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Summary. The genetic structure of 39 populations of oriental beech (Fagus orientalis) from the territory of Crimea,
the Caucasus, Asia Minor, and Alborz was studied based on the polymorphism of microsatellite, or single sequence re-
peats (SSR). Tests for isolation by distance (IBD) conducted in the GenePop program showed a high correlation of
genetic differences and the logarithm of the geographic distance in units of geographic coordinates at the level of 0.91.
Interpopulation genetic differentiation of Fagus orientalis (Fst) ranged from 0.01 to 0.67. The putative relationship of
the species populations by the area is presented. A possible prochoresis of the ancestors of E orientalis is reconstructed;
probable paths of the formation of the modern area of the species are considered, including the effects of glaciation and
volcanism in the Caucasus. Along with refugial populations, examples of Holocene recolonization of the highlands of
the Greater Caucasus are given. The observed similarity at the upper boundary of the beech belt in different regions of
the Caucasian Isthmus indicates parallelism in the development and establishment of high-mountain populations of
the species, or repeated colonizations.
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Annomauyus. VIsydeHa reHerudeckass CTPyKTypa 39 momymsaumii O6yka BocrouHoro (Fagus orientalis) c
tepputopuy Kpbima, KaBkasa, Maoit Asuu 1 Onbp6ypca Ha OCHOBe HOMMMOP}U3Ma MIUKPOCATE/UIMTHBIX IIOBTOPOB
(SSR). Tect Ha M3OMANMIO AMCTAHLMIL, TPOBeNEHHBIN B mporpamMme GenePop mokasanm BBICOKYIO KOPPEALNIO
TeHeTMYeCKUX Pa3Mymii M jorapudma reorpaduyeckoil AMCTaHUVM B eIMHUIIAX reorpaguyeckux KOOPHVHAT
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Ha ypoBHe 0,91. Mexmony/sunoHHas reHetudeckas puddepennnanus Fagus orientalis (Fst) coctaBuma ot 0,01
1o 0,67. PaccMOTpeHO IpefIonaraeMoe pofCcTBO MONMY/IALMIA Bja 1Mo apeany. /JaHa pPeKOHCTPYKIUA BO3MOXKHOTO
npoxopesa npenkos F orientalis, pacCMOTpeHBI BepOSITHBIE Ty TV CTAHOBJICHVsI COBPEMEHHOTO apeara BIJa, BKIIoYast
BO3JIEIICTBUSA OJIefieHeH st 1 ByIKkaHusMa Ha Kaskase. Hapsany ¢ pedyruymanbHbIMY HONYIALNUAMU PACCMOTPEHDI
IpUMEpBI TOOLIEHOBOI PeKOIOHM3anu BbICOKoropbsi bonpimoro Kaskasa. Habmomaemoe cXOmCTBO Ha BepxHeit
rpaHmniie 6yKOBOTO I0sica B pas/IMYHbIX paitoHax KaBkasckoro mepelrerika ykasblBaeT Ha IIapa/ieNn3M B PasBUTUM 1
CTaHOBJICHUY BBICOKOTOPHBIX MOMY/IALNIT BI/A, 1160 IOBTOPHbIE KOMOHN3AIIVIL.

Introduction

The distribution area of Fagus orientalis Lipsky
(oriental beech) within the former USSR covers the
entire Caucasian Isthmus (the Greater and the Lesser
Caucasus, the northern edge parts of the Armenian
Highlands, isolated in Talysh, Mineralovodsky
laccoliths, Stavropol Upland, and mountainous
Crimea). In addition to Crimea and the Caucasus,
it is found on the Alborz Ridge in northern Iran
(Sagheb-Talebi, Schiitz, 2002; Bijarpasi et al., 2020;
Jahdi et al., 2023), in the north of Asia Minor, in
the eastern part of the Balkan Peninsula (in Turkey,
Greece, and Bulgaria) (Sokolov et al., 1977; Assyov
et al., 2012; Miiller et al., 2019), and is indicated for
Syria (Menitsky, 2012).

Since the preliminary population genetic analysis
of Fagus orientalis from Crimea and the Caucasian
Isthmus (Aliev et al., 2020), geography of samples
has been significantly expanded and covered both
foothill and high-mountain populations of the
species in all regions of the Russian Caucasus,
Crimea, as well as the countries of Transcaucasia,
Turkey, and Iran.

The validity of Fagus orientalis is debatable.
Some foreign authors consider it conspecific with
the European Fagus sylvatica L. (Denk et al., 2001,
2002, 2005), other authors regard it a subspecies
E sylvatica ssp. orientalis (Lipsky) Greuter et Burdet
(Miiller et al., 2019). A. A. Kolakovsky (1982)
considered that E orientalis is close to E sylvatica
and associates with it by gradual transitional forms —
E taurica Popl. (Crimean population) and
E maesiaca (Maly) Czeczott (Balkan population).
Both species are accepted in domestic literature
(Menitsky, 2012; Zernov, 2013; Aliyev et al., 2020)
and by some foreign authors (Davis, 1982; Assyov
et al., 2012; Bijarpasi et al., 2020; Jahdi et al., 2023;
Nasiri et al., 2023).

As previously noted (Aliev et al., 2020), European
researchers (Denketal.,2002) also included materials
from Turkey, Georgia, and Northern Iran in their
genetic analysis of E sylvatica populations. These
authors concluded that the high polymorphism of
nuclear rDNA in the ITS sequences of the beeches

from western Eurasia, together with the observed
clinal variation in morphological characters, suggest
the presence of only one species, Fagus sylvatica, in
Europe and Asia Minor. Previously recognized taxa
such as E orientalis and E moesiaca should therefore
be considered as synonyms of E sylvatica. Among
the Eurasian populations studied by these authors
(Denk et al.,, 2005), the populations from Western
Georgia (E sylvatica ssp. hohenackeriana sensu Shen
p-p.) were the most genetically heterogeneous. All
the genetic diversity identified among the European
and West Asian populations of the beech was found
by them in clones from the Mtirala Mount (Adjara,
Georgia) and the village of Tezami (Tbilisi National
Park, Georgia) (Denk et al., 2005).

Based on the genetic and morphological analysis
of 14 populations of the beech from Greece, Turkey,
and Germany (Miiller et al., 2019), one population
of hybrid origin was identified in northeastern
Greece. It was the hybrid between two subspecies co-
occurring in southeastern Europe — Fagus sylvatica
ssp. sylvatica L. and E sylvatica ssp. orientalis in the
known contact zone. The study showed very low
genetic differences within the populations of two
subspecies: E sylvatica ssp. sylvatica (mean G:
0.005) and E sylvatica ssp. orientalis (mean G:
0.008), but significant differences were observed
between two subspecies (mean G : 0.122).

Iranian scientists (Bijarpasi et al., 2020) compared
the genetic structure of Iranian populations of
E orientalis with populations of E sylvatica from
the hybrid zone in southeastern Europe and with
the population of E sylvatica from Central Europe.
All populations showed high genetic diversity,
similar to other populations of E orientalis and
E sylvatica from Europe. Genetic differentiation
within the Iranian populations was very low. In
contrast, distinct genetic differentiation was found
between the Iranian populations and the analyzed
European populations (E orientalis and E sylvatica).
One EST-SSR was an identifier (G: 0.503) between
E orientalis and E sylvatica with clear differences in
allele frequency between the taxa.

Thus, population genetic studies of E orientalis
covered various parts of its wide area, however,
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throughout the entire distribution area in Crimea, the
Caucasus ecoregion, Asia Minor, and Iran, including
isolated populations at the boundaries of the species

area (Abrau Peninsula, Markotkh Ridge, Stavropol
Upland, and recently discovered populations in the
extreme south of Armenia in the Shikakhokh Nature
Reserve, on the northern slope of the Meghri Ridge

(Aliev et al., 2018) and at the mouth of the Samur
River (Aliev, 2019, 2021)), genetic studies have never
been carried out. In the present work, we attempted
to expand on the previously made conclusions (Aliev

et al., 2020), as well as significantly complement the

reconstruction of possible pathways of prochoresis
and the formation of the modern distribution area
of E orientalis in the studied regions.

Materials and methods

In 2024, we studied 39 populations of E orientalis
(4 of which, located relatively close, were paired
into 2 populations) from Crimea, the Caucasus
ecoregion, Turkey, and Iran by using molecular
genetic methods (Fig. 1, Table 1).

Table 1. Points of sample collection of Fagus orientalis for the molecular genetic analysis

Russia

Point Point name and location Number of | Altitude above | Coordinates
No. trees from a sea level (m)
point

1 Markoth Ridge, Gelendzhik Resort, Krasnodar 10 620 39°11'01,00"N,
Territory, Russia 38°03'18,00"E

3 Alushta Town, Republic of Crimea, Russia 10 250 44°39'19,90"N,
34°22'32,46"E

5 Avadhara Resort, Ritza Relic National Park, Republic 10 1550-1750 43°30'00,63"N,
of Abkhazia 40°39'49,17"E

6 Strizhament Mountain, Stavropolye Territory, Russia 10 750 44°49'31,15"N,
41°58'45,33"E

8 Autl Mountain, Sochi National Park, Krasnodar 10 200-1500 38°27'05,22"N,
Territory, Russia 48°43'53,71"E

9 Zuhrabkent Village, Suleyman-Stalsky District, 10 1650-1690 43°56'33,81"N,
Republic of Dagestan, Russia 39°40'07,91"E

12 Zonkari Mountain, Republic of South Ossetia 10 1270 41°32'37,50"N,
48°08'00,59"E

14 Hyrcanic National Park, Republic of Azerbaijan 10 1750-1800 42°18'42,80"N,
44°11'07,71"E

16 Zubutl Village, Kazbekovsky District, Republic of 10 650 43°00'40,63"N,
Dagestan, Russia 46°48'13,28"E

18 Charnali Gorge, Adjara, Republic of Georgia 10 620 41°31'12,22"N,
41°34'27,33"E

21 Goderzky Pass, Adjara, Republic of Georgia 10 1860 41°38'08,60"N,
42°30'07,50"E

26 Kepsha River Gorge, Sochi National Park, Krasnodar 10 540 43°41'12,21"N,
Territory, Russia 40°01'14,41"E

31 Khopi Village and Kujba-Yashta Tract, Republic of 5+5 1200-1600 43°16'09,75"N,
Abkhazia 40°30'10,04"E

34 Erzy Reserve, Fartanga River, Republic of Ingushetia, 10 960 42°57'34,55"N,
Russia 45°05'03,97"E

35 Cubus Mountain, Alania National Park, North Ossetia— 10 1880 42°53'14,16"N,
Alania, Russia 43°35'32.20"E

36 Tusheti Pass, vicinity of Omalo Village, Republic of 10 1450-1870 42°14'58,57"N,
Georgia 45°29'53,67"E

37 Lagodekhi Reserve, Republic of Georgia 10 850-1880 41°52'27,44"N,
46°18'45,14"E

38 Vendam Village, between Vendam and Sumagalli 10 650-1350 40°54'53,16"N,
Villages, Republic of Azerbaijan 48°00'44,74"E

40 Mushak Pass, Tsuntinsky District, Republic of Dagestan, 10 1700-1860 42°02'58,01"N,

46°05'13,32"E
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Table 1 (end)
Point Point name and location Number of | Altitude above | Coordinates
No. trees from a sea level (m)
point
41 Tbilisi National Park, Republic of Georgia 10 1300-1350 41°54'58,28"N,
44°54'46,23"E
42 Golubye (Blue) Lakes, Republic of Kabardino-Balkaria, 10 950-1000 43°13'27.56"N,
Russia 43°33'5.26"E
46 Khutrak Village, Tsuntinsky District, Republic of 10 1880-2000 42°12'59.06"N,
Dagestan, Russia 45°47'12.64"E
47 Kvareli Village, Republic of Georgia 10 795 41°59'17.30"N,
45°50'50.89"E
50 Nokhchi-Keloi Village, Chechen Republic, Russia 10 1170 42°45'11.79"N,
45°54'41.61"E
51 Lower (Nizhniaya) Mara Village, Karachay-Cherkess 10 1220 43°45'47.83"N,
Republic, Russia 42°4'14.07"E
52 Dombay Settlement, Karachay-Cherkess Republic, 10 1360-1620 (1435) | 43°20'48.98"N,
Russia 41°40'42.95"E
54 Ai-Petri Mountain, Republic of Crimea, Russia 10 1130 44°29'52.70"N,
34°1'39.55"E
55 Guzeripl Settlement, Republic of Adygea, Russia 10 800-1400 (1200) | 44°1'8.36"N,
40° 3'52.63"E
57 Gebi Village, Republic of Georgia 10 1280 42°43'32.12"N,
43°34'11.90"E
58 Lentekhi Village, Republic of Georgia 10 820 42°47'30.15"N,
42°41'29.41"E
59 Borjomi Town, between Borjomi and Bakuriani 10 1400-1600 (1500) | 41°46'10.36"N,
Settlement, Republic of Georgia 43°28'36.52"E
60 Shikakhogh Village, Republic of Armenia 10 1350 39°3'54.20"N,
46°29'12.17"E
61 Dilijan Town, northern slope of Sevansky Ridge, 10 1650-1850 (1760) | 40°41'7.21"N,
Republic of Armenia 44°50'23.65"E
63 Primorsky Village, Samursky National Park, Republic 10 0 41°51'6.67"N,
of Dagestan, Russia 48°33'44.88"E
66 Utrish Reserve, vicinity of Sukko Settlement, from 5+5 290 44°46'41.57"N,
Shikhan and Kaban Mountains, Krasnodar Territory, 37°25'5.85"E
Russia
68 Sar Kalateh-ye Kharab Shahr Village, East Alborz, Iran 10 965 36°42'25.61"N,
54°6'0.73"E
70 Vank Village, Karabakh, Republic of Azerbaijan 10 1370 40°3'51.26"N,
46°31'0.19"E
73 Kodorskoye Gorge, Republic of Abkhasia 10 640 43°2'6.82"N,
41°17'53.57"E
74 Mahalla Durabey, Turkey 10 1140 39°50'52.35"N,
29°3823.58"E

From each point, 10 samples were used for the
analysis. The minimum distance between samples
from one point was 150 m.

DNA was isolated from dry leaves using
DiamondDNA Plant kit (LLC “ABT”, Russia).

For microsatellite, or single sequence repeats
(SSR) analysis, 7 pairs of primers developed earlier

for E sylvatica and E orientalis (Pastorelli et al.,
2003), yielding stable amplification products,
were used. The primer annealing temperature was
selected taking into account the reagents we used
(Table 2). The amplification was carried out using
the ready-made PCR mixture BioMaster HS-Taq
PCR (“Biolabmix”, Russia) in a volume of 25 ul and
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with final primer concentration of 400 nM. The
amplification was carried out in a CFX96 BioRad
thermal cycler (USA) according to the following
program: denaturation 95 °C - 60 s, primer
annealing - 30 s, elongation 72 °C - 30 s (a total of
33 cycles). Separation of the amplification products
was performed by capillary electrophoresis using
the QIAxcel Advanced automatic station, Qiagen
(Germany) and the QIAxcel DNA High Resolution
Kit reagent kit in accordance with the manufacturer's
instructions (OL 800 electrophoresis program,
sample injection time 10 s). This approach has been
successfully used in the analysis of SSR EST-SSR
markers of European chestnut (Castanea sativa Mil.,
Fagaceae) (Kara, Orhan, 2023) and microsatellite
markers of red oak species (Quercus, Fagaceae)
(Sullivan et al., 2013).

The obtained matrix of amplified fragment
lengths was analyzed using the GENEPOP program
version 4.7.5, February 2020 (Raymond, Rousset,
1995; Rousset, 2008).

In the GENEPOP program we obtained a genetic
differentiation matrix based on allele frequencies
calculated using Markov chains and the "Aa" statistic.
A population differentiation matrix was also
constructed based on the F-statistic (Fst parameter)
(Table 2). Fst was estimated using ANOVA (Weir,
Cockerham, 1984). The Mantel test for isolation by
distance (Mantel, 1967) was also performed in the
GENEPOP program.

Principal Component Analysis was conducted
using Genetic distance in PHYLIP Version 3.5

program (Fig. 2). The initial SSR polymorphism
data were analyzed using Bayesian probabilities in
the STRUCTURE 2.3.4 program (Pritchard et al,,
2000). Then, a correlation analysis and visualization
of the results were performed in the ClustVis
program (Metsalu, Vilo, 2015) and a “heat map”
was obtained. The heat map shows the inclusion of
specific populations in conditional clusters (Fig. 3).
Molecular genetic research was conducted at the
Bioengineering Laboratory of the South Siberian
Botanical Garden of Altai State University.

Results and Discussion

The results of the genetic analysis indicate general
trends in population variability of Fagus orientalis in
latitudinal and altitudinal directions. The isolation
distance test conducted in the GenePop program
shows very high correlation between genetic
differences and logarithm of geographic distances
at the points of geographic coordinates at the level
of 0.91, which indicates a geographic principle of
microspeciation of Fagus orientalis.

In all dendrograms obtained previously (Aliev et
al., 2020), the populations from Lagodekhi (Eastern
Georgia), Alushta (Crimea, Russian Federation),
the Strizhament Mount (Stavropol Upland, Russian
Federation), and Avadkhara (Abkhazia) occupied
an isolated position, and if they were included in
common clusters, they were grouped only among
themselves, forming the most ancient branches of
evolution.

Table 2. Characteristics of SSR-primers

Point| Name Sequence of forward and reverse Annealing The observed | Number Fst
No. of the primers 5'-3' temperature,’C | range of allele | of alleles,
section sizes (sequence | pieces
of nucleotides)
1 FS1-15 TCAAACCCAGTAAATTTCTCA 58 84-130 19 0.109
GCCTCAATGAACTCAAAAAC
2 FS1-25 GACCCATACCTCTCAGCTTC 65 191-216 11 0.194
AGAGATCATTGCAACCAAAC
3 FS1-03 CACAGCTTGACACATTCCAAC 58 90-119 12 0.485
TGGTAAAGCACTTTTTCCCACT
4 FS1-11 | TGAATTCAATCATTTGACCATTC 63 110-237 18 0.185
GGAAGGGTGCTTCAATTTGG
5 FS3-04 AGATGCACCACTTCAAATTC 60 102-137 17 0.270
TCTCCTCAGCAACATACCTC
6 FS4-46 GCAGTCCTCCACCATTACTA 60 100-139 17 0.458
TACAACAGCAGGCTATCCAT
7 FSM5 ACTGGGACAAAAAAACAAAA 60 80-137 20 0.402
GAAGGACCAAGGCACATAAA
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Fig. 1. Populations of Fagus orientalis, used in molecular genetic analysis (population numbers correspond to Table 1:
1 — Markotkh Ridge, 3 - vicinity of Alushta Town, 5 - resort Avadkhara, 6 — Strizhament Mt., 8 - Autl Mt., 9 - Village
Zukhrabkent, 12 — Zonkari Mt., 14 — Hyrcanic National Park, 16 — Zubutl Village, 18 — Charnali Gorge, 21 — Goderzi
Pass, 26 — Kepsha Gorge, 31 — Khopi Village, 34 - Erzy Reserve, 35 - Cubus Mt., 36 — Tusheti Village, 37 — Lagodekhi
Reserve, 38 — Vendam Village, 40 - Mushak Mt., 41 - Tbilisi National Park, 42 — Golubye (Blue) Lakes, 46 — Khutrak
Village, 47 — Kvareli Village, 50 - Nokhchi-Keloi Village, 51 - Lower Mara Village, 52 — Resort Dombay , 54 — Ai-Petri
M., 55 - Guzeripl Village, 57 - Gebi Village, 58 — Lentekhi Village, 59 — Borjomi Town, 60 — Shikakhogh Reserve, 61 -
Dilijan Town, 63 - Primorsky Village, 66 — Utrish Reserve, 68 - Sar Kalateh-ye Kharab Shahr Village (Iran), 70 - Wank
Village, 73 - Kodorskoye Gorge, 74 - vicinity of Mahalla Durabey (Turkey).

0,60 0,48 036 0,24 0,12 0,00 0,12 024 038 048
Coordinate 1

I -Azerbaijan I - Crimea [ - Armenia N - Turkey

Fig. 2. Principal Component Analysis of the samples of Fagus orientalis, based on SSR polymorphism.
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It should be emphasized that Lagodekhi is located
in the Kakheti refugium of the ancient Colchian
biota (Tuniyev, 1990). When analyzed by the
UPGMA method, the populations of the E orientalis
from Strizhament and the Crimea were significantly
far from the North Caucasian populations and the
populations of the southern slope of the Greater
Caucasus. According to the heat map, the Crimean
populations from the vicinity of Alushta and Ai-
Petri Mountain are closest to the E orientalis from
the Strizhament Mount in the Stavropol Upland
and the E orientalis from Avadkhara and Khopi
(Abkhazia), which, along with Lagodekhi, suggests
a long-term identity of these populations located on
the southern slope of the Main Ridge in Abkhazia
(Fig. 3).

The population structure was analyzed using
the algorithm of Bayes (Bayesian probability
method) in the STRUCTURE 2.3.4 program. An
admixture model was used for the analysis, as well
as correlation models suggesting inheritance of
alleles from a common ancestor by gene drift. The
analysis was performed in a tenfold repetition for

ol

3

eale
4

Fig. 3. The results of clustering of Fagus orientalis populations, based on

the number of clusters K = 1 to K = 20, with the
number of repetitions 10° and the value of the ‘burn
in’ parameter 10°. The optimal number of clusters
identified using the STRUCTURE HARVESTER
program (Earl, Von Hold, 2012) was 17.

As a result of the Principal Component Analysis
based on genetic distances (Fig. 2), clusterization
of samples from Azerbaijan, Crimea, Armenia,
and Turkey was revealed. Samples from other
populations do not form isolated clusters, which
indicates a strong variance of genetic SSR characters
between populations. This is confirmed by the results
of the molecular dispersion analysis (AMOVA).
Percentages of molecular variation among the
populations were only 14 %, compared to 66 % of
molecular variation among individuals.

The STRUCTURE analysis results are visualized
as a heat map constructed using unit variation
scaling, clustered using maximum distance and
Ward linkage. The results of the clustering based
on visualization and a heat map constructed using
ClustVis are shown in Figure 3, which shows the
formation of two large clusters.
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The first cluster includes two subclusters with the
most ancient populations separated from a single
area from the mountainous Crimea (surrounding the
town of Alushta, Ai-Petri Mountain, Russia) and the
Stavropol Upland (Strizhament Mountain, Russia)
on the one side, and relict populations in refugia of
Colchian mesophilic vegetation (Tuniyev, 1990) on
the another side: Colchis in the west (Khopi village,
Kujba-Yashta tract, Avadkhara resort, Abkhazia;
Charnali gorge, Adjara, Georgia; Kepsha river gorge,
Russia), Borjomi in the southwest (Goderzi pass,
Adjara, Georgia) and Kakheti (Lagodekhi, Tusheti,
Georgia) in the east. The South Ossetian refugium
of the Colchian biota is closely related to the
Colchian refugium, which occupies an intermediate
geographical position between the previously
described Borjomi and Kakheti refugia (Tuniyev,
1990) with a population from the vicinity of the
village of Zonkari (South Ossetia). The same cluster
includes small relict populations from the vicinity
of Mahalla Durabey (Turkey), Tbilisi National
Park (Georgia), Zukhrabkent village and Zubutl
village (Dagestan, Russia), Gyrkan National Park in
Talysh and Vendam village on the southern slope
of the Eastern Caucasus (Azerbaijan), as well as
populations that arose later, during recolonization,
and discussed in more detail below.

The time of separation of the mountain forest biota
of the Caucasus, Crimea, and the Stavropol Upland
is assumed to be the Upper Miocene (Vereshchagin,
1959; Kolakovsky, 1974a, b; Menitsky, 1984). The
data on the grouping of the populations in this
cluster are consistent with the general picture of the
preservation of mesophilic refugia on the southern
slope of the Greater Caucasus (Tuniyev, 1990, 1997)
and with the data of A. L. Takhtajan (1946) and L. L.
Maruashvili (1956) on the possibility of preserving
the Colchian refugia in the mid-mountain zone,
according to which, during the glacial epochs, the
average annual temperature probably decreased by
no more than 1.5-2 °C, while precipitation was at
least 1500-2000 mm.

In addition to the early separated populations
of Crimea and the Stavropol Upland, the first
cluster includes samples from relict mesophilic
Hyrkan forests in Talysh (Azerbaijan) and samples
from the area of former contact of Hyrkan and
Colchian flora on the southern slope of the Eastern
Caucasus (Lagodekhi, Tusheti - Georgia; Vendam -
Azerbaijan). These territories had a common
history of formation up to and including the Upper
Pliocene. In the Miocene, most Colchian species
reached eastern tip of the Greater Caucasus, along

its southern slopes, from where they crossed the
Karabakh Bridge into the Talysh and came into
contact with East Asian species (Tuniyev et al,
2019). N. I. Kuznetsov (1909), 1.V. Safarov (1966)
and others wrote about the former direct connection
of the Colchian-Hyrcanus flora. At present, the floral
composition of the Kakheti region of Georgia and
Karabakh has many similarities with the forests of
Colchis and Talysh (Arushanyan, 1973; Sokolov et
al., 1977; Takhtajan, 1978; Gadzhiev et al., 1985).
The direct connection of the Talysh with the Lesser
Caucasus was disrupted only at the beginning of the
Upper Pliocene, due to the formation of the lower
Araks trough (Gadzhiev, 1986).

In this work, the involvement of new samples
with a wide geography made it possible to
identify areas of recent Holocene contact between
populations of the northern and southern slopes
of the Greater Caucasus. The new data does not
refute but significantly expand the previously
made conclusions (Aliev et al., 2020): the observed
similarity at the upper boundary of the beech belt in
various regions of the Caucasian Isthmus indicates
parallelism in the development and formation of
high-altitude populations of the species. However,
we make a significant clarification: the high-altitude
populations in Dagestan and North Ossetia—Alania
previously had no connection with the foothill
populations on the Pastbishchnyj and Lesistyj
Ridges in these republics but moved into the
highlands of these republics from the southern slope
of the Main Ridge, or some of them remained in the
mid-mountain belt. This conclusion is supported
by the genetic proximity of the populations of the
southern slope from Tusheti (Eastern Georgia)
and the population from the Mushak Mount
(Dagestan) located on the northern slope of the
Greater Caucasus. It should be emphasized that
the high-altitude populations of Fagus orientalis on
the northern slope of the Eastern Caucasus are still
separated from the foothill belt of beech forests by a
belt of semiarid mountain steppes, oreoxerophytes,
and places of island pine and birch forest stands.

The settlement of the upper belts of the northern
slope of the Caucasus from its southern slope in
the Postglacial period is no exception for Fagus
orientalis. There is more and more documented
evidence of this. For example, Ruscus colchicus
Yeo (Zernov et al., 2020) was recently discovered
in the upper forest belt of the Karachay-Cherkess
Republic, and typical representatives of the Colchian
flora, Fritillaria ophioglossifolia Freyn & Sint and
Vaccinium arctostaphylos L., were found in a high-
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altitude beech forest in Dagestan (Mushak) (Aliev,
2019, 2021). A number of other species, mainly
distributed in central Transcaucasia, also penetrate
into the highlands of Dagestan. There are 15 species:
Corydalis angustifolia, Paeonia mlokosewitschii,
Daphne caucasica, Erysimum collinus, Heracleum
wilhelmsii, etc., whose occurrence in the Bezhta
depression is explained by the low passes of the
Main Ridge (Murtazaliev, 2023).

For more than three decades, I. . Tumadzhanov
has been studying the florogenesis of beech forests
in Dagestan and the entire Caucasus. In his works,
he repeatedly criticized the views of N. I. Kuznetsov
(1910) in a reasonable manner. Tumadzhanov (1940,
1961, 1971), in particular, noted that the beech fo-
rests of the highlands are not fading relics of the ter-
tiary forest flora, as N. I. Kuznetsov imagined, but on
the contrary, penetrated and continue to penetrate
into Dagestan from Kakheti only in the Postglacial
period and displace the dominant pine and birch
forests. As arguments, he cited data from spore-
pollen analyses and comparative floristics of adja-
cent areas (Aliev, 2013). Unlike Tumadzhanov, P. L.
Lvov (1970a, b) believed that the beech forests of
the Bezhta and Shaurinsk depressions lived through
the glacial epoch on the spot, and did not enter here
from Kakheti in the Postglacial period. In support of
his views, Lvov cited data on the geographical distri-
bution and floral composition of isolated sections of
beech forests in Dagestan and adjacent areas.

It should be noted that populations from Mushak
and Khutrakh in the highland Dagestan, despite
their geographical proximity, are located in different
clusters on the heat map (Fig. 3), which may indicate
their different origins. It is possible that the Khutrakh
population has indeed been preserved since the pre-
Glacial period, but the Mushak population bears ob-
vious features of a later settlement from the southern
slope of Tusheti based on the genetic proximity.

Discussing the highland beech populations, we
should focus on volcanism, which, including the
last one in the Central Caucasus in the Elbrus, Kaz-
bek, and Kelsky plateau regions about 2000 years
ago (Gabrielyan, 1986), had a significant impact on
the populations. Probably, the beech populations
that persisted or moved in from the southern slope
of the Greater Caucasus during the interglacial pe-
riods were destroyed by the activity of these volca-
noes, and we find modern highland beech forests
beyond the influence of paleo-volcanism. This is
on the one hand. On the other hand, the beech fo-
rests had the opportunity to cross over to the nor-
thern slope at the locations of relatively low passes,

less than 2500-3000 m a. s. 1., which we observe
in the area of the Kodorsky (2365 m) and Mushak
(2168 m) passes in Dagestan (populations of the
Tsuntinsky district). The population of Mount Ku-
bus in North Ossetia—Alania could have arisen due
to penetration from the southern slope of the Main
Ridge through the Mamison Pass (2911 m). For
comparison, the lowest passes between Kabardino-
Balkaria and Georgia have heights of 3200-3500 m:
Donguz-Orun (3203 m), Becho (3375 m), Twiberi
(3607 m), Geziftsik (3452 m) (Shkhagapsoev, 2024);
we attribute this fact with the current absence of
high-altitude beech forests in Kabardino-Balkaria,
Chechnya, and Ingushetia.

The highest passes of the Western Caucasus do
not exceed 3000 m - Klukhorsky (2781 m) and
Marukhsky (2741 m). All other passes are in the
altitude range from 800 m (the bridge between
the peaks of Autl - 1880 m and Khuko - 1906 m)
to 1800-2200 m (Cherkessky, Aishkha, Pseashkho
passes, etc.). They were not an obstacle to the ex-
change of biota between the two slopes in the past,
and in some places they are not that obstacle now.
We attribute the similarity between several popula-
tions to this fact, taking into account modern ho-
rology and the possibility of pollen transfer between
neighboring populations. Regardless of the method
of analysis, the results indicate a repeated, post-
Pleistocene, settlement of the beech into the upper
belts of the Western Caucasus.

The second cluster also forms two subclusters
(Fig. 3), formed mainly by populations of the eas-
tern part of the Caucasian ecoregion from Dagestan,
Azerbaijan, Eastern Georgia and separate popula-
tions of the southern slope of the Western Caucasus
and the northern slope of the Central-Eastern Cau-
casus, as discussed below.

The first, smaller subcluster combines the foot-
hill beech populations of the northern slope of the
Greater Caucasus and the relict populations of the
southern slope in Georgia (Kvareli, Gebi).

The disjunctive populations of the foothill belt of
the beech forests of the Eastern—Central Caucasus
currently cover the foothills of Dagestan in a semi-
circle from the village of Zukhrabkent in the south
and further extend along the foothill belt of Dages-
tan, Chechnya, Ingushetia, North Ossetia—Alania
to the west of Kabardino-Balkaria. After the Elbrus
Gap, the beech belt reappears in the Karachay-Cher-
kess Republic and then extends continuously along
the northern slope of the Western Caucasus. In turn,
the foothill beech populations torn apart by multiple
eruptions of Elbrus, based on the genetic data of the
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Fstl coefficient, are grouped in the Eastern Cauca-
sus into a common clade - the village of Nokhchi-
Keloi (Chechen Republic) - Golubye (Blue) Lakes
(Kabardino-Balkaria), and in the Western Cauca-
sus — the village of Nizhnie Mary - the settlement
of Dombai (Karachay-Cherkessia) - village Guzeripl
(Adygea). According to the Fstl coefficient, a samp-
le from Kvareli (Eastern Georgia) forms a common
cluster with these populations, and according to the
heat map, a sample from the Gebi village (Western
Georgia) also enters the cluster. The population from
Gebi was not affected even by the maximum Wiirm
glaciation, according to Gobejishvili (2004), the Kir-
tisho valley glacier, 21 km long, stopped above the
Gebi village at an altitude of 1300 m. Thus, there is
every reason to assume the ancientry of the beech
population from the vicinity of the Gebi village.

The second subcluster of the second cluster
contains all samples from Armenia, which create a
single clade based on genetic distances in the Prin-
cipal Component Analysis (Fig. 2). This subcluster
also includes beech samples from Karabakh (Vank),
Kabardino-Balkaria (Blue Lakes), Western Georgia
(Lentekhi), Eastern Georgia (Borjomi), Abkhazia
(Kodori Gorge), highland Dagestan (Khutrakh), sea-
side Dagestan at the mouth of the Samur River (Pri-
morsky), the westernmost isolated population from
the Navagir Ridge near the Sukko village (Utrish),
and eastern Alborz in Iran (near vil. Sar Kalateh-ye
Kharab Shahr) (Fig. 3).

Volcanism, which significantly exceeded the vol-
canic area of the Greater Caucasus, is also important
for understanding the current distribution of Fagus
orientalis in the Lesser Caucasus. The last volcanic
eruptions in the Lesser Caucasus and the Armenian
Highlands within the former USSR occurred 6-8
thousand years ago. Volcanoes Tondurek and Nem-
rut on the Van Lake (Turkey) is considered to be
active to this day, the last eruptions were recorded
in the 15th century (Gabrielyan, 1986). The widest
overlap by lavas contributed to the preservation of
isolated populations in the upper mountain belt of
the northern slopes of the Lesser Caucasus in North-
ern Armenia (Dilijan) and Karabakh (Azerbaijan).

It was somewhat unexpected that the population
from eastern Alborz was in the second cluster, while
the population from Talysh combined with samples
from the first cluster. At the same time, the popu-
lations from marginal areas of Hyrkan flora on the
eastern Alborz and its derivatives at the mouth of the
Samur River (Primorsky Village, Dagestan, Russia)
entered the general clade, indicating genetic simila-
rity greater than with E orientalis from Talysh. Ap-

parently, the existing period of separation of the
range of Talysh-Alborz beech populations from the
rest of the populations of the Caucasian Isthmus was
sufficient to form significant genetic differences. This
is confirmed by other authors (Bijarpasi et al., 2020)
for Iranian populations from the Alborz which have
some differences from European and Turkish popu-
lations of E orientalis and are themselves quite poly-
morphic. It is significant that beeches from Kara-
bakh (Vank, Azerbaijan) and the Priaraxin Lesser
Caucasus in Southern Armenia (Shikakhogh) are in
a subcluster with marginal populations from Alborz
and the mouth of the river Samur. It can be assumed
that the time of isolation of these populations from
the populations of Talysh and the southern slope of
the Eastern Caucasus roughly coincided. Alterna-
tively, distribution route of the beech between the
Greater Caucasus and Talysh - Alborz was not the
only one but had several possibly parallel branches,
both along the mountainous Karabakh Bridge and
along the coast of the Caspian Sea. The modern relief
of Transcaucasia was formed in the Late Pliocene —
Quaternary period. The Caspian Sea during the Ak-
chagyl transgression flooded most of the Kurinsky
trough (Museibov, 1986a), creating conditions for
the movement of forest vegetation from Alborz
along the seashore with numerous river deposits.
The origin of the Talysh-Alborz population can-
not be interpreted unambiguously. One of the as-
sumed routes of the beech settlement to the Cau-
casus is the southern (Aliev et al., 2020). Based on
the genetic relationship of populations from Talysh
and the southern slope of the Eastern Caucasus, it is
likely that Fagus orientalis penetrated from Hyrkanic
to the Greater Caucasus over the Karabakh Bridge
and then in the Pliocene reached Ergeni Ridge in the
north. In the eastern part of the Caucasus, along the
shores of the Caspian sector of the Pontus, and then
the Balakhan basin, there was vegetation described
by Baranov (1952) from Ergeni, deciduous but ther-
mophilic, with such species as Corylus fossilis, Alnus
incana, Quercus sp., Castanea sp., Parrotia persica,
and representatives of the family Araliaceae. An in-
dicator of a warm climate, as Vereshchagin (1959)
rightly wrote, is Parrotia persica, currently preserved
10° south in Talysh-Alborz. At the same time, the re-
turn route of the beech settlement is more likely. Fa-
gus orientalis could have penetrated to the southern
coast of the Caspian Sea from the Caucasus via the
same Karabakh Bridge. In any case, the noted gene-
tic relationships between the populations of Sou-
thern Armenia (Shikakhogh), Karabakh (Vank), the
mouth of the Samur River (Primorsky) and eastern
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Alborz (near the village of Sar Kalateh-ye Kharab
Shahr), on the one hand, and Talysh - the southern
slope of the Eastern Caucasus in Azerbaijan (Ven-
dam), on the other, indicate the uniqueness of Fa-
gus orientalis and the possible different distribution
routes of the species in this part of its area.

The presence in the second cluster of beech
samples from the marginal northwestern ridge of
the Greater Caucasus — Navagir Ridge on the Abrau
Peninsula (Utrish Reserve, Russia) - also requires
explanation. Apparently, only in the Pleistocene the
species has reached the western limit of its area in
the Markotkh Ridge in region of Gelendzhik, since
at that time there were a destruction of the Pliocene
area into a number of refugia and a downward shift
of the high-altitude belts. During this period many
high-altitude species descended to the height of
1000-1200 m above sea level, and glacial tongues
descended to 450-600 m a. s. l. on the northern slope
of the Western Caucasus and to 300-350 m a. s. L.
even in the warmest Western Transcaucasia in the
valleys of the Inguri and Rioni rivers (Museibov,
1986b; Gobejishvili, 2004). The relics of the Pleis-
tocene period are still observed even at the western
tip of the Greater Caucasus, between Anapa and
Novorossiysk, surrounded by steppe and sub-Medi-
terranean flora. The special wind regime of this part
of the Black Sea coast leads to the cooling of indi-
vidual plots not facing the sea, creating conditions
comparable to the winter season of the upper belts
of the mountains. As a result, such species as Coelo-
glossum viride (L.) C. Hartm., Gymnadenia conopsea
(L.) R. Br,, Dactylorhyza flavescens (C. Koch) Holub,
Lilium monadelphum Bieb., Viburnum lantana L.,
and others can be observed here (Timukhin, Tuni-
yev, 2018). The westernmost in the Caucasus isolat-
ed relict beech forests are currently preserved here.

The obtained result of the genetic evolutionary
relationship does not demonstrate a sharp separa-
tion of the Markotkh Ridge population from the rest
of the populations of the southern slope of the Great-
er Caucasus, included in the first cluster (Fig. 3).
Modern pollen transfer from the continuous beech
forests located east of the Markotkh Ridge is also
possible. At the same time, the westernmost popu-
lation from the Navagir Ridge (Utrish), apparently,
did not contact secondary with West Caucasian
populations. Based on the genetic data of the Fstl
coefficient, the beeches from Utrish form a common
clade with the Crimean populations. In this regard,
the established links between species of Quercus sp.
of the Crimea and the Northwest Caucasus should
be mentioned (Semerikova et al., 2023). The flora

of Crimea is associated with the Anapa-Gelendzhik
region by Juniperus excelsa M. Bieb., J. foetidissima
Willd., Galanthus plicatus M. Bieb., and many other
species. In this regard the Crimean-Novorossiysk
biogeographic region stands out.

Despite the secondary contacts of several popula-
tions during the interglacial and postglacial periods,
or the available pollen transfer with air masses from
neighboring diasporas, the most ancient, relict popu-
lations of Fagus orientalis in the refugial conditions
of Adjara, Abkhazia, Kakheti, etc. (Charnali, Kodori
Gorge, Lagodekhi) have preserved the maximum
similarity in genotypes, which can be considered
close to ancestral. Also, these populations continue
to differ from all other populations that contacted
repeatedly in the past or are in contact over the ex-
tended range of the current species' horology. Relict
populations from the vicinity of Shikakhogh village
(Southern Armenia), Charnali Gorge and Goderzi
Pass (Adjara, Georgia), vicinity of village Primorsky
at the mouth of the Samur River (southern Dages-
tan) formed a common clade, based on the genetic
data of the Fst1 coefficient. Interestingly, Denk et al.
(2005) also indicated the most polymorphic popu-
lations of Fagus orientalis from Adjara (mt. Mtiral)
and near Thbilisi.

Thus, based on the results of the genetic analy-
sis of the populations of Fagus orientalis from the
Crimean-Caucasian region, Turkey, and Iran, the
following view of sequential isolation or the occur-
rence of secondary contacts between the populations
can be assumed: the earliest separation occurred in
the populations of the mountainous Crimea, Stav-
ropol Upland and Navagir Ridge. In the conditions
of island isolation, they have preserved the unique
features of the genotype of the ancestral form.
Beeches from Lagodekhi, Gebi, and other refugia of
the Colchian flora also seem to be close to their an-
cestral form.

Based on fossil material on leaves, cupules and
nutlets, Denk et al. (2002) stated that in the Oligo-
cene, in the early stage, the spreading of the ancestral
form from the northern Pacific to Europe along the
northern shores of the Paratethys occurred with a
low degree of diversification of characters. In opini-
on of Menitsky (1984), the main route of settlement
of the ancestors of modern deciduous oaks from
East Asian countries to the western regions of Eura-
sia was along the mountain systems of the northern
shores of ancient Tethys and the archipelagos of its
islands. Kolakovsky (1974a) suggested that the floral
exchange between Europe, the Caucasus, and East
Asia took place before the Upper Miocene, after the
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disappearance of the Himalayan sector of the Tethys
and its subsequent division into two unrelated basins
separated by land that stretched from Afghanistan
through central Iran, Asia Minor, the Balkans, and
the Alps. The Caucasus from Meotis was a peninsula
of the Asia Minor land (Vereshchagin, 1959; Kola-
kovsky, 1974a), and various ecological conditions
have existed in the mountains since the Paleogene,
as evidenced by paleobotanical data on the verti-
cal belt of the Tethys subtropical zone (Wolf, 1944;
Takhtajan, 1957).

Taking into account the presence of continuous
continental communication in the Oligocene not
only along the northern shores but also from the
south, it is quite logical to assume the existence of
two distribution routes of the ancestral beech form,
one of which ran along the modern southern shores
of the Caspian Sea, Southern Transcaucasia, through
Asia Minor to the west, at least to the territory of
the modern Balkan Peninsula. This assumption is in
good agreement with the paleomaterial: the genus
has been known since the Cretaceous, and in the
former USSR since the Paleogene, and in the Cauca-
sus it is very often found in a fossil state (Kolakovsky,
1982). In Colchis from the Sarmatian to the Cim-
merian, Fagus attenuata prevailed, and F orientalis
Lipsky ssp. fossilis appeared from the Pontus, which,
according to Kolakovsky (1982), is very common in
Upper Tertiary and Quaternary flora.

The southern mountainous land, extending
from Afghanistan through Central Iran, Asia Mi-
nor, the Balkans and up to the Alps, is considered
to be the established fact of the continuous exis-
tence of a mountainous belt of arid climate since the
Cretaceous period, with corresponding subtropical
hemixerophilic phyto-landscapes (Krishtofovich,
1954; Kolakovsky, 1974a, b) where it could carry
mesophilic biotopes in higher belts.

In the Miocene, the processes of “borealization”
took over almost the entire Caucasus. Thus, from
the Middle Sarmatian in some localities in Eastern
Georgia, up to 70 % of trees already belong to deci-
duous species (Palibin, 1935). Comparing this flora
with the Upper Miocene flora of Asia Minor, Gross-
heim (1936) concluded that they show great proxi-
mity and are characterized by the same mixture of
boreal and subtropical elements.

In the Pliocene, Fagus orientalis occupied all me-
sophilic areas of the Caucasian Isthmus. The begin-
ning of the primary disjunction of the E orientalis
range should be considered the Middle-Upper Plio-
cene, when the ridges of the Greater and Lesser Cau-
casus underwent significant glaciation (Gvozdetsky,

1963; Markov et al., 1965) and the Lesser Caucasus
was separated from the Talysh-Alborz by the Araks
trough.

The Pleistocene history of the Caucasus is, first of
all, the glacial impact in the axial part of the Grea-
ter Caucasus and in the highest areas of the Lesser
Caucasus and the Armenian Highlands. It was asso-
ciated with glacial and pluvial periods of pulsation
of the basins of the Black and especially the Caspian
Seas, as well as the indirect impact of the European
glacier. During this period, mountain heights in-
creased in the Greater Caucasus by 1000 m and in
the Lesser Caucasus and the Armenian Highlands
by 500-700 m (Museibov, 1986a).

As we told before, Pleistocene volcanism played
a significant role in the Central Caucasus and the
Armenian Highlands (Timukhin, Tuniyev, 2018).
Isolated in the highlands in some populations, the
former continuous beech forests fell out as a result
of the glaciation of the Greater and Lesser Caucasus,
and the remaining populations were destroyed due
to the powerful eruption of the volcanoes of Elbrus,
Kazbek and the largest volcanoes of the Kelsky pla-
teau (Didi-Nepiskalo, Patara-Nepiskalo, Keli, East
Khorisar, and South Narvankhokh) in the Greater
Caucasus and practically throughout the Lesser
Caucasus and the Armenian Highland from Ja-
vakheti (Georgia) to Karabakh (Azerbaijan).

The beech populations from the refugial con-
ditions of the southwestern Transcaucasia (Char-
nali River Gorge), limestone northwestern Colchis
(Kodori Gorge), and some other populations have
the peculiarity and clearly relict features in the geno-
type. However, the multiple shifts of the forest belt in
the Pleistocene contributed to the mixing of the gene
pool of the midland-highland and relict foothill
populations, and therefore, apparently, we do not see
such a clear picture of isolation as with the popula-
tions of the Crimea and the Stavropol Upland.

Both nuclear and chloroplast markers show that
most Fagus sylvatica populations in Central, Eastern,
and Northern Europe have a very homogeneous ge-
netic structure, whereas populations in Western and
Southern Europe have a rather heterogeneous gene-
tic structure with a number of isolated populations
in the Iberian, Apennine, and Balkan peninsulas and
southern France (Margi et al., 2006). Paleobotanical
findings indicate the preservation of at least several
E sylvatica populations in the Pleistocene refugia of
Europe during the last Ice Age and possible ways of
recolonization in the Postglacial period. Moreover,
the latest paleobotanical data allowed us to revise the
previously formed opinion about refugia in Europe,
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the picture was much more complicated. According
to Margi et al. (2006), the entire modern E sylvatica
range in Central and Northern Europe was formed
from Western European refugia in southern France,
the eastern Alps-Slovenia-Istria, and possibly sou-
thern Moravia and southern Bohemia. Whereas the
populations that survived in the last glacial in the
Mediterranean region did not penetrate into Central
Europe.

This new vision sheds light on the genetic diver-
gence during the recolonization of the European
range by the E sylvatica and indicates the indepen-
dence of refugia in southern France and Slovenia,
rather than their marginal position as the southern
populations, since their geographical and genetic
distance from the populations of Spain and the Bal-
kans is observed. As an example, the population from
the Balkans did not colonize the Carpathians, and
E sylvatica from the center of the Apennine Penin-
sula penetrated northern Italy only in the second
half of the Holocene (Margi et al., 2006). Most Euro-
pean Ice Age refugia were preserved in mountainous
regions with a shady and humid regime. Thus, the
current genetic diversity of E sylvatica populations
in Europe is explained not by a single glacial episode
but by multiple interglacial and glacial cycles during
at least the Middle Pleistocene.

Similarly with Europe, local features and the pres-
ence of unique alleles are observed in Fagus orien-
talis in all regions of the Caucasian Isthmus, due
to the well-known microclimatic and microhabitat
conditions. Such conditions, so characteristic of the
Caucasus mountains, contribute to the accumula-
tion of original features in individual localities. In-

terestingly, E sylvatica in Europe, despite the noted
phenotypic differences due to the characteristics of
biotopes, has little genetic diversity (Wortemann et
al., 2011). High genetic diversity, similar to other
populations of E orientalis from Balkan-Asia Mi-
nor-Caucasus range and E sylvatica from Europe is
indicated for the Alborz population of E orientalis
(Bijarpasi et al., 2020).

The observed similarity at the upper boundary
of the beech belt in various regions of the Cauca-
sian Isthmus may be a reflection of parallelism in the
development and formation of high-altitude popu-
lations of F. orientalis, as in the case of populations
with approximately equal hypsometric characte-
ristics of biotopes from Goderzky Pass, Mount Autl
and Zukhrabkent village, or the late Holocene “de-
taching” of populations on the northern slope du-
ring the ascent of all belts upward from the south-
ern slopes in the Holocene and their separation by
the mountain meadow belt in modern conditions, as
in the case of populations from Mount Mushak and
Tusheti, Kubus Mountains and the southern slope of
the Western Caucasus.
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