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Norway maple (Acer platanoides) and pedunculate oak
(Quercus robur) demonstrate different patterns of genetic
variation within and among populations on the eastern
border of distribution ranges
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Abstract: Norway maple (Acer platanoides L.) is a key species of broadleaved forests whose population genetics
is poorly studied using modern genetic tools. We used ISSR analysis to explore genetic diversity and differentiation
among 10 Russian populations on the eastern margin of the species range of distribution, and to compare the re-
vealed patterns with the results of our population genetic studies of pedunculate oak (Quercus robur L.). In the first
set comparatively high heterozygosity and allelic diversity were found (expected heterozygosity H, = 0.160 + 0.033,
number of alleles #, = 1.440 + 0.080, effective number of alleles #, = 1.271 + 0.062) in comparison with strongly
fragmented and geographically isolated small maple stands of the second set (H, = 0.083 + 0.011, n_ = 1.281 + 0.031,
n,=1.136 £ 0.019). A relatively high genetic differentiation among populations was detected (the proportion of the
inter-population component of total genetic variation, G, = 0.558 + 0.038). In the Cis-Urals, local groups of popula-
tions that are confined to the northern, middle and southern parts of the Urals were identified. On the contrary, the
current significant fragmentation of the pedunculate oak distribution area in the same study area did not lead to any
noticeable genetic differentiation among the majority of populations, the values of the population genetic diversity
were very similar in different parts of the Southern Urals.
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In the European part of Russia, deciduous tree
species Quercus robur L. and Acer platanoides L. are
main components of stands in the subzone of mixed
forests and in the two vast zones of broadleaved for-
ests and forest-steppe (Hytteborn et al. 2005). The
maple, as a rule, occurs with a much lower frequen-
cy in stand composition in comparison with the oak
(Smirnova et al. 2017). The exception is the eastern
border of the distribution range of both species.
Extensive stands with dominance of A. platanoides
are still present on the western macroslope of the
Southern Urals in Bashkortostan (Gorchakovsky
1972), a region of Russia on the border of Europe
and Asia. At the same time, intensive declines and
strong fragmentation of the broadleaved forests
occurred in the last centuries in neighbouring plains
of the Bashkir Cis-Urals, a part of the Republic with
the area of about 90 000 km2. As a result, stands
with the maple occupy mainly relatively small
patches of rugged landscapes where the relief
does not allow using lands for agricultural pur-
poses. In comparison with Q. robur, A. platanoides
is a more sensitive species to the forest decline due
to the relative narrowness of ecological niches.
Some ecological traits of the maple (such as limited
seed dispersal and entomophily) and comparative-
ly low density in the stand composition (Caudullo,
de Rigo 2016) lead to a stronger reproductive isola-
tion of habitats.

Consequences of the fragmentation of the Rus-
sian broadleaved forests over large areas, which
led to the loss of biodiversity and degraded the
functions of the local ecosystems, are well stud-
ied (Smirnova et al. 2017). Much less is known
about the genetic consequences of fragmentation
of stands of this vegetation type into geographi-
cally isolated patches with small population sizes.
The occurrence of small-sized isolated populations
significantly decreases possibilities of the gene
flow among populations in the mixing of their
gene pools, induces the genetic drift, and increases
mating among relatives (Bertolasi et al. 2015). All
these processes pose threats to the adaptability and
adaptation of trees (Kremer, Hipp 2020) because
of the influence on population genetic diversity
(Cortés et al. 2020). When the fragmentation has
been persisting over several successive generations,
it is predicted that a reduced number of parents,
random drift and inbreeding may result in the accu-
mulation of deleterious alleles, decreased fecundity
of individuals, increasing mortality rate of seeds

and plants, and reducing rate of their growth (Agu-
ilar et al. 2008).

The existence of two types of stands with A. plata-
noides in Bashkortostan, large areas with domi-
nance of the species and territories with highly iso-
lated habitats give an opportunity to investigate the
impact of the habitat fragmentation on the genetic
diversity and differentiation among populations.
Recently, 70.9% of all the Russian maple forests
were present in Bashkortostan (Bukshtinov 1982),
which occupy less than 1% of the country’s terri-
tory. According to the database “Forests of Rus-
sia” of the Federal Agency “ROSLESINFORG”
(http://178.176.30.40:8282/#/), their greatest part
(89.2%) is concentrated in a relatively narrow merid-
ional band on the western macroslope of the South-
ern Urals Mountains (51°40'-55°10" N). The Bashkir
Cis-Urals occupies almost 2/3 of the territory of the
Republic. However, the area of maple forests there
is almost 8 times smaller (17.385 ha). A strongly
limited genetic flow which causes a reduction
in the effective population size and subsequent
loss in allelic diversity (Porth, El-Kassaby 2014)
seems unavoidable under this situation.

When compared with other European broadleaved
forest tree species, A. platanoides has been little
studied using modern genetic markers (Panchuk
et al. 2019). At the same time, genetic diversity and
population structure of Q. robur is well investigat-
ed in Western and Central Europe (Petit et al. 2002)
and, in the last years, in the Russian part of the
distribution range, including the Southern Urals.
(Bushbom et al. 2011; Degen et al. 2019, 2021a,
2021b, 2021¢; Blanc-Jolivet et al. 2020; Semerikova
etal. 2021). Having got results on genetic diversity
of A. platanoides, it seems important to compare
genetic diversity of these two associate represen-
tatives of broadleaved forests from theoretical
and practical points of view. They have common
history of development in the Southern Urals
and now both together are fragmented in a part
of this region due to human impacts in the last
few centuries.

The objectives of this study were to (i) analyse the
genetic diversity and differentiation of A. platanoi-
des populations in the Southern Urals using ISSRs
(Inter Simple Sequence Repeats) as genetic mark-
ers; and (if) discuss these data in the light of our
results on population genetic diversity of Q. robur,
another associate species of broadleaved forests
of this region.
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MATERIAL AND METHODS

Study area and sampling. The study area is located
on the western mountainous macroslope of Southern
Urals and Cis-Urals lowlands. Ten stands (Table 1)
were selected in the territory, which represent the
eastern margin of the A. platanoides distribution
range. They are located mainly in the territory
of the Republic of Bashkortostan, a Russian re-
gion with an area of 143 600 km?, which stretches
in the north-south direction to 550 km (Figure 1).
The trial plots are represented by stands of 8 for-
est enterprises of the region and a neighbour-
ing part of the Perm Region. Most of the stands
studied represent districts of relatively low forest
cover areas (trial plots BRS, BUR, UFA, TMZ, ALS,
SLV and KMR) with different proportions of the
maple forests. Forest enterprises with relatively
large forest cover also have both comparatively high
(ARC) and low (KUD and ASK) participation

https://doi.org/10.17221/78/2021-JES

of A. platanoides stands in broadleaved forests.
Samples for laboratory analysis were collected
on each trial plot from 31-32 trees of reproductive
age, which are located at a distance of at least 50 m
from each other.

Laboratory procedures. DNA was isolated from
100 mg of leaves using a method (Rogers, Bendich
1985) with the addition polyvinylpolypyrrolidone.
The concentration and quality of DNA were mea-
sured on a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, USA), and the concen-
tration was increased to 10 ng-uL~!. We chose
ISSRs (Inter Simple Sequence Repeats) to detect
the polymorphism of populations (Zietkiewicz
et al. 1994). The most informative five ISSR primers
X10, M3, M27, ISSR-10 and CR-215 were selected
when testing 22 primers available. We used 25 pL
of the reaction mixture for the polymerase chain
reaction, which includes 2 units of Tag polymerase,
2.5 uL of standard 10x buffer, 25 pM of a primer,

Table 1. Information on forests of the study area and trial plots of Acer platanoides

Area of forests (ha) Coordinates
Forest Forest cover . . .
enterprises %) Trial plots (latitude, Sample size
S1 S2 S3 longitude)
56.554042,
Kueda 45.6 227 701 33 823 4.(0.01) 1. KUD 55709419 31
. 55.939444,
Askino 48.2 199 469 44553 140 (0.31) 2. ASK 56.611059 31
55.590846,
3. BRS 55.600944 32
Birsk 28.4 148 351 66 151 737 (1.11)
55.990671,
4. BUR 55.174831 32
54.771547,
Ufa 16.7 163 531 91 465 2519 (2.75) 5. UFA 55731663 32
54.421835,
Arkhangelsk 55.4 231 328 124 238 13 242 (10.66) 6. ARC 56.795232 32
. 54.529813,
Tuimazy 18.3 201 563 82 293 4582 (5.57) 7. TMZ 53.590570 32
53.983732,
Alshey 13.1 83 304 29 413 1190 (4.05) 8. ALS 54796708 32
53.245329,
9-SLV 55.979297 32
Sterlitamak 14.4 187 900 104 408 10 885 (10.43)
52.781621,
10. KMR 55.836891 32
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Figure 1. Location of stands with dominance of Acer
platanoides (dark spots), broadleaved forests with the
participation of the species (dashed zones) and the location
of trial plots on the map of the Republic of Bashkortostan
(see Table 1)

2.5 mM Mg?*, 0.25 mM dNTP, 5 puL of genomic
DNA. Amplification was performed in the GeneAmp
PCR System 9700 amplifier (Applied Biosystems,
USA) according to the following program: pre-
denaturation 94 °C, 2 min; the first five cycles 94 °C,
20 s; annealing temperature, 10 s; 72 °C, 10 s; in the
next thirty-five cycles 94 °C, 5 s; annealing tempera-
ture, 5; 72 °C, 5 s. The last cycle of elongation lasted
2 min at 72 °C. Depending on the G/C composition
of the primers, the annealing temperature varied
from 52 °C to 64 °C. The amplification products were
separated using electrophoresis in 1.7% agarose gel
in 1x TBE buffer. We stained the gels with ethidium
bromide and photographed them in transmitted ul-
traviolet light in the Gel-Doc XR system (Bio-Rad,
USA). The length of the DNA fragments was de-
termined using molecular weight markers (100 bp
+ 1.5 Kb + 3 Kb DNA Ladder) (SibEnzim-M, Rus-
sia) and the Quantity One program in the Gel-Doc
XR gel documentation system (Bio-Rad, USA). The
analysis of DNA polymorphism was carried out us-
ing 318 trees (Table 1).

Data analysis. Computer analysis of the obtained
data was carried out using the POPGENE1.31
program (Yeh et al. 1996) and GenAlEx6 macros
(Peakall, Smouse 2006) with calculations of the
proportion of polymorphic loci Py, the number
of alleles per locus n, the effective number of al-
leles per locus 7, the expected heterozygosity H,.
The genetic structure of populations was described
using the expected proportion of heterozygotes
in the total population H,, the expected propor-
tion of heterozygotes in each individual population
H, and the population differentiation measure G-
The STRUCTURE 2.3.4 program was used to iden-
tify the genotype clustering (Falush et al. 2003).
Visualization of the results, their mathematical
confirmation, and determination of the most prob-
able number of genetic groups were performed us-
ing the STRUCTURE Harvester program (Earl, von
Holdt 2012). We calculated a matrix of genetic dis-
tances (Nei 1972) based on a matrix of binary traits
and unweighted pair group method (UPGMA) us-
ing computer programs Treecon 1.3 b (Van de Peer,
De Wachter 1994) and POPGENE 1.31. (Yeh et al.
1996). The genetic distance between populations
(D) was determined by the formulas (Nei, Li 1979).
In addition, the principal component analysis
(PCA), implemented in the GenAlEx6 program
(Peakall, Smouse 2006), was used.

RESULTS AND DISCUSSION

Genetic diversity. The ISSR primers used am-
plified 117 fragments, 95 of which were polymor-
phic. Each primer (Table 2) initiated the synthesis
of 23.4 + 2.2 DNA fragments, including 19.0 + 1.9
polymorphic ones (81.1 + 2.1% of all the fragments).
It is noteworthy that the proportions of polymor-

Table 2. ISSR primers used to study genetic diversity
in Acer platanoides populations; proportions of polymor-
phic loci are given in parentheses

. Sequence Size range No. of bands
Primers ; .
(5'— 3" (bp) all  polymorphic

X10 (AGQ)C 180-1750 24 21 (87.5%)
M3 (AC),CT 150-2 150 30 23 (76.7%)
M27 (AG),C 190-1 020 26 22 (84.6%)
ISSR-10  (ATG),C 120-1 040 19 15 (78.9%)
CR-215 (CA)GT 140-650 18 14 (77.8%)
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Table 3. Number and frequency of polymorphic amplified DNA fragments identified in Acer platanoides populations

by used ISSR primers; proportions of polymorphic fragments are given in parentheses

ISSR primers

Trial plots In total
X10 M3 M27 ISSR-10 CR-215

1. KUD 8 (0.533) 10 (0.526) 5 (0.625) 5(0.417) 9 (0.818) 7 (0.569)
2. ASK 6 (0.500) 6 (0.500) 10 (0.667) 10 (0.769) 5 (0.556) 7 (0.607)
3. BRS 4 (0.444) 11 (0.611) 5(0.417) 7 (0.583) 7 (0.583) 4 (0.540)
4. BUR 6 (0.462) 10 (0.500) 9 (0.600) 4 (0.400) 3(0.273) 32 (0.464)
5. UFA 4.(0.333) 4.(0.364) 5 (0.294) 3 (0.250) 5 (0.365) 1(0.323)
6. ARC 13 (0.722) 21 (0.913) 19 (0.905) 17 (0.944) 6 (0.545) 6 (0.835)
7. TMZ 6 (0.427) 1 (0.100) 6 (0.462) 5 (0.385) 4.(0.364) 2(0.361)
8. ALS 3 (0.250) 16 (0.727) 12 (0.632) 10 (0.769) 7 (0.636) 48 (0.623)
9.SLV 3 (0.250) 17 (0.773) 8 (0.500) 8 (0.571) 6 (0.545) 42 (0.560)
10. KMR 4.(0.333) 15 (0.833) 11 (0.733) 7 (0.700) 8 (0.615) 45 (0.662)

phic bands are very similar (coefficient of variation
is 5.8%). As a rule, values of the parameter in indi-
vidual populations are much lower (Table 3). Only
the Arkhangelsk stand is close in the proportion
of polymorphic bands to the average level of this
indicator for all the samples. Four out of five prim-
ers used allowed showing the largest polymor-
phism of this population (except for CR-215). This
result was obtained due to the higher occurrence
of relatively rare variants in the sample. We did not
reveal any ISSR fragments with a frequency of less
than 5% in 8 of the 10 stands studied.

Such 3 fragments were found in trees of the trial plot
KUD with a frequency of 8%. But 16 of the 76 poly-
morphic bands are classified as rare ones in the
Arkhangelsk population (21.1%). More pronounced
patterns of population differences are found when
calculating two parameters of the genetic diversity
(Table 4). We confirmed that the Arkhangelsk stand
represents the genetically most diverse population.
The values of the parameters used were higher
1.73-4.92 (H,), 1.19-1.39 (1) and 1.15-1.34 (n)
times in trees of the trial plot ARC in comparison
with other samples. This population represents the
part of the region where the largest areas of forests
with dominance of A. platanoides are concentrated
(Table 1, Figure 1). Other three stands (ASK, SLV
and KMR), which are also situated on the western
macroslope of the Southern Urals with a signifi-
cant participation of the species, are characterized
by comparatively higher expected heterozygosity
and number of alleles. The most part of popula-
tions (five out of six, except ALS) of the lowland

526

Bashkir Cis-Urals with geographically isolated and
mainly small maple stands has a relatively low ge-
netic diversity.

Population structure. In general, the analysis
of the population genetic structure confirmed the
regularities in the spatial distribution of expected
heterozygosity and number of alleles in the A. plat-
anoides stands. The primers used demonstrated
that the values of H; are 2.0-2.9 times lower than
those of H,. (Table 5). Accordingly, a relatively high
genetic differentiation between populations was
detected. Depending on a primer, the variation
among populations reached relatively high values

Table 4. Genetic diversity in Acer platanoides populations;
standard deviations are given in parentheses

Trial plots H, n, ", R
LKUD  0.099 (0.016) 1.308 (0.464) 1.164 (0.300) 3
2. ASK 0.122 (0.017) 1.316 (0.467) 1.191 (0.327) O
3. BRS 0.077 (0.014) 1.299 (0.460) 1.127 (0.270) O
4. BUR 0.069 (0.012) 1.274 (0.448) 1.105(0.225) O
5. UFA 0.073 (0.014) 1.205 (0.406) 1.127 (0.283) 0
6. ARC 0.256 (0.019) 1.675 (0.470) 1.450(0.393) 16
7. TMZ 0.052 (0.011) 1.197 (0.399) 1.081 (0.208) O
8. ALS 0.128 (0.017) 1.402 (0.492) 1.212(0.323) O
9. SLV 0.113 (0.015) 1.385(0.489) 1.181(0.289) 1
10. KMR  0.148 (0.019) 1.385 (0.489) 1.261(0.376) 0
On average 0.113(0.58) 1.401(0.136) 1.213(0.106) O

H, — expected heterozygosity; n, — absolute number of alleles;

n,— effective number of alleles; R — number of private bands
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Table 5. Parameters of the genetic structure and dif-
ferentiation of Acer platanoides populations; standard
deviations are given in parentheses

ISSR

primers Hy Hy G
X10 0.234 (0.026) 0.080 (0.009) 0.659
M3 0.239 (0.033) 0.117 (0.006) 0.511
M27 0.316 (0.026) 0.120 (0.005) 0.619
ISSR-10 0.272 (0.033) 0.129 (0.008) 0.447
CR-215 0.274 (0.037) 0.122 (0.013) 0.555
All samples  0.266 (0.030) 0.113 (0.008) 0.576

H . - expected proportion of heterozygous genotypes in the
total population; H - expected proportion of heterozygous
genotypes in each individual population; G, - population

differentiation measure (Nei 1975)

of 44.7-65.9% (on average, G, = 0.558 + 0.038).
The constructed dendrogram (Figure 2) shows
that some populations make an unequal contri-
bution to the population differentiation. They are
represented by the genetically most diverse popu-
lation ARC from the western macroslope of the
Southern Urals, where the maple often dominates
the composition of broadleaved forests on large
areas. The stand KUD from the northern margin
of the distribution area of A. platanoides, where
the species occurs only sporadically, also has a pe-
culiar genetic structure. A pair of genetically simi-
lar populations UFA and TMZ from the lowland
Bashkir Cis-Urals, which are characterized by the
least genetic diversity, formed their own cluster.
The average genetic distance among ten studied
populations was D = 0.247 + 0.012 with changes
from 0.103 to 0.431. The sequential removal of the

0.4 0.3 0.2 0.1

100 100
1

Figure 2. Clustering of Acer platanoides populations; the
scale demonstrates genetic distances D (Nei 1979), boot-
strap values are shown in the dendrogram in percent

samples ARC, KUD, and UFA/TMZ from the cal-
culations resulted in a significant decrease of the
parameter (D = 0.216 = 0.010, D = 0.197 + 0.010
and D = 0.169 * 0.010, respectively).

These data are compatible with the results of an-
other analysis. The STRUCTURE program allowed
identifying several genetic groups. When the gen-
otypes were analysed using a model with K = 5
(Figure 3), the most part of clusters (Figure 4) cor-
responded to populations of the northern Bashkor-
tostan (trial plots BRS, BUR and, to a lesser extent,
ASK), middle (TMZ and UFA) and southern (KMR,
SLV and ALS) parts of the Republic. Two populations
with contrasting characteristics of maple forests (tri-
al areas ARC in the forest enterprise with the largest
areas of maple forests and KUD on the margin of the
A. platanoides distribution range) differ from each
other and from the other six stands studied. These
patterns are visible to a greater extent when using
the principal component analysis on the basis of ge-
netic distances D between populations (Figure 5).

In the present study, ISSRs as genetic markers were
used to study genetic diversity of A. platanoides in two
groups of populations. Relatively large stands with
dominance of the maple on the meridional western
macroslope of the Southern Urals have compara-
tively higher genetic diversity.

Simultaneously, the mountainous populations
(ARC, ASK, the pair SLV and KMR) are compar-
atively different in gene pools. When using nu-
clear microsatellite loci, we observed this pattern
in Q. robur populations of the Southern Urals west-
ern macroslope (Degen et al. 2019). Maple popu-

300 AK = mean(|L"(K)|)/sd(L(K))

250

200

AK

150

100

50

3 4 5 6 7 8 9 10
K
Figure 3. AK values for the tested genetic groups
K — tested genetic groups (2-10 in STRUCTURE Harvester
program); L"(K) — model choice criterion; sd — standard
deviation of L(K)
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BRS

BUR ASK KMR SLV

ALS TMZ UFA KUD ARC

Figure 4. Estimated population structure of Acer platanoides populations; vertical bars represent individuals of trial plots,

which are represented by colours proportional to the average membership to clusters

lations in the Cis-Urals were found to have lower
genetic diversity, as measured by expected heterozy-
gosity and number of alleles. On average, the genetic
diversity of 5 out of the 6 populations of the down-
lands is lower by 53.8% (expected heterozygosity),
12.7% (number of alleles) and 11.8% (effective num-
ber of alleles) in comparison with that in the forest
mountainous zone. The differences in the group av-
erages exceeded a 95% level of statistical significance
for H.and n_ (P = 0.025 and P = 0.045, respectively).

The current great fragmentation of the distribu-
tion range of maple in the Southern Urals did not
lead to synchronous visible genetic divergence
in most population sets. At any rate, we revealed
a greater genetic similarity of neighbouring popu-
lations within northern (trial plots BRS and BUR,
partially ASK), central (TMZ and Ufa) and south-
ern (KMR, SLV and ALS) parts of Bashkortostan
(Figures 4 and 5). The exceptions to this pattern are
stands KUD and ARC with minimal and maximal

portions of stands with dominance of A. platanoides,
respectively, in forest enterprises Kueda and Archan-
gelsk (Table 1). When analysing frequencies of ISSR
bands, we revealed their differences from other
populations. A part of the bands in KUD (3 of 64 re-
vealed, or 4.7%) are private common ones (Table 4).
The frequencies of other bands also significantly dis-
tinguish the trees of the trial plot from other samples.
The stand ARC is characterized by the uniqueness
of ISSR marker number and frequencies. Their com-
paratively large part (16 of 91 or 17.6%) are private
ones. The third set of samples, which has a single
private band (1 of 75 or 1.3%), is represented by an-
other mountainous population (SLV). All the stud-
ied trees of the remaining 7 stands possessed only
common DNA fragments with frequencies more 5%.

Some possible explanations can be given for the
interpretation of results on the lower genetic diver-
sity of most Cis-Urals populations of A. platanoides.
Maple stands KUD, BUR, BRS, TMZ and UFA are

g +9
g +10 +6
-é% o4 +38 +5
2
+3
o7

Main component 1

Figure 5. Principal component analysis of Acer platanoides populations from the Southern Urals
1-KUD; 2 — ASK; 3 - BRS; 4 — BUR; 5 — UFA; 6 — ARC; 7 - TMZ; 8 — ALS; 9 — SLV; 10 — KMR

528



Journal of Forest Science, 67, 2021 (11): 522-532

Original Paper

https://doi.org/10.17221/78/2021-JES

situated in a lowland part of Bashkortostan, which
is very poor in relict and endemic plant species.
It is argued (Popov 1980) that broadleaved forests
have colonized this territory after the last glacial
event. Earlier, broadleaved forests (A. platanoides,
Q. robur and other forest tree species of this type
of vegetation) were situated only in local glacial
shelters of the Southern Urals. Probably, the stands
ARC, SLV and KMR are examples of populations
with greater historical age and one more confirma-
tion of the relatively high genetic diversity of refugia
(Hewitt 2000). Having survived here in small favour-
able spots, broadleaved tree species of the Southern
Urals Mountains may be sources for their expanding
towards the lowlands of the Bashkirian Cis-Urals af-
ter climate warming. There are evidences that coloni-
zation of new habitats leads to a partial loss of alleles
due to an effect of multiple foundation events (Petit
et al. 2001). This seems to be the most likely expla-
nation for the relatively low heterozygosity and
number of alleles in trial plots BRS, BUR, TMZ
and UFA. The population ALS has a relatively
high level of genetic diversity, which is not typical
of A. platanoides of Cis-Urals stands. It is located
on the Belebey hills. When compared with the eastern
macroslope of the Southern Urals, the composition
of relict and endemic plant species on this geomor-
phological formation is almost the same (Popov 1980).
This indirectly indicates greater age of local vegeta-
tion, including A. platanoides, on these hills. In ad-
dition, pollen analysis showed (Neustadt 1957) the
existence of a glacial shelter of broadleaved forests
to the south of this place on a vast upland, Obsh-
chij Syrt. In general, the process of colonization
leads to a decrease of allelic richness, but coloniza-
tion from different sources leads to higher heterozy-
gosities, because of the admixture of different alleles
(Petit et al. 2003). Thus, the mixing of A. platanoi-
des population gene pools from Obshchij Syrt and
the eastern macroslope of the Southern Urals may
determine a comparatively high genetic diversity
revealed in trees of the trial plot ALS, which is un-
typical of other Cis-Urals stands TMZ, UFA, BUR,
BRS and KUD.

The occurrence of small and geographically isolated
populations, such as A. platanoides Cis-Urals ones,
may result in the genetic drift (Bertolasi et al. 2015).
But the patterns in the diversity and differentiation
of the maple populations we have identified do not
allow us to consider this possibility as an already per-
forming process. The existence of sets of populations

with similar gene pools (trial plots BRS and BUR,
TMZ and UFA) and the absence of private and rare
ISSR markers in Cis-Urals maple stands contradict
the features that should be observed under the action
of gene drift (Wright 1984). This is not a result of the
successful external gene flow into geographically iso-
lated stand fragments, which would mix their gene
pools and rescue small populations from this micro-
evolution force (Bushbom et al. 2011), as A. plata-
noides is an entomophilic species. Deforestation
of the vast forest-steppe and forest zones of the Euro-
pean part of Russia has been occurring at an increas-
ingly rapid pace in the last millennium in connection
with the agricultural development of the territory
(Neustadt 1957). But this process began intensive-
ly in the Southern Urals relatively not so long ago,
since agriculture was not the main field of activity
of the local nomadic Bashkir people. A few centu-
ries ago, forests occupied almost 72% of the territory
of Bashkortostan (Popov 1980). Now this cover has
dropped to almost 40%. Given the relatively large
forest cover of the mountainous part of the Repub-
lic (81.2-92.0%), the scale and speed of deforestation
in other parts of the region seem impressive. At the
same time, this relatively short period of deforesta-
tion means that the fragmented populations of long-
lived A. platanoides in Bashkir Cis-Urals have been
isolated for only few generations. Perhaps this is not
enough for the effect of gene drift to become no-
ticeable in the formation of population gene pools
because of the “lag time” phenomenon (Smulders
et al. 2009). This may be one of the reasons for the
lack of a direct relationship between the genetic di-
versity of populations and the level of forest cover
and the proportion of maple stands in broadleaved
forests. Symptoms of gene drift appear only in trees
of the stand KUD, a population on the species mar-
gin of the distribution range with extremely low den-
sity and number of individuals.

Considering the above-mentioned arguments,
we assume that the fragmentation of the A. plat-
anoides distribution range into small-sized and geo-
graphically isolated habitats could not yet become
a significant reason for the relatively low heterozy-
gosity and number of alleles in trees of the Bashkir
Cis-Urals stands. This conclusion may have a signifi-
cant impact on the development of a strategy of the
conservation and use of maple genetic resources
on the region scale and therefore its additional veri-
fication would be desirable. Different approaches
can be used to do this. We decided to compare the
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data acquired with our results on genetic diversity
of Cis-Urals populations of Q. robur, another obliga-
tory key tree species of Russian broadleaved forests
(Gorchakovsky 1972). This approach of a compara-
tive parallel genetic analysis of species of the same
region was successfully demonstrated using allo-
zyme loci in a study of A. platanoides and Betula
pendula populations of Northern Europe (Rusanen
et al. 2003). Using double digest restriction site as-
sociated DNA sequencing (ddRAD) and Miseq,
we lately developed a large set of new geographically
highly informative loci of nuclear and plastid DNA
of the oak (Degen et al. 2021b). A genetic inven-
tory of 97 populations from the eastern part of the
species distribution range using 412 SNP (Single-
Nucleotide Polymorphism) loci allowed us to se-
lect 9 populations of the Cis-Urals from this larger
set to compare the Q. robur genetic diversity with
the data on A. platanoides of this study. The trial
plots of the oak and maple were situated in close,
and sometimes in the same locations (KUD, BRS,
BUR, TMZ, UFA). In comparison with the maple,
which demonstrated the existence of a local spatial
genetic structure in the southern, middle, and north-
ern parts of the Bashkir Urals, the Q. robur gene pool
was much more homogeneous throughout all this
territory. A genetically efficient pollen flow over
long distances may be reason for maintaining simi-
larities of the oak populations. Using microsatellite
loci and reconstruction of possible parental pairs
of alleles in embryos of a geographically isolated oak
stand, we demonstrated earlier that genetic efficien-
cy of pollen flow erases differences between popu-
lations on tens of kilometres (Bushbom et al. 2011).
Obviously, this scale is much larger than the flight
distances of the insect pollinators of the entomophilic
maple. Scattered populations of insect-pollinated
A. platanoides were also less heterozygous and much
more differentiated in allozyme loci than wind-pol-
linated B. pendula with light wind-dispersed seeds
and a more continuous distribution (Rusanen et al.
2003). However, we revealed that genetic differences
in the Bashkir Cis-Urals oak populations increase
on a geographic scale by the type of isolation by dis-
tance (Degen et al. 2021a). The correlation coef-
ficient between genetic and geographic distances
was statistically significant (r = 0.498, P < 0.05). The
heterozygosity and number of alleles were very simi-
lar in the stands and varied within the slight limits
H, = 0.172-0.206 (on average H, = 0.197 + 0.003)
and n, = 1.289-1.349 (1.334 + 0.006), respectively.
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The similarity of the genetic diversity of isolated
small-sized populations and the pattern of “isola-
tion by distance” are contradictions to expectations
under genetic drift. Thus, the results on Q. robur
confirm our previous conclusion about no significant
effect of considerable habitat fragmentation of the
Bashkir Cis-Urals broadleaved forests on A. platanoi-
des regional gene pools.

There are evidences that nemoral broadleaved tree
species migrated in the north-east direction during
the past warm climate periods and even reached
all together Western Siberia (Velichko et al. 1997).
It is predicted that the current climatic change,
which significantly affects the species geographi-
cal distribution (Sun et al. 2020), may cause new
colonization of more northern and eastern territo-
ries. When implementing this scenario, our results
demonstrate that Q. robur from the vast majority
of stands in Bashkortostan and A. platanoides from
broadleaved forests of the Southern Urals western
macroslope will form new populations with rela-
tively high genetic diversity. And vice versa, Cis-
Urals geographically isolated stands of the maple
will have a lower potential in this field and it may
decrease in future. It seems that this problem will
be much worse for the maple forests outside the
studied area. Using the “Forests of Russia” database
(http://178.176.30.40:8282/#/), we calculated areas
of forests with dominance of A. platanoides in 35 re-
gions of the European part of Russia. The average area
of stands with dominance of the species per region
(9 020 ha) does not reflect the real patterns of geo-
graphical distribution. Except Bashkortostan with
its rich maple resources, four regions of the Volga
region and the Urals (Tatarstan, Samara, Orenburg
and Saratov), which are also located in the eastern
part of the distribution range of the species, have
33.8% of the Russian maple forests areas. Only
13.3% of the A. platanoides stands are presented
in 12 regions, and 18 ones have about 2.0%. There-
fore, we assume that the decrease in genetic diver-
sity in the maple forests of the Bashkir Cis-Urals
we revealed can be expressed much more in the
Russian regions with fewer resources of A. plat-
anoides. A large part of forest fragments, which
were isolated from each other throughout the last
millennium due to agricultural development of the
forest-steppe zone (Neustadt 1957), can be too
small to reproduce gene pools at a sufficient level
to sustain the viability of populations. When col-
lecting seeds in such stands, various negative
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changes in gene pools are possible (Degen et al.
2021c). This argues the need for an extended study
of this possible threat, both for the maple and other
associate broadleaved forest tree species.

CONCLUSION

In this study, ISSR markers were used to explore
genetic diversity and differentiation among A. plat-
anoides populations on the eastern margin of the
species range of distribution. We revealed relatively
large differences in heterozygosity and number
of alleles between two groups of stands which are
situated on the western macroslope of the South-
ern Urals and Bashkir Cis-Urals plains. In the
second group, representing strongly fragmented
geographically isolated small maple stands, lower
heterozygosity and allelic diversity of most popula-
tions were found. Local groups of populations that
are confined to the northern, middle and south-
ern parts of the Urals were identified. The patterns
of the revealed population spatial structures are
probably caused by the multiplicity of refugia in the
Southern Urals and neighbouring geomorphologi-
cal formations and the complexity of the migration
routes of A. platanoides from glacial shelters. Data
on SNPs allowed us to find out in Q. robur another
associate species of broadleaved forests, relatively
similar levels of population genetic diversity in the
same area and an absence of the local spatial struc-
ture of genetic pools. All these patterns indicate
that the fragmentation of the broadleaved forests
of this vast Bashkir Cis-Urals into geographically
isolated habitats has not yet led to noticeable ge-
netic consequences.

The presented research results may be useful for
developing strategies for the conservation and use
of A. platanoides genetic resources in the Southern
Urals. We can already offer some solutions to this
problem. The genetic uniqueness of the central
mountainous population and its relatively high ge-
netic diversity may be used for long-term gene pool
conservation purposes and reforestation atlocal for-
est enterprises. Distinctly different ecological con-
ditions of the western macroslope of the Southern
Urals and Bashkir Cis-Urals require a careful ap-
proach to the use of seed material from mountain
populations for reforestation in the plain part of the
studied area. The enrichment of the relatively low
genetic diversity of Cis-Urals populations of the

species can be achieved using an admixture of gene
pools of local populations.
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