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Abstract

Background and Aim. Malus sieversii (Ledeb.) M. Roem. is the primary wild progenitor of cultivated
apple and is listed in the Red Book of the Republic of Kazakhstan as well as classified as Vulnerable
by the IUCN. Conservation of its natural populations requires systematic monitoring and detailed
characterization of their distribution and genetic resources. This study aimed to assess the spatial
distribution, elevational patterns, and molecular identity of M. sieversii populations in the Zhongar-
Alatau and Tarbagatai State National Nature Parks.

Materials and Methods. A total of 156 trees were surveyed. Geographic coordinates and elevation
were recorded for each tree using GPS. The spatial structure of sampling points was analyzed using
pairwise geographic distance matrices and visualized in QGIS. Elevational differences among sampling
sites were evaluated using the Kruskal-Wallis test. Genomic DNA was extracted from leaf samples in
triplicate to establish a DNA sample bank. Species identification was confirmed by DNA barcoding
using the chloroplast markers trnH-psbA, matK, and rbcL.

Results. Geographic distance analysis revealed a hierarchical spatial structure of the sampled trees,
comprising three spatial scales — local, subregional, and regional — that separated the Tarbagatai trees
from those of Zhongar-Alatau. Elevational distribution differed significantly among sampling sites
(Kruskal-Wallis test: H = 74.10, p < 0.001). Trees in Zhongar-Alatau occurred at 1091-1461 m (1308
+ 104 m), whereas Tarbagatai trees occupied lower elevations (834—1119 m; 888 + 87 m). DNA was
successfully extracted from all 156 trees, and DNA barcoding of 11 representative samples confirmed
species identity with 98-100% sequence similarity. All sequences were deposited in GenBank.

Conclusion. The geographic and ecological distinctiveness of the Tarbagatai population, together
with the established DNA sample bank, provides a scientific basis for long-term monitoring and
conservation of M. sieversii genetic resources in protected areas of Kazakhstan.

Keywords: Malus sieversii; wild populations; spatial distribution; elevational analysis; biodiversity
monitoring; protected areas.

Introduction

Malus sieversii (Ledeb.) M. Roem. is a wild species of the genus Malus, which is the main ancestor
of modern cultivated apple trees (M. x domestica Borkh.). The Central Asian origin of this species was
first scientifically substantiated by N.I. Vavilov during expeditions in the 1920s and 1930s, when he
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identified the mountainous regions of Kazakhstan as one of the world's centers of origin of cultivated
plants [1, 2]. Academician A.D. Dzhangaliyev made an outstanding contribution to the study of this
species, devoting more than 50 years to the comprehensive ecological and biological study of apple
trees in Kazakhstan and the development of measures for their protection [3].

At the same time, over the past half century, the area of apple trees has decreased catastrophically:
according to various estimates, from 70 to 80% of natural plantings in the vicinity of Almaty have been
lost due to economic development of the territories [3]. The main threats to the species remain habitat
fragmentation and degradation as a result of grazing, logging and urbanization, introgression of genes from
cultivated varieties during cross-pollination, as well as damage to plantings by pests and diseases [4, 5].

Due to the unfavorable state of the population, M. sieversii is listed in the Red Book of the Republic of
Kazakhstan and is also recognized as a vulnerable species in the IUCN Red List [6]. The species is included in
the list of protected plants within state national natural parks in accordance with the Law of the Republic
of Kazakhstan “On Specially Protected Natural Areas” (2006). Despite the existing protection system, many
genetic reserves are experiencing degradation of stands, aging populations, and a decline in the proportion
of young individuals, which threatens the natural regeneration of the species [7].

Systematic monitoring of natural populations is essential for developing scientifically sound
conservation measures for M. sieversii. Spatial analysis of habitats allows us to identify patterns
in the species' distribution, assess the degree of population fragmentation, and identify territorial
units requiring priority attention [8]. Such data form the basis for planning environmental protection
measures, organizing monitoring and rational management of genetic resources of wild fruit plants.

The aim of this study is a comprehensive characterization of wild populations of M. sieversii in the
territory of the Zhongar-Alatau State National Park and the Tarbagatai State National Park, including
an analysis of the spatial and elevational distribution based on expedition data and geoinformation
analysis, as well as molecular genetic identification of samples using DNA barcoding and the formation
of a DNA sample bank for the long-term preservation of the genetic resources of the endangered
species.

Materials and Methods

Field research was conducted on the territory of the Zhongar-Alatau State National Nature Park
(SNNP) and the Tarbagatai State National Nature Park (Figure 1). Within the Zhongar-Alatau State
National Nature Park, sampling was carried out at three sites: the Alakol branch (Kokzharskoye forestry,
trees 1-49), the Lepsinsky branch (Chernovskoye forestry, trees 50-91), and the Sarkansky branch
(Topolevskoye forestry, trees 92—131). Additionally, trees 132—156 were collected on the territory of
the Tarbagatai State National Nature Park. A total of 156 M. sieversii trees were examined.

Trees were selected at each site using a route-based method: routes were planned jointly with
State National Nature Park staff, based on their knowledge of the locations of M. sieversii stands, and
followed existing tracks and access paths within each forestry district; within each district, all accessible
apple tree stands were surveyed on foot, and every tree encountered was recorded regardless of age
or condition. No minimum distance threshold was imposed between sampled trees; within compact
stands, neighbouring trees were recorded as little as 1-2 m apart. The surveyed stands within each site
were spatially discrete, separated from one another by 0.5-16.7 km and reached via existing tracks and
access routes; the survey therefore covered accessible apple tree stands identified along these routes
rather than the complete area of the national parks. The combined length of the walking transects
along which trees were recorded was approximately 3.0 km, distributed among 13 discrete stands
(up to four within each of the three Zhongar-Alatau forestry districts and four within the Tarbagatai
population), which together spanned approximately 213 ha (Kokzharskoye), 611 ha (Chernovskoye),
503 ha (Topolevskoye), and 2671 ha (Tarbagatai). Trees were identified as M. sieversii in the field with
the assistance of State National Nature Park staff, who accompanied the survey team and indicated
the locations of the species at each site. For each tree, the geographic coordinates (latitude, longitude)
and elevation above sea level were recorded using a GPS receiver.
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a, b — M. sieversii in the Zhongar-Alatau State National Park;
¢, d — M. sieversii in the Tarbagatai State National Park
Figure 1. Collection of M. sieversii samples from wild populations in natural parks

The geographic coordinates of the sampling points were used for spatial visualization in the QGIS
geographic information system (version 3.36), which made it possible to display the location of the
points relative to the relief and boundaries of the study areas.

To quantify the spatial distribution of samples, a matrix of pairwise geographic distances between
all sampling points was generated. Geodesic distances were calculated in Python using the GeoPy
library. Heatmaps were constructed using the resulting matrix using the seaborn library: an aggregated
matrix grouped by sites and a full matrix of distances between all points. To provide a generalized
characterization of the spatial structure, average pairwise distances (M + SD) between points in each
pair of sites were calculated.

To characterize the elevational distribution of M. sieversii, the minimum, maximum, mean, and
standard deviation (M * SD) of elevation above sea level were calculated for each site. The statistical
significance of differences in elevational ranges between sites was assessed using the nonparametric
Kruskal-Wallis test. For pairwise comparisons, the Mann-Whitney test with Bonferroni correction for
multiple comparisons was used (adjusted significance level a = 0.0083). Data processing was performed
using the Python libraries pandas, numpy, scipy, matplotlib, and seaborn.

DNA barcoding

DNA was extracted using the modified CTAB method (2% CTAB, 1.4 M NaCl, 0.2% 2-mercaptoethanol,
20 mM EDTA, 100 mM Tris—HCI, pH 8.0) [9]. The quality and quantity of extracted DNA were verified
using an ultraviolet spectrophotometer (NanoDrop1000; Thermo Scientific, Wilmington, NC, USA),
and each sample was diluted to 50 ng/uL in sterile distilled water. A PCR reaction mixture of 20 uL
comprised the following: 3 uL of template DNA (50 ng), 2 uL PCR buffer (10 x), 1 uL MgCl, (25 mM), 1.5
uL of both forward and reverse primers (10 pmol), 0.25 puL Dream Taqg polymerase, 1 uL dNTPs (10 mM)
and deionised distilled water. The primers were synthesised at the Laboratory for the Development of

55



EYPA3UAbIK ATPOTEXHUKAJIbIK XYPHAJ1/ EURASIAN AGROTECHNICAL JOURNAL
/ EBPASUIACKUIA ATPOTEXHUYECKUI XKYPHAN Ne 3 (131)/2026 ISSN 3135-243X,3135-2448

Molecular Diagnostic Approaches at the National Center for Biotechnology. The PCR cycling conditions
were as follows: 95 °C for 5 min for DNA denaturation; 35 cycles of 95 °C for 1 min, 52-58 °C for 1 min,
and 72 °C for 1 min; and 72 °C for 10 min. The amplified PCR products were electrophoresed on a 1%
agarose gel (1 x TBE buffer & 0.5 pg/mL ethidium bromide) to check for the presence or absence of
bands.

Purification of the PCR products was performed using shrimp alkaline phosphatase (SAP) and Exol
(Thermo Scientific) enzymes. The reaction mixture (20 uL) contained 1 x SAP buffer, 10 pL of PCR
product, 3 units of exonuclease Exol, and 1 unit of SAP and was incubated at 37 °C for 30 min, followed
by inactivation of the enzyme at 75 °C for 15 min. The initial incubation hydrolysed excess primers and
dephosphorylated the nucleotides, and the second incubation inactivated the enzymes, minimising
the loss of the PCR product so that further sequencing could be performed without further purification
using the columns. DNA sequencing was performed using an ABI Prism BigDye Terminator reagent kit
version 3.1 (Austin, TX, USA), followed by analysis of the reaction products on an automated sequencer
(Applied Biosystems 3730 DNA Analyser, Tokyo, Japan). The nucleotide sequences of the analysed
samples were retrieved and edited using SeqMan Il (version 6.1; DNASTAR Inc., Madison, WI, USA).

Results

Field surveys showed that M. sieversii occurred throughout the investigated areas of Zhongar-
Alatau and Tarbagatai State National Parks. The species was recorded both on slopes of varying
steepness and in relatively flat areas, indicating that the surveyed trees were not restricted to a single
topographic position. Nevertheless, their distribution within the study area was distinctly uneven.

Most of the recorded trees occurred either as isolated individuals or as small localized groups.
Large continuous stands were virtually absent from the surveyed sites. The spatial distribution of
the sampling points therefore had a fragmented and mosaic pattern. This pattern is also evident in
Figure 2, where the sampling points form several spatially separated clusters corresponding to the
investigated forestry districts.

Field observations further revealed differences in age structure among the four sites, assessed
gualitatively in the field (young, mature, old); a quantitative demographic survey (e.g., diameter or
height class distribution) was not conducted. Kokzharskoye contained both young and mature trees.
Chernovskoye was dominated by mature and old trees. Topolevskoye, part of a protected gene reserve
where livestock grazing is prohibited, contained the oldest trees recorded in the study, with apparently
low natural regeneration. Tarbagatai, where livestock grazing is unregulated, contained mature trees
alongside a comparatively large number of young individuals.

Scale 1:1000000

Figure 2. Spatial arrangement of sampling points on the territory of the Zhongar-Alatau State
National Park and the Tarbagatai State National Park
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The surveyed M. sieversii trees occupied a broad overall elevational range, extending from 834 to
1461 m above sea level. However, the elevation of the sampling points differed considerably between
the two national parks.

In Zhongar-Alatau State National Park, the examined trees were recorded at elevations ranging
from 1091 to 1461 m above sea level. The mean elevation was 1308 m, with a standard deviation of
104 m. Most sampling points in this national park were therefore located within the middle part of the
total elevational range recorded during the study.

The elevational characteristics also differed among the three surveyed forestry districts of Zhongar-
Alatau. In Kokzharskoye forestry, trees were recorded between 1266 and 1435 m above sea level,
representing the narrowest elevational interval among the Zhongar-Alatau sites. In Chernovskoye
forestry, the elevation ranged from 1209 to 1461 m, with the highest sampling point of the entire
study recorded at this site.

Topolevskoye forestry occupied the broadest elevational interval among the Zhongar-Alatau sites.
Trees were recorded from 1091 to 1457 m above sea level, giving a total elevational range of 366 m. This
site also showed the greatest variation in elevation, with a standard deviation of 130 m. The minimum
elevation recorded in Topolevskoye was 118 m lower than that in Chernovskoye and 175 m lower than
that in Kokzharskoye. At the same time, the maximum elevations of all three Zhongar-Alatau sites
were relatively similar and differed by no more than 26 m.

In Tarbagatai State National Park, the trees occurred at elevations of 834—1119 m above sea level.
The mean elevation was 888 m, with a standard deviation of 87 m. Tarbagatai therefore occupied the
lowest elevational position among all investigated sites. Its mean elevation was 420 m lower than the
mean recorded for Zhongar-Alatau State National Park.

The maximum elevation recorded in Tarbagatai exceeded the minimum elevation of the Zhongar-
Alatau dataset by only 28 m. Consequently, the elevational distributions of the two national parks
showed only limited overlap at the boundary between the highest Tarbagatai and lowest Zhongar-
Alatau sampling points. The difference was particularly pronounced when Tarbagatai was compared
with Kokzharskoye and Chernovskoye, whose minimum elevations were 1266 and 1209 m, respectively.

Overall, the surveyidentified two main elevational patterns: a predominantly higher-elevation group
represented by the three Zhongar-Alatau forestry districts and a lower-elevation group represented by
Tarbagatai. A detailed summary of the elevational characteristics of each site is provided in Table 1.

Table 1. Elevation characteristics of M. sieversii habitats in the surveyed areas

Plot Number of trees, | Elevation range, M £ 5D, m Median, m
pcs m
Kokzharskoye 49 1266-1435 1338 £ 65 1299
Chernovskoye 42 1209-1461 1331+ 88 1329
Topolevskoye 40 1091-1457 1246 £ 130 1222
Tarbagatai 25 834-1119 888 + 87 856
All trees 156 834-1461 1240 + 185 -

Because the elevation data did not meet the assumptions required for parametric comparison,
differences among the four sites were evaluated using the Kruskal-Wallis test. The analysis revealed
highly significant differences in elevation among the surveyed sites (H = 74.10, p < 0.001). This result
indicated that the sampling points from the four sites did not originate from identical elevational
distributions.

Subsequent pairwise comparisons with Bonferroni correction showed that Kokzharskoye and
Chernovskoye forestries did not differ significantly in elevation (U = 956, p = 0.566). This was the only
nonsignificant pairwise comparison. Their similarity was also reflected in their overlapping elevational
ranges of 1266—-1435 m and 1209-1461 m, respectively.

Allother pairwise comparisons revealed statistically significant differences (p <0.001). Topolevskoye
differed significantly from both Kokzharskoye and Chernovskoye, despite the overlap in their upper
elevational limits. This distinction was associated with the broader elevational range of Topolevskoye
and the occurrence of its sampling points at lower elevations.
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Tarbagatai differed significantly from each of the three Zhongar-Alatau forestry districts (p < 0.001).
These comparisons confirmed that Tarbagatai represented a separate lower-elevation group within
the surveyed dataset. Thus, both the descriptive statistics and nonparametric analysis demonstrated
clear elevational differentiation among the study sites.

Spatial structure of sampling points

Pairwise geographic distances were calculated for all surveyed trees to quantify the spatial
relationships within and among the sampling sites. The resulting distance matrix revealed a distinct
block structure corresponding to Kokzharskoye, Chernovskoye, Topolevskoye, and Tarbagatai forestry
districts (Figure 3).

The diagonal blocks of the matrix contained the smallest distance values and represented
comparisons among trees sampled within the same site. Mean within-site distances ranged from 0.69
to 6.83 km. These values were substantially lower than the distances calculated between different
sites, demonstrating that sampling points within each forestry district formed relatively compact
spatial groups.

The small within-site distances were observed despite the fragmented occurrence of individual
trees in the field. Thus, although trees were frequently represented by isolated individuals or small
groups, the sampling points assigned to the same forestry district remained geographically closer to
one another than to points from other districts.

,«‘

Gegdesic distance matrix grouped by samnmg sites

- .-I .

- 13

8

.
E

3

Lo

Figure 3. Matrix of pairwise geographic distances (km), grouped by sampling sites

The three Zhongar-Alatau forestry districts showed a gradual increase in pairwise geographic
distances. The shortest inter-site distance was recorded between Kokzharskoye and Chernovskoye,
with a mean value of approximately 20.87 km. Chernovskoye and Topolevskoye were separated by
approximately 40 km, whereas the greatest distance within Zhongar-Alatau was recorded between
Kokzharskoye and Topolevskoye, reaching approximately 60.90 km.

The distance between Kokzharskoye and Topolevskoye was therefore approximately three times
greater than that between Kokzharskoye and Chernovskoye. Chernovskoye occupied an intermediate
spatial position, being closer to Kokzharskoye than to Topolevskoye. This sequence was consistently
reflected in both the aggregated and complete pairwise distance matrices.

The three forestry districts were distributed sequentially along the mountain system, with distances
increasing progressively from Kokzharskoye through Chernovskoye to Topolevskoye.

Tarbagatai showed the greatest geographic separation from all other surveyed sites. Mean
distances between Tarbagatai and the Zhongar-Alatau forestry districts ranged from 109.78 to 170.14
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km. Even the shortest distance involving Tarbagatai was markedly greater than the maximum distance
recorded among the three Zhongar-Alatau sites.

The maximum mean inter-site distance in the dataset was 170.14 km, recorded between Tarbagatai
and the most distant Zhongar-Alatau site. These values clearly separated Tarbagatai from the cluster
formed by Kokzharskoye, Chernovskoye, and Topolevskoye in the geographic distance matrix.

The contrast between within-site and between-region distances was especially pronounced.
Within-site distances did not exceed a mean of 6.83 km, whereas distances between Tarbagatai and
Zhongar-Alatau exceeded 100 km in all comparisons. Tarbagatai was therefore geographically isolated
not only from individual forestry districts but from the entire group of Zhongar-Alatau sites.

Quantitative characteristics of the within- and between-site distances are presented in Table 2.
The reported values represent mean distances calculated across all relevant pairs of sampling points,
including the most distant points within and between the respective sites.

Analysis of the complete pairwise distance matrix was consistent with the patterns identified from
the aggregated site-level data (Figure 4). Based on the magnitude of the pairwise distances, three
spatial scales could be distinguished in the distribution of the surveyed trees; this grouping reflects the
observed distance values rather than a formal statistical clustering analysis.

The first, local scale was represented by relatively compact clusters of sampling points within
individual forestry districts. At this scale, the mean distances between trees were minimal and ranged
from 0.69 to 6.83 km.

The second, subregional scale included the three forestry districts of Zhongar-Alatau State National
Park. Their spatial arrangement was characterized by a consistent distance gradient of approximately
21-61 km, corresponding to their sequential positions along the mountain range.

The third, regional scale was represented by the separation of Tarbagatai from the Zhongar-Alatau
sites. Mean distances at this level ranged from approximately 110 to 170 km and were considerably
greater than distances observed within Zhongar-Alatau.

Matrix of pairwise gaodesic distancas (km)
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Figure 4. Complete matrix of pairwise geographic distances between all sampling points

Thus, the geographic distance analysis identified a structured rather than uniform distribution
of the surveyed M. sieversii trees. The principal patterns included compact grouping within forestry
districts, sequential spatial differentiation among the Zhongar-Alatau sites, and pronounced regional
isolation of Tarbagatai.
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Table 2. Average pairwise geographic distances (km) between sampling sites

Plot Chernovskoye Kokzharskoye Tarbagatai Topolevskoye
Chernovskoye 1.80 20.87 130.43 40.03
Kokzharskoye 20.87 0.69 109.78 60.90

Tarbagatai 130.43 109.78 6.83 170.14
Topolevskoye 40.03 60.90 170.14 5.61
DNA barcoding

To preserve the genetic resources of the wild M. sieversii, a DNA sample bank was created. DNA was
extracted in triplicate from all 156 accessions collected during fieldwork using a modified CTAB method. The
quality and concentration of the extracted DNA were monitored spectrophotometrically using a NanoDrop
1000 instrument (Thermo Scientific, USA); each sample was adjusted to a concentration of 50 ng/uL and
stored at —20 °C in individually numbered tubes, each labelled with the tree identification number assigned
during fieldwork, allowing every DNA sample to be traced back to its original tree and collection site.
Thus, the DNA sample bank ensures long-term storage of genetic material from all surveyed M. sieversii
populations from the Zhongar-Alatau and Tarbagatai State National Parks.

For molecular identification, DNA barcoding was performed using three chloroplast markers: rbcL,
trnH-psbA, and matK, for 11 representative trees distributed across all four surveyed sites (three from
Kokzharskoye, four from Chernovskoye, two from Topolevskoye, and two from Tarbagatai), together
spanning most of the elevational range recorded at each site. These markers are standard for plant barcoding
according to CBOL (Consortium for the Barcode of Life) recommendations and are widely used for species
identification of wild fruit trees of the genus Malus.

The minimum and maximum length ranges (in base pairs, bp) for the trnH-psbA, matK, and rbcL regions
were 231-420, 545-846, and 674—889, respectively. The average lengths of each region were 323.8, 758.2
and 766.5 bp, respectively. The GC content (%) for the trnH-psbA, matK, and rbcl regions ranged from
19.9 to 32.0%, 33.9 to 35.5%, and 42.3 to 43.7%, respectively. The mean GC values were 25.4%, 34.4%,
and 42.6%, respectively (individual values for each of the 11 trees are given in Table 4). These GC content
data are consistent with the known compositional properties of chloroplast markers in angiosperms: the
trnH-psbA intergenic spacer is characteristically AT-rich, reflecting its non-coding nature, while the rbcL
coding region shows substantially higher GC content, and matK occupies an intermediate position. All
nucleotide sequences were manually edited using SeqMan Il (version 6.1; DNASTAR Inc., Madison, WI, USA)
to eliminate possible errors and improve the accuracy of the data. We used the BLAST method in the NCBI
database to analyse the similarity of the obtained sequences; for each sequence, the top-ranking hit (best
match) in the BLAST output was used to assess the degree of similarity with known reference sequences.
The results showed a high level of similarity to the top hit, ranging from 98 to 100%, for all three markers.
The sequencing results were uploaded to the international NCBI GenBank database, where each sample
was assigned accession numbers for each of the three markers.

The resulting nucleotide sequences were uploaded to the international NCBI (National Center for
Biotechnology Information) GenBank database, and accession numbers were assigned for the rbcl, matK
and trnH markers (Table 3). This created a collection of nucleotide sequences, contributing to the global
database of M. sieversii genetic resources in protected areas of Kazakhstan.

Table 3. NCBI GenBank Accession Numbers of rbcL, matK and trnH Sequences of M. sieversii

sample Accession Numbers
rbcL matKk trnH
1 PZ462615 PZ462623 PZ469479
2 PZ462616 Pz462624 PZ469480
3 PZ452034 PZ462625 PZ7469481
4 PZ452035 P7462626 PZ469482
5 PZ452036 PZ462627 PZ469483
6 PZ452037 PZ462628 PZ469484
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Continuation of Table 3

7 PZ452038 PZ462629 PZ469485

PZ452039 PZ462630 PZ469486
9 PZ452040 PZ7462631 PZ7469487
10 Pz452041 PZ462632 PZ469488
11 PZ452042 PZ462633 PZ469489
Table 4. Sequence length and GC content of the trnH-psbA, matK, and rbcL markers for the 11

genotyped M. sieversii trees, by sampling site (accession numbers given in Table 3)
. Elevation trnH-psbA matK rbcL
Sample Site !
m bp GC, % bp GC, % bp GC, %

1 Tarbagatai 1116 270 20.0 838 34.0 707 42.3
2 Tarbagatai 834 268 20.1 839 34.2 860 42.3
3 Kokzharskoye 1277 247 194 846 33.9 889 42.3
4 Kokzharskoye 1293 253 19.8 577 35.0 718 42.6
5 Kokzharskoye 1431 231 19.9 832 34.3 674 42.4
6 Chernovskoye 1212 291 22.0 838 34.0 863 42.6
7 Chernovskoye 1461 221 33.0 832 34.3 684 42.4
8 Chernovskoye 1457 253 23.7 539 35.1 726 42.4
9 Chernovskoye 1375 275 20.4 818 34.1 851 42.5
10 Topolevskoye 1231 294 21.8 813 34.1 712 42.4
11 Topolevskoye 1454 278 219 542 35.2 857 42.7
Discussion

Elevational distribution and ecological differentiation

The elevational distribution of M. sieversii recorded in Zhongar-Alatau State National Park is
consistent with the established ecological range of the species. According to A.D. Dzhangaliev, wild
apple forests in Kazakhstan occur mainly at elevations of 1000-1800 m, with the most favorable
conditions found between 1200 and 1500 m [3]. Comparable elevations of 1000-1500 m have been
reported by Yan et al. [10] for populations in Xinjiang, China, while Richards et al. [11] recorded M.
sieversii at 1190-1760 m in the Dzungarian Range (Zhongar-Alatau) of Kazakhstan. The elevational
ranges of Kokzharskoye and Chernovskoye forestries therefore fall within the recognized ecological
optimum of the species.

The wider elevational range and greater variability observed in Topolevskoye forestry may reflect
the pronounced topographic and environmental heterogeneity of the Sarkansky branch of the Zhongar-
Alatau. Zhang et al. [12] identified temperature regime, particularly annual temperature range and
seasonal variability, as one of the principal environmental factors determining the distribution of
M. sieversii in the mountains of Central Asia. The variation observed in Topolevskoye may therefore
be associated with differences in temperature and other environmental conditions along the local
elevation gradient, although this hypothesis requires direct analysis of climatic and habitat variables.

The Tarbagatai population occupied a markedly lower elevational zone than the Zhongar-Alatau
populations. Its observed range closely corresponds to that reported by Richards et al. [11] for the
same region (890-1120 m). Those authors characterized the area as a dry continental forest exposed
to winter temperatures as low as —40 °C and identified the Tarbagatai population as a distinct genetic
cluster. The statistically significant elevational separation detected in the present study thus supports
the ecological distinctiveness of this population.

The low-elevation position of the Tarbagatai population may also increase its vulnerability to
climate change. Predictive models developed by Zhu et al. [8] indicate that suitable habitats for M.
sieversii are likely to decline particularly in areas below 1000 m. Because a substantial proportion of

61



EYPA3UAbIK ATPOTEXHUKAJIbIK XYPHAJ1/ EURASIAN AGROTECHNICAL JOURNAL
/ EBPASUIACKUIA ATPOTEXHUYECKUI XKYPHAN Ne 3 (131)/2026 ISSN 3135-243X,3135-2448

the surveyed Tarbagatai trees occurred below this threshold, this population may face a comparatively
high risk of habitat contraction. The identification of Tarbagatai as an inadequately protected region by
Zhu et al. [8] further emphasizes the need for targeted monitoring and conservation measures.

Population condition and fragmented distribution

Age structure differed among sites. Topolevskoye - part of a protected gene reserve where livestock
grazing is excluded - contained the oldest trees recorded in this study and showed the lowest apparent
regeneration, consistent with the findings of Bekova et al. [7], who identified stand degradation and
senescence as major threats to M. sieversii populations in Zhongar-Alatau State National Park. In
contrast, Tarbagatai, where livestock grazing is unregulated, contained a comparatively large number
of young trees alongside mature individuals, suggesting more active regeneration despite the absence
of formal protection from grazing; Kokzharskoye and Chernovskoye showed intermediate patterns. This
contrast between a strictly protected but poorly regenerating site (Topolevskoye) and an unprotected
but apparently more actively regenerating population (Tarbagatai) runs counter to the assumption
that formal protection alone ensures successful natural regeneration, and is consistent with Wang et
al. [13], who highlighted population aging and habitat degradation as continuing threats to wild apple
populations in Kazakhstan despite formal protection.

The fragmented occurrence of isolated trees and small groups observed in the present study
is not restricted to the surveyed forestry districts. Based on 8,344 occurrence records, Zhu et al.
[8] estimated that the current distribution of M. sieversii in Central Asia is highly fragmented and
covers approximately 49,956 km?2. Zhang et al. [12] likewise described the species as discontinuously
distributed in mountain valleys of the arid regions of Central Asia and attributed this structure partly
to climatic changes since the late Miocene. For Xinjiang populations, Yan et al. [10] reported a similarly
discontinuous distribution confined to four principal regions. The spatial pattern observed in the
present study therefore appears to reflect a broader characteristic of the species shaped by both
historical processes and contemporary environmental conditions.

Fragmentation may restrict pollen and seed dispersal between local groups, potentially reducing
gene flow and increasing genetic differentiation. However, geographic fragmentation alone does not
demonstrate genetic isolation. Molecular genetic analyses are required to determine whether the
spatially separated groups identified in this study also represent genetically distinct populations.

Spatial organization and conservation implications

The pairwise distance analysis revealed a hierarchical spatial structure spanning local, subregional,
and regional scales (see Results).

This pattern is broadly consistent with the geographic structuring reported for M. sieversii in
previous genetic studies. Zhang et al. [12] described a gradual east-to-west replacement of genetic
lineages along the Tien Shan. Yan et al. [10] also found a significant relationship between genetic
and geographic distances among M. sieversii populations. In their study, 83.1% of genetic variation
occurred within populations and 16.9% among populations, indicating that substantial diversity is
retained locally despite regional differentiation.

The pronounced spatial separation of Tarbagatai is particularly noteworthy. Richards et al. [11],
based on 949 trees from eight sites in Kazakhstan, demonstrated geographic structuring among wild
apple populations and identified Tarbagatai as genetically differentiated. Volk et al. [14] similarly
reported that genetic differentiation among M. sieversii collection sites was associated with geographic
location, while southern and southwestern populations showed greater admixture. Together with
these previous genetic findings, the spatial isolation documented here supports the treatment of
Tarbagatai as a distinct priority for monitoring.

Nevertheless, the present geographic analysis alone is insufficient to designate the four surveyed
sites as independent conservation units. Such designation would require supporting evidence from
population-genetic, demographic, and ecological analyses. At this stage, the four sites can more
appropriately be regarded as separate monitoring units. Differentiated monitoring would make it
possible to evaluate regeneration, stand condition, habitat change, and potential loss of connectivity
within each area.

Overall, the results demonstrate that the surveyed M. sieversii populations are characterized
by fragmented occurrence, uneven regeneration, hierarchical spatial organization, and pronounced
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regional separation of Tarbagatai. These findings support the need for long-term site-specific
monitoring and targeted in situ conservation, particularly in low-elevation and geographically isolated
populations. In practical terms, priority should be given to regular monitoring of natural regeneration
and stand condition at all four sites, to maintaining or restoring landscape connectivity between the
fragmented stands to support pollen and seed dispersal, and to safeguarding the Tarbagatai population
as a distinct conservation and monitoring priority given its combined geographic, elevational, and
climatic vulnerability. The established DNA sample bank provides a practical basis for these efforts,
enabling future genetic verification of restoration material, ex situ propagation, and, together with the
ongoing project on disease resistance in wild Malus species, the selection of resistant genotypes for
conservation breeding.

Conclusion

The study allowed us to characterize the spatial distribution and elevational range of wild M.
sieversii (Ledeb.) M. Roem. in the Zhongar-Alatau and Tarbagatai State National Parks. During the
fieldwork, 156 trees were examined at four sites, recording GPS coordinates and elevation.

M. sieversii populations are characterized by a fragmented hierarchical distribution: from compact
local groups within forestry units (0.69—6.83 km) to a subregional gradient between the Zhongar-
Alatau forestry units (21-61 km) and the Tarbagatai regional isolation (110-170 km). Elevation analysis
revealed statistically significant differences between the sites (Kruskal-Wallis test: H = 74.10; p < 0.001):
the Zhongar-Alatau forestry areas occupy higher elevations (1091-1461 m, M + SD = 1308 + 104 m),
while Tarbagatai occupies a significantly lower elevational range (834-1119 m, M + SD = 888 + 87 m),
which emphasizes not only its geographical but also its ecological isolation.

DNA was extracted from all 156 accessions in triplicate, and a DNA sample bank was created.
DNA barcoding using the trnH-psbA, matK, and rbcL markers confirmed the species identity of all 11
analyzed samples (98-100% similarity to NCBI GenBank); the resulting sequences were deposited in
GenBank and assigned accession numbers.

Age structure varied among sites, from the oldest trees and lowest apparent regeneration in the
strictly protected, grazing-free Topolevskoye gene reserve to a comparatively large proportion of
young trees in freely grazed Tarbagatai, highlighting the need for site-specific regeneration monitoring
and restoration measures, particularly at Topolevskoye. The combination of field data, the DNA sample
bank, and the nucleotide sequence collection forms a comprehensive basis for long-term monitoring
and conservation of M. sieversii genetic resources in protected areas of Kazakhstan.
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¥oiibinbin KeTy Kayni TeHreH Malus sieversii TYpiHiH, reHeTUKaNbIK pecypcTapbiH cakTay
MaKCaTbiHAA TabuFK NONYNALUANAPDbIHbIH, KEHICTIKTIK yiibimAaacybiH 3epTTey, IHK-6apkoaTay
»KoHe AHK 6aHKiH KanbinTactbipy

Mcnamosa C.C.»2, KaknmxkaHosa A.A.%, llocembekoBa [.A.%, HyproxaHosa .C.2
Capakosa b.[.%, HypTasa A.C.2

1«C.CedynnnH atbiHAafFbl Kasak arpoTexHWKanblK 3epTrey yHuBepcuTeTi» KeAK
AcTtaHa, KasakcTaH
2«YNTTbIK BUoTEXHOMOrMA opTanbifbl» MLUC, ActaHa, KasakcTaH
3« oHFap-AnaTaybl» MeMNEKeTTIK YATTbIK Tabufn napki, CapkaH, KasakcTaH
‘«TapbaraTait» MeMNEKeTTIK YATTbIK Tabufn Napki, Yp»Kap aybinbl, KasakcraH

Tyitin

AnsblliaptTap MeH makcat. Malus sieversii (Ledeb.) M. Roem. — MafieHM anma COPTTapbiHbIH,
Herisri apfbl Teri 60/1bIN TabblNaTbiH Kabakbl eceTiH Typ. On KasakcTaH Pecnyb6amnKacbiHbiH, Kbi3bia
KiTabbiHa eHrisinreH »kaHe IUCN KikTemeci 6oMbiHWa 0can Typ peTiHAe TaHblAFaH. Byn TypAiH Tabusu
NonynALMANAPbIH CaKTay KyWesi MOHUTOPUHT XKYPri3yAi *KaHe 0N1apAblH 6Cy OPbIHAAPbIH ¥aH-XaKTbl
cunatTayabl Tanan eteqi. Ocbl )ymbicTa « }KoOHFap-AnaTaybl» }KaHe «TapbaraTal» MeMIEKETTIK YATTbIK
TabuFM NapKTepi aymafblHAa XKYPri3iireH sKcneauumMAanblk 3epTTeynepaiH, HaTUKenepi yCbiHbIAFAH.
3epTTeydiH Mmakcatbl — M. sieversii nonynaumanapbiHbliH KEHICTIKTIK TapanyblH, ecyiHiH OMiKTiK
YKaFoannapblH }KaHe MOJIEKY1a/bIK-TeHETUKA/bIK CMMaTTaManapbiH aHbIKTay.

Matepuangap MeH agictep. 3epTtrey bapbicbiHAa 156 afalka 3epTTey Kyprisingi. 9pbip yari
ywiH GPS KemerimeH reorpaduanbik KOOpPAWHATTAPbl MEH TeHi3 AeHreliHeH OWIKTiri Tipkenai.
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MonynaumanapplH, KEHICTIKTIK KYPbIIbIMbl KYNTbIK reorpaduAnblK,  KalbIKTbIKTap MaTpuuachl
HerisiHge 6GafanaHbin, KeliH QGIS 6araapnamacbiHAa reoaknapaTTbiK 6HAEY XaHe BM3yanusaums
XKyprisingi. 3eptrey yyackenepi apacbiHAarbl OUIKTIK AMana3oHAapbiHbIH, aliblpmallblabiFbl Kpacken-
Yonnvc napameTpiik emec Kputepuii apKplabl TangaHabl. anblpak yAarinepiHeH yw KanTanbimaa
reHomablk AHK 6eniHin anbiHgbl, oHbIH HeridiHge OHK yarinepiHib, 6aHKi KanbinTacTbipblagbl. Typaik
coMKecTeHAipy xnoponnactrblk trnH-psbA, matK kaHe rbcl mapKkepnepi 6onbiHwa AHK-6apkoaTay
d4icimeH pactanapl.

Hatuxkenep. KeHicTiKTIK Tangay 3epTTenreH afaliTapAblH YW AeHreiaeH TypaTblH MepapXUANbIK
KEHICTIKTIK KYpbl/bIMbIH KOPCETTi: Keprinikti (opmaHLWbINbIKTAp weriHae), cybeHipnik (MoHrap-
AnaTtaybl OpMaHLLbI/IbIKTapbl apacbiHAa) KaHe eHipaik (TapbaraTait NONyAAUMACHIHbIH, OKLWIaYy/aHybl).
BUWiKTiK Tangaybl 3epTTey yyackesnepi apacblHAafbl ©cy OMIKTIriHiH, CTAaTUCTUKANbIK TYPFblOaH MIHAI
alblpMaLLbINbIKTapbliH aHbiKTagbl (Kpacken—-Yonnuc Tecti: H = 74,10; p < 0,001): *oHFap-AnaTaybl
nonynsumManapbl HEFYP/IbIM ¥KoFapbl BUIKTIK 6engeyiHae (1091-1461 m, M + SD = 1308 + 104 m), an
TapbaraTait nonyaumMaACkbl HEFYP/bIM TOMeHTi bUiKTIK bengeyiHae (834-1119 m, M £ SD = 888 + 87 M) TapasifaH.
Bapnbik 156 yariaeH yw Katansimaa AHK 6enidin anbiHbin, AHK yarinepiHid 6aHKi KanbinTacTbipbiagbl.
trnH-psbA, matK »kaHe rbcL mapkepnepi 6omMbiHWa KyprisinreH AHK-bapkoatay TanganfaH 11
YATiHIH, TYpAiK calikecTiriH (98—100%) pacTagbl, an anblHFaH HyKneoTuaTiK Tisbektep NCBI GenBank
OEPEKKOpPbIHA TipKey Hemipsiepi bepinin eHrising,.

KopbITbiHAbl.  ANblHFAH HaTuenep Tapbafatalh NOMNYNAUMACBIHbIH, reorpaduabiK  KaHe
3KONOTUANDIK OKLWaynaHfaHblH aanengenai. Kanointactoipblafad JHK 6aHKimeH Gipre 6yn gepektep
Ka3aKCTaHHbIH, epeKlwe KopfaiaTblH Tabufn aymakTapbliHAa M. sieversii TypiHiH, TreHeTUKanblK,
pecypcTtapbiH MOHUTOPUHITEY MEH CaKTayFfa apHaNfaH capasiaHfaH ic-lwapanapabl a3ipaeyaiH KeweHa,
FbIILIMW HETi3iH Kypanapl.

Kint cespep: Malus sieversii; TabuFn nonynaumsanap; KeHICTIKTIK Tapany; OWIKTIK Tangaybl;
610aNyaHTYPAINIKTI MOHUTOPUHITEY; epeKLle KOpPFanaTbiH TabUFM aymaKTap.

MpocTpaHcTBeHHan opraHu3auua, AHK-6apkoguposaHue u cosgaHue 6aHka JHK aukunx
nonynauuii Malus sieversii ana coxpaHeHMA reHeTUYECKUX PecypcoB ucyesaloLwero suga

Mcnamosa C.C.%?, KakumaHoBa A.A.2, Orocemberosa [.A.%, HyproskaHosa ¥.C.2
Capakosa b.[.%, HypTasa A.C.2

HAO «Ka3axcKkuit arpoTeXHMYECKUI UCCeaoBaTeNbCKUM yHuBepcuTeT umeHn C. CendynnmHa»
AcTaHa, KasaxcTtaH
TOO «HaunoHanbHbIN LLEeHTP BuoTexHonormm», ActaHa, KasaxcraH
[ocynapCTBEHHbIN HALUMOHANbHbBIN NPUPOAHbIM NapK «*MoHrap-Anatay», CapkaHg, KasaxctaH
[ocyAapCTBEHHbIN HAUMOHaNbHbIM NPUPOAHbIM NapK «TapbaraTai», ceno Ypxap, KazaxctaH

AHHOTauumA

Mpegnocblikn U wenb. Malus sieversii (Ledeb.) M. Roem. — guKopacTywmii BuA, ABAAIOLWNIACA
OCHOBHbIM NMPEAKOM Ky/AbTYpHbIX A6N0Hb, 3aHECEHHbI B KpacHyto KHUry Pecny6amnkun KasaxctaH u
NPW3HaHHbIN YA3BMMbIM BUAOM No Knaccudumkaumm MCOI. CoxpaHeHWe NpupoaHbIX NONyAALUA 3TOrO
BMAa TpebyeT CMCTEMATUYECKOTO MOHUTOPUHIA U AeTa/lbHON XapaKTePUCTUKM MECT NPOMU3pacTaHms.
B HacToAwei pabote npeacTaBieHbl pe3y/bTaTbl 3KCNEANLMOHHbBIX UCCNe0BaHUA HA TEPPUTOPUN
HMMN «*oHrap-AnaTtay» u FTHIMM «TapbaraTtaii», NpoBeAEHHbIX C Lie/1blo ONMCAHUA MPOCTPAaHCTBEHHOIO
pacnpegeneHus, BbICOTHbIX YC/10BUI MPOU3PACTAHUA U MONEKYNAPHO-TEHETUYECKOM XapaKTePUCTUKM
M. sieversii.

Matepuanbl U meToabl. 06cnenosaHo 156 aAepeBbeB; AN Kaxaoro obpasua 3adpmkcnposaHbl GPS-
KOOPAMHATbI M BbICOTA Haf YPOBHEM MOPA C MCNonb3oBaHMeM GPS. MpoCTpaHCTBEHHYIO CTPYKTYpY
nonyaauMn OLEeHMBAIN Ha OCHOBE MATPULbl MOMNAPHbIX reorpadryYecKkmMx paccToaHMn ¢ NocaeayoLein
reouHdopmaunoHHOM 06paboTKoi U BU3yanmsaumeir B nporpamme QGIS. Pasanums BbICOTHbIX
OMana3oHOB MeXAy y4acTKaMM aHann3nMpoBaamM C UCMOJIb30BAHUEM HEMApPaMeTPUUYECKOro KpuTepuma
Kpackena Yonauca. N3 nnctbes B TPEX NOBTOPHOCTAX BblaenAnn reHomHyto HK, Ha ocHoBe KoToporo
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6b1n1 chpopmmpoBaH baHk AHK-ob6pa3LoB. Buaosyto naeHtuomKaumo noarsepxaann metogom AHK-
6apKoAMHra C UCNONb30BAHUEM X1OPOMNIACTHbIX MapKepoB trnH-psbA, matK u rbcL.

PesynbTatbl. [IPOCTPAHCTBEHHbIM aHaAM3 MOKasas MEpPapXMUEcKyrd MPOCTPAHCTBEHHYHO
CTPYKTYPY MCCNEeL0BaHHbIX AePEBbEB, BKAKOYAIOLLYIO TPM YPOBHA OPraHU3aLMu: IOKabHbIW (BHYTPU
NecHuyecTs), cybpervoHanbHbii (Mexay necHudectBamm MoHrap-Anatay) M perMoHasibHbIN
(obocobneHne Tapbaratas). BbICOTHbIM aHAAM3 BbIABMA CTAaTUCTUYECKM 3HAYMMble pPa3AMYMA
OMana3soHOB MNpouspacTaHMa mexay ydyacTkamum (tect Kpackena-Yonnuca: H = 74,10; p < 0,001):
y4yacTku HKoHrap-AnaTay pacnonoeHbl Ha 6bonee BbICOKMX oTmeTKax (1091-1461 m, M + SD = 1308
+ 104 m), Tapbarataih — K 6onee HM3KOMyY BbiCOTHOMY nosicy (834-1119 m, M + SD = 888 + 87 m).
Ons Bcex 156 06pasuoB B TPEX NOBTOPHOCTAX BblaeneHa HK n coopmuposaH baHk JHK-06pa3Los;
OHK-6apkoauHr no mapképam trnH-psbA, matK n rbcl noaTsepann BuaoByto NPUHAANEKHOCTb BCEX
11 npoaHann3npoBaHHbIX 06pasuoB (98—100%), nonyyeHHble NOCAeA0BaTE/IbHOCTU AENOHUPOBAHbI B
GenBank c npucsoeHnem MHBEHTaPHbIX HOMEPOB.

3akntoyeHue. MonyyeHHble pe3ynbTaTbl CBUAETENbCTBYIOT O reorpaduyeckoit U 3KONOrMYecKom
ob6ocobneHHoCTM nonynaumm Tapbarataa U B COBOKYNMHOCTU € co3AaHHbIM BaHkom OHK dopmumpytoT
KOMMNEKCHYI OCHOBY A/1A pa3paboTKu AnddepeHUMpPoBaHHbIX MeP MO MOHUTOPUHIY U COXPAHEHUIO
reHeTU4YecKmnx pecypcos M. sieversii Ha oxpaHAeMbIX TeppuTopuAx KasaxcraHa.

Kntouesblie cnosa: Malus sieversii; auKkopacTyLyme nonynaumMm; NpoCcTPaHCTBEHHOE pacnpeaeneHune;
BbICOTHbI aHa/IM3; MOHUTOPUHI B1opa3HOOBPa3NA; OXPaHAEMble NPUPOLAHbIE TEPPUTOPUM.
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