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Abstract: Biodiversity is the basis for the maintenance and functioning of ecosystems. Genetic
diversity is at the heart of biodiversity, and therefore an understanding of the current state of plant
genetic diversity can contribute to the future provision of sustainable ecological values and services by
ecosystems. This study was conducted in the Irtysh River basin (five tributaries) with the dominant
species of river valley forests, Betula pendula. Sampling points were set up at approximately 10 km
intervals within each tributary using a random sampling method for genetic diversity studies based
on chloroplast microsatellite molecular markers. The results indicated that (1) nine alleles were
identified in 198 samples. The genetic diversity of Betula pendula was relatively rich in all tributaries
(I = 0.216~0.546); genetic diversity was significantly higher in the downstream area of the basin than
in the midstream and upstream areas of the basin. Genetic differentiation was at a low level in the
tributaries except for the Berezek River, where genetic differentiation was high. (2) Genetic variation
was mainly derived from within populations, accounting for 62% of the total genetic variation. The
genetic distance was significantly positively correlated with the geographical distance (p < 0.05). The
Betula pendula population structure was divided into two major groups. (3) Twelve haplotypes were
identified in the basin. The dominant haplotypes in the upper tributaries were H2 and H4, while in
the lower tributaries these were H1 and H3. Therefore, this paper suggests the future establishment of
a germplasm resource bank for populations of the Berezek River, and the implementation of priority
conservation measures for the downstream populations with higher genetic diversity, so as to realize
the sustainable ecological value of the valley forests of the Betula pendula.

Keywords: genetic diversity; Betula pendula; conservation; chloroplast microsatellite; river;
genetic structure

1. Introduction

Biological diversity (biodiversity) provides great service value and economic value
for human beings, and is the material source on which human beings rely for survival.
The research and conservation of biodiversity is considered a key environmental issue in
the 21st century and has attracted extensive attention worldwide. Genetic diversity can
reflect the extent of the potential of biological evolution and is the core of biodiversity. Plant
genetic resources should be the focus of biodiversity conservation in the future [1].

The conservation of forest genetic diversity is the cornerstone of sustainable forest
management [2]. As early as 1990, the Ministerial Conference on the Protection of Forests
in Europe (MCPFE) discussed the importance of forest genetic resource conservation. In
today’s world, with the rapid development of the social economy and global climate
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change, the conservation and sustainable use of forests are major challenges for forest
management [3]. Forest genetic diversity and genetic resources become more important in
forest protection. In Europe, it is estimated that 90% of riparian forests have been destroyed
by human activities [4], and there has been growing interest in the protection and restoration
of riparian ecosystems [5]. River engineering, such as river diversion, dam construction,
and flood discharge timing, has significantly influenced the survival and species diversity
of river basins globally [6]. Rivers are unique ecosystems that produce unique spatial
patterns of biodiversity [7]; the genetic diversity of river plants plays an important role
in the sustainable development of riparian ecosystems. Identifying priority conservation
populations with high genetic variation is crucial for forest genetic conservation [3].

The Irtysh River is an international river flowing to the Arctic Ocean, originating on
the southwestern slopes of the Altai Mountains in China. It spans 633 km, covers an area of
57,000 km2 in China, and is composed of several major tributaries, including the Kayertes
River, Crane River, Burgin River, Haba River, and Berezek River. Owing to its unique
geographical location and climatic conditions, the plant species found in this region belong
to the European–Siberian Taiga boreal forest. During the period of May and June each year,
due to the snowmelt in the mountains, the river runoff in the basin increases, resulting in
river overflow and floodplain floods that last for nearly a month [8]. On the banks of its
tributaries and in the lowlands there are large areas of forests called “river valley forests”.
The Irtysh River valley forest is composed of poplar, willow and birch, and other important
tree species, mainly distributed in the world’s four major Poplar groups and a large area of
a natural Betula pendula forest.

Betula pendula (B. pendula) is the primary and most prevalent species in the river valley
forests of the tributaries of the Irtysh River basin [9]. It is classified under the genus Betula
in the family Betulaceae and is characterized as a monoecious tree species with wind
pollination and cross pollination. This species is light-loving and thrives in acidic soils,
and its distribution is extensive, covering regions such as Mongolia and Siberia in Russia,
the Balkans, the Mediterranean, northern Xinjiang, and the Altai Mountains in China.
This species exhibits a rapid growth rate and strong environmental adaptability, and it is
an excellent pioneer species in vegetation succession and forest reconstruction after fire.
B. pendula possess an exceptional amount of pollen, surpassing that of other European tree
varieties [10]. The seeds bear membranous wings and hard shells that can spread over
long distances [11,12]. B. pendula is considered to be the pioneer anemochorous species [13].
It has a very strong ability to spread its seeds on the wind. As a dominant tree species
in river valley forests and an important forest resource for maintaining the stability of
ecological species and developing forest economies in the forested areas of the Irtysh River
basin, B. pendula plays a key role in the continuous provision of ecological service value
in river valley forests. The assessment of genetic diversity within and among populations
is necessary for the development of genetic conservation measures [14]. However, there
are no studies on the genetic resources of B. pendula in the Irtysh River basin. Therefore,
it is important to study the genetic diversity of B. pendula in the river valley forest of the
tributaries of the Irtysh River basin, explore its genetic resources, and provide a theoretical
basis for the development of policies for the protection of valley forests.

River valley forests are a specialized type of river landscape that grows in the flood-
plain of rivers, including a portion of the low tidal flats that can be inundated during
periodic flooding [15]. The regeneration, reproduction, community composition, and
species richness of river valley forests are closely related to river hydrologic processes [16].
In recent decades, climate change, the construction of water projects, and other anthro-
pogenic disturbances have resulted in the degradation of the river valley forest in the
basin [17]. Therefore, it is of paramount importance to strengthen the conservation of
genetic diversity in the Irtysh River basin. In particular, research on the genetic diversity
and genetic resources of dominant species is a cornerstone of the development of scientific
conservation measures.
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The level of plant genetic diversity not only responds to the potential for adaptive
evolution, but also plays an important role in the response to environmental change [18]. A
high level of genetic diversity protects against the detrimental effects of inbreeding, and also
enhances the adaptive evolutionary potential and phenotypic plasticity of species [19,20].
For plants growing near rivers, genetic diversity can be affected by environmental fac-
tors from the river. Some researchers proposed that the transportation of plant propaga-
tors via flooding can increase gene flow from upstream to downstream regions [21,22].
Blanchet et al. [23] also pointed out that intraspecies genetic diversity has a downstream
increase, and this phenomenon is ubiquitous in all taxa (from plants to invertebrates) and
river systems. Thus, rivers play an important role in regulating biodiversity in watershed
ecosystems, affecting population genetic differentiation and genetic structure [24,25]. The
current status of the genetic diversity of B. pendula, as a plant growing on riverbanks, and
how it changes in the riverine zone are important for the conservation of genetic resources
of riverine forests and the promotion of the sustainable development of biodiversity.

River valley forests in the Irtysh River basin are an important local forest resource,
playing an important role in maintaining the stability of the ecosystem and providing
people’s living needs. In the face of the current degradation situation, there is a need
to strengthen the sustainable use and management of genetic resources. Therefore, we
studied the genetic diversity of the dominant species, B. pendula, of the valley forests
in the tributaries of the Irtysh River basin based on chloroplast microsatellite molecular
markers. The main objectives of this study were as follows: (1) to analyze the level of
genetic diversity and the current status of genetic differentiation; (2) to investigate the
geographical distribution characteristics of the genetic resources of B. pendula in the Irtysh
River basin in combination with the genealogical differentiation; (3) to clarify the priority
groups for conservation and the location of high-quality genetic resources of B. pendula;
(4) to provide a scientific basis for conservation measures and the sustainable development
of river valley forests in this basin.

2. Materials and Methods
2.1. Study Area and Sampling Method

The experimental materials utilized in this study were sourced from the Irtysh River
Basin (85◦31′–91◦04′ E and 46◦50′–49◦10′ N). The elevation of the basin gradually decreases
from southeast to northwest, with an elevation from 4000 m to about 200 m, with an
average elevation of 1790 m, and five tributaries from west to east: Berezek River, Haba
River, Burgin River, Crane River, and Kayertes River. The water flow of each tributary is
oriented from north to south and eventually merges into the main stream of the Irtysh
River; it belongs to the mid-temperate continental climate, and the basin enjoys prevailing
westerly winds.

The findings of a field survey conducted between June and October of 2022 and 2023
revealed that B. pendula was only present in the tributaries (Kayertes River, Crane River,
Burgin River, Haba River, and Berezek River), with almost no presence in the mainstream
region (Figure 1).

The Kayertes River is situated in the easternmost headwater tributary of the basin,
with a length of 100 km and a very high concentration of B. pendula. The Crane River, which
is a significant tributary of the Irtysh River, spans 265 km and passes through the national
“Irtysh River Basin Birch Forest Park” in Altai City, China. The Burgin River is the largest
tributary of the Irtysh River, stretching 269.6 km, and its river valley forest, dominated
by B. pendula, exhibits a high timber stock. Compared to other tributaries, B. pendula does
not only form pure forests but is also present in mixed conifer and broadleaf forests in
this tributary. The Haba River, the second largest tributary of the Burgin River, is home to
“the first birch forest in China”, which is the largest natural birch forest belt in Northwest
China [26], where the greatest number of B. pendula can be found. The Berezek River,
originating from the southeast slope of the Azutao Mountain in Kazakhstan, is a tributary
of the lower reaches of the Irtysh River. It measures 155 km in length, with approximately
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80 km of its course running through China; the water flow is slow, and alternating oases
and dunes can be found along both banks. The population of B. pendula in this tributary is
smaller and less abundant.
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Table 1. Material information table of B. pendula.

River Population Sample Longitude (◦E) Latitude (◦N)

Kayertes River
F1 2 89◦27′ 46◦59′

F2 5 89◦40′ 47◦19′

F3 5 89◦40′ 47◦8′

Crane River

K1 5 88◦8′ 47◦46′

K2 5 88◦7′ 47◦52′

K3 5 88◦13′ 47◦58′

K4 5 88◦6′ 47◦56′

Burgin River

B1 5 87◦3′ 47◦45′

B2 5 87◦6′ 47◦47′

B3 5 87◦8′ 47◦49′

B4 5 87◦10′ 47◦50′

B5 4 86◦58′ 47◦44′

B6 5 86◦53′ 47◦43′

B7 4 87◦1′ 48◦40′

B8 5 87◦25′ 48◦33′

Haba River

Ha1 17 86◦22′ 48◦7′

Ha2 14 86◦23′ 48◦8′

Ha3 17 86◦21′ 48◦6′

Ha4 17 86◦19′ 48◦3′

Ha5 14 86◦17′ 48◦1′

Ha6 16 86◦16′ 47◦58′

Ha7 16 86◦11′ 47◦53′

Ha8 5 86◦37′ 48◦27′

Berezek River
Be1 6 85◦55′ 48◦18′

Be2 6 85◦49′ 48◦9′

Note: The first column of the table is the name of the five tributaries of the Irtysh River. The second column
shows the population names selected in each tributary; the third column is the number of samples selected for
each population.
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In this study, sample points were randomly selected and set up at intervals of about
10 km according to the distribution characteristics of B. pendula in each tributary. Within
each sample point, sampling plants were also randomly selected. To prevent the influence
of clonal sampling, a minimum of 30 m was left between sampled plants within each
population. The specific sampling information is presented in Table 1.

2.2. DNA Extraction and Microsatellite Analysis

Because of the presence of a significant number of secondary metabolites in birch
plants, which could affect the quality of DNA extraction, the cetyltrimethylammonium
bromide (CTAB) method modified by Zeng et al. [27,28] was adopted to extract DNA from
the plant leaf tissues. This method is characterized by its simplicity, cost-effectiveness, and
reliability, making it well suited for extracting DNA from a variety of plants with high
polysaccharide content.

Chloroplast genomes are characterized by haploidy and maternal inheritance [29],
and are more susceptible to random events affecting genes. Because they are maternally
inherited, their transmission is limited to seed transmission [30]. Genetic variation analysis
of chloroplast genomes typically exhibits a clear phylogeographic structure, making them
well suited for phylogeographic analysis [31].

Our research focused on the genetic diversity of B. pendula by specifically analyzing
chloroplast microsatellites. To accomplish this, we employed six chloroplast microsatellite
primers designed by Thomson et al. [32] for the study of Betula (Table 2).

Table 2. Chloroplast microsatellite primers.

Code Primer Repeat Type Primer Sequence (5′~3′)

P1 ccmp4 * (T)11 5′-AATGCTGAATCGAYGACCTA-3′
5′-CCAAAATATTBGGAGGACTCT-3′

P2 ccmp5 * (T)14 5′-TGTTCCAATATCTTCTTGTCATTT-3′
5′-AGGTTCCATCGGAACAATTAT-3′

P3 ccmp7 * (A)7 5′-CAACATATACCACTGTCAAG-3′
5′-ACATCATTATTGTATACTCTTTC-3′

P4 BCMS1 † (T)10 5′-GCTCTTTTCGTTAGCGGTTT-3′
5′-ATTTGAAGCGGGGATACCTT-3′

P5 BCMS2 ‡ (T)11 5′-CCGCTTCAAATTTTAATGAT-3′
5′-GATGACTTGGGTTTATGTCAA-3′

P6 BCMS3 † (A)8 5′-CGGGCAAAACCAACAAAAT-3′
5′-GGGTTCGAATCCCTCTCTCT-3′

Note: * Thermal cycling conditions consisted of initial denaturation at 94 ◦C for 4 min, 35 cycles of 94 ◦C for
1 min, 45 ◦C for 1 min, 65 ◦C for 1 min and a final extension of 65 ◦C for 10 min. † Initial denaturation of 94 ◦C for
4 min, 35 cycles of 94 ◦C for 45 s, 55 ◦C for 45 s, 72 ◦C for 45 s, and a final extension of 72 ◦C for 1 min. ‡ Initial
denaturation of 94 ◦C for 4 min, 35 cycles of 94 ◦C for 45 s, 55 ◦C for 45 s, 72 ◦C for 45 s, and a final extension of
72 ◦C for 1 min.

Screening of six pairs of microsatellite primers by capillary amplification electrophore-
sis showed that only four pairs of primers (P1, P2, P4, and P5) worked well (Figure 2).
Admittedly, the number of primers available for this study was limited. The four primers
were used for chloroplast microsatellite detection in B. pendula.
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represented six primers, and four primers, P1 (ccmp4), P2 (ccmp5), P4 (BCMS1), and P5 (BCMS2),
with better amplification results were selected for subsequent tests.
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The PCR amplification system mixture was 20 µL, including 7.4 µL of ddH2O,
10 µL of PCR mix, 0.3 µL of forward primers, 0.3 µL of reverse primers, and 2 µL of
DNA template. After obtaining the PCR products, formamide was mixed with the molecu-
lar weight internal standard (ROX-500) at a volume ratio of 100:1, and 15 µL of the mixture
was added to the upper sample, along with 1 µL of 10-fold-diluted PCR product. Capillary
electrophoresis was then performed on a 3730XL sequencer (Applied Biosystems, Carlsbad,
CA, United States). The original data collected by the sequencer were subjected to fragment
(plant) analysis using Genemarker 2.2. Subsequently, the position of the internal standard
of molecular weight in each lane was compared with the position of the peak of each
sample, and we obtained the fragment size data.

2.3. Genetic Diversity Analysis

The degree of genetic diversity can serve as a marker of the evolutionary progress of
species and the distinctions between and within populations. In this study, chloroplast
microsatellite amplified product base pairs (bps) were utilized to assess the genetic diversity
of B. pendula. The genetic diversity, allele number (Na), effective allele number (Ne),
Shannon diversity index (I), and genetic differentiation coefficient (Fst) were calculated
using GenAlex v6.51b2 [33], which is compatible with Microsoft Excel 2019. Using genetic
correlation analysis, the calculation of polymorphism information content (PIC) and gene
flow (Nm) was accomplished using Powermarker v3.25 [34]. Shannon diversity index
(I) of different reaches (upstream, midstream, and downstream) of the Irtysh River basin
was analyzed using SPSS v.26 for one-way method analysis and using Least Significant
Difference (LSD) method for significance-level tests (α = 0.05). Consequently, the genetic
diversity of B. pendula was assessed.

2.4. Genetic Structure Analysis

Population genetic structure can be utilized to depict the spatial and temporal distribu-
tion of genetic variation, as well as to assess the degree of genetic variation present within
a population. Therefore, to determine the main source of genetic diversity in B. pendula,
molecular variance analysis was performed using GenAlex v6.51b2 [33]. First, the genetic
distance matrix (GD) for individuals, populations, and rivers was generated using GenAlex
v6.51b2, and a corresponding geographical distance matrix (GGD) was calculated based
on the longitude and latitude. Subsequently, the Mantel Test was employed to detect the
correlation between genetic and geographical distances, and the Permutations were set to
99 times. The p value obtained was applied to determine the significance of the correlation.
Additionally, principal component analysis (PCA) was performed on 25 populations using
Origin2024 [35], while phylogenetic trees were constructed for B. pendula using the UP-
GAM method based on genetic distance in PowerMarker v3.25 [34] to elucidate the genetic
clustering of the species.

STRUCTURE v2.3.4 software was adopted to classify the group structure by deter-
mining the optimal cluster value K [36]. This software employs the maximum likelihood
algorithm. It facilitates the examination of the genetic component mixture of all individu-
als within a population by analyzing the population genetic structure. First, the original
microsatellite data were converted into an import file format compatible with STRUC-
TURE software v2.3.4 using DataFormater v2.7 software, which is a format conversion
software for SSR molecular marker data developed by Fan et al. [37]. Subsequently, the
data file was imported into STRUCTURE software, wherein the parameters “Length of
burnin period” and “Number of MCMC Reps” were set to 50,000, and the remaining
parameters were set to their default values. Twenty iterations were conducted for each K
value (K = 1–10), and the resulting data were analyzed using Structure Harvester software
(http://taylor0.biology.ucla.edu/structureHarvester/ (accessed on 12 October 2023)) [38]
to determine the optimal K value and thus determine the genetic structure and population
genetic mixing of B. pendula populations.

http://taylor0.biology.ucla.edu/structureHarvester/
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2.5. Haplotype Analysis

Haplotypes were analyzed to investigate lineage evolution and geographical dis-
tribution characteristics during the historical development of B. pendula. In this study,
haplotypes were defined as a singular combination of variants of chloroplast microsatellite
alleles, and haplotype types and frequencies were examined using PowerMarker v3.25 [34].
The number and frequency of haplotypes for each population were determined, and a
haplotype bar accumulation map was generated using Origin software. Haplotype network
diagrams were based on the relationship between quantitative differences in haplotype
allelic variation [39]. In ArcGIS 10.8, haplotype types and frequencies for each population
were located and interpolated, and a haplotype distribution map was created to visual-
ize the haplotype distribution of each population. This analysis aimed to examine the
haplotype differences and distribution rules of each tributary in the Irtysh River basin.

3. Results
3.1. Chloroplast Microsatellite Locus Genetic Diversity

The amplification results of microsatellite primers all had obvious bands, and nine
alleles were studied in 198 samples from 25 B. pendula populations using four chloroplast
microsatellite primers. Specifically, two, three, three, and one allele was detected using
ccmp4, ccmp5, BCMS1, and BCMS2, respectively. Shannon diversity index (I) ranged from
0 to 0.735, whereas the effective allele number (Ne) ranged from 1 to 2.025 (Table 3), and
the polymorphism information content (PIC) ranged from 0 to 0.4253. Overall, BCMS1 was
the most effective primer for detecting B. pendula.

Table 3. Genetic variation in chloroplast microsatellite markers.

Parameters of Polymorphism
Primer

ccmp4 ccmp5 BCMS1 BCMS2

allele number (Na) 2 3 3 1
allele loci 114; 115 99; 100; 101 167; 168; 169 160

effective number of alleles (Ne) 1.209 1.340 2.025 1.000
Shannon diversity index (I) 0.186 0.305 0.735 0.000
polymorphism information

content (PIC) 0.3646 0.2200 0.4253 0

3.2. Genetic Diversity and Genetic Differentiation of B. pendula

The Shannon diversity index (I) ranged from 0.216 to 0.546 and exhibited an average
value of 0.371 (Table 4). The Berezek River in the lower tributaries of the basin displayed
the highest Shannon diversity index (I), followed by the Burgin River, whereas the Kayertes
River in the upper tributaries exhibited the lowest diversity. The genetic diversity in the
upper, middle, and lower reaches of the Irtysh River basin was compared according to the
Shannon diversity I and a one-way ANOVA was conducted, which showed (Figure 3) that
the lower reaches of the basin had a higher diversity, and there was a significant difference
between it and the middle and upper reaches. It can be seen that the genetic diversity was
higher in the lower reaches, both within the basin and among the tributaries.

Table 4. Genetic diversity of B. pendula in each tributary.

Tributary N Na Ne I Fst Nm

Kayertes River 12 1.50 1.268 0.216 0.028 8.778
Crane River 20 1.50 1.325 0.276 0.038 6.279
Burgin River 38 2.00 1.570 0.454 0.018 13.519
Haba River 116 2.25 1.324 0.362 0.055 4.255

Berezek River 12 2.00 1.716 0.546 0.308 0.563
Irtysh River basin 198 1.85 1.440 0.371 0.315 0.544

Note: N is the number of sample individuals, Na is the number of alleles, Ne is the number of effective alleles, I is
the Shannon diversity index, Fst is the genetic differentiation index, and Nm is the gene flow index.
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The genetic differentiation coefficient (Fst) varied between 0.308 and 0.018, with an
average of 0.315 (Table 4). According to the findings of Buso et al., a genetic differentiation
coefficient ranging from 0 to 0.05 is considered to indicate little differentiation, between
0.05 and 0.15 to indicate medium differentiation, between 0.15 and 0.25 to indicate large
differentiation, and above 0.25 to indicate very large genetic differentiation [40]. Among
the tributaries studied, only the most downstream tributary, the Berezek River, displayed
a high level of genetic differentiation, while the other tributaries exhibited low levels of
differentiation. Consequently, the overall genetic differentiation of B. pendula in the Irtysh
River Basin is low. Analysis of genetic differentiations among tributaries showed (Table 5)
that genetic differentiation among tributaries was moderate to high, with the exception
of three tributaries, the Kayertes River, the Crane River, and the Burgin River, which
showed relatively small genetic differentiation between them. The Haba River is the closest
tributary to the Berezek River, and the genetic differentiation between the two tributaries
was at a low-to-medium level (Fst = 0.052). The genetic differentiation between the Berezek
River and other distant tributaries was relatively high.

Table 5. Genetic differentiation of B. pendula between tributaries.

Kayertes Crane Burgin Haba Berezek

Kayertes 0.106 0.080 0.001 0.001
Crane 0.028 0.005 0.001 0.001
Burgin 0.034 0.048 0.001 0.001
Haba 0.385 0.276 0.286 0.021

Berezek 0.225 0.159 0.138 0.052
Note: Fst values below the diagonal. Probability, p (rand ≥ data), is shown above the diagonal.

The gene flow (Nm) ranged from 0.563 to 13.519, and the gene flow was relatively
high in each tributary, with the highest value observed in the Burgin River and the lowest
in the Berezek River.

3.3. Genetic Structure of B. pendula

Molecular variance analysis indicated that the primary source of genetic variance
was within the population, accounting for 69% of the total variance, while the remaining
31% of the variance was among populations (Table 6). The Mantel Test showed that
individual genetic distance and geographic distance were significantly positively correlated
for B. pendula (p < 0.05, R2 = 0.037), and at the population level, genetic distance and
geographic distance were also significantly positively correlated (p < 0.05, R2 = 0.043)
(Figure 4).
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Table 6. Genetic molecular variance analysis of B. pendula in the Irtysh River basin.

Source of Variance Variance Percentages of Variance (%)

Among Pops 0.201 31
Within Pops 0.437 69

Total 0.638 100
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Figure 4. Mantel Test correlation analysis was performed on 198 sample individuals from 25 pop-
ulations in five tributaries. (a) Correlation analysis of genetic and geographic distances between
individuals; (b) correlation analysis of genetic and geographic distances between populations. GD:
genetic distance (genetic distance matrix generated in GenAlex software based on chloroplast mi-
crosatellite detection data), GGD: geographic distance (geographic distance matrix generated in
GenAlex software based on latitude and longitude coordinates).

The principal component analysis (PCA) indicated that all populations were grouped
into two distinct clusters (Figure 5a). On the left of the figure is the population of the
Haba River tributary marked in green, and most of the individuals of population Be1 of
the Berezek River are mixed in; on the right of the figure is the population of the Burgin
River and other tributaries, with a high degree of mixing. The UPGAM method identified
two primary classes and two groups (Figure 5b). STRUCTURE analysis demonstrated that
the optimal cluster value was K = 2 (Figure 6), suggesting that the Irtysh River basin was
divided into two major genetic groups: those branches located above the Burgin River
(including the Burgin River) and branches situated below the Haba River (encompassing
the Haba River).
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Figure 5. PCA analysis and establishment of UPGAM evolutionary trees based on genetic distance
for the B. pendula. (a) is the result of the principal component analysis of B. pendula. Populations from
different tributaries are distinguished by different colors of fonts and symbols. The Kayertes River is
shown using black fonts and short lines, the Crane River is orange and triangular, the Burgin River is
blue and round, the Haba River is green and rectangular, and the Berezek River is red and rhombus.
(b) Phylogenetic tree based on Nei’s genetic distance.
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Figure 6. Population STRUCTURE analysis of B. pendula. (a) is the relationship between cluster value
K and DeltaK, K ranges from 1 to 10, and the first mutation point on the broken line, that is to say, the
best cluster value, is K = 2; (b) is the bar graph of the cluster structure (K = 2) of the 25 populations,
with two different colors (red and green) representing different genetic groups, and the horizontal
axis is the 25 populations (1–3 are the populations from the Kayertes River, 4–7 are those from the
Crane River, 8–15 are those from the Burgin River, 16–23 are those from the Haba River, 24 and 25 are
populations of the Berezek River.

3.4. Geographical Distribution of Chloroplast Haplotype

In total, nine alleles were identified across 198 samples, which were grouped into
12 distinct haplotypes. The detailed composition of haplotypes is shown in Appendix A,
Table A1. The number of haplotypes varied among the populations, with population Be2
displaying the highest diversity and possessing eight different haplotypes. Based on the
haplotype frequency results for each population (Figure 7), haplotypes H2 and H4 were
the most prevalent in the Kayertes River, Carne River, and Burgin River populations of
B. pendula, whereas haplotypes H1 and H3 were most commonly observed in the Haba
River. In contrast to other tributaries, the Berezek River had rich haplotype types and
displayed a notably consistent composition. Of the 25 populations, only Ha1 from the Haba
River and Be1 from the Berezek River had unique haplotypes, with two unique haplotypes,
H10 and H11 for Ha1, and H12 for Be1 (Appendix A, Table A2).
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The findings from the haplotype geographical distribution (Figure 8) revealed that the
haplotype of B. pendula exhibited a continuous distribution pattern in the upstream and
downstream regions of the Irtysh River basin. Additionally, the haplotypes in each tributary
showed a low–high trend from upstream to downstream. Interestingly, although each
tributary had a dominant haplotype, there was a shared haplotype among the tributaries.
In this study, haplotype H1 had the highest frequency and widest distribution (Figure 7). A
haplotype network web diagram (Figure 9) was drawn based on the relationship of allelic
variation among haplotypes. The original haplotype of B. pendula was H1.
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4. Discussion
4.1. Characteristics of High Genetic Diversity and Low Genetic Differentiation Were Observed in
B. pendula of Irtysh River Basin

B. pendula is a leading broadleaf species in cold temperate zones. There is abundant ge-
netic diversity, low genetic differentiation, and a low level of genetic structure in B. pendula
populations [41–44]. Additionally, this study utilized chloroplast microsatellite analysis to
show that B. pendula has relatively rich genetic diversity, with low levels of genetic differ-
entiation, both at the tributary level and in the overall basin analysis. But, the degree of
differentiation within each tributary is different. It was discovered that the gene flow (Nm)
was remarkably high in both tributaries and the entire basin. Gene flow can facilitate gene
exchange between different populations; when gene exchange occurred more frequently
between populations, genetic diversity was less likely to decrease [45,46]. Based on these
findings, we concluded that the extensive gene flow among the B. pendula populations in
each tributary is an important cause of genetic diversity in the Irtysh River basin.

The size and direction of gene flow is strongly linked to how far the plant propagules
spread. Notably, the reproductive system of the plant is the most crucial determinant
of genetic diversity [47,48]. There are large and small years in the seed production of
Betula pendula; seed production typically peaks every 2–3 years [49]. The seeds of B. pendula
are small in size and light in mass, characterized by the long-distance and extensive dis-
semination of small seeds [43]. B. pendula seeds generally begin to spread in midsummer,
when westerly winds are prevalent in the basin. The seeds of B. pendula are light and
have membranous wings, which facilitate the long-distance transmission of seeds through
wind between tributaries; this dissemination facilitates the possibility of genetic exchange
between the west-to-east tributaries of the Irtysh River basin (the Berezek, Haba, Burgin,
Crane, and Kayertes Rivers, in that order). Based on variations in the level of genetic
differentiation and diversity among tributaries, this study suggested that B. pendula could
conduct long-distance gene communication between tributaries by wind-borne seed dis-
persal. However, due to environmental factors such as limited seed dispersal distances
and riverine barriers, exchange is not very extensive and there is some variation in the
degree of genetic differentiation. Inside the tributaries, flooding occurs in May–June of
each year, and since the formation of B. pendula river valley forests is closely related to the
river, propagules settle and grow on the banks of the river and where floodwaters can reach
them to form this particular vegetation. Betula seeds have high floatability and can float on
water for 9–10 days, during which time some seeds can swim distances of 180–600 km [50],
and generally have a higher submergence rate than wind flow rate, so inside each tributary
the river also transports the seeds (lightweight, with thin film wings, and buoyant), which
increases the chances of genetic exchange between populations. In conclusion, the present
paper concludes that the mode of propagule dispersal has a significant impact on the
genetic diversity of B. pendula.

In the Berezek River, the gene flow (Nm) was less than one, indicating minimal genetic
exchange among populations in its tributaries. This level of genetic differentiation was
remarkably higher than that in other tributaries. However, the genetic diversity in the
Berezek River was notably higher than that in other upstream tributaries. The Berezek River
is situated in the lower tributaries of the river basin with minimal drainage connections to
other upstream tributaries. During the field investigations, the distribution of B. pendula in
the Berezek River was very concentrated, with limited numbers and very small populations.
Consequently, this study concluded that the exceptionally high genetic differentiation
observed in the Berezek River population was attributed to local genetic drift resulting
from the small population size, and thus requiring priority conservation.

4.2. Low Genetic Structure Level in B. pendula Population

The genetic structure of a species reflects the spatial distribution, and the study of the
genetic structure can understand the degree of population evolution and the genetic links
between populations [51]. In this study, we found that the genetic structure of B. pendula
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in the Irtysh River basin was relatively simple and was mainly divided into two major
groups with obvious geographical boundaries, with the Burgin River and the Haba River
as the boundaries; one group was dominated by the upstream tributaries (populations of
the Kayertes, Crane, and Burgin Rivers) and the other was represented by downstream
tributaries (the Haba and Berezek Rivers); and it could be seen that the genetic relationships
among the tributaries were much closer, which suggests that there may be some local
differentiation among the tributaries due to the geographical distance. This suggests that
there may be some local differentiation between tributaries due to geographic distance.
Analyzing the Mantel Test for genetic and geographic distances, this study concluded that
the correlation between genetic and geographic distances of B. pendula was very weak,
which was mainly due to the wide dispersal of seeds with wind and water.

The genetic structure of organisms can be affected by several factors, including natural
selection, gene mutations, genetic drift, and migration. It is also closely related to the re-
productive system and geographical distribution of species [51,52]. However, these factors
cannot be separated from the specific biological characteristics and historical background
of the plants [53]. The “distance isolation model” indicates that as geographical distance in-
creases, genetic isolation between populations or individuals also increases [54]. However,
the correlation between genetic and geographic distances in our study was not very strong.
So, the low-level genetic structure of the B. pendula in the Irtysh River basin could not be
separated from its geographic distribution in the basin (the formation of B. pendula river
valley forests is importantly related to the flow of water), as well as the influence of the
spread of propagules.

Both the mode and extent of dispersal of plant propagules affect genetic structure.
Plants can rely on the dispersal of propagules, which in turn expands their distribution and
discovers new habitats, and gene flow can occur based on genetic structures [55]. The more
frequent the gene flow between populations caused by seed dispersal is, the more similar
plant populations will be to each other [45], and the closer the genetic distance between
populations is, the lower the level of the genetic structure of the species will be.

Long-distance gene flow can generally be realized with the help of seed dispersal.
The seed types and characteristics of B. pendula are well suited for long-distance wind
dispersal. In this study, the adjacent tributaries were genetically closer to each other and
were divided into one group in terms of genetic structure. Because neighboring tributaries
are closer to each other than other tributaries, they are more likely to exchange genes. The
more frequently genes are exchanged between tributaries, the more similar the genetic
composition is. Then, the genetic distance is closer, and ultimately the genetic structure is
more clustered.

4.3. The Distribution of B. pendula Haplotype Indicates the Existence of a Refugium in the Irtysh
River Basin during the Last Glacial Ice Age

Haplotypes play a crucial role in elucidating the lineage history of species, and many
current studies use haplotypes to speculate on possible refuges for species. In biological
terms, a refugium refers to the retreat of organisms from adverse environmental conditions
to a place with a relatively suitable climate [56]. The impact of the Quaternary glacial
period on the current distribution of plants was significant. This period, which occurred
approximately three million years ago, was marked by drought and a cold climate, which
had a considerable effect on the distribution and differentiation of plants [57]. In their
review of genealogical geography studies in Northwest China, Meng et al. [58] suggested
the presence of a plant refugium in the Altai–Tianshan Mountains. Studies on plant
phylogeography in Northwest China have supported the aforementioned findings [59], and
additional studies have indicated that there was a refugium for birch in northern Xinjiang,
China, particularly in the Altai Mountains [60], during the ice age.

The spatial distribution of haplotypes within the Irtysh River basin exhibited conspic-
uous geographical disparities. Notably, from the downstream tributary, the Berezek River,
to the other upstream tributaries, the haplotype type gradually decreased. The haplotype
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types were different among tributaries, but there were shared haplotypes. In the lowest
tributary, the Berezek River, not only was the population small, but the most abundant
haplotype species present was also characterized by its original haplotype of B. pendula.
According to refugium theory, areas exhibiting high genetic diversity, ancient haplotypes,
and a greater number of haplotype types were considered to be potential refugia for this
species during the last glacial ice age [61]. Chen et al. [60] already found that the Altai
Mountains were ice-age refuges for Betula platyphylla, and as a birch tree of the same genus
as Betula platyphylla with a very close affinity, the present study suggests that the Berezek
River was most likely to be the ice-age refuge of B. pendula in the Irtysh River basin. The
refuge is an important germplasm repository for B. pendula. Of course, this analysis of the
results is subject to continued validation by genealogical geography, such as fossilized plant
pollen. This work will establish the basis for future studies on the adaptive evolution and
genetic differentiation routes of B. pendula, which will allow for more effective conservation
of B. pendula germplasm resources.

4.4. Protection Strategy of High-Quality Genetic Resources of B. pendula

The primary findings of this study indicated that the dominant species in the tributaries
of the Irtysh River basin possessed significant genetic diversity and served as a key group
species, playing a vital role in maintaining ecosystem stability and restoring degraded
river valley forests. However, this species has received relatively little attention in previous
studies [49,62].

Populations exhibiting greater genetic divergence have a higher capacity to adapt to
environmental variations. The populations of B. pendula situated within the Berezek River
can be characterized by their small size and susceptibility to gene drift and evolutionary
change. These populations represent priority conservation objectives, as they possess
significant evolutionary potential and may be utilized to establish germplasm banks, such
as those for Be2 populations, within the Berezek River.

It was anticipated that high levels of genetic diversity could enhance the capability
of a species to adapt to selection pressures. Furthermore, we propose reinforcing the
conservation of the natural forest population in the Burgin River, which exhibited rich
genetic diversity and the highest gene flow. This can effectively preserve the natural forest
population. Finally, genetic exchange between tributaries can be promoted through artificial
introductions. In particular, this would increase the genetic diversity of B. pendula and
prevent the occurrence of decline between the Berezek River and other tributaries.

5. Conclusions

In this study, we analyzed the genetic diversity of B. pendula in different tributaries of
the Irtysh River basin based on chloroplast microsatellite molecular markers. We clarified
that the downstream tributary, the Berezek River, was the tributary with the highest
genetic diversity of B. pendula in this basin. At the same time, the genetic diversity of
the downstream population was the highest in the whole Irtysh River basin. The genetic
structure of B. pendula in the basin was divided into two major groups with obvious
structural differences, bounded by the Haba River and Burgin River. Based on the above
conclusions, we also proposed some conservation measures for the forest resources of
B. pendula. We suggest that the downstream tributaries and populations with higher genetic
diversity should be taken as important objects of genetic resource protection, which will be
more conducive to the sustainable performance of the ecological function of the B. pendula
natural forests of the Irtysh River basin.
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Appendix A

Table A1. Each haplotype constitutes a detailed information table.

Haplotype
Allele Size Combination

ccmp4 ccmp5 BCMS1 BCMS2

H1 114 100 167 160
H2 115 100 168 160
H3 114 100 168 160
H4 115 100 167 160
H5 114 101 167 160
H6 115 100 169 160
H7 115 101 168 160
H8 115 101 167 160
H9 114 101 168 160
H10 114 99 167 160
H11 114 99 168 160
H12 115 101 169 160

Note: The first column of the table is the haplotype name, and the last four columns indicate the size of the allelic
fragments that make up each haplotype, such as haplotype H1, consisting of 114, 100, 167, and 160.



Sustainability 2024, 16, 3217 16 of 19

Table A2. Number of haplotype species in various groups of B. pendula.

Hap.
Population

Total Fre.
K1 K2 K3 C1 C2 C3 C4 B1 B2 B3 B4 B5 B6 B7 B8 Ha1 Ha2 Ha3 Ha4 Ha5 Ha6 Ha7 Ha8 Be1 Be2

H1 0 0 0 2 0 0 1 1 0 0 1 0 0 0 0 13 11 16 16 0 13 8 5 5 2 94 0.377
H2 2 5 5 3 6 4 4 2 3 3 4 3 4 3 5 0 1 0 0 3 3 6 0 0 1 70 0.174
H3 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 10 9 10 4 0 5 3 0 3 1 46 0.136
H4 2 5 4 3 6 4 4 1 0 1 2 1 2 4 5 0 0 0 0 1 2 0 0 0 0 47 0.116
H5 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 4 3 1 3 0 0 4 0 1 1 18 0.081
H6 0 0 0 0 0 0 0 1 3 2 2 2 2 0 0 0 1 0 0 2 1 4 0 0 1 21 0.048
H7 1 0 0 0 0 0 0 1 2 2 0 1 2 0 0 0 0 0 0 1 0 0 0 0 3 13 0.035
H8 1 0 0 0 0 0 0 0 2 2 0 0 2 0 0 0 0 0 0 0 0 0 0 0 2 9 0.023
H9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 2 0.0027

H10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0.0025
H11 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0.0025
H12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0.0025
No. 4 2 2 3 2 2 3 7 4 5 4 4 5 2 2 6 6 3 3 4 5 5 1 3 7

Note: Hap. means haplotypes; Fre. means frequency; No. means haplotype types in each population. Unique haplotypes are shown in red in the table.
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