; Schoettle et al. 2012; Celinski
etal. 2015) or “mountain-mechanical” (Sannikov et al. 2011).
One of these factors is a limitation of the gene flow among
isolated mountain localities. The same conclusion was pre-
sented by Jadwiszczak et al. (2012) in a study of the glacial
relict species Betula nana from the mountain stands in Poland.
A restricted gene flow in the relict populations of P. sylvestris
seems to be confirmed by the highest frequency of the most
common haplotype (mean 0.081) and the lowest mean genetic
distance between the individuals in these populations (mean
9.27) compared to the Baltic (Cy; =0.053; D’ =11.44) and
the Russian regions (Cy =0.067; D?;,=13.99). The adapta-
tion of the Scots pine to low temperatures could have been a
crucial factor, allowing the survival of these populations in the
mountain refugial area. Lowered values of the genetic diver-
sity parameters in the marginal populations of Betula nana
located in the Arctic archipelago of Svalbard were similarly

* ¢ MG
SKZG

WK

Coord. 2 16%
*

P

Coord. 1 82%

Fig. 3 Principal coordinate analysis (PCoA) based on the PhiPT values
for the relict populations (for the abbreviations, see Table 1)
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0.225

0.150 0.075 0.000

explained as being a consequence of strong climatic selection
(Alsos et al. 2002).

The relict populations, even though showing a slight ero-
sion of their chloroplast gene variability, display private alleles
and haplotypes and have maintained a sufficient genetic var-
iability to be considered worthy of preservation. The potential
role of populations from refugial locations at a higher latitude
in the expansion to their present distribution ranges underline
the results of studies on cold tolerant species such as Picea
abies and Betula pendula (Maliouchenko et al. 2007; Palme
et al. 2003; Parducci et al. 2012; Tollefsrud et al. 2008; Willis
and van Andel 2004). Glacial refugia generally possess a large
part of a species’ allelic richness, and the conservation of these
relict populations is therefore crucial for the preservation of a
species’ genetic resources (Comps et al. 2001). These popu-
lations deserve conservation efforts because they are well
adapted to local specific conditions (locally adapted haplo-
types), as is demonstrated by their genetic features in the pre-
sented results, as well as by the morphological features of the
cones (Staszkiewicz 1968, 1993) and differentiation of the
needles (Urbaniak et al. 2009). In the species-poor Tatra for-
ests, they are also an important component of the landscape.
Further studies of these populations using markers of the nu-
clear and mitochondrial genome would be needed to verify
our results.
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