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average, d0 = 0.128). Genetic differentiation among popula-
tions was statistically significant with a mean of the fixa-
tion index FST of 0.075. Populations from the Privolzhye 
Upplands and from northern parts of the study area make 
the most contribution to overall inter-population differen-
tiation (d0 = 0.137). No significant differences exist among 
the samples at lowlands along the Volga river (d0 = 0.110). 
It was concluded that the multiplicity and different ages of 
local populations and the complexity of migration routes of 
the pedunculate oak from Pleistocene refugia and secondary 
Holocene shelters can cause this phenomenon.
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Introduction

The pedunculate oak (Quercus robur L.) is one of the most 
common European broad-leaved tree species and of consid-
erable ecological and economic significance (Ducousso and 
Bordacs 2004). Population diversity and differentiation of 
the species, gene flow, mating system, the phylogeography 
and impact of postglacial re-colonization and human activi-
ties on the gene pool has been studied extensively over the 
western part of its range using various modern gene mark-
ers (König et al. 2002; Petit et al. 2002a; Lepoittevin et al. 
2015; Leroy et al. 2020). The vast eastern part of its range, 
which covers a large area of the territory of the former 
Soviet Union up to the Ural Mountains (Fig. 1), has been 
little investigated and only a few studies have been published 
(Buschbom et al. 2011; Degen et al. 2019). There are several 
significant reasons for closing this gap.

First, gene markers of chloroplast and mitochondrial 
DNA make it possible to identify colonization routes of the 

Abstract  The aim of this study is to determine the genetic 
variability and differentiation among populations of pedun-
culate oak (Quercus robur) at the eastern margin of the 
species distribution range. We applied new set of 95 geo-
graphically informative nuclear SNP (single nucleotide poly-
morphism) loci developed using Double Digest Restriction 
Site Associated DNA (ddRAD), a new generation DNA 
sequencing technology. The study area is located in the 
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and Belaya. Despite the strong reduction and fragmentation 
of pedunculate oak forests over the last several centuries 
and comparatively small sizes of present stands, a relatively 
similar genetic diversity of seven populations was observed 
(on average, allelic diversity υа = 1.472–1.603, observed 
heterozygosity HO = 0.305–0.358, expected heterozygosity 
HE = 0.272–0.343). The genetic distances between popula-
tions vary between 0.102 and 0.170 (on average, d0 = 0.128). 
We have identified the absence of a spatial genetic struc-
ture and the existence of genetically peculiar populations 
in the territory studied. The genetic distances of Gregorius 
between populations vary between 0.102 and 0.170 (on 
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pedunculate oak out of glacial refugia to the territory of 
Central and Western Europe (Petit et al. 2002b). The distri-
bution of some haplotypes in populations from Romania to 
Russia witness the eastern movement of the species, which 
initially located in the eastern Balkan refugium. But fossil 
pollen studies (Neyshtadt 1957) and morphological varia-
tion (Semerikov 1986) provide evidence of other primary 
and secondary refugia of Pleistocene and Holocene origins 
on the Russian Plain. The impact of the past gene flow from 
western and eastern sources on the formation of gene pools 
of local populations of Q. robur in this vast territory has not 
been studied.

Secondly, considerable reduction in the area of the spe-
cies has happened in the eastern part of its range due in part 
to agriculture expansion (Kozharinov and Borisov 2012), 
and because of climate change, extreme cold winters, insect 
attacks, and phytopathogens (Tsaralunga et al. 2015; Zaur-
bekov et al. 2018). Genetic studies can be useful for estimat-
ing the effect of forest fragmentation on the genetic pool of 
pedunculate oak populations in changed landscapes.

Thirdly, populations on the margins of a species range are 
likely to be of great importance in revealing their ability to 
survive under extreme conditions (Buschbom et al. 2011), 
for example, in increasingly dry and exposed conditions in 
the transition zone to the Pontic steppes in Russia. But actual 
data on the genetic diversity of the eastern populations of the 
species are scarce despite the importance of this information 
in understanding of the species adaptation processes.

Finally, information on population genetic diversity and 
differentiation of forest tree species is one of the main base-
lines for forest management (McKenney et al. 2009; Ivetić 
et al. 2016).

This paper provides results on levels of genetic diversity 
and differentiation among populations of pedunculate oak on 

its eastern range using a new set of 95 SNP (single nucleo-
tide polymorphism) loci developed using Double Digest 
Restriction Site Associated DNA (ddRAD), a new genera-
tion DNA sequencing technology (Peterson et al. 2012). We 
considered two main questions: (1) How different are the 
levels of genetic diversity in populations of the species on 
its eastern range after long periods of reduction and frag-
mentation? (2) How does the spatial and genetic structure 
of pedunculate oak populations in this area correspond to 
available paleogeographic data and investigations of mor-
phological traits?

Materials and methods

Study area and sampling

The study area is located on the eastern margins of the Rus-
sian Plain and covers the basins of the Volga River and 
Kama and Belaya tributaries (Leummens 2016). It consists 
mostly of flat lowlands separated by two plateaus, Privolzhye 
to the west and General Syrt to the east. The eastern mar-
gin of the species range is in this territory (Fig. 1). Seven 
natural stands were selected in five vast regions of Russia 
(Table 1), representing steppe (Volgograd oblast) and forest-
steppe (another four oblasts and Republics) zones. Mature 
trees over 100 years at least 50 m apart in each stand were 
sampled to minimize possible familial genetic clustering. 
Sampled material consisted of dried cambium of 10 trees 
per stand. Willing et al. (2012) showed that using a relatively 
large number of SNP loci makes it possible to correctly 
determine the levels of genetic diversity of populations and 
their differentiation in samples of relatively small numbers.

Fig. 1   Natural distribution of Q. robur (after www.eufor​gen.org.); the study area is indicated by the red ellipse and the sampled stands

http://www.euforgen.org
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Laboratory procedures and data analysis

Genomic DNA was isolated according to Dumolin et al. 
(1995). DNA quality and quantity were estimated on a 
NanoDrop system (Thermo Fisher Scientific, Schwerte, 
Germany). A ddRAD (Peterson et al. 2012), a new genera-
tion DNA sequencing technology, was applied by the com-
pany Floragenex (Portland, OR, USA) to reveal SNPs in 
the nuclear genome (Blanc-Jolivet et al. 2020). Among the 
26,074 detected variants, 3648 loci with a minimum flank-
ing region of 50 bp around the SNP and a maximum of two 
neighbor SNPs were used for following examination. Loci 
with more than 10% messiness and allele frequencies less 
than 0.001 were removed. Discriminant analysis was carried 
out to reveal and select SNPs with an evident “geographical 
signal”. Additionally, loci with an amplification lower than 
80% and markers which were monomorphic in trees from 
Russia were removed. Finally, 95 SNP loci were used for 
this study. Genotyping of 70 individuals was performed on 
MassARRAY​®iPLEX™ (Agena Bioscience™, San Diego, 
CA, USA) platform using iPLEX™GOLD chemistry tech-
nology. The spectra were interpreted with the software Typer 
Viewer v.4.0.24.71 (Agena Bioscience™). The results were 
processed using the programs PAST and GDA_NT (Degen 
et al. 2019). We calculated allelic diversity υа (Gregorius 
1987), observed heterozygosity HO, expected heterozygo-
sity HE, parameter FST of Wright’s F-statistics (Weir and 

Cockerham 1984), population differentiation measures δT 
(Gregorius 1987) and genetic distance d0 (Gregorius 1984). 
The software STRU​CTU​RE version 2.3.4 (Pritchard et al. 
2000) and the ΔK method (Evanno et al. 2005) were used 
to estimate the number of genetic clusters. Results were also 
analyzed using the software CLUMPAK (Kopelman et al. 
2015).

Results

All pedunculate oak populations displayed relatively simi-
lar values of allelic diversity and heterozygosity (Table 2; 
on average, HO = 0.341 ± 0.008, HE = 0.315 ± 0.008, 
υа = 1.553 ± 0.015). The Tolyatti stand trended to a lower 
allelic diversity and expected heterozygosity.

The population differentiation parameter δT is relatively 
similar in stands on lowlands along the Volga (Volgograd, 
Kamushin and Orenburg_1) and Belaya (Ilisch) rivers 
(δT = 0.085–0.088), but comparatively higher in the Toly-
atti and Samara_2 stands from the Privolzhye Upplands 
(δT = 0.107–0.127) and the most northern stand, Udm2 
(δT = 0.102).

Calculation of the genetic distances between pairs of the 
samples (Table 3) did not reveal a relation between genetic 
structures of populations and their geographic location. The 
results of 1000 permutation tests for gene pool distance of 
Gregorius (1984) for all 95 SNP loci identified three genetic 
groups. There were no significant genetic distances between 
pairs when the Volgograd, Kamushin, Orenburg from the 
lowlands of the Volga basin were included. The genetic dis-
tance between these samples and the Ilisch stand was sig-
nificant only in one case (p < 0.05). But all values of d0 were 
highly significant (p < 0.001) when comparing the Tolyatti 
and Samara_2 samples from the Privolzhye Uplands with 
other populations. Similar results were obtained from cal-
culations of pairwise F.

The results of the STRU​CTU​RE analysis showed that the 
best representation of the data is gained when three genetic 
groups are considered (Fig. 2). They are present in all seven 

Table 1   Populations of the pedunculate oak in this study

Samples Regions Geographic coordinates

Volgograd Volgograd oblast 55°21′46″ N 54°28′42″ E
Kamushin Volgograd oblast 50°12′36″ N 45°19′51″ E
Orenburg_1 Orenburg oblast 53°45′17″ N 52°30′32″ E
Samara_2 Samara oblast 54°12′53″ N 50°34′56″ E
Tolyatti Samara oblast 53°30′53″ N 40°53′40″ E
Udm2 The Udmurt Republic 48°41′50″ N 43°27′15″ E
Ilisch The Republic of Bashkor-

tostan
55°21′46″ N 54°28′42″ E

Table 2   Mean allelic diversity 
υа, observed heterozygosity 
HO, expected heterozygosity HE 
and genetic differentiation δT 
among the seven samples of the 
pedunculate oak for 95 SNP loci

Samples Parameters

υа HO HE δT

Volgograd 1.551 0.352 0.316 0.085
Kamushin 1.603 0.358 0.343 0.093
Orenburg 1.557 0.353 0.322 0.088
Tolyatti 1.472 0.327 0.272 0.127
Samara_2 1.580 0.364 0.330 0.107
Ilisch 1.547 0.305 0.307 0.087
Udm2 1.559 0.328 0.320 0.102
Average 1.553 ± 0.0153 0.341 ± 0.008 0.316 ± 0.008 0.098 ± 0.006
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populations (Figs. 3 and 4) but the frequency varied, espe-
cially in the samples Tolyatti and Samara_2 samples. The 
analysis demonstrated a clear distinction between these two 
populations from the Privolzhye Uplands and differences 
between them and populations from the lowlands of the 
Volga and tributaries of the river (the other five samples). 
Genetic differentiation among the seven populations was 
relatively low but statistically significant with the mean FST 
measure of 0.075. It decreases by almost half when Toly-
atti, Samara_2 and Udm2 samples were excluded from the 
analysis.

Discussion

Broad-leaved forests in the study area are represented by 
numerous and relatively small stands, often significantly 
distant from each other and separated by agricultural land-
scapes. According to the database “Forests of Russia” of 
the Federal State Budgetary Institution “ROSLESINFORG”, 
the total area of stands dominated by the pedunculate oak is 
164 km2 in the Udmurt Republic (the total area of the region 
is 42,100 km2), 133 km2 in the Samara oblast (53,600 km2), 
1923 km2 in the Volgograd oblast (13,900 km2), 956 km2 
in the Orenburg oblast (124,000 km2) and 2577 km2 in the 
Republic of Bashkortostan (143,600 km2). When comparing 
these areas and relatively vast sizes of the Russian regions 
studied, it is clear that the pedunculate oak stands cover 
very small parts of these extensive spaces. Despite this, the 
levels of genetic diversity (Table 2) are relatively similar. 
For example, the allelic diversity and heterozygosity in the 
sample from the Udmurt Republic are slightly higher than 
those from the Republic of Bashkortostan where areas of 
the species are larger by a hundred times. At least two main 
reasons may be responsible for the absence of an obvious 
relation of genetic diversity and pedunculate oak popula-
tion sizes. The reduction in the area of populations became 
significant only in the last millennium due to the increas-
ing economic development of the territory (Kozharinov and 
Borisov 2012; Aruova et al. 2020). A study of historical 
data showed that relatively abundant broad-leaved forests 
existed in the east section of the Russian Plain even until the 
end of the eighteenth century (Gorchakovsky 1968). But in 
subsequent centuries, these forests were seriously reduced 

Table 3   Gene pool distance 
of d0 (Gregorius 1984) for 
all 95 SNP loci among seven 
samples of the pedunculate oak 
(above diagonal) and results 
of numerical tests in 1000 
permutations (below diagonal)

n.s. not significant (p > 0.05)

Samples Volgograd Kamushin Orenburg Tolyatti Samara_2 Ilisch Udm2

Volgograd x 0.114 0.102 0.147 0.115 0.109 0.116
Kamushin n.s. x 0.114 0.148 0.133 0.113 0.132
Orenburg n.s. n.s x 0.142 0.133 0.105 0.137
Tolyatti p < 0.001 p < 0.001 p < 0.001 x 0.170 0.131 0.145
Samara_2 p < 0.01 p < 0.001 p < 0.001 p < 0.001 x 0.131 0.131
Ilisch p < 0.05 n.s. n.s p < 0.001 p < 0.001 x 0.112
Udm2 p < 0.01 p < 0.001 p < 0.001 p < 0.001 p < 0.001 n.s. x

1.091 

19.05 

0.042 
0.821 1.493 
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Fig. 2   Delta K values for the tested genetic groups K = 2–6 in pro-
gram STRU​CTU​RE

Fig. 3   Mean membership coefficients of all 70 pedunculate oak trees for the majority mode of three (K = 3) among the 10 repeated STRU​CTU​
RE runs as computed with CLUMPAK (Kopelman et al. 2015) for all seven stands
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due to a complex of factors—climate changes, agricultural 
development, repeating extreme cold winters accompanied 
by attacks of insects and phytopathogens (Tsaralunga et al. 
2015). The breaks between pedunculate oak generations 
in Russia are 60–80 years. It is possible that the relatively 
small and fragmented populations in this study are not yet 
in a stage of serious decreasing genetic diversity due to 
genetic drift (Pohjanmies et al. 2016). Earlier it was noted 
that genetically effective long-distance pollen flow can be a 
factor in maintaining relatively similar genetic diversity in 
these populations (Buschbom et al. 2011). Heterozygosity of 
microsatellite loci in a geographically isolated and extremely 
small population (only 27 adult trees) in the Trans-Urals 
was even higher than for populations from the center of the 
distribution range. Reconstruction of possible parent pairs of 
alleles in the embryos revealed that at least 35% of pollina-
tion was carried out by “foreign” pollen despite the fact that 
other oak forests are located dozens kilometers to the West.

In general, two patterns in the genetic differentiation 
among populations were revealed. Despite the relatively 
large geographical distances between the study plots 
(Fig. 1) and the wide variety in climates and landscapes of 
the territory (Leummens 2016), results of numerical tests 
in 1000 permutations demonstrated that four populations 

from Volgograd oblast (stands Volgograd and Kamushin), 
Orenburg oblast (Orenburg_1 stand) and the Republic of 
Bashkortostan (Ilisch stand) have relatively similar gene 
pools. The genetic distances between them are not statis-
tically significant. At the same time, three other popula-
tions in our study (Tolyatti, Samara_2 and Udm2_stands), 
located relatively closer to each other, differ genetically 
both from this group and among themselves on relatively 
high levels of statistical significance.

Recent research shows the reality of both these scenar-
ios. The study of genetic variation at SNPs of 117 genes 
in 19 populations of pedunculate oak along large rivers of 
south-eastern Europe (Temunović et al. 2020) revealed a 
weak geographical structure, confirming extensive genetic 
connectivity or a shared ancestry. At the same time, the 
results of another study using 17 microsatellite loci and 10 
stands of the species at the south-western range identified 
highly differentiated, four distinct genetic clusters (Mora-
cho et al. 2016). It was concluded that distinct landscapes 
of pedunculate oaks’ refugial habitats, topography, dense 
vegetation, humid microclimate and high tree compatibil-
ity within a stand are likely to prevent effective pollen 
dispersal over long-distances.

Fig. 4   Spatial distribution of the mean membership coefficients for the majority mode of three (K = 3) among the 10 repeated STRU​CTU​RE 
runs as computed with CLUMPAK (Kopelman et al. 2015) for all seven stands
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Two contradictory patterns revealed in our study are more 
understandable when referring to available paleobotanical 
and geobotanical data, as well as to previously studies of 
morphological traits of the pedunculate oak. A study of pol-
len content of forest tree species over the past 2500 years 
shows that there were seven main refugia from the Priv-
olzhye Uplands to the western boundaries of the Russian 
Plain (Kozharinov and Borisov 2012). pedunculate oak was 
present here throughout this period. The populations of this 
region also differ in morphological characteristics. A study 
(Semerikov 1986) shows that a portion (represented in this 
study by the Tolyatti stand), is the eastern outpost of pedun-
culate oak representatives with pubescent leaves, typical 
for the species to the west of the Caucasus, Crimea, and 
Moldova. To the north of this population, there are nearby 
pedunculate oak forests (represented by the Samara_2 sam-
ple) with hairless leaves. These two morphological forms 
also differ in the time of flowering by 12–15 days and area 
perhaps partially isolated phenologically. Depending on 
the climate, these populations were a source for territorial 
expansion (Neyshtadt 1957) to the east in the direction of 
the General Syrt and the Southern Urals. The flow from this 
territory was mixed with oncoming movement from the east 
from Pleistocene and Holocene refugia of the upland plateau 
Common Syrt and from shelters in the western Southern 
Urals macroslope (Gorchakovsky 1968).

Conclusions

In general, populations of pedunculate oak of the Volga 
basin at the eastern margin of its range possess relatively 
similar levels of genetic diversity, despite fragmentation of 
pedunculate oak stands and reduction in their size. At the 
same time, populations with different genetic structure are 
found in the study area. It is possible that the multiplicity 
and different ages of refugia and the complexity of migration 
routes from refugia and secondary glacial shelters caused 
this phenomenon. Studies of larger numbers of populations 
from other parts of the Russian Plain can be helpful to have 
additional confirmation of this assumption. In addition to 
the scientific significance of such work, it is relevant for the 
scientifically based management of Russian forestry.
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