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Abstract. The snow leopard (Panthera uncia) is a rare and vulnerable species that is threatened with extinction
and listed in the Red Book of the Kyrgyz Republic. It inhabits the inaccessible high-mountain areas of the Tian
Shan, where the ecological balance directly depends on the state of the fauna that makes up its food chain.
In recent years, there has been an increase in the number of diseases among wild and domestic animals,
which may affect the health of the snow leopard population and the stability of the ecosystem as a whole. The
aim of this study was to investigate parasitic diseases in mammals that are part of the snow leopard’s food
chain, determining their biological characteristics, sources of infection and impact on the epizootic situation
in mountainous areas. The study used field observations, helminthological autopsies, microscopic analysis of
biomaterial, comparative morphological and descriptive analysis of veterinary research data. As a result, it was
established that alveococcosis and muelleriosis are the most epidemiologically significant of the identified
parasitic diseases, posing a serious threat to both wild and domestic animals. The causative agent of alveococcosis
is the larval stage of the tapeworm Alveococcus multilocularis, which affects the liver and causes the formation

Suggested Citation: Arbaev, K., Asykulov, T., Azhybekov, B., Amirakulov, M., & Chodonova, N. (2025). Animal and bird
diseases - the food chain of the snow leopard in the highlands of the Tian Shan. Bulletin of the Kyrgyz National Agrarian
University, 23(4), 10-23. doi: 10.63621/bknau./4.2025.10.
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of multiple cystic parasitic nodes capable of infiltrative growth and metastasis. The final hosts of this parasite
are carnivorous animals (dogs, cats, wolves, foxes, manuls, etc.), and the intermediate hosts are small wild
rodents. It has also been established that the pathogen Mullerius capillaris causes lung damage in goats, sheep
and wild ruminants, manifested by multiple foci of productive alveolitis and a decrease in the overall resistance
of animals. A comprehensive analysis of the biological and ecological characteristics of pathogens allows for
assessing their circulation in natural conditions and potential risks to humans. The practical significance of
the study lies in the possibility of using the data obtained to develop a system of preventive and diagnostic
measures aimed at protecting rare predators and stabilising the epizootic well-being of the high-mountain

ecosystems of Kyrgyzstan

Keywords: Siberian ibex; argali; roe deer; alveococcosis; mulleriosis; cysticercosis

Introduction

The conservation of wild fauna and rare animal species
in the context of global environmental change is one
of the priority tasks of modern biological and veterinary
science. In recent decades, against the backdrop of in-
creasing anthropogenic impact, climate change and the
degradation of natural ecosystems, there has been a de-
cline in the numbers of many mammals in Kyrgyzstan,
including Red Book species. The most vulnerable spe-
cies include the snow leopard (Panthera uncia), Siberian
ibex (Capra sibirica), argali (Ovis ammon) and roe deer
(Capreolus capreolus), which play an important role in
maintaining the biological balance of the Tian Shan
Mountain ecosystems. Disruption of food chains, dete-
rioration of the food base and the spread of parasitic
diseases among animals in these chains have a signifi-
cant impact on the epizootic situation and the stability
of ecosystems (Esson et al., 2019). In recent years, there
has been a trend towards an increase in the number of
parasitic diseases in wild animals (Chrétien et al., 2023).
Parasitic infestations, including alveococcosis and mu-
elleriosis, are becoming an important factor limiting
the growth of ungulate and predator populations in
Central Asia. These diseases affect not only internal
hosts (rodents and ungulates) but also final hosts -
carnivorous animals, including the snow leopard, for
which parasite infection can have fatal consequences.
According to S. Ostrowski & M. Gilbert (2024), parasitic
infections cause complex morphofunctional changes in
internal organs, disrupt metabolism, suppress the im-
mune system and reduce the ability of animals to adapt
to extreme environmental conditions.

The immune system of vertebrates is a collection
of organs, tissues and cells that recognise and destroy
foreign agents. The primary organs of immunogenesis -
the thymus and bone marrow - are the source of the
formation and maturation of lymphocytes, which are
responsible for cellular and humoral immunity. Sec-
ondary organs - lymph nodes, spleen and lymphoid
formations of the mucous membranes - ensure the
implementation of immune responses and the forma-
tion of immunological memory (Weiskopf et al., 2016).
According to G. Schaller (2012), the morphological or-
ganisation of the immune system in animals living in
high-altitude conditions differs from that of lowland

species due to hypoxia, low temperatures and limited
food diversity. The adaptive mechanisms of the immune
system in wild animals are formed under the influence
of natural selection, but constant stress, parasitic load,
and environmental factors can cause depletion of im-
mune resources. Research by M. Luo et al. (2023) has
shown that chronic parasitic diseases lead to changes
in the structure of lymphoid organs, in particular thy-
mus atrophy and reduction of the follicular zones of the
spleen. Similar changes have been observed in domes-
tic ruminants infected with Mullerius capillaris (Shao et
al.,2019). In wild species living in the mountains, these
processes are more pronounced due to limited access
to food and increased physiological stress.

Parasitic diseases such as alveococcosis and mul-
leriosis have a direct impact on the immune system of
animals. The larval stage of Alveococcus multilocularis
affects the liver, causing the formation of cystic nod-
ules, infiltrative tissue growth, and metastatic spread to
the lungs and brain (Shao et al., 2021). These processes
are accompanied by a pronounced immune response,
activation of macrophages and lymphocytes, which
ultimately leads to depletion of the lymphoid organs.
The pathogen Mullerius capillaris affects the lungs,
causing chronic alveolitis and fibrosis, which also leads
to changes in the structure of secondary organs of the
immune system, especially the lymph nodes. Research
by M. Osborne & J. Laird (2022) confirms that prolonged
parasitic infections lead to the restructuring of lym-
phoid tissue, impaired lymphocyte differentiation, and
a decrease in the effectiveness of the immune response.

Despite the growing number of publications on
parasitology and immunology of domestic animals, the
morphological features of the immune system in wild
ungulates of Central Asia have been studied extreme-
ly poorly. To date, there is no comprehensive data on
structural changes in the thymus, spleen, and lymph
nodes of Siberian ibex, argali, and roe deer in parasitic
diseases. Meanwhile, such information is necessary to
assess the biological stability of populations, predict
their condition, and develop preventive measures in
the system of protection of rare species. The study of
the morphology of immune organs in wild fauna has
not only scientific but also practical significance. The
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morphological features identified in the course of re-
search can be used to diagnose invasive diseases, de-
velop criteria for epizootic monitoring, and assess the
impact of parasitic load on animal health (Ale, 2007). In
addition, the results of such analysis make it possible to
clarify the mechanisms of immunogenesis in extreme
conditions and determine the body’s adaptive capaci-
ty to prolonged exposure to pathogens. An important
direction in modern research is the interdisciplinary
approach, combining data from morphology, histology,
parasitology, and immunology. As noted by S. Ashoku-
mar (2023) noted, only a comprehensive study of struc-
tural changes in the immune system allows for an ade-
quate assessment of the impact of infectious agents on
the body and the development of effective biosecurity
measures. In Kyrgyzstan, where wildlife is under con-
stant exposure to climatic and anthropogenic factors,
such research is of particular importance.

An analysis of scientific publications shows that the
morphology of immune organs is a key indicator of an-
imal health and their ability to adapt to external influ-
ences. However, there have been no systematic studies
devoted to wild species in Kyrgyzstan to date. The aim
of this study was to identify morphological changes in
the main, primary and secondary organs of the immune
system (thymus, spleen and lymph nodes) in Siberian
ibex, argali and roe deer affected by parasitic diseases,
and to determine the characteristics of their immune
reactivity and adaptive mechanisms in the high-alti-
tude ecosystems of the Tian Shan.

Materials and Methods

The study was conducted in the Kyrgyz Republic from
May 2023 to March 2025 and included two main areas:
monitoring wild animal populations and pathomorpho-
logical study of the organs and tissues of hunted indi-
viduals. The objects of the pathomorphological study
were wild ungulates: Siberian ibex (Capra sibirica), ar-
gali (Ovis ammon) and roe deer (Capreolus capreolus),
which are the main components of the snow leopard
(Panthera uncia) food chain in the high-altitude ecosys-
tems of the Tian Shan. The animals were shot in strict
accordance with licence No. 45/2025, issued by the
Ministry of Hunting and Fisheries of the Kyrgyz Repub-
licon 10 March 2025, as well as with the Guidelines for
Wildlife Research (2022). A total of five individuals were
studied, weighing between 35 and 48 kg. The culling
was carried out in the Katta-Taldyk district of the Talas
region between 12 and 15 March 2025.

Automatic camera traps were used to assess the
abundance and spatial distribution of wild animals in
the study area. The cameras were installed on 17 May
2023 in the areas of Zindi-Suu, the Chon-Emgek gorge,
Zhaia, Koi-Suu in the Chon-Kemin valley, as well as
on the Kakshaal-Too ridge at an altitude of 2,500 to
4,500 m above sea level. A total of 13 cameras were in-
stalled at various exposures on the slopes. The camera

traps were checked between May and September 2023.
Immediately after the shooting, a detailed inspection
and photographing of the animals was carried out.

Samples of the following organs and tissues were
taken from the shot animals for histological examina-
tion: liver, lungs, heart, kidneys, spleen, thymus, lymph
nodes, thigh and back muscles, skin, and pancreas. The
size of the samples taken was 1.0-2.5 cm?, and the
weight of each was 1.2-3.5 g. The material was fixed
in 10% neutral formalin to preserve the morphologi-
cal structure of the tissues. After fixation, the samples
were sequentially dehydrated in alcohols of increasing
concentration (70%, 80%, 90%, 96%, 100%). Further
processing was carried out according to the following
scheme: alcohol/chloroform (50:50), chloroform, paraf-
fin/xylene (50:50) at a temperature of 37°C, followed by
sequential impregnation with paraffin at 56-57°C (par-
affin 1, paraffin 2) and final immersion in pure paraffin
to compact the tissues. All stages of processing, storage
and preparation of samples were carried out in the lab-
oratory conditions of the Research Laboratory of Zoolo-
gy of the Kyrgyz National Agrarian University named af-
ter K.I. Skryabin in compliance with standard safety and
hygiene protocols. The prepared samples were used
for subsequent microscopic examination according to
standard methodology (Eckert et al., 2001; Huynh et
al., 2022). Serial sections 5-7 pm thick were prepared
from paraffin blocks using a sliding microtome. The
histological preparations were stained with haema-
toxylin and eosin according to standard methodology.
The histological preparations were examined using Bi-
olam LOMO (Russia) and PZO Warszawa (Poland) light
microscopes at magnifications of x40, x100, x200 and
x400. Microphotography was performed using a Leica
ICC50 HD microscope (Leica Microsystems, Germany)
equipped with a built-in high-resolution digital camera.
During the pathological autopsy, a visual examination
of the internal organs was performed to detect mac-
roscopically visible parasitic lesions. The pathological
changes identified were photographed and described
morphologically. Parasites were identified based on the
morphological characteristics of the larval and sexually
mature stages of helminths in histological sections.

The study area is located in the high-mountain
zone of the Tian Shan at an altitude of 700 to 4,500 m
above sea level. The territory is characterised by moun-
tainous relief with pronounced vertical zonation, in-
cluding alpine meadows, rocky areas and upland scree.
Climatic conditions are characterised by low tempera-
tures, hypoxia and limited food diversity, which deter-
mines the specific adaptation mechanisms of the fauna
inhabiting this area.

Results and Discussion
Kyrgyzstan is a mountainous country located with-
in three physical-geographical territories: the Cen-
tral Asian Plain, the Central Asian Highlands, and the
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Central Asian Plateau. The Central Asian Plain is locat-
ed in the Turan Lowland and is characterised by desert
landscapes. Within its boundaries, in the north of Kyr-
gyzstan, there is the Chui Valley at an altitude of 850-
900 m, the Talas Valley at an altitude of 700-800 m, and
in the south, the sloping plains of the Fergana Valley
stretch at an altitude of 1,000-1,100 m above sea level.
The Central Asian Highlands cover most of Kyrgyzstan,
which is divided into two large regions: the mountain-
ous area of the Northern and Inner Tian Shan and the
Fergana mountainous area. These areas are character-
ised by mountain ranges with heights of 1,500-5,500 m
above sea level. The Central Asian highlands include
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the southern and south-eastern regions of Kyrgyzstan,
namely the Alay Valley in the south-west and the north-
east up to the Sary-Jaz River basin. Among these high-
lands is the mountain-syrty part of Kyrgyzstan, where
syrty is a type of highland with a flat relief, mainly used
as high-altitude summer pasture. The fauna in these ar-
eas is very diverse, including birds such as the alpine
chough, golden eagle, capercaillie, mountain turkey or
ular, saker falcon, gyrfalcon, vultures, bearded vulture,
Himalayan ular, eagles, etc. (Bar, 2021). Mammals in-
clude marmots, mountain goats, argali, snow leopards,
wolves, foxes, wild boars, brown bears, Turkestan lynx-
es,and manuls (Table 1).

Table 1. Species diversity of wild animals on the Kakshaal-Too ridge

Name Name (lat.) Approximate number

Snow leopard Uncia uncia 1
White-clawed bear (Tian Shan) Ursus arktos 3

Arhar Ovis ammon 145

Mountain goat Carpa sibirica 150
Manul Felis manul 3

Red fox Vulpes vulpes 18
Wolf Canis lupus 7
Badger Meles meles 5
Golden eagle Aquila chrysaetus 2
Bearded vulture Gypaetus barbatus 1
Himalayan ibis Tetraogallus himalayensis 34

Source: compiled by the authors based on reports from the NABU (n.d.) monitoring department for 2024

To count the number of snow leopards, mountain
goats, argali, roe deer, wild boars and other mammals
in the snow leopard’s food chain, camera traps were in-
stalled on the mountain slopes of the Turkestan Range,
Teskey Ala Too, Central Tian Shan and other locations.
The camera traps were installed in the study areas at
various exposures on slopes at an altitude of more
than 2,500-3,000 metres above sea level. The instal-
lation of camera traps began on 17 May 2023, and 13
cameras were installed in the areas of Zindi-Suu, in
the Chon-Emgek Gorge, Zhay, Koi-Suu, and the Chon-
Kemin Valley, at altitudes of 500-4,500 m above sea
level. When checking the camera traps on 26 May 2023
in the Zindi-Suu area at an altitude of 3,175 m above
sea level, the presence of a snow leopard was record-
ed. This graceful, beautiful animal has a smoky grey
coat with dark rings. Its fur is thick and fluffy, and it
is more commonly found at the edge of the perma-
nent snow line, descending to the coniferous forest
belt in winter, as confirmed by camera traps (Tetzloff &
Schwartz, 2024). In the second half of September 2023,
an expedition was conducted to the Ak-Sai Valley in the
At-Bashinsky District in collaboration with employees
of NABU (The Nature and Biodiversity Conservation
Union) Kyrgyzstan. During the expedition, camera traps

previously installed on the Kakshaal-Too ridge were re-
moved. The images captured snow leopards, ibexes, ar-
gali sheep, wolves, martens, foxes and other species of
fauna. Figure 1 shows the species diversity of wild an-
imals recorded on the Kakshaal-Too ridge in 2024. The
data reflects the approximate number of individuals
of each species identified during field observations by
NABU’s (n.d.) monitoring department. The graph clear-
ly shows the abundance of the most common species,
including argali, mountain ibex and rare predators such
as snow leopards and golden eagles. The most numer-
ous among the observed species are the mountain goat
(150 individuals) and the argali (145 individuals). Mod-
erate numbers were recorded for the Himalayan ibex
(34 individuals) and the red fox (18 individuals). Other
species, such as the wolf (7 individuals), badger (5 in-
dividuals), manul and white-toothed Tian Shan bear (3
individuals each), golden eagle (2 individuals), bearded
vulture and snow leopard (1 individual each), are much
less common. The data show a clear predominance of
large ungulates in the ecosystem of the ridge. During
the study, observations were made and the locations of
wild animals on the Kakshaal-Too ridge were recorded.
Figure 2 shows the locations of the animals, reflecting
their spatial distribution in the study area.
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Figure 1. Species diversity of wild animals on the Kakshaal-Too ridge
Source: compiled by the authors based on reports from the NABU (n.d.) monitoring department for 2024
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Figure 2. Points where wild animals were recorded on the Kakshaal-Too ridge

Source: compiled by the authors

The cartographic diagram in Figure 2 shows the lo-
cation of the points where wild animals were recorded
(detected) in the Kakshaal-Too ridge area. The map is
drawn to a scale of 1:50,000. The scale bar in the fig-
ure allows the distances on the ground to be estimat-
ed. For clarity, the map includes symbols representing:
the boundaries of the study area; rivers and lakes (hy-
drography); the animals observed - snow leopards and
argali (mountain sheep); and the routes along which
the observations were presumably made. The distribu-
tion of animal symbols on the map allows for a visual
assessment of the areas of concentration and spatial
distribution of key fauna species - snow leopards and
argali - within the Kakshaal-Too ridge.

The snow leopard (Fig. 3) is one of the rare and en-
dangered species of animals. Body length: 100-130 cm;
tail length: 80-100 c¢cm; height at the withers: 60 cm;
weight: 37-55 kg (males), 35-42 kg (females); lifespan:
=11 years, up to 21 years in captivity; number of off-
spring: 2-3 kittens; lifestyle: solitary predator; diet: me-
dium-sized ungulates (ibex, argali, roe deer, wild boar,

14

etc.), small mammals (marmots), and birds (ulars, etc.);
habitat: high-altitude steppes and rocky terrain from
600 to 5,800 m above sea level; population: total num-
ber approximately 4,000-6,400 individuals. As noted by
J. Khatiwada et al. (2007), the total area of the histor-
ically established range of the snow leopard is about
2.2 million square kilometres, which is less than 2% of
the total land area. This territory is located in the high-
lands and inaccessible areas of the world - the Hima-
layas, Tibet, Karakoram, Hindu Kush, Pamir, Pamir-Alai,
Tian Shan, Altai and Sayan.

One of the prey species of the snow leopard is the
Siberian ibex or mountain goat (Fig. 4), which inhabits
steep mountain slopes with abundant rocks and scree
at an altitude of 2,500-4,000 metres above sea level.
Ibex graze on alpine meadows, hiding from danger in
the rocks, and descend to lower slopes with less snow
in winter (Justa & Lyngdoh, 2023). They live in small
herds of 10-30 individuals, with adult males forming
separate groups of up to 10 individuals and spend-
ing most of the year in the most inaccessible places,
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separate from the females. On summer days, mountain
goats graze in the morning and evening hours, and dur-
ing the hot part of the day, they spend time under the
shelter of rocks on windy mountain ridges. Depending
on the locality and weather conditions, the mating sea-
son for Siberian goats is in November or December and
lasts 10 days or more. The gestation period is 170-180
days, with females giving birth to one or two kids in late
May or June. Their lifespan in the wild is 15-20 years.

Figure 3. Snow leopard (Panthera uncia)
Source: authors’ photo

Figure 4. Siberian ibex (Capra sibirica)
Source: authors’ photo

One of the diseases diagnosed among Siberian
ibex is larval alveococcosis of the liver. Larval or cyst-
ic alveococcosis is a naturally occurring focal disease
of animals and humans caused by the cestode Alveo-
coccus multibocularis. The sexually mature (tapeworm)
stage of the alveococcus parasitises in the intestines
of carnivores (foxes, dogs, wolves, jackals, etc.). Accord-
ing to J. Janecka et al. (2020), the larval form is more
commonly found in the liver and other internal or-
gans of animals and humans. The macroscopic larval
form is a multi-chambered cyst consisting of a large
number of small bubbles (alveoli) tightly packed to-
gether, containing fluid and the parasite’s scolex (Bob-
dey et al., 2023). The alveococcus bubble consists of a
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cuticular and germinative layer and hydatid fluid. The
cuticular or protective layer is represented by hyaline,
and the germinative layer is the source of the forma-
tion of excretory capsules with scolexes and a cuticular
membrane. Alveococcus cysts develop primarily in the
liver and then in other organs of the abdominal cavity.
Exogenous growth of the lavrocyst (cyst) occurs through
budding. The budded cysts penetrate the intercellular
spaces and infiltrate the surrounding tissue. According
to R. Pramod et al. (2021), the cells of the organ paren-
chyma are compressed, undergo dystrophy, atrophy and
are gradually replaced by alveocytes. Alveococcal cysts
metastasise to the lymph nodes, retroperitoneal tissue,
lungs and brain. As the parasitic node grows, necrosis
occurs in its centre due to insufficient blood circulation,
and a capsule forms, which fills with a clear or cloudy
fluid. The peripheral part of the node consists of active-
ly multiplying parasite vesicles. The cavity of the vesi-
cles contains a small amount of viscous fluid. When cut
open, the parasitic node has a cellular structure with a
cavity of decay in the centre. The larval form is repre-
sented by a conglomerate of small vesicles (parasitic
node) connected by connective tissue and is character-
ised by exogenous reproduction and infiltrative growth
(Ullah et al., 2020).

Alveococcus is a biohelminth that develops by
changing hosts. Its definitive hosts are carnivores:
wolves, foxes, cats; and its intermediate hosts are wild
rodents of the Cricetidae family (Vishnu et al., 2024). A
study by A. Lypska et al. (2023) also showed that rodents
in natural populations can be carriers of multiple para-
sitic infections, including blood-borne zoonotic patho-
gens,which increases their epizootological significance
in the circulation of pathogens between wild and do-
mestic animals. The final host becomes infected by eat-
ing infected liver containing formed alveococcus vesi-
cles with scolexes (Figs. 5, 6). Wild animals and humans
suffer from natural focal diseases, with humans becom-
ing infected during skinning, when eggs stuck to the
fur get onto their hands and are carried into the mouth.
Another route of human infection with is through the
consumption of wild berries and herbs contaminated
with the excrement of infected carnivorous animals.

Figure 5. Alveococcosis, macro picture
Source: authors’ photo
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Figure 6. Alveococcosis, micrograph
Note: haematoxylin and eosin, 9x10
Source: authors’ photo

Another object in the snow leopard’s food chain
is the roe deer, a small, graceful deer with a relatively
short body (Fig. 7). Its ears are long and pointed, and its
tail is short and does not protrude from its fur. Its coat
is single-coloured, bright red in summer and dull grey-
ish in winter. Its body length is 150 cm, and it weighs up
to 60 kg. Roe deer mate in August, and gestation lasts
4-4.5 months, resulting in 1-3 fawns.

Figure 7. Roe deer (Capreolus capreolus)
Source: authors’ photo

Roe deer suffer from echinococcosis, which is car-
ried by carnivores. Echinococcal cysts are round in
shape and are most often found on the surface and
in the thickness of the liver and lungs. Depending on
the stage of the disease, the number of echinococcal
cysts in the liver varied. The cysts are represented by
a capsule containing a transparent fluid with a slightly
yellowish tint (Fig. 8). The final stages of larval echino-
coccosis were accompanied by almost total organ dam-
age, as indicated in the work of M. Bashari et al. (2018).
The wall of the cyst consists of the following layers: the
outer adventitial layer and the inner germinative layer.

Figure 8. Larval echinococcosis in cattle
Note: the liver (a) and lungs (b) are affected by typical
echinococcal cysts
Source: authors’ photo

Among roe deer, the lung disease mulleriosis was
diagnosed (Fig. 9). Mulleriosis in animals, caused by
Mullerius capillaries, belongs to the Protostrongylidae
family and affects wild ruminants (Habib et al., 2014).
These are small, thin, separately hollow nematodes,
almost indistinguishable to the naked eye against the
background of the lungs. The lung tissues are involved
in the pathological process, which is a pathological pic-
ture of chronic productive alveolitis. The affected areas
of the lung have clear boundaries macroscopically and
are coloured yellowish-grey. During invasion, numer-
ous foci are scattered in various areas of the lungs, but
mainly in the posterior lobes.

Figure 9. Macroscopic picture of muelleriosis
Source: authors’ photo

At the same time, alveolar epithelial cells divide
and multiply by amitotic and mitotic division. The pro-
cess may begin with exudative phenomena, with the
filling of the alveolar lumens with serous exudate. In
such areas, the interalveolar septa are thin, and later
they thicken noticeably due to lymphoid-histiocytic in-
filtration. Lymphoid cells, neutrophilic leukocytes, and
histiocytes are mixed with desquamated epithelial cells
in the alveolar lumens. Parasites that have reached
sexual maturity, located in the bronchial branches or
in the alveolar tissues, are localised in their lumens,
where they lay eggs in the alveolar lumens and alveolar
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passages. Sexually mature parasites are found in areas
bordering healthy tissue in the lumens of the alveo-
li or outside the foci of consolidation, among normal
tissue (Fig. 10). Freshly laid eggs have unsegmented
fine-grained cytoplasm and one large light nucleus.
Subsequently, all stages of development can be seen in
the sections, from the beginning of fragmentation into
blastomeres to the formation of a finished larva inside
the egg shell. In the areas where the eggs are located,
the alveolar tissue, especially the alveolar septa, thins,
becomes thread-like, disappears, and cavities of various
sizes may form as a result of the fusion of adjacent al-
veoli filled with eggs or larvae.

Figure 10. Paraffin section of the lungs -
muellerian invasion in a roe deer
Note: staining — haematoxylin and eosin, x90
Source: authors’ photo

The pathological process involves the small bron-
chial branches, where catarrhal bronchitis initially de-
velops. The bronchial lumens contain mucus, desqua-
mated epithelial cells, and leukocytes. The number of
goblet cells in the epithelial lining of the mucous mem-
brane increases. Changes are observed in the walls of
the small bronchi in the form of thickening. The epithe-
lial layer of the mucous membrane hyperplasiates and
papillary protrusions form in the lumen of the bronchi,
where the base of the mucous membrane is infiltrated
by lymphoid-histiocytic elements, later fibroblasts. The
lumens of the bronchi become slit-like,and the layers of
peribronchial tissue gradually expand and become in-
filtrated with cellular elements, mainly lymphoid cells.
The lumens of the alveoli are filled with the bodies of
sexually mature parasites, and the epithelial lining is
compressed and atrophied. The pulmonary pleura and
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interlobular connective tissue septa are involved in the
pathological process. They thicken and undergo severe
sclerotic changes. In other areas of the lung parenchy-
ma, proliferative changes develop, leading to thicken-
ing of the interalveolar septa due to cell proliferation
consisting of lymphoid and histiocytic elements. Later,
fibroblasts, collagen fibres and a small number of plas-
ma cells appear. In the affected areas, the thickening of
the alveolar septa is due to the growth of thick smooth
muscle bundles, while the alveolar lumens narrow or
disappear completely, and areas replaced by collagen
and smooth muscle cells appear.

Another object of the snow leopard’s food chain
is the mountain sheep (Ovis ammon) - a very beauti-
ful, slender animal, light in build, with long legs and
a high head (Fig. 11). Its horns are beautifully curved,
sometimes very large. The colouring of the sides and
back is solid yellow or brown-grey in various shades.
Mountain sheep are 120-130 cm tall at the withers
and weigh 200-220 kg. These animals prefer vast open
spaces with gently rolling terrain and gentle mountain
slopes. In summer, adult males form separate herds and
keep away from females. Gestation lasts 155-170 days,
and from April to May, females give birth to 1 or 2 lambs.

Figure 11. Argali (Ovis ammon)
Source: authors’ photo

During the pathological autopsy of a mountain
sheep that had been culled for sanitary reasons, patho-
logical changes were found on the serous membranes.
A translucent oval-shaped bubble on a thin stalk was
found under the peritoneum. The bubble was filled with
a clear fluid in which a floating scolex was visible. This
bubble is a thin-necked cysticercosis, which is the out-
er serous membrane of the host and the scolex’s own
membrane (Fig. 12). The snow leopard, eating such an-
imals, becomes the definitive host, where a tapeworm
begins to develop in its intestines, which has a head
with suckers, a neck and a body. The body or tapeworm
reaches 1.5-5 m and as the segments mature, they fall
off, are excreted with faeces, contaminate the soil, grass
and water, and the parasite’s eggs are swallowed with
the food of herbivorous animals. The causative agent is
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the cystic stage of the cestode Taenia hydatigena, which
lives in the small intestine of carnivores (wolves, jack-
als). The sexually mature parasite reaches a length of
2 m, its scolex has 4 suckers and is armed with 32-44
hooks arranged in two rows. The thin-necked cysticer-
cus is a bubble filled with a colourless liquid, oval in
shape, up to the size of a goose egg, hanging down like
a bubble.When the shell is cut open, the parasite, which
has a long thin neck, a tail bubble and a scolex, is easily
squeezed out of the bubble.

Figure 12. Thin-necked cysticercosis, macro picture
Source: authors’ photo

The morphofunctional state of the thymus is ex-
pressed by its lobular structure and specific mass. Each
lobe of the thymus is represented by cortical and med-
ullary substance in different proportions in different
lobules. The lobules are in different morphofunction-
al states. In the subcapsular zone, blast transforma-
tion and thymoblast proliferation are observed, and in
most lobules of the thymus, the boundary between the
cortical and medullary substances is blurred. In some
lobules, small and large Gassall’s cells with calcifica-
tions are found in the medullary layer (Fig. 13). Clus-
ters of labrocytes, lymphocytes, and macrophages are
observed, as well as products of cell breakdown. Blood
vessels are hyperemic. Lymphoid cells in mitosis are
found in the cortical substance and sporadically in the
medullary substance.

The morphofunctional state of a lymph node is
the cortical zone or cluster of lymphatic follicles, or
the B-dependent zone and paracortical zone, or the
T-dependent zone and medulla. The histological pic-
ture showed that the structure of the lymphatic follicle

centres of the lymph nodes was destroyed, with a large
accumulation of blood and haemorrhages. Hyperplasia
of the B-dependent zone was noted (Fig. 14).

Figure 13. Thymus gland
of a roe deer with Mdllerian invasion
Note: staining - haematoxylin and eosin, x90
Source: authors’ photo

Figure 14. Paraffin section of a lymph node
Note: staining - haematoxylin and eosin, x90
Source: authors’ photo

The spleen is similar in structure to the histological
structure of other animal species, where a distinction is
made between white and red pulp. In roe deer, in this
case, it stands out in the form of lymphonodules, the
B-dependent zone, while the T-dependent zone is poor-
ly developed and is detected near the central vessels.
The red pulp is abundantly injected with blood, and
hyperplasia of B-dependent zones is observed in the
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white pulp. The red pulp of the spleen is represented
by a large number of erythrocytes, T- and B-lympho-
cytes, and macrophages. Cells in mitosis are found.
Macrophages are located in large numbers around the
white pulp and in smaller numbers in the red pulp and
sinuses. Apoptosis occurs in both the white and red
pulp of the spleen (Fig. 15a). In the white pulp of the
spleen, T- and B-dependent zones are distinguished,
where T-dependent zones of the white pulp are rep-
resented by T-lymphocytes. The central artery of the
lymphoid follicles is located eccentrically. Lymphoid
formations with light centres have clearly defined cen-
tres of lymphoid follicles. The mantle zone is clearly
distinguished by the dense arrangement of B and T
lymphocytes, plasma cells, and macrophages. Lymphoid
follicles without light centres are distinguished by the
loose arrangement of B lymphocytes, and the zones are
not distinguished. Mitosis of blast cells is rare (Fig. 15b).

PV

Figure 15. Paraffin section of the spleen
Note: staining — haematoxylin and eosin, x90
Source: authors’ photo

Analysis of data on the morphology and functional
state of the organ allows for concluding that the con-
dition of the white pulp of the spleen corresponds to a
state of relative rest and moderate functioning. A large
number of red blood cells in the organ is evidence of the
highest degree of depositing function. Larvae, entering
the roe deer’s intestines with food and water, penetrate
the submucosal layer of the intestines and, together
with the chyme, enter the lymph, reach the large tho-
racic duct and, with the lymph, penetrate the blood of
the small circle of blood circulation and, through the
walls of the capillaries, enter the small bronchi, provok-
ing bronchopneumonia. Histological sections stained
with haematoxylin and eosin reveal eggs, larvae and
sexually mature forms of the pathogens, which are

Arbaev et al.

localised in the small bronchi, alveolar passages and
alveoli. Focal, diffuse lymphoid, histiocytic, and plasma
cell infiltrates are observed in the bronchial walls and
peribronchially.

The described morphological structural changes in
the primary and secondary organs of immunogenesis
in wild cloven-hoofed animals (Siberian ibex, argali,
and roe deer) in invasive diseases (alveococcosis, mu-
elleriosis, and cysticercosis) revealed functional ten-
sion in the above-mentioned organs of the immune
system. This manifested itself in the form of cellular
infiltrates, where the number of plasma cells, clusters
of macrophages, small lymphocytes, neutrophilocytes,
and fibroblasts increased, and where the effectiveness
of immunity depended on the coordinated interaction
of cellular and humoral immunity (Vishnu et al., 2024).
The morphological picture was revealed by the deple-
tion of light centres in the secondary organs of immu-
nogenesis, which indicated a sharp decline not only
in the body’s immune reactivity, but also in other vital
processes. A deficient state arose in the thymus, charac-
terised by morphological changes in secondary organs
of immunogenesis in the form of increased prolifera-
tion in the B-dependent zone, which is associated with
the endocrine system and central nervous system con-
trolling the homeostasis of the animal organism.

In conclusion, it should be noted that anthropogen-
ic factors such as an increase in livestock numbers and
degradation of grazing lands, as well as climate change,
have a negative impact on the snow leopard’s food sup-
ply and habitat. M. Bashari et al. (2018) emphasised that
direct and indirect human impact on the snow leopard’s
range and food supply is changing the snow leopard’s
lifestyle. This is also evidenced by a number of exam-
ples from the Kyrgyz Republic. In 2020 alone, there
were three recorded incidents involving snow leopards
descending from the highlands to populated areas. In
January 2020, the Department for Biodiversity Conser-
vation and Specially Protected Natural Areas reported
the discovery of a snow leopard in the village of Kok-Oy
(600-800 m above sea level) in the Talas region. Em-
ployees of the Bars Group travelled to the site together
with a veterinarian. At the examination site, NABU vet-
erinarian B. Azhybekov assessed the predator’s health
as critical. After discussing the issue with representa-
tives of state authorities, it was decided to transport
the snow leopard to the NABU office in Bishkek. An
X-ray of the snow leopard showed that the animal had
been shot in the head. A council of veterinarians decid-
ed to perform emergency surgery. At present, the leop-
ard’s life is not in danger, and it is recovering.

Second example: on 10 January 2020, information
was received from a hunting expert in the Zhumgal dis-
trict of the Naryn region about the discovery of a snow
leopard in a shepherd’s barn in one of the winter areas
(1,800-2,000 metres above sea level). The “Bars Group”
immediately left for the Zhugals district of the Naryn
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region. Upon arrival in the Zhugaly district, the hunting
expert showed the snow leopard and drew up a transfer
report. After these activities, the snow leopard was tak-
en to the NABU office in Bishkek, where, in agreement
with the state authorities, it was decided to deliver the
snow leopard to the NABU rehabilitation centre.

Third example: in May 2020, a snow leopard was
brought to the rehabilitation centre from the village of
Emgek Talaa in the Naryn region (Teskey Torpu, 1,700-
1,800 m above sea level). It was brought by the direc-
tor of the “Ysyq-Kol” biosphere territory, T. Asykulov. The
snow leopard was in serious condition and unable to
move. Upon examination, it was found that its right eye
was damaged and there was a wound on its front paw.
The snow leopard brought from the Naryn region was
examined by a veterinarian, who noted that the animal
was in a state of stress and prescribed the necessary
treatment. The snow leopard was given the nickname
Tenteq and sent to the NABU rehabilitation centre. The
rescued snow leopards caused a public outcry. In the
same year, a gamekeeper from the Kara-Buurinsky dis-
trict of the Talas region reported that he was keeping
an argali lamb in his barn. After notifying government
officials in advance, the commission decided on the fu-
ture fate of the red-listed animal. These examples show
that anthropogenic factors are severely disrupting the
snow leopard’s habitat, which is closely linked to cli-
mate change. The preservation of the snow leopard
population is influenced not only by anthropogenic fac-
tors in the habitat, but also by diseases of wild animals,
not only of an infectious and invasive nature, but also,
in this case, alveococcosis, muelleriosis, cysticercosis
and other parasitic diseases.

Conclusions
Studies of wild ungulates - Siberian ibex, roe deer and
argali, which constitute the food base of the snow leop-
ard in the highlands of Kyrgyzstan - have revealed a
significant prevalence of invasive diseases. Pathologi-
cal and parasitological studies diagnosed helminthia-
sis such as alveococcosis, echinococcosis, muelleriosis,
and cysticercosis. The most significant result is a de-
tailed description of the specific immunomorphologi-
cal response of the organs of immunogenesis to these
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AHHOTaums. AK UNBUPC — KOrosyy KOpKYHydyHAa TypraH skaHa Kbiprbiz PecnybamkacbiHbiH Kbi3bin KUTEGUHE
KMPTM3WITEH CeMpeK KesmeLyydy aHa asnyy xaHbibap 6onyn caHanat. An TaHb-LUaHabiH XXeTyyre KbiiiblH 6GUIAKK
TOOJYY PaOHA0PYHAA XALLAWMT, an Xepae 3KONOTUNbIK TEH, CAIMaKTYYNYK aHblH a3blK TU3MErMH Ty3reH dhayHaHbIH
abanblHa Ty346H-Ty3 Ke3 KapaHAbl. AKbIpKbl XblfAapbl anakbl )aHa yi >kaHblbapnapbl apacbiHaa 0opynapabiH
Kebeiywy 6aikanyyna, 6yn ak MAGMPCTMH NONYNAUMACbIHBIH abanblHa >KaHa >KaNMblCblHAH 3KOCMCTEMAHbIH
TYPYKTYYNYryHa TaacMPUH TUIATUIULWM MYMKYH. Byn MWITMH MakcaTbl ak MABUPCTMH a3blk TM3MErMHe KMpreH cyT
3MYYYyIIepayH MUTE 0OpYNapbiH U3UNAee, anapablH 6UONOrMANbIK ©3reuenyKTepyH, ByaraHyy GynakTapbiH XaHa
TOONYY PaiOHAOPAOTY 3MM300TUANbIK KblpAaanra TaaCMpUH aHbIKTOO 6oiyn caHanat. M3ungeeHyH KYpyLUyHAe
Tanaasnbik 6aiiko0NOpAYH, FeIbMUHTONOUSbIK ayTONCUsNapAbiH, GUoMaTepuanablH MUKPOCKONMANbIK aHANU3UHUH,
BETEPUHAPAbIK U3MNA6eNepAYH MaaNbiMaTTapbiHbiH CabIWTbipMa MOPGHONOTUS/bIK XKaHa CbinaTTaMa aHaaWU3MHKH
MeToALopy Maidanadbiiabl. HaTbikana, aHblKTaaraH MWUTE 00pYNapbiHbiH MYMHEH 3H YOH 3MUAEMMONOTMANbLIK
MaaHMCM Kanakbl KaHa Y XaHblbapnapbl Y4YH ONYTTYY KOPKYHYY TyyoypraH ajnbBEOKOKKO3 >KaHa MIJIepuos
3KEHAMIM aHbiKTanabl. AIbBEOKOKKO3AYH KO3rorydyy 600pro Taacup 3Tyy4y KaHa MHOUNALTPATUBAMK ©CYYre XaHa
MeTacTasra>keHaeMayy 6Mp Heue KUCTUKAbIK MUTE TYIYHAS PYHYH Naiiaa 601yLWyHa anbin Keyy4yy JeHTaHbIH IMYMHKA
cTaguacel 6onyn caHanat. byn MUTEHMH aKbIpKbl KOXOKHAAPbI XbIPTKbIYTAP (MTTEP, MbIWbIKTap, KapbiWKbipaap,
TYNIKYNep, MaHynanap x.6.), an 3Mu OpTOAOry Maiaa kanaibl kemupyydynep. OWOHAON 301e NaToreH 34Kunepae,
KOMNOPA0 XKaHa Xanaibl KeMNWwee4ynepae enkeHyH >abblipKallblH WapTTaiT, 6yN NpoayKTUBAYY abBEONUTTUH Ker
0YOKTOPY XaHa KaHblGapiapAbiH Kambl KapLUbIbIrbIHbIH TOMEHAGLY MEHEH KOpYHeT. [aToreHaepanMH 6MONOrUaNbIK
KaHa 3KONOTUS/bIK ©3reYelyKTePYH KOMMIEKCTYY TaA00 XapaTbi/blll WapTTapbiHAA anapibiH aifaHyy Kona0pyH
KaHa aflaM YYyH MYMKyH 6onyydy Tobokenauktepam 6aanooro MyMKyHAYK 6epeT. M3ungeeHyH npakTuKanbiK
MaaHMCK CEMPEK Ke3AELLYYUY XbIPTKbIUTapAbl KOProoro xaHa Kblprbi3acTaHablH 6UiMK TOONYY 3KOCUCTEManapbiHbiH
3MU300TUANBIK BEMNUNOUIMH TYPYKTALITbIpYyra GarbiTTanraH anfblH anyy aHa AMarHOCTMKanbIK UL-4apanapabiH
CUCTEMACHIH MLITEN YbIryyAa asblHraH MaanbiMaTTapAbl NainanaHyy MyMKYHLYTYHAS TypaT

Herusru cesgep: Cl/l6l4pb TEKECU; apKapiap; 3IMKTEP; aJibBEOKOKKO3; MON1€PUO3; LMCTULLEPKO3
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AHHoTauums. CHexHbIn 6apc (Panthera uncia) 9BNSETC PeLKUM U YSI3BUMbIM BULOM, HAXOASALWMMCS NOJ, YrpO30H
MCYe3HOBEHMS U 3aHeceHHbIM B KpacHywo kHury Kbipreidckon Pecnybnuku. OH obuTaeT B TPYyLHOLOCTYMHbIX
BbICOKOTOPHbIX panoHax TaHb-lUaHg, roe skonorMyeckoe paBHOBECME HAMPAMYK 3aBUCUMT OT COCTOSIHUS (ayHbl,
COCTaBNsAOWEN ero nuuieByo Uenb. B nocnegHue roabl HabnogaeTcs pocT ymcia 3aboneBaHwii cpeam OUKUX U
[LOMALLHUX XXMBOTHbBIX, YTO MOXET OKa3blBaTb BAMSHUE Ha 3[0pPOBbeE MOMYNALMM CHEXHOro 6apca M yCTOMYMBOCTD
3KOCUCTEMDI B LieNioM. Llenbto HacToswen paboTbl 6b110 MCcCef0BaHME Napa3uTapHbiX 3a601eBaHUM MIEKOMUTAKOLWMX,
BXOOAWMX B MULLEBYHD LieMb CHEXHOro 6apca, ¢ onpeneneHneM ux GuonorMyeckux ocobeHHOCTel, UCTOYHUKOB
3apaXKeHUs U BAMSHMS Ha 3MU300TMYUECKYI0 CUTYaUMIO B FOPHbIX paioHax. B xode nccnenoBaHMs MCMOMb30BaHbI
METOAbl MONEBbLIX HAOMOAEHMI, TENbMUHTONOMMYECKUX BCKPbITUMI, MMKPOCKOMMYECKOrO aHanusa buomatepuana,
CPaBHUTENbHOMO MOP(ONOrMYEeCKOro M OMMCATEeNbHOrO aHanM3a [AaHHbIX BETEPUHAPHbIX MCCegoBaHui. B
pe3ynbTaTe YCTAaHOB/EHO, YTO Haubonbliee 3NUAEMUONOTMYECKOe 3HAYeHUEe CpeaM BbISIBEHHbIX MapasuTapHbIX
3aboneBaHui MMEKT aIbBEOKOKKO3 U MIONNEPUO3, MPEACTaBNAOLLIME CEPbE3HY OMACHOCTb KakK ANs AMKMUX, Tak
M 0N OOMALHMX XUMBOTHbIX. Bo3byautenem anbBeOKOKKO3a SBASETCS NMUYMHOYHAS cTagms uenHs Alveococcus
multilocularis, nopa)atollas neyeHb M BbI3blBAOLWASA 0OpPa30BaHME MHOXECTBEHHbLIX KMCTO3HbIX MapasuTapHbIX
Y3/10B, CMOCOBHbIX K MHPUNBTPATUBHOMY POCTY M MeTacTa3vpoBaHuio. KOHEYHbIMU X0351€BaMK JAHHOMO napasuTa
BbICTYNAKT NAOTOSAHbIE XXMBOTHbIE (COBAKM, KOLUKW, BOSIKU, IMCULLBI, MAHY/bl U Ap.), 3 MPOMEXYTOUHbIMU — MENKue
[IMKUMeE TpbI3yHbl. YCTAHOBNEHO Takxke, YTo BO30yautens Mullerius capillaris Bbi3bIBAa€T NOPaXXeHUs IETKUX Y KO3, OBEL,
U IUKUX XKBAYHbIX, YTO NPOSIBASETCS MHOXECTBEHHbIMU 0YaraMu NpoAYyKTUBHOMO aNbBEOIUTA U CHUXKEHMEM 00LLen
PE3UCTEHTHOCTM XMBOTHbIX. KOMMAEKCHBIM aHanu3 6Monormyecknx M 3KoNormyecknx ocobeHHocTen Bo3byantenen
NMO3BONSIET OLEHWUTb NYTU WX LUPKYASLUMU B MPUPOLHbLIX YCAOBMAX WM MOTEHLMaNbHble PUCKM ONS 4YenoBeka.
[pakTnyeckas 3HaYMMOCTb UCCNEA0BAHNSA 3aKNOYAETCS B BO3MOXHOCTU MCMONb30BAHUS NOMYYEHHbIX AAHHbIX Npu
pa3paboTke CUCTEMbl NPOPUNAKTUYECKMX U AMATHOCTUHECKUX MEPOMPUATUI, HAMpaBNEHHbIX Ha OXpaHy peaKux
XWULLHUKOB U CTabMAM3aLLMIO 3MM300TUYECKOro 61arononyyumns BbICOKOropHbIX 3kocucteM Kbiprbi3ctaHa

Kniouesble cnoBa: CVI6MpCKMl7I KO3€epor; apxap; KOCy/n; a1bBEOKOKKO3; MIOJIJTIEPUO3; LUCTULLEPKO3
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Abstract. The article presented the results of many years of research by the Kazakh Scientific Research Institute
of Fruit and Vegetable Growing LLP on the study and improvement of apple and pear varieties. The relevance of the
work is due to the need to increase the adaptability, yield and quality of fruit production in the south and south-
east of Kazakhstan. The study was aimed at the agrobiological evaluation of local and introduced varieties in order
to identify the most promising forms for intensive horticulture. Over the past 20 years, 97 apple varieties and 25
pear varieties have been submitted for state variety testing, and more than 70 new varieties have been added to
the institute’s gene pool, including ‘Honeycrisp, ‘Champion’, ‘Red Chief, ‘Pink Lady, ‘Samurlet, ‘Lyra’, ‘Muratovskaya’
and others. The research was conducted in 2022-2024 in the climatic conditions of the south and south-east of
the republic. The evaluation was based on a number of economically valuable characteristics: early fruiting, yield,
adaptability, fruit shelf life, resistance to diseases (scab, powdery mildew, bacterial burn) and pests. As a result,
varieties with the highest degree of adaptability, stable productivity (up to 550 cwt/ha), high taste qualities and
suitability for storage were selected. The article contains characteristics of 12 apple varieties and 10 pear varieties,
including data on biological and economic indicators. The practical significance of the work lies in the possibility
of using the results obtained when planting industrial orchards and optimising the variety composition in regions
with similar growing conditions
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Introduction

The natural and climatic conditions of southern and
south-eastern Kazakhstan create favourable conditions
for the development of industrial horticulture, espe-
cially for the cultivation of pome fruits. Fertile soils, a
developed irrigation network and active temperatures
ranging from 2,600 to 4,000°C allow for the successful
cultivation of varieties of different origins and ripening
times. Apple and pear trees occupy a leading place in
the structure of fruit plantations in the republic, pro-
viding the main share of commercial production and
playing an important role in the country’s food security.
In recent decades, breeding institutions in Kazakhstan,
including the Kazakh Scientific Research Institute of
Fruit and Vegetable Growing (KazNIIPO), have been ac-
tively working to expand and improve the assortment
by introducing varieties from the United States, Canada,
Australia, the Czech Republic, Russia and other coun-
tries. The institute’s gene pool includes more than 1,800
samples collected from regions with different climatic
conditions, which serves as the basis for adapting new
varieties to the specifics of the southern regions of Ka-
zakhstan. The study of wild species growing in Central
Asia plays an important role in expanding the genetic
diversity of fruit crops. Research by U. Manapkanova et
al. (2025) on the genetic diversity of wild cherry species
in Kazakhstan and Uzbekistan revealed a high level of
intraspecific variability and the presence of hybrid forms
with valuable drought and frost resistance traits, which
is of considerable interest for breeding programmes. As
noted by R. Sestras & A. Sestras (2023), intensive horti-
culture places increased demands on the varieties used.
These include high vyield, resistance to major diseases
(scab, powdery mildew, bacterial burn), long shelf life
of fruits, high commercial and taste characteristics, as
well as adaptability to local soil and climatic conditions.

The development of fruit growing as a priority sec-
tor of the agro-industrial complex of the Republic of
Kazakhstan largely depends on the scientifically based
formation of the varietal composition of fruit crops. Giv-
en the long-term nature of apple and pear trees, mis-
takes in the selection of varieties can reduce the pro-
ductivity of plantations over 20-25 years of operation,
resulting in significant economic losses (Sviridova &
Vlasov, 2019). Therefore, as noted by A. Smykov (2020),
one of the most important areas of breeding work is the
effective use of the gene pool of fruit crops and its con-
stant enrichment with promising forms adapted to the
soil and climatic conditions of the region. Fruit quality is
a key indicator determining the commercial attractive-
ness of a variety on the market. Studies show that, along
with the biological characteristics of plant growth and
development, resistance to stress factors and produc-
tivity, the commercial characteristics of fruit — weight,
size, shape, colour and taste - are the most stable va-
rietal traits (Havryliuk et al., 2022; Du et al., 2025;
Ghonimy et al., 2025). Modern domestic and foreign
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market requirements dictate the need to grow varieties
with high organoleptic characteristics and attractive
appearance. Recent studies emphasise the importance
of using molecular markers and genetic certification in
the selection of breeding material. The work of Y. Yefre-
mova et al. (2023) shows that marker-assisted selection
(MAS) significantly accelerates the process of breeding
varieties resistant to Plasmopara viticola, scab and other
stressors. These approaches are particularly relevant in
the context of climate change and for Kazakhstan,where
it is necessary to create adaptive forms with complex
resistance to abiotic and biotic environmental factors.

The aim of this study was to conduct a comprehen-
sive agrobiological assessment of promising apple and
pear varieties of local and introduced selection in the
conditions of southern and south-eastern Kazakhstan
in order to identify the most productive and adapted
forms suitable for introduction into industrial produc-
tion and further use in breeding programmes to create
new competitive varieties.

Materials and Methods

Field studies were conducted in 2022-2024 at the
experimental site of the Talgar Regional Branch of
KazNIIPO LLP (Almaty Region, Talgar District, Alma-
lyk Village, Kazakhstan), located in the foothills of the
Zailiyskiy Alatau at an altitude of 1,070 m above sea
level. The soils of the site are grey-brown, loamy, with
a pH level of 7.1-7.3, humus content of 2.1-2.3%, and
average mobile phosphorus and potassium content.

Research subjects:

Apple tree (11 varieties): ‘Voskhod’, ‘Makpal, Anel,
‘Damira;, Aizere’, ‘Dauren’, ‘Samurlet, ‘Champion’, ‘Pink
Lady’, ‘Honeycrisp, ‘Red Chief’. Year of planting - 2011,
planting pattern 5x3 m, rootstock — Arm-18. Control va-
riety - ‘Golden Delicious..

Pear (9 varieties): Aydana’, ‘Bostandyk’, ‘Nagima,
‘Karyndas’, ‘Lyra’, ‘Harrow Sweet, ‘Muratovskaya’, ‘Kyr-
gyzskaya Zimnyaya’, ‘Prosto Maria’ Year of planting -
2010, planting pattern 5x3 m, rootstock - EMA. Control
variety - ‘Talgar Beauty.

The experiment was laid out using the Randomised
Complete Block Design method in three replicates.
Each replicate consisted of 5 trees of each variety (15
trees per variety in total). The variants were arranged in
strips, taking into account the prevailing wind direction.
Studies were conducted in accordance with the meth-
odological guidelines of E. Sedov & T. Ogoltsova (1999).
The following characteristics were taken into account:
1. Winter hardiness - based on the degree of freezing
of wood, cambium and generative buds after natural
overwintering, visually on a damage scale (1-5 points),
as well as in the laboratory (after forced freezing and
staining of the cambium with a tetrazolium solution).
2. Disease resistance (scab, powdery mildew) - visual
assessment of the degree of damage to leaves and
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fruits on a 5-point scale during the growing season
(Mavlyanova, 2015). 3.Yield - recorded in kilograms per
tree and converted to hectares using formula (1):

Y=(MxNx10,000)/(S x ), (1)

where M is the average yield per tree, N is the number
of trees per hectare, S is the area between rows and
within rows, and n is the number of trees counted.

The quality of the fruit was determined organolep-
tically (appearance, taste, aroma, juiciness) on a 5-point
scale; the weight of a single fruit, dry matter content
(refractometrically), titratable acidity, vitamin C con-
tent (by iodometry) (Gritsenko et al., 2022). In Table 1,
the characteristics of the fruit included weight and
taste qualities, determined on the basis of organoleptic
tasting on a 5-point scale. The weight of the fruit was
indicated in grams as the average value for a sample
of 10-20 fruits, with an accuracy of 5 g. Taste was as-
sessed based on a combination of characteristics such
as sweetness, acidity, aroma and juiciness. Average yield
was expressed in centners per hectare (c/ha) and was
calculated based on data for 2022-2024 from experi-
mental plots, converted to 1 hectare. The shelf life of
the fruit reflected the duration of their storage at a tem-
perature of 0...+2°Cand a humidity of 85-90%, until they
lost their marketable appearance and taste. The NSR05
indicator (the smallest significant difference at a signif-
icance level of 5%) was used to assess the reliability of
differences between varieties in terms of yield. Drought
resistance was determined by the water-holding capac-
ity of the leaves, water deficit and turgor recovery ac-
cording to the method of S. Temirbekova et al. (2023).

Intensive cultivation techniques included spindle-
shaped pruning, drip irrigation, gentle pruning, miner-
al nutrition according to growth stages, and inter-row
mulching. The results were processed using analysis of
variance (ANOVA) with the NSRO5 criterion (smallest sig-
nificant difference) to determine the reliability of differ-
ences between variants. The processing was carried out
using Statistica 13.0 and Excel 2016 software. The signif-
icance threshold was p <0.05. The study was conducted
in accordance with the ethical principles of the Conven-
tion on Biological Diversity (1992) and the Convention on
International Trade... (2000). The involvement of experts
for organoleptic evaluation complied with the ethical
standards of the WMA Declaration of Helsinki (1964).

Results and Discussion

As a result of many years of breeding work by KazNIIPO
LLP, 97 apple varieties and 25 pear varieties were sub-
mitted for state variety testing. Of these, 27 apple va-
rieties and 3 pear varieties were included in the State
Register of Breeding Achievements Approved for Use in
the Republic of Kazakhstan. Over the past 20 years, as
part of the introduction programme, about 50 foreign
apple varieties have been tested and introduced, in-
cluding ‘Honeycrisp, ‘Champion’, ‘Red Chief’, ‘Pink Lady,
‘Samurlet,‘Quinte’ Jenny Grant, and others. Twenty-one
pear varieties have been introduced, including ‘Lyra,
‘Yesenevskaya, ‘Muratovskaya, ‘Cheremshina;, ‘Vrodli-
va,, ‘Claude Sablin, ‘Williams, and others. Table 1 pre-
sents the production and biological characteristics of
promising apple and pear varieties, both locally bred
(KazNIIPO LLP) and adapted varieties from other coun-
tries, based on data for 2022-2024.

Table 1. Key indicators for promising fruit crop varieties of local
and introduced selection (average values for 2022-2024)

Variety name Ripening period

foetal weight (g)

Fruit quality

Average yield

Fruit shelf lif
(centners per hectare) ruit sheft ire

fruit flavour, points

Apple tree
‘Anel’ summer-autumn 210 4.8 240 until December
‘Voskhod’ winter 260 5.0 220 until April
‘Makpal’ winter 205 4.7 230 until April
‘Damira’ winter 225 5.0 195 until April
‘Aizere’ winter 220 5.0 210 until April
‘Dauren’ winter 270 4.8 200 until May
‘Pink Lady’ winter 200 4.7 500 until June
‘Samurlet’ late summer 210 4.6 350 until January
‘Champion’ winter 220 4.6 350 until February
‘Honeycrisp’ winter 250 4.8 550 until April
‘Red Chief’ winter 210 4.8 550 until March
‘Golden Delicious’ winter 180 4.5 160 until May
HCP 17.0
Pear
‘Nagima’ autumnal 190 4.8 180 until December
‘Karyndas’ autumnal 170 4.5 160 until January
‘Bostandyk’ winter 170 4.4 170 until December
‘Aydana’ winter 150 43 160 until December
‘Prosto Maria’ winter 230 4.5 200 until December
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Table 1. Continued

) o . Fruit quality Average yield . .
Variety name Ripening period foetal weight (g)  fruit flavour, points | (centners geryhectare) Al
Pear
‘Lyra’ winter 205 4.3 175 until December
‘Harrow Sweet’ winter 210-450 4.7 205 until December
Kyrgyzskaya winter 210 4.0 170 until April
Zimnyaya
‘Muratovskaya’ autumnal 180 4.3 - until November
‘Talgar Beauty’ winter 179 4.5 150 until February
HCP 12.0

Note: NSRO5 - the smallest significant difference at a significance level of 5%; the lack of yield in the ‘Muratovskaya’ variety
is due to insufficient observations during the study period, as the variety is currently undergoing adaptation testing
Source: compiled by the authors based on data from NASEC (n.d.)

Apple tree variety ‘Voskhod' Variety bred by KazNIIPO
LLP. Winter ripening period, high winter hardiness. Re-
sistant to powdery mildew and scab. Medium-sized tree
with a rounded, compact crown. It starts bearing fruit 2-3
years after planting in the garden. High yield. The fruits
are large, up to 260 g, candlestick-shaped, light yellow
in colour with a delicate blush (Fig. 1). The taste is sweet
and sour, with a pleasant aroma. The flesh is white,
dense, tender, juicy, and fine-grained. The fruits ripen in
mid-September. They can be stored until April. The va-
riety is regionalised in the Almaty and Zhambyl regions.

Figure 1. Apple tree variety ‘Voskhod’
Source: photo by the authors

Apple tree variety ‘Makpal. A variety bred by
KazNIIPO LLP. A winter-ripening variety. High winter
hardiness. Resistant to powdery mildew and scab. Me-
dium-sized trees with oval crowns of medium density.
Begins bearing fruit in the third year after planting in
the orchard. High yield. Fruits are large, up to 205 g,
elongated-conical in shape, mainly yellow in colour
with a bright red blurred blush over most of the fruit.
The flesh is white, with a medium aroma. The fruits
ripen in mid-September. They can be stored until April.
Regionalised in the Almaty region.

Apple tree variety Anel. Created at KazNIIPO.
Obtained by crossing the varieties ‘Starkrimson’ and
Aport. Trees with moderate growth, winter-hardy,
disease-resistant. Bears fruit in the third year after
planting in the garden. The fruits are above average

in weight, very attractive, have a solid bright crimson
colour, excellent dessert taste, and are fragrant (Fig. 2).
The fruits ripen in late summer and can be stored in
the refrigerator for three months. It is regionalised in
the Almaty, Zhambyl and Zhetysu regions.

Figure 2. Apple tree variety Anel’
Source: photo by the authors

Apple tree variety ‘Damira’ A variety bred by
KazNIIPO LLP, created by crossing the ‘Fantasia’ and
‘Almaty Sinap’ varieties. The variety is winter-hardy and
resistant to major diseases. The tree has a spreading
crown, suitable for intensive orchards. It starts bearing
fruit 3-4 years after planting. The variety is high-yield-
ing. The fruits are medium to above average in size,
elongated and conical in shape. The skin colour is
bright red all over the fruit. The flesh is white, fine-
grained, and has a good taste. It can be stored until
April. The variety is undergoing state variety testing.

Apple tree variety Aizere. A variety bred by
KazNIIPO LLP, ripening in autumn and winter. Win-
ter-hardy. Disease-resistant. Medium-sized tree with a
rounded, spreading, moderately dense crown. Begins
bearing fruit 2-3 years after planting in the orchard.
High-yielding variety. The fruits are medium-sized,
200-220 g, elongated-conical, yellow in colour, with a
raspberry blush, blurred and striped over most of the
fruit, sweet in taste, with a strong aroma, creamy, juicy,
dense and tender flesh. The fruits ripen in mid-Septem-
ber. They can be stored in the refrigerator until April.
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Apple tree variety ‘Dauren’. A variety bred by
KazNIIPO LLP, parent forms ‘Sinap Almatinsky’ and
‘Fantasia’. The trees are winter-hardy. The crown is
pyramidal in shape and spreads under the weight of
the harvest. It starts bearing fruit 3-4 years after plant-
ing in the orchard. The fruits ripen in autumn-winter
and can be stored until April. The fruits are candle-
stick-shaped, mainly greenish-yellow in colour, with a
blurred blush over most of the fruit (Fig. 3). The fruits
are highly attractive and have a dessert flavour. The
variety is undergoing state variety testing.

Figure 3. Apple tree variety ‘Dauren’
Source: photo by the authors

‘Pink Lady’ apple variety. This variety was bred in
Austria and ripens in winter. The tree is conical and
dense. The fruits are large, up to 6-10 cm in diameter,
and round-conical in shape. The apples weigh 180-
200 g. The skin is thick, shiny, and greenish-yellow in
colour. It is covered with a blush, which can range from
light pink to red. The flesh is cream-coloured, dense,
and very juicy. The taste is pleasant, sweet and sour,
with a hint of vanilla and forest berries. Harvesting be-
gins in late October or mid-November. The fruits store
well and are suitable for transport. They can be stored
in a refrigerator, cellar or cool basement for up to 10
months. They retain their taste until May.

‘Honeycrisp’ apple variety. American variety.
Winter consumption period (removable maturity in
mid-September, consumer maturity in early Novem-
ber). Highly winter-hardy. In the first 3-4 years, the
tree has a narrow oval shape, later - a compact wide
oval shape. The fruits are large, weighing 180-250 g,
uniform in size, elongated-rounded-conical, some-
times asymmetrical, yellowish-light green with an or-
ange-red blurred blush on most of the fruit and dull
red strokes and spots on its background. The skin is
of medium thickness, very dense, smooth, and mod-
erately shiny. The flesh is yellowish-cream, dense,
crumbly, crisp, very juicy, with a light aroma. The taste
is excellent, harmoniously sweet and sour. The fruit
can be stored in the refrigerator for 6-7 months. The
variety is resistant to scab.

‘Champion’ apple variety. Variety of Czech origin.
Variety - self-infertile. Trees are weak in growth, with

a compact, oval, medium-dense crown. Apple fruits
are large, oval-cylindrical, regular in shape. The skin
is smooth, thin, but quite strong and elastic, green-
ish-yellow in colour, covered with an orange-red blush.
The flesh is light cream in colour, sweet in taste, with
a slight sourness, and amazingly juicy. The fruit’s shelf
life is not the longest, but under the right storage con-
ditions, the fruit remains in excellent condition for 5-6
months. Transportation requires good packaging. Rip-
ening period is the end of September. Trees begin to
bear fruit on medium-sized rootstocks in 4-5 years.

Apple tree variety Red Chief’. Selected in the USA
as a clone of the ‘Red Delicious’ variety. Trees are of
medium vigour, with a broad pyramidal crown of me-
dium density. Bears fruit mainly on spurs. The fruit is
above average size and large (180-210 g), truncat-
ed-conical, sometimes slanted, of average uniformity.
The surface is broadly ribbed. The skin is of medium
thickness, with a waxy coating. The main colour is
greenish-yellow, the overcolour is a dark red striped
blush, later bright red, merging and covering the entire
fruit. The subcutaneous dots are large, numerous and
clearly visible. The flesh is light cream, medium densi-
ty, fine-grained, medium juiciness, dessert flavour (4.8
points), with a strong aroma. The fruit reaches harvest
maturity in the second half of September. Shelf life is
6-7 months. Mainly used fresh. It starts bearing fruit on
low-growing rootstocks in the third year, with a yield of
up to 55 t/ha and regular fruiting. The variety is char-
acterised by insufficient winter hardiness and average
drought resistance. It is moderately susceptible to scab
and resistant to powdery mildew.

Apple tree variety ‘Samurlet’. Late summer, univer-
sal. Large, fast-growing tree. Medium density, round-
ed crown. Large fruits, average weight 210 g, uniform,
ovoid, regular shape. The surface of the fruit is slightly
ribbed. The flesh is white, medium density, prickly, medi-
um coarseness, fine-grained, very juicy. The taste is sour-
sweet, with a strong aroma. Resistant to diseases and
pests.Winter-hardy,drought-resistant and heat-resistant.

Pear variety ‘Nagima’. Selected by KazNIIPO LLP.
Autumn ripening period. Good winter hardiness. Me-
dium-sized tree. Broad pyramidal, dense crown. Be-
gins bearing fruit in the fourth year after planting in
the orchard. Average yield. Susceptible to bacterial
blight. Large, broadly pear-shaped fruit (Fig. 4). Yel-
low-green colour with a scarlet blush on the sun-ex-
posed side.Juicy, sweet flesh with excellent taste. Un-
dergoing state variety testing.

Pear variety ‘Bostandyk’. Selected by KazNIIPO LLP.
Winter ripening period. High winter hardiness. Tall tree.
Broad rounded crown, medium density. Begins bear-
ing fruit in the 5™ year after planting. High yield. Me-
dium-sized, round fruit with a juicy sweet-sour taste.
Main colour is green-yellow. Harvest maturity occurs
in mid-September, fruit can be stored until December.
Passes state variety testing.
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Figure 4. Pear variety ‘Nagima’
Source: photo by the authors

Pear variety Aydana’ Selected by KazNIIPO LLP.
Winter ripening period. High winter hardiness. Medi-
um-sized tree. Pyramidal crown. Begins bearing fruit in
the third year after planting on quince rootstock. High
yield. Medium to large, round fruit with a juicy sweet-
sour taste. Main colour is green-yellow. Harvest maturity
occurs in mid-September, fruit can be stored until De-
cember. The variety is resistant to bacterial burn and is
included in the State Register of Selection Achievements
Recommended for Use in the Republic of Kazakhstan.

Pear variety ‘Karyndas’ Selected by KazNIIPO LLP.
Autumn ripening period. High winter hardiness. Me-
dium-sized tree. Broad pyramidal crown, medium
density. Begins bearing fruit in the fourth year after
planting. High yield. Moderately resistant to bacterial
burn. Medium-sized pear-shaped fruit. Main colour is
yellow with a red blush (Fig. 5). Juicy, grainy flesh with
a sweet-sour taste. Can be stored until mid-January.
Passes state variety testing.

Figure 5. Pear variety ‘Karyndas’
Source: photo by the authors

‘Harrow Sweet’ pear variety. A winter ripening vari-
ety, bred in Canada. The fruit is pear-shaped, weighing
260-450 g, sometimes up to 500 g, with greenish-yel-
low skin and a blurred tan on the sunny side, turning
yellow when fully ripe. The flesh is juicy, sweet with a
pleasant sourness, and fragrant. The fruit reaches har-
vest maturity at the end of September. Under normal
conditions, it can be stored for about 2-3 months, and
in the refrigerator until early March. It has high win-
ter hardiness. Resistance to diseases and pests is quite
high. Fruiting begins in the 37-4" year after planting.

Kazybaeva et al.

Fruiting is regular, stable, and high-yielding. The ‘Har-
row Sweet’ pear is relatively new but promising for Ka-
zakhstan. The trees are low-growing, up to 3 m.

‘Prosto Maria’ pear variety. The tree is medium-sized,
can grow up to 3 m tall, and has a broad pyramidal
crown with a diameter of up to 2.5 m (at 10 years of
age). This tree is considered a late variety - it bears fruit
in autumn (October). The fruits are round and pear-
shaped, smooth, shiny, with thin skin. The main colour is
greenish-yellow with a faint reddish blush. The fruits are
large, weighing 200-230 g. It is worth noting that it is
advisable to pick the fruits when they are unripe, as they
store well and ripen in a dark, cool place for 90 days.

{

Figure 6. Pear variety ‘Prosto Maria’
Source: photo by the authors

Pear variety ‘Kyrgyzskaya Zimnyaya’ Kyrgyz varie-
ty, winter ripening period. Resistant to bacterial burn
disease. Medium-sized tree. Broad pyramidal crown,
medium density. High yield, large, oblong fruit, golden
yellow in colour with a bright carmine blush. The flesh
is creamy, coarse-grained with a tart taste. High shelf
life and transportability.

Pear variety ‘Muratovskaya’. Autumn variety bred
by the All-Russian Scientific Research Institute of Fruit
Crop Breeding. Medium-sized trees. The tree crown is
broad-pyramidal, of medium density. The predominant
type of fruit formation is simple and complex ringlets.
The fruits are medium-sized, uniform, pear-shaped,
with ribbing at the top of the fruit, slightly slanted. The
flesh is light yellow, dense, tender, buttery, juicy, with a
sweet and sour taste and a slight aroma. The appear-
ance of the fruit is rated at 4.5 points, and the taste at
4.3 points. Harvest maturity occurs in the last ten days
of August - early September, and the fruit can be stored
until November. The variety is early-fruiting, high-yield-
ing, and winter-hardy. It is resistant to major diseases.

Pear variety ‘Lyra’ An early winter pear variety bred
by the All-Russian Scientific Research Institute for
Fruit Crop Breeding. The trees are large with a broad
pyramidal crown of medium density. The predom-
inant types of fruit formations are ring-shaped and
spear-shaped. The fruits are large, weighing 205 g,
attractive in appearance, uniform in size, broadly
pear-shaped or elongated pear-shaped, and slanted.
The surface of the fruit is smooth and broadly ribbed.
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The skin of the fruit is smooth, dry, and dull. Colour
at harvest maturity: the main colour is greenish, with
a light tan covering a smaller part of the fruit in a
brownish-red colour. The flesh is white, creamy, dense,
fine-grained, very juicy, with a good sweet taste and a
slight sourness, with a faint aroma. The fruit reaches
harvest maturity in September. The consumer period
lasts from early October to late December. Yields are
high and regular. Winter hardiness is average. The va-
riety is resistant to major diseases.

The differences in productivity and adaptability of
modern apple and pear varieties obtained during the
study are consistent with current trends in the intro-
duction and selection of pome crops. The high yield of
intensive plantings of a number of ‘Golden Delicious’
clones, as well as the stable yield of ‘Honeycrisp’ and
‘Pink Lady;, correspond to the literature data that the
key quantitative characteristics - early fruiting, regular-
ity of fruiting, resistance to scab/powdery mildew - are
important for the introduction and selection of new
varieties. ‘Pink Lady’ correspond to the literature data
that key quantitative traits - early fruiting, regularity of
fruiting, resistance to scab/powdery mildew and fruit
quality - are formed by a combination of additive and
non-additive effects and benefit significantly from the
selection of low-growing rootstocks and high-density
planting schemes. This is confirmed by the comprehen-
sive review by R. Sestras & A. Sestras (2023). The issue
of genetic diversity of the assortment used is important
for Kazakhstan. The data obtained in this study on the
differentiation of varieties in terms of resistance and
fruit quality fit into a broader picture: molecular genetic
studies by M. Omasheva et al. (2018) show that both
local and introduced genotypes with a wide range of
variability coexist in the country’s collections and pro-
duction orchards, which creates a basis for targeted se-
lection for specific environmental stressors.

The practical differences between the apple vari-
eties tested in terms of shelf life and storage quality
are consistent with numerous reports on the role of
ethylene inhibitors (1-MCP) and controlled atmosphere
regimes. Studies by E. Cocci et al. (2014),R. Fernandes et
al. (2021), S. Steffens et al. (2022) showed that 1-MCP
treatment slows down respiration and softening, main-
tains acidity and turgor during long-term storage and
subsequent “shelf life”, which directly correlates with
the ability of individual clones to remain marketable
until late spring, as noted in this study. This provides
technological leeway for extended sales and smooth-
ing out price volatility.

‘Harrow Sweet’ deserves special attention among
pears: in this study, it combined high productivity with
satisfactory fruit quality. These observations have a
genetic basis, which explains the better field toler-
ance noted in the literature and in practice compared
to a number of older varieties and makes it a prom-
ising component of the intensive orchard assortment

(Maag et al., 2024). The advantages of intensive tech-
nologies (drip irrigation, trellis, compacted schemes)
shown in this study (accelerated entry into fruiting, more
uniform crop load) correspond to data from Europe and
Central Asia: the optimal combination of low-growing
rootstocks and training systems provides early economic
benefits without compromising basic quality indicators.
At the same time, the literature highlights the poten-
tial risks of ultra-intensive orchards — a more vulnerable
root system and related phenomena in the case of un-
favourable rootstock-scion combinations and moisture/
temperature stresses (Lezzer et al., 2022). These factors
should be taken into account when scaling up technol-
ogies in arid regions. Thus, the summarised data indi-
cate the importance of a comprehensive approach to
assortment formation based on scientific achievements,
genetic diversity and breeding work. This makes it pos-
sible to significantly increase the sustainability and pro-
ductivity of fruit crops that meet the requirements of
modern intensive horticulture.

Conclusions

Many years of research conducted at the experimental
site of KazNIIPO LLP have made it possible to signifi-
cantly expand and update the range of apple and pear
varieties by including promising forms of both local
Kazakhstani and foreign selection in the variety study.
Among the locally selected apple varieties, such varie-
ties as ‘Damira’, Anel, ‘Dauren’ and ‘Aizere’ were highly
valued for their combination of economically valuable
characteristics. These varieties were distinguished by
their high adaptability to the conditions of the Zaili-
yskiy Alatau, good shelf life, high organoleptic indica-
tors (taste 4.7-5.0 points) and average yield of 195 to
240 centners per hectare. Winter varieties (‘Dauren,
‘Damira’, Aizere’) were also characterised by a long shelf
life (until May-June). In pear breeding, the varieties
‘Nagima’, ‘Karyndas’, Aydana, ‘Bostandyk’ were selected,
which showed resistance to stress factors, stable yield
(up to 200 cwt/ha), good taste (4.3-4.8 points) and shelf
life until January-February. Some varieties (e.g., ‘Kyr-
gyzskaya Zimnyaya’,‘Harrow Sweet’) were characterised
by high marketability and versatility in use.

In addition, apple varieties from other countries
(‘Champion’, ‘Samurlet, ‘Pink Lady’, ‘Red Chief’, etc.) and
pear varieties were successfully introduced, which
made it possible to expand genetic diversity and con-
duct a comparative assessment with Kazakhstani an-
alogues. These varieties demonstrated high yields (up
to 550 cwt/ha for apple trees and up to 205 cwt/ha
for pear trees), high organoleptic characteristics, and
good adaptability to the agro-ecological conditions
of south-eastern Kazakhstan. The study confirmed the
feasibility of introducing new-generation varieties into
commercial plantations focused on intensive horticul-
ture. The results are important for the development of
variety policy and breeding programmes in the context
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of climate change. Prospects for further research in-
clude an in-depth assessment of the resistance of the
studied varieties to abiotic stresses and biotic patho-
gens, as well as the use of molecular markers for accel-
erated selection of adaptive forms.
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Ka3akcTaHAarbl XXeprusiMKTyy XXaHa MHTpoayKUUANaHraH
cefieKumaaarbl YXeMULL 6CYMAYKTOPYHYH NepcneKTuBayy
copTTOpYy

Cayne Kasbi6aeBa

Albin Yapba MNMMAEPUHWH KaHOAWMAATI

“Kasak MeMe-XeMuLL UMM M3nnaee MHCTUTyTy” XXYKcbl

050060, Cepkebaes npocn., 62, AnMaTbl L., KazakcTaH Pecnybnukachl
https://orcid.org/0000-0002-6833-0466

YXaHap Kapaunpcusosa

Maruncrtp

“Kazak MeMe-XeMULL UMMM M3MNOee MHCTUTYTY” XXYKcbl

050060, CepkebaeB npocn., 62, AfMaThl L., KazakcTaH Pecnybnukachi
https://orcid.org/0009-0006-4235-7843

CBeT/1aHa AJleKCeeHKo

YKeTekTeeuy MNUMUI Kbi3MaTKep

“Kazak MeMe-KeMULl UNNMUm nanngee MHCTuTyTy” XXYKcbl

050060, CepkebaeB npocn., 62, AnMaThl L., KazakcTaH Pecnybnvkacol
https://orcid.org/0000-0002-9382-9357

Aunrepum CenceHoBa
JoKTopaHT
2N apanblK MHXeHepaAUK-TEXHONOMMANbIK YHUBEPCUTETU

050060, Anb-Mapabu npocr., 89/21, AnMarsl W., KasakctaH Pecny6nvkacsl
https://orcid.org/0000-0003-2741-1144

AHHoTaumsA. byn Makanaga anma >kaHa anMypyT COPTYH M3MIAEe XaHa XaKwWbIpTyy 6otH4Ya KasakcTaHAablH
MBME-XEMMULL XaHa Xalbl14ya ecTypyy 60HYa MAMMUIR-M3uNLee MHCTUTYTY (KasaxcTaHAblH MEMe-XEeMML XaHa
XaLWbl14a ecTypyy 6010HYA MTMMUIA-U3UNLE6 UHCTUTYTY) TapabbliHaH XXYPry3y/areH y3ak MeeHeTTyy U3nnneenspayH
XbIMBIHTBIKTapbl KENTUPUATeH. byn nwTuH akTyanayynyry KasakcTaHapblH TYLUTYK XKaHa TYLUTYK-YbIrbILL aiMMaKTapbIHbIH
WapTTapblHAQ MEMe-)XeMULI NPOAYKUMANAPbIHbIH bIHranaalyycyH, TYWYMAYYAYTYH KaHa canaTtbiH >KaKLWbIpTyy
3apbiNAbIrbiHAH KeAWN YbiraT. M3unaeeHyH MakcaTbl MHTEHCMBAYY D6arbaHubIbIK YUYH 3H KeneyekTyy dopmanapibl
aHbIKTOO MaKCaTbIHAA XEPTUAMKTYY XaHa MHTPOOYKLMSANAHTaH COPTTOPAY arpobuonornsnbik 6aanooHy Xyprysyy
60nroH. Akbipkbl 20 Xbinga MamiaekeTTUK COPTTYH CbiIHOOCYHa 97 anma aHa 25 anMmypyT copTy TanuwblpbliraH,
an 3MU UHCTUTYTTYH reHodoHayHa 70TeH allblK XaHbl COPTTOP KOLWYyAraH, aHblH wuuHae ‘Honeycrisp’, ‘Champion’,
‘Red Chief, Pink Lady’, ‘Samurlet’, ‘Lyra’, ‘Muratovskaya’ »aHa 6aikanap. M3ungee 2022-xbingad 2024-xbinra
YyelnH pecnybnmKaHbIH TYLWTYIYHYH XXaHa TYLWTYK-YbITbIWbIHbIH KAMMATTbIK LWAPTTapbliHAA XYpry3yareH. baanoo
6up KaTap 3KOHOMMKaNbIK XakTaH 6aanyy benrnnepanH HerMsuMHAe XYpPrysyngy: 3pTe Obllbillbl, TYLWYMAYYAYTY,
bIHraMNaLyycy, CakToo MEeHeTy XaHa oopynapra (KO3y KapblH, MOPOLIOKTYY KOKTYH, OTTYH KyWyLly) XaHa
3bISIHKeYTEepre TYpyKTyyayry. HaTbiKanaa, 3H X0ropky biHrainailyy AapaxacbiHa, TypykTyy TywymayyayryHe (550 u/ra
YelmnH), 3H COHYH [aaMblHa XXaHa CakTOO MEBHBTYHe 33 6ONroH COPTTOP aHbiKTanabl. Makanaga 6MonornanbIK xaHa
3KOHOMMKaNbIK KepceTKky4yTep OOoHYa MaanbiMatrapAbl kamTbirad 12 anma xaHa 10 anmypyt copty 6asHaanar.
MN3munpaeeHyH NpakTUKanblk MaaHUCKU anblHFAH XbIAbIHTIKTapAbl KOMMEPLMSAIbIK Bakyanapabl TyY3yy4e XaHa OKLWoL
eCcTypyy LapTTapbl 6ap aiMakTapAa COPTTYK KypaMmabl ONTUMaNAalTbipyyAa KOALOHYY MYMKYHYYAYIYHA XaTaT

Hernsru cesgep: KbiliKbl YblAaMKaMbIK; TyWYMAYYIYK; biHrainawyy; anaMa faparbl; anMypyT; oopynapra
TYPYKTYYynyk
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AHHoTauusA. B ctatbe npepactaBneHbl pesynbTatbl MHOroneTHux uccnepoBaHmit TOO «Kasaxckuii HayyHo-
MccnenoBaTeNbCKUMM MHCTUTYT NIOL0OBOLLEBOACTBA» MO M3YYEHWUIO U COBEPLUEHCTBOBAHMIO COPTUMEHTA S6/10HM
M rpywun. AkTyanbHOCTb paboTbl 06ycnoBneHa HeobXOAMMOCTbIO MOBbIWEHWS aAanTUBHOCTH, YPOXKAMHOCTM U
KayecTBa NA0L4OBOM NPOAYKLMM B YCNIOBMAX tOra U 1Oro-Boctoka KasaxcraHa. MccnepoBaHue 6bino HanpasfieHo
Ha arpobMoNornyecKyo oLEeHKY COPTOB MECTHOM M MHTPOAYLIMPOBAHHOW CenekLmm C Lenbio BbisiBNeHMs Hanbonee
nepcnekTUBHbIX GOPM AN UHTEHCMBHOIO CAA0BOACTBA. 3a nocnefHue 20 neT Ha rocyfapCTBEHHOE COPTOMCTbITaHNE
66110 NepenaHo 97 copToB 16/10HM M 25 COPTOB rpyLLK, a BreHoMOH A MHCTUTYTa NPUBAEYeHO CBbie 70 HOBbIX COPTOB,
B TOM 4Mcnie Takue, kak ‘Honeycrisp’, ‘Champion’, ‘Red Chief, ‘Pink Lady’, ‘Samurlet’, ‘Lyra’, ‘Muratovskaya’ u ap.
NccnepoBanms nposoaunnce B 2022-2024 rr. B KIMMaTUYECKUX YCIIOBUSX tOra M I0ro-BocToka pecnybnuku. OueHka
OCYLLeCTBNISNACh NO psSAY XO3SMCTBEHHO-LEHHbIX MPU3HAKOB: CKOPOMIOAHOCTb, YPOXAWHOCTb, aAanTUBHOCTb,
NEeXKOCTb MIOAOB, YCTOMUMBOCTb K BoNe3HsAM (maplua, MyyHUcTas poca, bakTepuanbHblii 0Xor) 1 Bpeautensam. B
pe3ynbTaTe BblAeNeHbl COPTa C HAaMBBICLLEW CTEMEHbI0 afanTauuu, CTabunbHOM NpoAyKTMBHOCTLIO (B0 550 u/ra),
BbICOKMMM BKYCOBbIMW KayeCTBaMM M NPUrOOHOCTbIO K XpaHeHuto. CTaTbs COAEPXMUT XapakTepucTuky 12 coptos
2610HM 1 10 copToB rpylun, BKAOYas AaHHbIe 0 BMONOTMYECKMX U XO39MCTBEHHBIX Nokasatensx. [pakTuueckas
3HaUMMOCTb paboTbl 3aK/YAETCS B BO3MOXHOCTM WCMOMb30BAHMS MOMYYEHHbIX PEe3yNbTaToOB MpW 3aknagke
MPOMbILJIEHHbIX Ca0B M OMTUMM3ALLMM COPTOBOMO COCTaBA B PerMoHaXx C aHaN0rMYHbIMM YCIOBUSAAMM BblpaLLMBaHUS
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Abstract. The Kyrgyz Republic occupies a strategic position in the hydrological system of Central Asia as an
upstream state controlling the formation of the flow of the region’s largest transboundary rivers, the Amu Darya
and Syr Darya. Climate change, which increases interannual variability in river flow, poses critical challenges to the
sustainability of the region’s agricultural sector and the implementation of regional water management policies in
Central Asia. The structural conflict between the energy interests of the upper reaches (water storage in winter for
hydroelectric power stations) and the agricultural needs of the lower reaches (maximum water supply in summer
for irrigation) threatens the region’s food security. The aim of the study was to analyse institutional mechanisms
for transboundary water management and their adaptive potential to ensure agricultural sustainability. Critical
deficiencies in the current institutional system have been identified; the analysis showed that the Interstate Water
Management Coordination Commission (IWCCC) has limited regulatory powers, and the commission’s decisions
are advisory in nature. Basin organisations do not have mechanisms to enforce water consumption limits. In
conditions of low water availability, the effectiveness of the system is sharply reduced, and there is no formal
system of sanctions for violations of water distribution agreements. The study examined ways to harmonise
Kyrgyzstan’s national water policy with regional initiatives on transboundary water management, as well as the
possibilities for adapting existing contractual mechanisms to climate risks and creating a system for monitoring
the implementation of intergovernmental obligations. A model of adaptive water resource management was
proposed, and a three-level system was developed: (1) seasonal redistribution of flows through reservoir storage;
(2) a flexible quota mechanism that takes climate forecasts into account; (3) a system of economic incentives for
water conservation in the agricultural sector. The results of the study fill a gap in understanding the link between
the institutional architecture of water management and agricultural vulnerability and allow for the formulation of
scientifically sound recommendations for the creation of a more sustainable and institutionally effective system
of transboundary water management, contributing to the minimisation of conflict potential and stimulating
integrated regional development in Central Asia

Keywords: water security; water-energy nexus; hydropower potential; climate change adaptation

Introduction
In the context of global climate change, water manage-  between different economic sectors and states in
ment issues are becoming particularly relevant due to  Central Asia. The region’s geoclimatic characteristics
increasing water shortages and growing competition make its hydrological systems highly vulnerable to
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anthropogenic climate change. The observed trans-
formations are manifested in the accelerated deg-
radation of the mountain-glacier complexes of the
Pamir-Alai and Tian Shan Mountain systems in Kyr-
gyzstan and Tajikistan, modifications in the intra-an-
nual distribution of river flow, an increase in the fre-
quency of extreme hydrometeorological phenomena,
and progressive climate aridisation. Together, these
factors pose systemic risks to the economic stability
and food security of the states of the Central Asian
region, requiring the development of comprehensive
adaptation strategies for water management.

Global climate change is having and will contin-
ue to have a significant impact on water resources in
Central Asia (Issakov et al., 2025). The consequences are
already being felt, such as more frequent and severe
floods and droughts, reduced water reserves, acceler-
ated erosion and sedimentation, and a reduction in
glaciers and snow cover. The impact of these factors
leads to seasonal instability in water supply, which is
particularly critical for the country’s agriculture and
energy sectors. In addition, pressure from neighbour-
ing states on transboundary water use makes water
resource management not only a national but also an
international issue. All these phenomena have a direct
impact on water quality and the state of ecosystems
(Carec, n.d.). In the near future, almost all Central Asian
countries will face negative consequences that will af-
fect not only natural but also social and economic sys-
tems. Urgent measures are needed to integrate water
resource management into climate change adaptation
strategies. This should become a key element of any
country’s policy in order to minimise the consequences
and protect the future of the region.

Water resources in Central Asia are not only eco-
nomically important, but also geopolitically significant.
Since all five countries in the region depend on shared
water sources, effective water resource management is
key to the stability and prosperity of the entire region.
Kyrgyzstan, with its significant hydropower potential,
plays a strategic role in the transboundary management
of water resources in Central Asia. However, climate
change, increasing water consumption and the need for
transboundary water management require a compre-
hensive approach to their rational use and protection.
The region’s main waterways, the Amu Darya and Syr
Darya, which originate in the mountain ranges of Kyr-
gyzstan and Tajikistan, play a crucial role in sustaining
life, agriculture and the economies of these countries,
and also serve as the main sources of fresh water for
the downstream countries, in particular Uzbekistan, Ka-
zakhstan and Turkmenistan. The strategic importance of
water resources in Central Asia, as noted in the work of
A. Prniyazova et al. (2025), extends beyond national bor-
ders, necessitating transboundary cooperation to pre-
vent conflicts and ensure sustainable development. The
experience of other regions, including North America,

confirms the critical importance of institutionalising
mechanisms for joint water resource management (Po-
tekhin & Fesenko, 2022). According to G. Borankulova et
al. (2025), agriculture, energy (especially hydropower),
healthcare, and tourism all depend on a stable water
supply, and climate change will lead to a deterioration
in the conditions for their development.As a result, such
changes will have a cascading effect on the health of the
population and the economy of the region as a whole.

The aim of this study was to identify the insti-
tutional prerequisites and constraints affecting the
effectiveness of regional water management mecha-
nisms and to propose ways of adapting them to chang-
ing climatic conditions. The scientific hypothesis of the
study was that reforming the water sector in Central
Asia, taking into account both national and regional
interests, could strengthen the sustainability and se-
curity of the entire region.

Literature Review

All major rivers in Central Asian countries are trans-
boundary in nature. The main sources of water are the
Amu Darya and Syr Darya rivers, which flow through the
territory of several states — Tajikistan, Afghanistan, Uz-
bekistan and Turkmenistan. Their annual flow is about
77 km?, of which about 96% is used for irrigation. In ad-
dition, such significant transboundary rivers as the Chu,
Talas, Tarim and Irtysh flow through the region (Kuku-
shkina & Sodikov, 2018). Among the five countries in
the region, only Kyrgyzstan has water resources that are
formed mainly on its own territory, which gives it stra-
tegic importance in ensuring water and energy security
in Central Asia. The other states depend to varying de-
grees on water inflows from neighbouring territories.
The most vulnerable are Uzbekistan and Turkmenistan,
more than 90% of whose renewable water resources
are formed outside their borders. Similar to other Cen-
tral Asian states, the Kyrgyz Republic bases its water
policy on the Constitution.Article 16 of the Constitution
of the Kyrgyz Republic (2021) states: “The land, its sub-
soil, airspace, waters, forests, pastures, flora and fauna,
and other natural resources are the exclusive property
of the Kyrgyz Republic”.

However, Kyrgyzstan does not fully implement this
constitutional right due to persistent stereotypes. Ac-
cording to estimates by A. Sokeyev (2023), Kyrgyzstan
directly uses only about 15-20% of the total water
flow formed on its territory, while the majority is con-
sumed by neighbouring states in the region. Histori-
cally, Kyrgyzstan has adhered to the principles of good
neighbourliness, sharing its freshwater resources with
neighbouring countries. This approach formed the ba-
sis of the strategic concepts formulated in the works of
T. Usubaliev (1998), who was one of the first to iden-
tify the need to develop a national water strategy in
balance with regional interests. His works emphasise
that water for Kyrgyzstan is not only a natural resource
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but also a geopolitical resource that requires rational
use, modernisation of irrigation systems and the search
for fair mechanisms for inter-state distribution of wa-
ter flow. Thus, T. Usubaliev’s ideas remain relevant: he
pointed out that only through fair regional cooperation
and respect for the interests of Kyrgyzstan as a source
country is it possible to achieve sustainable manage-
ment of transboundary water resources in Central Asia.

In 2001, the Jogorku Kenesh of the Kyrgyz Repub-
lic adopted Law of the Kyrgyz Republic No. 76 (2001),
which established the legal basis for the fair and mutu-
ally beneficial provision of the country’s water resourc-
es to interested neighbouring states. The law regulates
the use of water resources, taking into account market
economic relations, and complies with international
legal norms and the practices of other states. Despite
this, neighbouring countries periodically misinterpret
the provisions of the law, suggesting that all water-
courses originating in Kyrgyzstan should be completely
blocked. In fact, the law provides for the establishment
of fees only for water accumulated in interstate reser-
voirs and supplied to countries downstream, and not for
the entire natural flow.

For the Kyrgyz Republic, as an upstream country, it
is strategically important to strike a balance between
using water for hydropower generation and providing
downstream countries (Kazakhstan, Uzbekistan, Turk-
menistan) with water resources for irrigation. Geo-
graphical location and geopolitical factors objectively
determine the need for regional integration and joint
management of river basins based on the principles of
international law. The difference in interests between
upstream and downstream countries (Kyrgyzstan and
Tajikistan - electricity generation; Kazakhstan, Uzbek-
istan and Turkmenistan - irrigation and agriculture) ex-
acerbates regional tensions. This requires the formation
of sustainable mechanisms for water diplomacy and the
development of a comprehensive regional water strat-
egy. Research by Ya. Pulatov & H. Mukhabbatov (2021)
and . Abdullaev et al. (2025) shows that a comprehen-
sive basin-wide approach based on international legal
norms and joint management mechanisms can miti-
gate conflicts and ensure water security in Central Asia.
Comprehensive study of the institutional foundations
of water diplomacy in the context of the Kyrgyz Repub-
lic allows to view it not only as a source of energy and
water security, but also as a key element of regional
stability and cooperation in Central Asia.

In the hot and arid climate of Central Asia, this is
already reflected in the intensive melting of glaciers in
mountain systems, leading to a decrease in river wa-
ter flow. According to Kyrgyzhydromet (n.d.), over the
past 70 years, the area of glaciers in Kyrgyzstan has
decreased by 60%, indicating a significant reduction
in freshwater reserves in the country’s high-altitude
regions and reflecting the effects of regional warming
and changing climatic conditions. According to the Tajik

Batykova

Agency for Hydrometeorology (2025), 15 glaciers, each
4 to 5 km long, have disappeared in the Pamirs over the
past 20 years. There are a total of 1,085 glaciers in the
Pamir Mountains, including the largest, the 77 km long
Fedchenko Glacier, while the area of glaciers in some
parts of the Tian Shan Mountains is rapidly shrinking.
The total volume of water contained in the Tian Shan
glaciers is about 650 km?*. These trends underscore the
need to protect Kyrgyzstan's glaciers, which are key
sources of fresh water for Central Asia, and also high-
light the task of widespread and rational use of the
country’s hydropower potential. The development of
hydropower not only contributes to energy security, but
can also be an important tool for mitigating the effects
of regional warming and stabilising water resources.

The lack of a comprehensive mechanism for regu-
lating the distribution of water resources among Cen-
tral Asian countries significantly limits the potential for
regional economic integration, including trade, trans-
port and the labour market. This leads to increased
transaction costs and hinders the achievement of
sustainable development goals (SDGs) (ESCAP, 2017).
Kyrgyzstan has experienced significant fluctuations in
water resources due to changes in temperature, glacier
melt and changes in precipitation. The impact of these
factors leads to seasonal instability in water supply,
which is particularly critical for the country’s agricul-
ture and energy sectors. Water resources in Central Asia
have been significantly depleted in recent decades and
are now almost exhausted. Per capita water availabil-
ity in the region is declining rapidly: over the past 40
years, this indicator has fallen from 8.4 to 2.3 thousand
cubic metres per year. According to A. Murzakulova et
al. (2019), the reasons for this decline are population
growth, climate change and irrational water use, espe-
cially in agriculture. According to forecasts by the Min-
istry of Finance of the Kyrgyz Republic (2025), if current
trends continue, this figure could fall below the critical
level of 1.7 thousand cubic metres per capita per year
by 2030. At the same time, an additional 500-700 mil-
lion cubic metres of water are required annually to sup-
port the region’s population.

For the Kyrgyz Republic, located in the upper
reaches of Central Asia’s largest transboundary rivers,
the Amu Darya and Syr Darya, the issue of water re-
source management takes on strategic importance. On
the one hand, the country has significant hydropow-
er potential, but on the other hand, it faces limited
freshwater resources and conflicting interests between
upstream and downstream countries. Kyrgyzstan and
Tajikistan use water resources primarily for electricity
generation, while Kazakhstan, Uzbekistan and Turk-
menistan focus on irrigation and agricultural produc-
tion. The mismatch between the seasonal needs of
the energy and agricultural sectors creates the con-
ditions for inter-state conflicts. Additional challenges
include inefficient water use, deterioration of irrigation
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infrastructure, and insufficient integration of wa-
ter-saving technologies. The issue of water resources
and water and energy security has been the focus of
researchers’ attention over the past decade. Canadian
scientist T. Homer-Dixon (1999) studied the relation-
ship between environmental factors and conflicts over
resources. The works of M. Zeitoun & J. Warner (2006)
and M. Zeitoun & J. Allan (2008) emphasise the role of
control over water resources as a key factor in region-
al stability. Russian researchers focus on a wide range
of issues, from the legal basis for transboundary water
use to the rational use of water by end users. Particu-
lar attention should be paid to the studies by O. Bo-
yarkina (2015) and N.Rogozhina (2015), which consider
water security as a crucial element of modern interna-
tional relations, analysing problems at the inter-state,
national and regional levels. Uzbek researchers V. Duk-
hovny & J. de Schutter (2011) and M. Rakhimov et
al. (2024) justify the need for an integrated approach
to water resource management and the development
of comprehensive methods for solving local problems,
while forecasting the prospects for regional coopera-
tion. Thus, an analysis of the scientific literature shows
that for the Kyrgyz Republic, as a key sector in the up-
per reaches of Central Asia, the urgent task remains to
find a balance between its own national interests and
the requirements of regional stability, which requires
strengthening the institution of water diplomacy and
integrating water management into the context of sus-
tainable development of the agricultural sector.

Kyrgyzstan’s research discourse also demonstrates
a significant contribution to the development of the
concept of transboundary water cooperation, viewed
through the prism of national and regional interests.
At the same time, it is important to emphasise that in-
ternational political processes have had a significant
influence on the formation of scientists’ approaches
to the problem in different historical periods. In the
context of rapidly changing global and regional re-
lations, Kyrgyzstan in particular needs to modernise
its water management and diplomacy at both the na-
tional and intergovernmental levels. Transboundary
river basins have a number of common characteristics
that are of interest to all riparian states. Basin water
management requires the coordination of political
and technical, national and regional interests. Most
researchers conclude that in order to achieve environ-
mental, economic and political security goals, riparian
states must jointly address water-related issues (Aku-
nova, 2024). Kyrgyzstan performs a strategic function
in ensuring regional water security in Central Asia by
maintaining stable transboundary flows and the func-
tioning of irrigation systems in downstream countries,
while incurring significant economic costs. This high-
lights the need to further improve water diplomacy
mechanisms and the equitable distribution of water
resources at the regional level.

Materials and Methods

This study of institutional mechanisms for managing
transboundary water resources in Kyrgyzstan was based
on a comprehensive methodological framework combin-
ing qualitative and quantitative approaches to analysing
water and agricultural issues in the context of climate
change. The main methodological tool used was the
structural-functional method, which allows identifying
the interaction of various socio-legal institutions in the
transboundary water use system. This method made it
possible to analyse the architecture of institutional links
between national water management bodies, interna-
tional organisations and regional cooperation structures,
as well as to determine the functional roles of each
element in the water resources management system.

The study was based on institutional analysis, which
examines the formal and informal rules governing ac-
cess to water resources and their distribution. Particular
attention was paid to studying the evolution of insti-
tutional mechanisms from the Soviet system of cen-
tralised management to modern forms of multilateral
regional cooperation. The application of this method
made it possible to identify institutional gaps and dys-
functions in the existing transboundary water manage-
ment system. The historical-legal method was used to
study the genesis of the regulatory and legal framework
for water use in the Central Asian region and to ana-
lyse the continuity and transformation of legal norms
in the post-Soviet period. The synthesis of historical
perspectives made it possible to trace the evolution
from a unified Soviet hydrotechnical infrastructure to
a fragmented system of national water strategies and
to identify the roots of contemporary transbounda-
ry water conflicts. A comparative (comparative legal)
method was used to compare different models of in-
stitutional regulation of transboundary water resourc-
es in Kyrgyzstan and neighbouring Central Asian states
(Kazakhstan, Uzbekistan, Tajikistan, Turkmenistan). This
approach made it possible to identify best practices in
regional water cooperation and determine the possibili-
ties for their adaptation to the conditions in Kyrgyzstan.

The empirical basis of the study was a compre-
hensive analysis of international official documents,
including The Helsinki Convention (1992), the Al-
ma-Ata Agreement (1992), the Convention on the Pro-
tection... (1992), as well as an analysis of the national
regulatory framework of the Kyrgyz Republic. To assess
the impact of institutional mechanisms on agricultur-
al sustainability, an analysis of national statistical data
and international databases was conducted. Indicators
of water supply for agriculture, dynamics of irrigated
areas, and water use productivity were studied. Climate
models and forecasts for the Central Asian region were
used to assess the potential impact of climate change
on water resources and the agricultural sector. Content
analysis was used to systematise the provisions of in-
ternational and national legal acts, identify trends in
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the evolution of legal regulation of transboundary wa-
ter use, and study scientific publications on water re-
sources issues in Central Asia in the Scopus and Web
of Science databases and regional scientific journals.
The study was based on an interdisciplinary approach
integrating methods from jurisprudence, environmen-
tal economics, hydrology and agricultural sciences. This
synthesis allowed for a comprehensive assessment of
the interrelationships between institutional mecha-
nisms, hydrological processes, climate change and ag-
ricultural sustainability. Geopolitical analysis was used
to assess the positions of upstream countries (Kyr-
gyzstan, Tajikistan) and downstream countries (Kazakh-
stan, Uzbekistan, Turkmenistan) on the distribution of
transboundary water resources, to study the strategies
of these states and their influence on the institutional
framework of regional water cooperation.

Particular attention was paid to key stages in the
transformation of the regional water cooperation sys-
tem and the impact of climate change, which has be-
come particularly noticeable in the last two decades.
The geographical scope of the study covered the terri-
tory of the Kyrgyz Republic, with a particular focus on
transboundary river basins (Syr Darya, Amu Darya, Chu,
Talas, Ili) and their catchment areas, as well as the terri-
tories of neighbouring Central Asian states with which
water resources are shared. This methodological frame-
work provided a scientifically sound basis for develop-
ing recommendations to improve institutional mecha-
nisms for transboundary water resource management
and enhance Kyrgyzstan’s agricultural sustainability in
the context of global climate change, which is of prac-
tical importance for the development of state policy in
the field of water resources and regional cooperation.

Results and Discussion

Hydrology and geographical location of the region

All Central Asian states are characterised by their inland
location, which limits their direct access to the world’s
oceans. At the same time, Uzbekistan is one of only two
countries in the world with “double landlocked” status,
i.e. it has no access to the sea even through neighbour-
ing states, as it is surrounded by at least two countries.
From a hydrological point of view, Central Asia is di-
vided into three main zones: mountainous, foothill and
flat. Mountainous areas form the bulk of underground
and surface waters, which are mainly of a transit nature
and determine the water supply of the lower-lying ter-
ritories. This factor determines the special importance
of mountain ecosystems for the sustainable function-
ing of the region’s water management complex and for
transboundary water cooperation.

The geographical location of the region is deter-
mined by the predominance of vast arid territories,
where desert landscapes occupy a significant part of
the area. Another important factor is that Central Asia
does not receive any external inflow of water resources,
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which increases the dependence of the water balance
exclusively on internal sources. The territory of Central
Asia is located within the closed Aral-Caspian basin and
covers significant inland areas. All states in the region
are landlocked countries. Geographically, Central Asia is
characterised by a predominance of inland deserts, sig-
nificant plains and steppe areas, as well as high moun-
tain ranges and ridges. The region is home to large
mountain systems: the Altai and Sayan, Tian Shan and
Pamir-Alai in the south-west. The area of mountain-
ous territories is about 800,000 km?, or approximately
20% of the total territory of the region (Vinokurov et
al., 2022). More than 90% of the territory of Tajikistan
and over 90% of the territory of Kyrgyzstan are occu-
pied by mountain ranges (Fig. 1). Eastern Kazakhstan
(Kazakh Lowlands, Dzungarian Alatau, Tarbagatai and
Altai) also has a pronounced mountainous relief. The
south-eastern part of Uzbekistan (Western Tian Shan
and Gissar Mountains) stretches to Afghanistan and
China. The mountains act as a climatic regulator and
are the main source of river flow. In Turkmenistan,
mountains cover only about 1% of the territory. Glaciers
cover approximately 4% of the area of Kyrgyzstan and
6% of Tajikistan; individual glaciers are also found in
Kazakhstan and Uzbekistan. The total area of glaciation
in Central Asia is 12-14 thousand km?2. Freshwater re-
serves in glaciers are estimated at 1,000 km?, which is
comparable to the ten-year flow of the region’s largest
rivers, the Amu Darya and Syr Darya (Borisova, 2012).
The melting of snow, glaciers and perennial ice pro-
vides a significant part of the water balance of the re-
gion’s river flow. As can be seen in Figure 1, the Amu
Darya and Syr Darya rivers flow through several coun-
tries in the region, playing a key role in water supply.
Both rivers feed the Aral Sea, which has shrunk to 10%
of its original size due to excessive water withdrawal.
This is the result of the irrational use of the Amu Darya
and Syr Darya rivers for irrigation. From a geographical
point of view, the territory of Central Asia can be divided
into several large water basins, including the Aral Sea
basin, the Balkhash Lake basin, the Caspian Sea basin
(with the Ural and Emba rivers), and the Kara Sea basin.
This division reflects the specific nature of the region’s
hydrographic network and its strategic importance for
transboundary water use.

Historical experience shows that water resource
management is a critical factor in the sustainability of
socio-economic systems. As the source of the Syr Dar-
ya and Amu Darya rivers, the Kyrgyz Republic functions
as the “water tower of Central Asia”, providing water to
downstream countries. Kyrgyzstan has unique hydro-
logical potential, being the headwaters of major rivers
in Central Asia, such as the Naryn, Talas and Chu. Their
strategic importance extends beyond national borders,
providing water supply and irrigation in Kazakhstan,
Uzbekistan and Tajikistan. This geographical location
necessitates the formation of effective institutional
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mechanisms for water resource management, as the
sustainability of water supply throughout the region
directly depends on Kyrgyzstan's water use policy. At
the same time, existing systemic challenges - degrada-
tion of irrigation infrastructure, low energy efficiency of

RUSSIA

hydropower complexes and limited financial resourc-
es - highlight the need to develop innovative approach-
es to transboundary water management. In this context,
water diplomacy is becoming a key institutional tool for
ensuring national and regional water security.

Figure 1. Physical map of Central Asia

Source: Free World Maps (n.d.)

Transboundary rivers
and population growth in Central Asia
The need for rational use of water resources based on
mutually beneficial inter-state cooperation appears to
be a key factor in the sustainable development of the
region, political stability and security in Central Asia.
In this context, international water law plays a special
role, providing an institutional framework for building
sustainable cooperation between basin countries and
developing fair mechanisms for transboundary water
management. Recognition of the social importance of
water in the context of realising the human right to
access safe and clean water forms the basis for water
security policy. For the Kyrgyz Republic, finding ways to
improve the efficiency of transboundary water resourc-
es and water bodies management is becoming a key
priority on the regional agenda, aimed at preserving
limited and valuable water resources for current and
future generations. Some rivers in Central Asia are
transboundary, including the Amu Darya and Syr Darya,
which flow through Kazakhstan, Kyrgyzstan, Tajikistan,
Turkmenistan and Uzbekistan; the Talas and Chu, which
flow through Kazakhstan and Kyrgyzstan; the Ili, which
flows through Kazakhstan and China; the Tarim through
Tajikistan, Kyrgyzstan and China; the Irtysh through
China, Russia and Kazakhstan; and the Tobol, Ural and
Ishim through Russia and Kazakhstan. These waterways
play a key role in the regional water balance and require
coordination of transboundary water management.
On 22 December 1993, the UN General Assembly
adopted Resolution 47/193, which declares 22 March

of each year as World Water Day (General Assem-
bly, 1993). This resolution was adopted in response to
the fact that many countries are facing water short-
ages as their populations grow, which in turn leads to
economic underdevelopment. Water resources in Cen-
tral Asia are under enormous pressure due to rapid
population growth, climate change, inadequate man-
agement and transboundary disputes. About 90% of
all water is used in agriculture, primarily for irrigation,
making water management critical to food security
and stability in the region. According to Worldometer
(n.d.), the population of Central Asian countries will
reach approximately 82.2 million by December 2024,
having increased by almost one and a half times over
the past 24 years (Table 1). It is expected to reach 95
million by 2050.As a result, if current water use trends
continue, the region may face water shortages: water
availability could fall to less than 1,000 m® per per-
son per year by 2040, which corresponds to the water
stress threshold. Rapid population growth, combined
with a high proportion of the population employed
in the agricultural sector, puts additional pressure on
the region’s water and land resources, challenging
Central Asian states to ensure sustainable economic
development, create jobs and increase agricultural
productivity. The data in Table 1 show significant asym-
metry in the distribution of the population of Central
Asia: the upstream countries (Kyrgyzstan and Tajik-
istan) account for only 22% of the region’s population,
while the downstream countries (Kazakhstan, Uzbek-
istan and Turkmenistan) account for 78%. The largest
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population is in Uzbekistan (36.5 million people), and
the smallest is in Kyrgyzstan (7.2 million people). Ac-
cording to data from the World Population Review
(n.d.), the region’s population continues to grow at an
average rate of about 1.75% per year. The total area of
irrigated land in Central Asia, according to the FAQ, is
approximately 9.85 million hectares, which highlights
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the critical importance of water resources for regional
agriculture (Frenken, 2013). However, these figures also
point to an urgent need to modernise water manage-
ment infrastructure and improve water use efficiency in
the context of population growth. During the growing
season, this figure reaches about 74%, while in the au-
tumn-winter period it is approximately 26% (Carec,n.d.).

Table 1. Population of Central Asian countries as of the end of 2024

Country Area of irrigated land in 2024
Kyrgyzstan 1.05 million hectares
Kazakhstan 2 million hectares
Tajikistan 0.85 million hectares

Turkmenistan 1.75 million hectares
Uzbekistan 4.2 million hectares
Total 9.85 million hectares

Source: compiled by the author based on Worldometer (n.d.)

In total, there are more than 89,000 rivers in Cen-
tral Asia, but the largest rivers, the Amu Darya and Syr
Darya, are of key importance for the region’s water
supply. In addition to these, the Ili River, which flows
into Lake Balkhash, also plays an important role. The
Amu Darya and Syr Darya, in turn, flow into the Aral
Sea, providing its main source of water. In recent years,
all Central Asian countries have adopted new water
management programmes with the aim of improving
water supply and reducing water consumption. How-
ever, there are external factors that can affect regional
water resources. These include Russia and China, as
transboundary rivers (e.g. the Caspian Basin, Ili, Irtysh)
are shared by these states. In addition, Afghanistan
should also be considered part of the upper reaches
of the basins, as there may be disputes over the rights
to use the Amu Darya River in the future. More than
18% of the Amu Darya’s water resources come from
Afghanistan, which is not a party to the diplomatic
agreements between the Central Asian countries. In
the northern part of the country, a large canal, Kush-
Tepa, 285 km long and about 100 m wide, is under
active construction, which creates a risk of drought
for the lower reaches of the Amu Darya in Uzbekistan
(including Karakalpakstan) and Turkmenistan. Experts
note the absence of international legal mechanisms
for settlement and the high probability of escalating
conflicts. It is expected that about one-third of the Amu
Darya’s water resources will be used for the construc-
tion of the Kush-Tepa canal, which will become a prob-
lem for the lower reaches countries, especially Uzbek-
istan and Turkmenistan (Saida, 2023). The conceptual
basis of environmental and water security assumes
regional interdependence and cooperation between
states to ensure their viability. The concept of water
diplomacy is based on international relations arising
from water security issues. International water law
is directly related to the protection and use of trans-
boundary rivers, lakes and groundwater aquifers. More

Population Share of the region’s population, %
7,224,195 9

20,676,707 25

10,637,645 13

7,031,200 8

36,469,203 45

82,038,950 100

than 150 countries in the world have transboundary
water resources, which makes it critically important
to define water use rights and volumes in a trans-
parent and predictable manner. The problem of wa-
ter resource distribution between upstream countries
(Kyrgyzstan, Tajikistan) and downstream countries (Ka-
zakhstan, Uzbekistan, Turkmenistan) of the Amu Darya
and Syr Darya rivers remains one of the most sensitive
aspects of inter-state relations, requiring the develop-
ment of long-term compromise solutions based on the
principles of sustainable development and equal use
of transboundary water resources.

Institutional architecture of transboundary water
management and international legal position

The Kyrgyz Republic is implementing a strategy of in-
tegrated water resources management based on the
basin principle, with the gradual involvement of non-
state actors in decision-making processes. The institu-
tional architecture includes water user associations,
and the country is divided into five large river basins, for
each of which basin councils are established to identify
basin problems, plan measures to address them, and
coordinate water sector activities. The National Water
Strategy of the Kyrgyz Republic until 2040 (2023) fo-
cuses on the rational use of water resources and re-
ducing water losses. The programme provides for the
modernisation of water and irrigation systems, as well
as the construction of hydraulic structures for water ac-
cumulation and storage. One of the key tasks is the use
of renewable energy sources in water management,
such as small hydropower, in accordance with the Wa-
ter Code of the Kyrgyz Republic (2005). In accordance
with Law of the Kyrgyz Republic No. 257 (2009), Kyr-
gyzstan plans to increase the area of irrigated land
from 1.0 million hectares to 1.7 million hectares. These
programmes, designed for the period up to 2030-2040,
include plans to expand irrigated land and introduce
water-saving technologies.
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The ratification of the Helsinki Convention (1992)
by a number of states in the region (Kazakhstan, Turk-
menistan, Uzbekistan) creates the conditions for har-
monising national water legislation with international
principles of fair and reasonable use of transbounda-
ry waters, which demonstrates a desire to harmonise
national legislation with international water law and
strengthen transboundary cooperation in the Central
Asian region. However, Kyrgyzstan actively cooperates
with UNECE (n.d.) within the framework of various wa-
ter management programmes and participates in Na-
tional Policy Dialogues on Integrated Water Resources
Management, but the republic has not formally ratified
the Convention. UNECE plays an important role in the
region in the field of water cooperation, as it is the sec-
retariat of the Convention on the Protection... (1992).
The Commission conducts technical assistance pro-
grammes, national policy dialogues and promotes the
exchange of experience in the field of transboundary
water resources management. In 2021, the Kara Dar-
ya-Syr Darya-Amu Darya Basin Water Resources Man-
agement Authority was established, and in March
2024, the Issyk-Kul-Tarim, Naryn-Syr Darya, Talas and
Chui Basin Management Authorities were established.
However, the system faces serious challenges. After
the transfer of internal irrigation canals to the balance
sheet of water user associations in 2004, many of these
organisations faced a lack of funding to maintain large-
scale infrastructure, which led to a deterioration in the
technical condition of the canals.

In accordance with the Alma-Ata Agreement (1992),
the Interstate Water Commission of Central Asia (IWC-
CA) was established. The institutional structure of the
commission initially included three key executive bod-
ies: the ICWC Secretariat, the Syr Darya Basin Water
Management Association (BWMA) and the Amu Darya
BWMA. Subsequent institutional development led to
the creation of the ICWC Scientific and Information
Centre (ICWC SIC) and the Energy-Water Coordination
and Dispatch Centre, which contributed to strength-
ening regional cooperation in the field of hydrological
monitoring, data exchange and water policy coordina-
tion. Nevertheless, the political and economic hetero-
geneity of the states in the region continues to hinder
the formation of an integrated strategy for transbound-
ary water resources management. According to the ty-
pology of transboundary basin organisations, the ICWC
belongs to the category of coordination bodies with
limited regulatory powers. Under the Alma-Ata Agree-
ment (1992), the commission is vested with the func-
tions of establishing and approving water use limits for
member states and the region as a whole.

Despite their institutional mandate, the Amu Dar-
ya and Syr Darya River Basin Organisations have not
acquired the status of supranational regulatory bodies
with enforcement mechanisms. In conditions of hydro-
logical deficit, the problem of ensuring compliance with

agreed water consumption limits is exacerbated, as the
ICWC and subordinate basin organisations do not have
effective control instruments at their disposal. Critically
important is the fact that the ICWC’s jurisdiction does
not cover the entire territory of the river basins, and
its decisions are advisory rather than mandatory in na-
ture. The most significant institutional gap is the lack
of a mechanism for legal liability for violations of wa-
ter distribution obligations and exceeding established
Llimits. Despite the declared need to create a system of
sanctions, formalised enforcement measures have not
yet been developed. The diagram in Figure 2 illustrates
the three levels of functioning of a transboundary ba-
sin organisation, reflecting the gradation of powers and
the degree of integration in the management of shared
water resources. The structure is organised according to
the principle of increasing institutional complexity and
depth of intergovernmental cooperation.

Information
exchange and
technical tasks

Decision-
making

Advisory
mandate

Figure 2. Structure of a transboundary
basin organisation
Source: developed by the author

This three-level scheme reflects the evolutionary
path of transboundary water cooperation institutions
from the simplest forms of information exchange to
complex joint management mechanisms. In the context
of Central Asia, existing institutions, such as the Inter-
state Water Commission, are mainly at the first level
with elements of the second, while the transition to the
third level remains a strategic prospect requiring a sig-
nificant strengthening of political will and institutional
trust between the states of the region. The first level
does not involve the transfer of sovereign powers and
is limited to providing information for national deci-
sions on water use. Interaction is mainly horizontal in
nature between technical specialists from water man-
agement agencies in different countries. The second
level, “Advisory mandate”, is characterised by the for-
mation of expert platforms for discussing strategic is-
sues of transboundary basin management. At this stage,
the basin organisation is granted the right to develop
recommendations on the optimal distribution of wa-
ter resources, propose scenarios for the development
of water infrastructure, and formulate proposals for
the harmonisation of national water policies. However,
the final decisions remain the prerogative of national
governments, which may accept or reject the recom-
mendations of the basin organisation. The third level,
“Decision-making’, represents the most advanced form
of institutionalisation of transboundary water cooper-
ation, in which the basin organisation is vested with
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real management powers. Decisions are made on the
basis of agreed criteria for the fair and reasonable use
of water resources, taking into account the interests of
all riparian states and environmental requirements.
Thefinancial support for the activities of basin organ-
isations is characterised by an asymmetrical distribution
of obligations:the Amu Darya Basin Organisation is main-
ly financed by Uzbekistan and Turkmenistan,while the Syr
Darya Basin Organisation is financed by Kazakhstan and
Uzbekistan. However, the existing financing model does
not comply with the principle of proportional parity and
equity participation,which creates additional institution-
alimbalances in the regional water management system.

Conceptualisation

of adaptive water resources management

in the context of transboundary cooperation

Effective management of transboundary water resourc-
es in the context of increasing climate variability and
demographic pressure requires the introduction of in-
novative institutional mechanisms based on the prin-
ciples of adaptability and flexibility. Within the frame-
work of the modern water management paradigm, a
three-level system of adaptive management is being
developed, integrating technological, institutional and
economic instruments for regulating water use (Fig. 3).

Technological Institutional Economic
instruments for tools for instruments for
regulating regulating regulating
water use water use water use

Figure 3. Adaptive management system
for transboundary water resources
Source: developed by the author

The first level of the system involves optimising
the seasonal redistribution of water flows by creating a
cascade of reservoirs with different functional purposes.
This approach is based on hydrological modelling of in-
tra-annual flow variability and involves the accumulation
of excess water resources during periods of high water
availability (spring and summer floods) with subsequent
controlled release during low-water seasons. Technical
implementation includes the modernisation of existing
reservoirs and the construction of new multi-purpose
hydraulic structures that simultaneously provide irri-
gation water supply, hydropower generation and flood
protection functions. A critically important aspect is the
integration of automated systems for monitoring and
forecasting the hydrological regime, allowing real-time
adjustment of reservoir regulation parameters in ac-
cordance with current hydrometeorological conditions.

The second level is represented by a mechanism of
dynamic (flexible) water management quotas, adapted
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to the predicted climate scenarios and the actual state
of the basin’s water resources. Unlike the traditional
system of fixed water abstraction limits, this model
provides for annual adjustment of water use quotas
based on long-term meteorological forecasts, data on
snow accumulation in high-altitude areas where runoff
is formed, and actual water availability indicators for
the previous period. The institutional mechanism for
implementation is basin commissions, which are em-
powered to approve adjusted plans for the distribution
of water resources among different categories of water
users and administrative-territorial units. The method-
ological basis is probabilistic hydrological forecasting
using ensemble models of climate scenarios, which al-
lows assessing the range of possible water availability
conditions and forming alternative options for water
management balances. It is fundamentally important
to establish differentiated water use priorities that
guarantee the satisfaction of priority needs for drinking
water supply and the maintenance of ecological flow
under any hydrological scenarios.

The third level of the system includes a set of eco-
nomic incentives aimed at improving water use effi-
ciency in the agricultural sector as the main consumer
of water resources in the region. The key instruments
are: (1) a progressive tariff policy providing preferen-
tial water rates for economic entities that meet the
established standards for specific water consumption
per unit of production; (2) a system of subsidies for the
introduction of water-saving irrigation technologies
(drip irrigation, sprinkler irrigation, precision farming
systems), compensating for up to 50-70% of the initial
capital costs; (3) a mechanism for trading water use
rights within established basin limits, allowing water
resources to be reallocated to the most efficient ag-
ricultural producers; (4) insurance instruments that
minimise the risks for farmers when switching to less
water-intensive crops in conditions of water scarcity.

The integrated application of a three-level adap-
tive management system provides a synergistic effect,
creating the institutional prerequisites for improving
the region’s water security in conditions of climate un-
certainty. At the same time, successful implementation
of the model requires a significant transformation of
the existing regulatory framework for water use, the
development of hydrometeorological monitoring and
forecasting infrastructure, and the formation of institu-
tional capacity for basin organisations. Ensuring trans-
parency in decision-making processes and involving a
wide range of stakeholders, including non-state actors,
in the development and implementation of adaptive
water management strategies remains a critical factor.

Water, energy and socio-economic potential

of Central Asian countries

The main problem in the distribution of water re-
sources in Central Asia is related to hydropower. Both
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mountainous republics, Kyrgyzstan and Tajikistan, are
heavily dependent on electricity supplies. The devel-
opment of the hydropower sector requires considera-
tion of the interests of all countries through which the
Amu Darya and Syr Darya rivers flow, as water is vital
not only for energy but also for agriculture in the re-
gion. The desire to develop hydropower, especially in
Tajikistan and Kyrgyzstan, is driven by low energy in-
dependence, despite the significant potential of water
energy sources. According to the United Nations (2025),
Central Asia uses only 6% of its renewable hydropower
potential. For example, electricity generation per cap-
ita varies greatly: in Kazakhstan - 4,730 kWh, in Kyr-
gyzstan - 1,375 kWh, in Tajikistan - 2,004 kWh, in Turk-
menistan - 2,403 kWh, and in Uzbekistan - 1,650 kWh.
For comparison, this figure is 8,400 kWh in Japan and
15,140 kWh in Canada. Tajikistan, which ranks eighth
in the world in terms of hydropower potential, faces a
problem of electricity shortages, especially in winter,
when up to 70% of the population experiences short-
ages. The commissioning of the Rogun HPP, planned for
the coming years, could increase the country’s annual
electricity production to 31-33 billion kWh (Ministry of
Energy..., n.d.). Kyrgyzstan also plans to significantly in-
crease its hydropower capacity by building a cascade
of hydropower plants on the Naryn River, which could
generate more than 25 billion kWh per year with an
installed capacity of 6,450 MW.

The initial stage of cooperation between the Kyrgyz
Republic and the Republic of Uzbekistan in the context
of hydropower infrastructure development was charac-
terised by a conflict of interests. Uzbekistan expressed
concern about the potential negative impact of the
Kambar-Ata-1 (1,900 MW) and Kambar-Ata-2 (360
MW) on the hydrological regime of the Naryn River and

water supply to agricultural areas in the Fergana Valley.
Ashift in positions occurred in 2016-2017 as part of the
intensification of bilateral dialogue at the highest level.
In 2017, a Memorandum of Understanding was signed
between the joint-stock company (JSC) Electric Power
Plants (Kyrgyzstan) and JSC Uzbekhydroenergo, estab-
lishing the institutional framework for the joint devel-
opment of the Kambar-Ata-1 project. This agreement
marked the transition from a confrontational model to
a cooperative approach in the field of transboundary
water and energy cooperation. The conceptual basis
for this transformation was Uzbekistan’s new foreign
policy strategy, initiated after 2016, which prioritises
regional integration and the building of constructive
relations with neighbouring states. Tashkent’s recog-
nition of the legitimacy of Kyrgyzstan’s hydropower
interests, while taking into account the water manage-
ment needs of downstream countries, was of funda-
mental importance. This approach represents a depar-
ture from the traditional “zero-sum” paradigm in favour
of a model of mutually beneficial cooperation based on
the principles of sharing the benefits of transboundary
water resources. This joint assessment mechanism is
an innovative tool for preventive diplomacy in the re-
gion, aimed at minimising potential disagreements at
the early stages of project design. The evolution of the
legal framework for transboundary water use is charac-
terised by a gradual transition from Soviet regulations
to modern international legal standards. At the same
time, the absence of a universal regional agreement
regulating the use of transboundary water resources
in the Amu Darya and Syr Darya basins remains a sig-
nificant institutional gap. Table 2 shows the water and
energy potential of Central Asian countries, with Tajik-
istan leading in terms of energy potential.

Table 2. Water and energy potential of Central Asian countries

Central Asian countries Hydropower potential (MW) Installed capacity (MW)
Kazakhstan 27,000 8,861
Kyrgyzstan 163,000 10,778

Tajikistan 317,000 15,086
Turkmenistan 2,000 -
Uzbekistan 15,000 7,278
Afghanistan 400 595
Total 524,400 42,598

Source: compiled by the author based on J. Granit et al. (2010)

In Central Asia, Tajikistan and Kyrgyzstan have a
geographical advantage in terms of water resources,
but economically they are weaker than the countries
located downstream. For Tajikistan, water resources are
practically the only external political asset in its rela-
tions with Uzbekistan and Turkmenistan. According to
Worldometer (n.d.) data on the gross domestic product
(GDP) of Central Asian countries, the Republic of Kazakh-
stan will have the largest GDP in 2024, estimated at ap-
proximately USD 261.42 billion. At the same time, the

lowest GDP figures among the countries in the region
are observed in Tajikistan, where it is forecast at USD
12.96 billion,and in Kyrgyzstan, at USD 13.6 billion (Ta-
ble 3). The highest GDP growth among the countries in
the region at the end of 2024 was demonstrated by Ta-
jikistan (7.2%), Uzbekistan (6%) and the Kyrgyz Republic
(5.8%). At the same time, Kazakhstan and Uzbekistan,
given their population size, economic potential and ge-
opolitical position with major international transport
corridors passing through them, can be considered
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key regional players, and all neighbouring states are
in constant interaction. However, the existence of
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multiple institutional mechanisms does not always
translate into effective solutions to regional problems.

Table 3. Gross domestic product (GDP) of Central Asian countries

Country
Kyrgyzstan
Kazakhstan

Tajikistan
Turkmenistan
Uzbekistan
Total

Source: compiled by the author based on Worldometer (n.d.)

Recommendations for improving water diplomacy

in Central Asia

Effective intergovernmental cooperation in the field
of water use is becoming a decisive factor in ensuring
sustainable development, political stability and secu-
rity in Central Asia. A new intergovernmental compro-
mise is needed to ease existing tensions. This would
equally recognise the needs and interests of all Cen-
tral Asian countries and lead to unified regional wa-
ter resource management. Such an approach requires
consideration of the economic and social interests of
countries and takes into account the ecological bal-
ance in Central Asian water basins (Janusz-Pawletta &
Gubaidullina, 2015). However, water shortages caused
by climate change, population growth, increased de-
mand for water and inefficient water management
are exacerbating the region’s problems. According to
J. Sehring (2006), the water resources of Central Asia
are of strategic importance that goes beyond the bor-
ders of individual states, making regional cooperation
a necessary condition for preventing conflicts and
achieving sustainable development goals.

An analysis of the current state of water diplomacy
in Central Asia allows for formulating a set of strategic
recommendations aimed at strengthening the institu-
tional foundations of transboundary cooperation and
establishing sustainable water resource management
mechanisms. The proposed measures cover the legal,
institutional, technological and diplomatic aspects of
water cooperation, taking into account the special role
of the Kyrgyz Republic as an upstream country and the
need to balance the interests of all states in the re-
gion. The implementation of these recommendations
will facilitate the transition from a confrontational
model to an integrated approach to transboundary
water resources management.

1. The role of water diplomacy as a tool for re-
gional cooperation in Central Asia. The author be-
lieves that it is time for the states of Central Asia to
move towards joint and coordinated management of
water and energy resources, using the prism of water
diplomacy. This could be facilitated by the creation of
a commercial organisation, such as an international
water and energy consortium, and the revival of a

GDP 2024, USD
13,600,000,000
261,420,000,000
12,960,000,000
64,080,000,000
97,960,000,000
450,020,000,000

regional resource management organisation based on
modern market mechanisms.

2. Sustainable water resource management in
transboundary river basins. Countries located in trans-
boundary river basins share a common culture, lan-
guage, history and experience of joint water resource
management. This aspect is a powerful factor for fur-
ther unification and strengthening of cooperation be-
tween neighbouring countries.

3. Institutional and legal mechanisms for manage-
ment. The author points to the weakness of the institu-
tional framework for water resources management. It
is necessary to strengthen and modernise institutional
cooperation that will reflect the interests of all coun-
tries in the basin. Central Asian states should strength-
en and improve the implementation of the existing
legal framework by adding principles and improved
cooperation mechanisms to it. In this context, there is a
need to move away from declarative positions and de-
velop legally binding documents on basin management
based on international law. These documents should be
aimed at adapting to climate change.

4. The importance of the “Central Asia as One Re-
gional Voice” platform. It is expected that the creation
of such a platform, which will include representatives
of the Central Asian states and Afghanistan, will also
contribute to the formation of experience in creating an
institutional foundation.

5. A comprehensive approach to solving water
problems. Not only professional water resource special-
ists, but also scientists and experts from various fields
should be involved in solving water issues. Analytical
platforms should be created and comprehensive stud-
ies conducted, including political, technical and envi-
ronmental forecasts.

6. Kyrgyzstan’s role in transboundary river man-
agement. Given that Kyrgyzstan is the source country
for major transboundary rivers such as the Syr Darya
and Chu, its role in water resource management in
Central Asia is particularly important. Kyrgyzstan’'s po-
sition and its policies on water resource management
and hydropower development have a direct impact on
the entire hydrological situation in the region. There-
fore, any strengthening of institutional cooperation and
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development of water-energy consortia must take into
account the interests and contribution of Kyrgyzstan as
a key player in this system. Kyrgyzstan, along with other
countries in the region, needs to participate in the cre-
ation of sustainable mechanisms that will ensure the
equitable distribution of water resources and minimise
the risks associated with climate change. This includes
not only technical solutions, but also active participa-
tion in water diplomacy aimed at building trust and
long-term partnerships with neighbouring countries.
7.The development of agreed criteria and methodol-
ogies for resolving inter-state water issues, the conclu-
sion of bilateral and multilateral agreements related to
new inter-state water sharing, compensation for damage
causedbyviolationsofinter-statewaterdistributionagree-
ments, and the creation of a modern information system.

8. It is necessary to develop cooperation between
research institutes and universities in Central Asia to
solve water problems in the region.

The implementation of these recommendations re-
quires the political will of all Central Asian states and a
willingness to compromise based on the principles of
mutual benefit and sustainable development. Of particu-
lar importance is the creation of effective institutional
mechanisms, backed by legally binding agreements and
modern technological solutions. The Kyrgyz Republic,
occupying a key position in the region’s hydrological
system, has the opportunity to initiate the formation of
a new paradigm of water diplomacy based on the princi-
ples of equitable water use, environmental responsibil-
ity and long-term regional partnership. The successful
implementation of these recommendations will not only
ensure water and energy security in the region, but will
also lay the foundation for broader economic and po-
litical integration among the countries of Central Asia.

Conclusions

The study of institutional mechanisms for transbound-
ary water resources management in Kyrgyzstan has
identified key factors determining the effectiveness of
regional water cooperation and its impact on the agri-
cultural sustainability of the republic in the context of
climate change. The analysis showed that the existing
institutional architecture for transboundary water man-
agement is fragmented and insufficiently adapted to
the modern challenges associated with climate change
and increasing competition for water resources in the
region. It has been established that the transformation
of the water use system from a centralised Soviet mod-
el to independent national strategies has led to insti-
tutional gaps that hinder the effective distribution of
water resources between upstream and downstream
states. The conflict between the energy interests of
Kyrgyzstan as a mountainous country and the irrigation
needs of neighbouring states remains a central prob-
lem for regional cooperation, requiring the develop-
ment of compromise institutional solutions.

The study demonstrated that climate change exac-
erbates existing institutional problems, increasing the
instability of water resources and creating additional
risks for Kyrgyzstan’s agricultural sector. The observed
reduction in glacial runoff, changes in river regimes
and the increasing frequency of extreme hydrological
events require a review of traditional approaches to
water resource management and the introduction of
adaptive institutional mechanisms. It has been found
that Kyrgyzstan’s bilateral agreements with neighbour-
ing states, although providing a legal basis for cooper-
ation, do not contain sufficient mechanisms for flexible
response to climate-induced changes in the water bal-
ance. An analysis of the impact of institutional mech-
anisms on agricultural sustainability has shown that
uncertainty in the distribution of water resources neg-
atively affects the country’s food security, reducing the
predictability of agricultural production and hindering
long-term investment planning in irrigation infrastruc-
ture. There is a need to develop integrated institutional
approaches that synchronise water, energy and agricul-
tural policies at the national and regional levels.

Prospects for further research are linked to a de-
tailed study of the economic mechanisms for compen-
sating for water ecosystem regulation services provided
by the mountainous areas of Kyrgyzstan, the develop-
ment of institutional design models for adapting water
management systems to different climate scenarios,
and analysis of the role of international organisations
and donor institutions in shaping regional water policy.
In-depth research is needed on the potential of digital
technologies and remote monitoring to increase trans-
parency and objectivity in the distribution of trans-
boundary water resources. A relevant area of research
is the study of the social aspects of water use and the
participation of local communities in water manage-
ment decision-making, which can contribute to the le-
gitimacy and effectiveness of institutional mechanisms.
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YekK apasnbiK Cyy pecypcTapbiH 6allKapyyHYH MHCTUTYLIMOHaNAbIK
MeXaHU3MAEepPU XXaHa anapabliH KJIMMaTTbiH ©3repyLuy
wapTtTrapbiHAa Kbiprbi3cTaHAbIH albifl Yap6a TYPYKTYY/yryHa
TUMINM3reH Taacmpum

AnHypa BaTbikoBa

TexHWKanbiK MAMMAePAUH KaHOWOATbl, OOLEHT

K.MN. CKpsabuH aTbiHOarbl Kblprbi3 yayTTyK arpapablKk YHUBEPCUTETH
720005, MefepoB Keu., 68, Bullkek L., Kbiprbiz Pecnybninkacsl
https://orcid.org/0000-0001-9173-3151

AHHoTtaumsa. Kbiprei3 Pecnybnukacel bopbopayk A3usiHbIH TMAPONOTUSALIK CUCTEMACbIHAA CTpaTerusnbik
OpYHAY 33N€MT, aHTKEHM an aliMaKTblH 3H MPWM YeK apanblk AapbisnapbiHbiH — AMyaapus kaHa CbipAapusHbIH
arbiMbIH KanbIiNTaHAbIPYYHY KO36MeNAereH XOoropky arbiMaarsi MamnekeT 6onyn caHanat. KnumatTbiH e3repyLy
[LapbiSNapablH XblNAap apanblk arbiIMblHbIH ©3r6@pPMeNyYYryH XOropynaTbin, aiMakTbiH aibll Yapba CeKTOpYHYH
TYPYKTYynyry xaHa bop6opayk Asusgaarsl cyy H6alkapyyHyH aiMaKTblK CasiCaTblH MLUKE albIpyy YY4YH KPUTUKANbIK
KbIAbIHYbIIbIKTapAbl >KapaTyyaa. YKOropky arbiMAblH 3HEpreTuKanblK Kbi3blKYblbIKTapbl (KbiwbiHAa IC yuyH cyy
TONTOO) MEHeH TOMOHKY arbiMAbIH abin Yapba MyKTaxAbIKTapbIHbIH (Kaida cyraT y4yH MakcuMmangyy cyy 6epyy)
OpPTOCYHAArbl CTPYKTypasnblk KOHOAMKT Bbopbopayk A3MsiHbIH a3blK-TYJlYK KOOMCY3AyryHa KOPKYHy4Y Tyyaypar.
MN3nunpeeHyH MakcaTbl Yek apanblk cyynapapbl O6awkapyyHyH MHCTUTYLMOHANAbIK MEXaHW3MAEPUH XaHa anapabiH
arbln YyapbaHblH TYPYKTYYNyryH Kamcbi3 KblUlyy Y4YYH afanTauusanblk MOTEHUManbiH Tangoo 6onyn caHanar.
YyypAaarel MHCTUTYLMOHANAbIK CUCTEMAHbIH KPUTUKANbIK KEMUMAMKTEPU aHbIKTaNnApl; Tannoo Mamneketrep apasnbiK
KoopaMHaumsanbik cyy yapba komuccuscbiHbiH (MKCKK) yekTenyy »eHre canyy bifirapbiM yKyKTapblHa 33 3KEHWH
KepCeTTy, KOMUCCUSHbIH YeYMMAEPU CYHYLUITOO MYHO3YHe 33. bacCeMHOMK YIOMAapAa Cyy KepekTee NUMUTTEpUHE
6aw nnampyy mexanmsmaepu xok. CyyHyH asaloy WwapTrapbiHAa cMcTeMaHbiH 3QdeKTUBAYYAYTY KECKMH TOMeHAen,
cyy GenywTypyy MakyngawyynapbiH Oy3raHAplK y4yH dGopManayy CaHKumMsnap cuctemachbl oK. M3unaeeHyH
ankarbiHaa Kbiprbi3cTaHAbIH YAYTTYK Cyy CTpaTerusnapbiH TPAHCUYEKTYY Cyy pecypcTapbiH buprenewun 6alwkapyy
60loHYa aMMaKTbiK AeMuareniep MeHeH LWaNKEeWTUPYY MYMKYHUYIYKTepY, KeULIMM-YKYKTYK MexXaHU3MAepau
KNMMMaTTbiKk TobOoKenaukke aAanTauMsNIOOHYH KeneyekTepu >aHa MaMnekeTTep apanblk MUALeTTeHMenepaum
aTKapyyHy TeKllepyy MexaHW3MAepWH eHYKTYpYY TangaHasl. Cyy pecypctapbiH anantueayy 6awwkapyyHyH Mogenm
CYHYLWTaNAbl, Y4 LEHM33NAYY CUCTEMA MLITENUN YblKKaH: (1) pe3epByap cakTarbiy apKbllyy MaycbiMAyy arbiIMAapAbl
Karpa 6GenywTtypyy; (2) kAMMaTTbik O0MKONOOPAY 3CKE anyy MeHeH WUKeMAyy KBOTanapAblH MexaHW3Mu;
(3) arbin yapba ceKTOpyHOA CyyHY YHOMAEe Y4YyH 3KOHOMMKablK CTMMYNAAapAblH cucTemachbl. M3unaeeHyH
XXbIMBIHTBIKTapbl Cyy GalKapyyHYH MHCTUTYLMOHANAbIK apXMTEKTYpacbl MeHeH aibll YapbaHblH ancbi34bIrbIHbIH
OpTOCYHAArbl BarNaHbIWTLI TYWYHYYAery 60WTyKTy TONTypaT xaHa bopbopayk A3nsaa KOHOAMKTTUMK NOTEHUMaNab
MUHUMANOAWTbIPYYyra XaHa MHTErpauMsanaHrad aMuMakTbiK OHYIYYHY CTUMYNOAWTbIpYyra CanbliM KOLWKOH, TYPYKTYY
YaHa MHCTUTYLMOHANAbIK XXaKTaH HaTbIXanyy Yek apanblk Cyy pecypCTapbiH 6allkapyy cucTeMachbiH Ty3yy 6otoHuYa
WAUMUIA HEr3aenreH CyHylTapabl Ty3yyre MyMKyHAyK bepet

Herusru ce3pgep: Cyy Kooncysayry, Cyy-aHeprma 6aVIﬂaHbILUbI; TMAOPO3HEPTreETUKANbIK NOTEHUMAN; KNUMATTbIH
e3repywyHe agantauyua
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MHCTUTYLIMOHAaNbHble M@XaHU3Mbl yNpaBfeHU s
TPaHCrpaHU4YHbIMMU BOAHbIMU pecypcaMm

M UX BIMSTHUE Ha arpapHyIo YCTOMUMBOCTb Kbiprbi3cTaHa
B YCJIOBUSIX KJIMMaTUYECKUX U3MEHEHUN

AnHypa BaTbikoBa

KaHgounoat TeXHUYECKMX HayK, OOLEHT

Kblprbi3CKMM HaUMOHaNbHbIM arpapHbIn YHUBepcUTeT UM. K. CkpabrHa
720005, yn. MefepoBa, 68, I. Bullkek, Kblprbi3ackaa Pecnybnnka
https://orcid.org/0000-0001-9173-3151

AHHoTtaumsa. Kbiproidckas Pecnybnuka 3aHMMaeT cTpaTerMyeckoe MOJSOXEHWe B TMAPOSIOTMYECKON cucTemMe
LleHTpanbHOM A3uMM Kak rocynapcTBO BepXOBbeB, KOHTponupywouee GOPMUPOBAHME CTOKA KPYMHEMLWMX
TPaHCrPaHMYHbIX pek permoHa — AMyaapbu 1 Cbipaapbui. Knumatuueckune nsmeHeHus), yBennUMBatoLLMe MEXTOA0BYH
M3MEHUYMBOCTb PEYHOrO CTOKA, CO3AAKT KPUTUYECKME BbI30Bbl A1 YCTOMYMBOCTM arpapHOro CeKTopa perMoHa u
peanu3aummn perMoHanbHOM MONUTUKKM BOAHOIO ynpasneHnus B LleHTpanbHoi Asun. CTpYKTYpHbIA KOHOAMKT MexXay
3HepreTMYeckKUMU UHTEPECAMU BEPXOBbEB (HAKOMIeHWe BOAbl 3UMOW AN TMAPO3NEKTPOCTAHLMIA) U arpapHbIMU
noTpebHOCTAMM HU30BbEB (MAaKCMManbHas BOLOMOAAYa J€TOM [ANS MPPWUrauuu) yrpoxaeT NpOAOBONbCTBEHHOM
6e3onacHocTM pervoHa. Lenbio uccnepoBaHus Obin aHANUM3 MHCTUTYLMOHAbHBIX MEXaHW3MOB  YrpaB/eHuUs
TPaHCrPaHMYHbIMM BOAAMM U UX aAaNTaLMOHHOMO NoTeHuMana ang obecneyeHums arpapHoi yCToMYnBOCTU. BbisiBneHbI
KpUTUYeckne feduumTbl AeNCTBYIOWEN MHCTUTYLIMOHAIbHOM CUCTEMBI; aHaM3 Nokasan, 4To MexrocyaapcTBeHHas
KOOPAMHALMOHHAA BOLOX034McTBEHHas komuccus (MKBK) o6napaeT  orpaHuMYeHHbIMU  pPerynsiTopHbIMMU
NOMHOMOUYMAMYU, peLleHns KOMUCCUM HOCAT PEKOMEHAATENbHbIN XapakTep. bacceiHOBble OpraHM3auMn He nMerT
MeXaHM3MOB MPUHYXAEHUS K CODNOAEHNIO TMMUTOB BodonoTpebnenus. B ycnosuax manoBoabs 3pGeKTMBHOCTb
CUCTEMbI PE3KO CHUXKAETCSH, M OTCYTCTBYET hopManbHas CUCTEMA CaHKLMIA 3a HapyLWeHWUs BogopacnpenenuTenbHblxX
cornaweHuin. B nccnepoBaHnu paccMoTpeHbl NyTU COMACOBAaHMS HAaLUMOHANbHOM BOAHOM NOAUTUMKM Kbiprbi3cTaHa
C pernoHanbHbIMU MHULMATUBAMM MO YNPABNEHMUIO TPAHCTPAHUYHBIMU BOAAMU, @ TaKXKe BO3MOXHOCTM aAanTaLuu
CYLLECTBYIOLMX [OMOBOPHbIX MEXaHWM3MOB K K/IMMATUYECKMM pPUCKaM WM CO30aHUS CUMCTEMbI KOHTPOAS 3a
BbIMOJIHEHMEM MEXIOCYAAPCTBEHHbIX 0653aTenbcTB. lNpennoxeHa Modenb afanTUMBHOIO YNpaBleHWs BOLHbIMM
pecypcamu, pa3paboTaHa TpexypoBHeBas cuctema: (1) cesoHHOe nepepacnpeeneHre NoTOKOB Yepes pe3epByapHOe
XpaHunuuie; (2) MexaHusM MOKMX KBOT C Y4eTOM KIMMATMYECKMX MPOrHO30B; (3) cMcTEMA 3KOHOMMYECKMX
CTUMY/IOB 415 BOAOCOepexKeHWst B arpapHOM cekTope. Pe3ynbTaThl MCCNeA0BaHMS 3aN0HSAIOT Npoben B MOHMMaHMK
CBA3M MexXdy WHCTUTYLMOHANIbHOW apXUTEKTYpPOi BOAHOrO YMpaBNeHUS U arpapHOM ySa3BMMOCTbIO M MO3BONSIOT
chopMynnpoBaTb HayyHO 0OOCHOBAHHbIE PEKOMEHAALMM MO CO34aHMI0 6onee yCTOWYMBOM U MHCTUTYLMOHANIbHO
3bdEKTUBHOWM CUCTEMbl TPAHCIPaHWYHOrO YMpaB/ieHUs BOAHbIMM pecypcamu, CNoCOOCTBYHOLLEA MMHUMMU3ALMM
KOHMAMKTHOrO NOTEHLMana 1 CTMMyAMPOBAHUIO UHTETPUPOBAHHOIO PErMOHANIbHOMO Pa3BuTUSA B LleHTpanbHOM A3nn

KnioueBble cnoBa: BOAHAs 6e3OI'IaCHOCTb; BOAHO-3HEPreTnuyeckasa CBA3b, FVI,EI,p03HepFETVIHECKMI7I noTeHuuan;
agantauma K UISMEHEHUKO KIMMATA
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Abstract. In the context of globalisation and the growing interdependence of world markets, foreign investment
serves as a key driver for the modernisation of agriculture, technological advancement, and the strengthening of
external economic relations. For the Kyrgyz Republic, where the agricultural sector traditionally plays a crucial
role in ensuring employment, food security, and export capacity, the attraction of long-term foreign capital is
of strategic importance. The study aimed to analyse the mechanisms for attracting foreign investment into the
agricultural sector of Kyrgyzstan and to assess its impact on enhancing the competitiveness of domestic agri-
food products in international markets. Special attention was given to identifying the factors that facilitate or
hinder investment activity, as well as to defining priority areas for cooperation with foreign partners. The research
employed comparative and structural analysis, methods of economic and statistical modelling, and a review of
international best practices in agricultural investment development. This methodological approach allowed the
identification of both general trends and specific features of investment dynamics in the Kyrgyz agricultural
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Foreign investments as a factor in the modernisation...

sector. The analysis revealed that foreign investment contributes to the introduction of modern technologies, the
development of processing industries, the improvement of rural infrastructure, and the growth of export potential.
However, institutional, legal, and organisational barriers — such as imperfect legislation, bureaucratic procedures,
and insufficient investor protection - continue to limit investment inflows. The study proposed a set of measures
to improve the investment climate, strengthen the regulatory framework, promote public-private partnerships,
and encourage innovative financing mechanisms. The practical significance of the research lies in the potential
use of its findings by government bodies, investors, and business entities in developing effective strategies for
agricultural modernisation and for integrating the Kyrgyz Republic into the global economic system

Keywords: agricultural sector; state; globalisation; development; regulation; export

Introduction

In the context of globalisation of the world economy,
improving the efficiency of the national economy is
only possible on the basis of accelerated innovation
and investment development. A country’s potential
upon entering the global economic space largely deter-
mines its prospects. In this context, foreign investment
is a key factor in increasing competitiveness, stimulat-
ing economic growth and deepening the integration of
the national economy into the global economic system.
According to FAO (n.d.) estimates, annual investment in
agriculture in developing countries should amount to
approximately USD 205 billion per year in the period
2025-2030. This is necessary to provide food for 9 bil-
lion people, as well as to improve the efficiency of soil
fertility management, rational use of water resources
and conservation of biological diversity.

According to NSCKR (n.d.), as of 2024, agriculture
accounted for approximately 8.6% of Kyrgyzstan’s gross
domestic product (GDP). At the same time, approximate-
ly 23.9% of the working-age population was employed
in the agricultural sector. Agricultural exports in 2024
were estimated at approximately 34 billion soms. For
millions of residents, rural areas remain the main source
of income and employment, making the agricultural
sector not only economically but also socially signifi-
cant for development. However, according to the United
Nations (2024), the current state of agriculture in Kyr-
gyzstan is characterised by a number of systemic prob-
lems, including low levels of technological equipment
in production processes, limited access to modern agri-
cultural technologies, weak development of processing
enterprises, and inadequate infrastructure for storage,
transport and marketing of products. All this reduces the
competitiveness of local agricultural products and limits
their opportunities to enter foreign markets (Dzhailov &
Mardalieva, 2025). In such conditions, as noted by I. Rys-
kulbekov (2023), foreign investment is seen as one of
the key instruments for modernising the agricultural
sector. Its inflow contributes not only to the renewal of
the material and technical base, but also to the intro-
duction of modern management approaches, increased
labour productivity and expanded export opportunities.

Expanding foreign economic ties through the ex-
port of agricultural and processed products, introducing

xinternational quality standards, product certification,
and participation in integration associations (in par-
ticular, within the Eurasian Economic Union) opens up
new horizons for the development of Kyrgyzstan’s ag-
ricultural sector. Foreign investment plays an impor-
tant role in this process, promoting the introduction
of innovative technologies, the development of trans-
port and logistics infrastructure, increasing processing
efficiency and ensuring the sustainable development
of rural areas (Yang et al., 2025). As noted by D. Omu-
ralieva & S. Zholdoshbekova (2024), the modernisa-
tion of agriculture is of particular importance for Kyr-
gyzstan, as it is directly linked to the diversification
of the economy, the growth of employment and living
standards in the regions, the strengthening of food in-
dependence, and the sustainable development of the
agro-industrial sector, which plays a key role in ensur-
ing the country’s food security and economic growth
in general. The development of the agricultural sector
based on attracting foreign capital not only increas-
es production and export volumes, but also enhances
the overall investment attractiveness of the republic’s
economy. The aim of this study was to conduct a com-
prehensive analysis of the role of foreign investment
in the modernisation of agriculture in the Kyrgyz Re-
public and to assess its significance for strengthening
the country’s foreign economic relations.

Literature Review
The issue of attracting foreign investment in agricul-
ture has been the focus of economists, researchers
and practitioners over the past decades. In the con-
text of globalisation and the formation of a glob-
al food market, investment is seen as a key tool for
the sustainable development of the agricultural sec-
tor and increasing its competitiveness. K. Mateeva &
L. Mazur (2024) studied trends in Kyrgyzstan’s foreign
economic cooperation and the problems of integration
into the Eurasian Economic Union (EAEU). E. Zakiro-
va (2017) examined mechanisms for financing the ag-
ricultural sector, including public-private partnerships.
R. Makhmudov (2025) analysed the impact and deter-
minants of foreign investment on economic growth,
structural transformation and the competitiveness of
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the host country. Regional studies on Central Asia by
the EDB (2023) showed that investments aimed at de-
veloping infrastructure, irrigation, processing and cer-
tification of products according to international stand-
ards were the most effective. This directly affected the
competitiveness of agricultural products in foreign
markets and strengthened foreign economic ties.

From the perspective of sustainable development,
investments in the agricultural sector should be direct-
ed not only towards improving economic efficiency, but
also towards ensuring environmental balance, rational
use of natural resources and social sustainability in ru-
ral areas (Chupryna et al., 2025). These principles were
first systematically set out by WCED (1987), but were
further developed in the UN Sustainable Development
Goals adopted in 2015 and updated in subsequent
strategies of other international organisations (United
Nations, 2015). This is particularly important for the
Kyrgyz Republic, where agriculture provides employ-
ment for a significant part of the working-age popu-
lation, forming the basis of food security and making
a significant contribution to the development of the
country’s regions (National Development Strategy of
the Kyrgyz Republic, 2018; FAO, n.d.). Sustainable in-
vestment in agriculture makes it possible to simultane-
ously address the challenges of increasing productivity,
protecting the environment and developing rural areas.

Research by the World Bank (2024), FAO (n.d.) and
ADB (n.d.) shows that foreign direct investment in
the agricultural sector of developing countries con-
tributes to: growth in the production and export of
agricultural products; the introduction of innovative
technologies in crop and livestock production; the
formation of agro-industrial clusters; the improve-
ment of rural personnel qualifications; and the devel-
opment of infrastructure for storage, processing and
marketing of products. However, the positive impact
of foreign investment is not automatic - it largely de-
pends on the investment climate, the level of insti-
tutional development, the transparency of the legal
system, and government policy in the field of invest-
ment regulation (Saha et al., 2022). In the absence of
effective control and support mechanisms, foreign
capital may concentrate only in the most profitable
areas, without contributing to the development of so-
cially significant sectors of agriculture.

In the context of Kyrgyzstan, the problem of at-
tracting foreign investment in the agricultural sec-
tor takes on a particular specificity. On the one hand,
the country has favourable natural and climatic con-
ditions, labour resources and a geographical location
that provides access to the large markets of the EAEU
and China. On the other hand, institutional constraints
remain, including unstable legislation, bureaucratic
barriers, weak infrastructure, and limited financial in-
struments to support investors. Thus, a review of the-
oretical and empirical sources leads to the conclusion

Zholdoshbekova et al.

that foreign investment is an integral element of the
sustainable development of Kyrgyzstan’s agricultural
sector, providing an inflow of capital, technology and
management expertise. Their effective use requires the
creation of a favourable institutional environment and
long-term government policies aimed at increasing the
investment attractiveness of agriculture.

Materials and Methods

The theoretical basis of the study was based on the
concept of investment attractiveness, the OLI paradigm
model of foreign direct investment by J. Dunning (2001),
and the investment multiplier theory, which reflects
the relationship between the volume of investment
and the growth of national income. The application of
these approaches made it possible to comprehensively
examine the impact of foreign investment on the struc-
tural modernisation of agriculture and its integration
into the global economic system. The study used com-
parative and structural analysis methods, as well as a
systematic approach and a review of international ex-
perience in the field of investment development in the
agricultural sector. This comprehensive approach made
it possible to identify general patterns and specific fea-
tures of investment dynamics in the agricultural sector
of the Kyrgyz Republic.

The study analysed the mechanisms for attracting
foreign investment in the agricultural sector and their
impact on the modernisation of agriculture, as well as
the strengthening of foreign economic ties. Three coun-
tries were selected for comparative analysis: Uzbeki-
stan, Russia and China, each of which represents dif-
ferent models of agricultural policy and strategies for
attracting foreign investment. Uzbekistan was selected
for its active reform of the agricultural sector, aimed at
creating institutional conditions for attracting invest-
ment and developing agricultural clusters, which can
serve as an example for Kyrgyzstan in forming a favour-
able investment environment. Russia was highlighted
as a country with a developed system of state subsidies
and support for agricultural exports, which is important
for the Kyrgyz Republic in terms of expanding its export
potential and strengthening its infrastructure. China is
interesting for its large-scale technological modernisa-
tion and integration into global production chains, in-
cluding the use of digital technologies and mechanisms
to stimulate foreign direct investment, which could be
a useful reference point for Kyrgyzstan in developing
its agro-industrial complex.

The experimental basis for the study was provided
by statistical data from national statistical agencies
and international organisations - FAO (2023; n.d.),
World Bank (2024), IMF (2024), etc. The research
methods included: comparative analysis to identify
similarities and differences in approaches to attract-
ing foreign investment and the results of their im-
pact on the agricultural sectors; structural analysis
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to assess the distribution of investments by type of
activity, form of investment and their impact on pro-
duction processes and exports; statistical analysis to
determine the significance of the differences identi-
fied between countries.
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Results and Discussion
Figure 1 shows the structure of foreign investment by
sector of the Kyrgyz Republic’s economy in 2020-2024,
reflecting the dynamics of sectoral priorities and the
degree of diversification of flows.
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Figure 1. Structure of foreign investment in the economy of the Kyrgyz Republic

Source: compiled by the authors based on NSCKR (n.d.)

The analysis showed that the largest share of for-
eign investment in the Kyrgyz Republic continues to be
in mining and manufacturing, which together accounted
for up to 70% of total inflows. In 2024, the share of min-
eral extraction decreased to 10.6% (compared to 26.1%
in 2023), while the share of manufacturing increased
to 33.3% (compared to 27.7% in 2023). This indicates a
redistribution of investment within the industrial sec-
tor and a further strengthening of the manufacturing
industry’s position. Agriculture, tourism, healthcare and
education remain the least attractive to foreign inves-
tors, indicating an imbalance in the distribution of cap-
ital. In 2024, the share of agriculture remained at 0.1%,
healthcare at 0%, and education at 0.3%. Tourism also
continues to remain on the periphery with a share of
0.4% in 2024, despite the industry’s high potential.

The raw materials sector continues to dominate,
but in 2024 there was a redistribution of flows with-
in the industrial bloc. Mineral extraction is declining,

while manufacturing is regaining its share, indicating
potential diversification of the economy. The financial
sector continues to grow steadily, confirming the devel-
opment of financial technologies and the expansion of
the banking sector. This reflects improved confidence
in financial services in the country. Wholesale and re-
tail trade and construction have shown significant fluc-
tuations: trade significantly reduced its share in 2024,
while construction regained its position, which is asso-
ciated with the return of investor interest in infrastruc-
ture projects. Social sectors continue to remain on the
periphery of foreign investment, requiring reforms to
stimulate investment in strategically important indus-
tries.In particular,agriculture, healthcare and education
remain the least attractive to foreign investors. Tourism
continues to be unattractive to foreign investment, in-
dicating the need for additional measures to stimulate
growth in this sector. An analysis of the dynamics of
foreign investment inflows is presented in Table 1.

Table 1. Foreign investment inflows into the Kyrgyz Republic in 2020-2024 (million USD)

Years‘ Total ‘Foreign direct investment

Portfolio investments

Other investments ‘ Grants and assistance

2020 @ 6,926.8 537.6 0.0
2021 | 6,331.4 1,006.1 1.0
2022 | 9,025.6 1,202.6 0.4
2023 | 7,110.6 844.9 0.3
2024 | 6,921.0 1,029.7 3.1

Source: compiled by the authors based on NSCKR (n.d.)

Table 1 shows that total foreign investment in
2024 returned to 2020 levels (USD 6,921.0 million),
which may be due to changes in the global econom-
ic and investment climate, as well as the influence of
external factors such as economic instability, global
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6,363.7 25.5
5,289.0 353
7,768.2 54.4
6,168.8 96.6
5,865.4 22.8

inflation, or the geopolitical situation. Foreign direct in-
vestment (FDI) showed growth until 2022, but declined
in 2023, which may be due to economic uncertainty or
changes in the priorities of foreign investors. In 2024,
FDI increased slightly again, but did not reach the level
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of 2022. Portfolio investment remains extremely low,
reflecting limited investor interest in short-term in-
vestments in securities and other financial assets in
Kyrgyzstan. Other investments remain the main cate-
gory of foreign investment, accounting for the bulk of
foreign inflows into the economy. A peak was recorded
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in 2022, but their volume has declined slightly in the
last two years. Grants and aid show a slight increase in
2022-2023, but in 2024 there is a significant reduction,
which may indicate a reduction in international aid or
grants to Kyrgyzstan. Figure 2 shows data on the distri-
bution of foreign direct investment by investor country.

Switzerland?
1

Turkey
UAE!
Other

Netherlands=
countries

Figure 2. Main countries investing in the economy of the Kyrgyz Republic in 2020-2023
Source: compiled by the authors based on research by NSCKR (n.d.)

The results of the analysis showed that the struc-
ture of foreign investment in Kyrgyzstan is character-
ised by high geographical concentration. In 2023, the
main investments came from China and Russia, whose
shares were 27.8% and 27.1%, respectively. These coun-
tries continue to occupy dominant positions in the Kyr-
gyz economy, reflecting their strategic partnership with
the republic. Turkey and Kazakhstan remain important
investors, but their shares vary, which may indicate in-
stability in the political and economic situation in these
countries. At the same time, the United Kingdom and
the Netherlands have significantly reduced their invest-
ments in Kyrgyzstan, which may be due to a decline in
their interest in the republic for economic and political
reasons. Switzerland and the UAE have shown mixed
dynamics: the UAE is gradually increasing its invest-
ments, while Switzerland is maintaining a stable but
low level of investment. The share of investments from
other countries has also decreased. In 2023, the volume
of foreign direct investment from non-CIS countries
increased by 4.1% compared to 2022. This was made
possible by growth in investments from Turkey and Chi-
na. Investments from CIS countries increased 1.6 times,
which is associated with growth in investments from
Russia, Kazakhstan and Uzbekistan. The main investor
countriesin 2023 were China (27.8% of total investment),
Russia (27.1%), Kazakhstan (11%) and Turkey (5.5%).

The analysis showed that attracting foreign invest-
ment to the economy of the Kyrgyz Republic is limit-
ed by a number of systemic factors that hinder the
long-term development of foreign economic relations.
Among these barriers, the most significant are institu-
tional risks, infrastructure constraints and legal insta-
bility. Infrastructure constraints also had a significant
impact: despite its favourable geographical location,
the underdevelopment of transport, energy and digital
infrastructure hampered Kyrgyzstan's integration into
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international value chains and restrained investment ac-
tivity. Similar conclusions are presented in reports by the
World Bank and ADB (2023), which view the modernisa-
tion of logistics, energy and digital services as a neces-
sary condition for reducing trade costs and attracting in-
vestment. Legal instability manifested itself in frequent
changes to tax and customs legislation and insufficient
protection of property rights, which created significant
risks for long-term investments. The World Bank (2025)
emphasised that it was precisely the unpredictability of
the legal environment that remained one of the key fac-
tors in investors’ cautious attitude towards Kyrgyzstan.

The results of the study confirm that foreign direct
investment has a positive impact on productivity and
technological modernisation in the agricultural sec-
tor of the Kyrgyz Republic, especially in the livestock
and processing segments. Empirical studies conducted
in Kyrgyzstan show a positive correlation between the
volume of investment and the efficiency of the agro-in-
dustrial complex, and also note the significant role of
the transfer of management practices and technologies.
FAO (2025) notes that in Kyrgyzstan and other Central
Asian countries, the cluster approach in the agricultur-
al sector has increased cooperation between farmers,
agro-processing enterprises and financial institutions,
contributing to productivity growth and market access.

FDI plays a key role in modernising Kyrgyzstan’s
agricultural sector, contributing to increased produc-
tivity, the introduction of new technologies and im-
proved management. However, in order to maximise
its impact, existing barriers such as limited access to
modern technologies and insufficient coordination be-
tween the public and private sectors must be overcome.
To gain a deeper understanding of the characteristics
of attracting and utilising foreign direct investment in
the agricultural sectors of the countries under review,
it is advisable to conduct a comparative analysis of key
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indicators and mechanisms for their implementation.
This approach will identify effective practices and strat-
egiesthat can be adaptedtothe conditionsin Kyrgyzstan,

taking into account its economic and climatic context.
Table 2 presents a comparative analysis of foreign in-
vestmentinthe agricultural sector of the three countries.

Table 2. Comparison of foreign investment in the agricultural sector of Uzbekistan, Russia and China

L Foreign investment in the Share Exports of agricultural Main areas of investment
agricultural sector, billion USD ' of agriculture in GDP products, billion USD
Water conservation technologies,
Uzbekistan 2.1(2023) 17% 5.3(2023) infrastructure modernisation,
agricultural technologies
Innovative agricultural technologies,
Russia 3.0 (2023) 4.5% 35.6 (2023) processing, export of agricultural
products
China 4.5 (2023) 7.2% 120.4 (2024) Export of dairy products, agricultural

technology, sustainable agriculture

Source: compiled by the authors based on IMF (2024), World Bank (2024), Rosstat (n.d.), National Bureau of Statistics of China
(n.d.), National Statistics Committee of the Republic of Uzbekistan (n.d.)

An analysis of foreign investment trends in the agri-
cultural sectors of Uzbekistan, Russia and China reveals
significant differences due to the economic potential,
scale of production and government policy priorities
of each country. With investments of USD 2.1 billion in
2023 and agriculture accounting for about 17% of GDP,
Uzbekistan is characterised by the high importance of
the agricultural sector for the national economy. The
main areas of investment here are focused on wa-
ter-saving technologies, infrastructure modernisation
and the introduction of agricultural technologies. This
strategy is aimed at improving the efficiency of natural
resource use and sustainable agricultural development,
which is particularly relevant for a country with Llimit-
ed water resources. Russia, despite the smaller share
of agriculture in GDP (4.5%), attracts a relatively high
volume of foreign investment - about USD 3 billion. In-
vestments are directed towards innovative agricultural

technologies, processing and the development of agri-
cultural exports. The significant volume of exports (USD
35.6 billion) testifies to a developed processing industry
and a focus on foreign markets. Investments contribute
to the modernisation of the industry and increase the
competitiveness of the Russian agro-industrial complex.
China stands out with the largest volume of foreign
investment — USD 4.5 billion in 2023, with agriculture
accounting for about 7.2% of GDP. Agricultural exports
reached USD 120.4 billion in 2024, reflecting the scale
and efficiency of the country’s agricultural sector. In-
vestments are focused on the development of dairy ex-
ports, the introduction of agricultural technologies and
sustainable agriculture, which is in line with the state
strategy to improve food security and environmental
sustainability. Table 3 provides a comparative analysis
of methods for attracting foreign investment in the ag-
ricultural sector of the countries analysed.

Table 3. Comparative analysis of methods for attracting foreign investment
in the agricultural sector of Uzbekistan, Russia and China

Mechanisms Key strategies Effectiveness Notes
for attracting investment and programmes assessment
Uzbekistan

Preferential taxation,

S . Sustainable Agricult
simplified business ustainable Agricuture

. . Programme,
registration procedures, . g
. . infrastructure
subsidies for agricultural .
improvement

technology

Growth in agricultural
production, increase
in agricultural exports

Active reforms, support for small and medium-sized
enterprises in the agricultural sector, especially
in the field of agricultural technology. Subsidies

contribute to the modernisation
and development of farms.

Russia

National Strategy for
the Development
of Agriculture,
Mechanisation and
Digitalisation

State investment
projects, support for
digitalisation, incentives
for investors

Growth in livestock
farming and increased
productivity

The programme to support the digitalisation
and mechanisation of the agricultural sector has
contributed to significant growth in productivity

and an increase in agricultural production volumes.

China

Innovation incentive
programmes, subsidies,
export support

Green agriculture
policy, modernisation
of processing

Increasing exports
and introducing
innovative technologies

The export promotion programme has significantly
increased foreign trade in agricultural products.

Source: compiled by the authors based on IMF (2024), World Bank (2024), Rosstat (n.d.), National Bureau of Statistics of
China (n.d.), National Statistics Committee of the Republic of Uzbekistan (n.d.)
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A comparative analysis of practices for attracting
foreign investment in the agricultural sector in Uzbeki-
stan, Russia and China shows that each country adapts
investment flows to its own economic conditions and
priorities for the development of the agricultural sector.
Uzbekistan focuses on the rational use of resources and
basicinfrastructure,Russia on technological modernisa-
tion and export potential,and China on large-scale pro-
duction with a focus on sustainability and innovation.
Kyrgyzstan can learn from these models, taking into
account its own resources and challenges, to develop a
balanced strategy for attracting and effectively utilising
foreigninvestmentinagriculture.Uzbekistan,Russiaand
China are achieving sustainable growth in foreign in-
vestment in the agricultural sector through institutional
reforms, government support and innovative solutions.

Each country adapts its investment attraction
strategy to its national economic, climatic and social
characteristics. In Uzbekistan, according to the Minis-
try of Economy and Finance of the Republic of Uzbek-
istan (n.d.), institutional reforms aimed at simplifying
business and supporting agricultural technologies
have made it possible to modernise agricultural infra-
structure and increase exports. In Russia, government
projects and the promotion of digitalisation in the ag-
ricultural sector are ensuring productivity growth and
strengthening export potential (Rosstat, n.d.). China is
successfully implementing its Green Agriculture pro-
gramme, actively introducing innovations and mod-
ernising processing facilities, which is contributing
to significant export growth (IARRP, 2025). A compar-
ison of the approaches of the three countries reveals
some common patterns. First, the effectiveness of for-
eign investment in agriculture directly depends on in-
stitutional transparency and the stability of the legal
regime. Second, prioritising processing, digitalisation
and environmental standards enhances the synergistic
effect between economic growth and sustainable de-
velopment. Finally, systematic interaction between the
state, the private sector and international institutions
ensures the sustainable expansion of agricultural mar-
kets and shapes long-term investment attractiveness.

The experience of Uzbekistan, Russia and China in
attracting and effectively utilising foreign investment
in the agricultural sector is a valuable source of knowl-
edge for Kyrgyzstan, which is striving to modernise and
sustainably develop its agricultural industry. Uzbekistan
demonstrates how institutional reforms can be success-
fully combined with the introduction of water-saving
technologies and infrastructure modernisation, which
is particularly relevant for Kyrgyzstan, given its limited
natural resources and the need for rational water use.
Tax incentives and subsidies aimed at supporting small
and medium-sized agricultural enterprises can serve
as an example for creating a favourable environment
for investors and stimulating innovation in Kyrgyzstan’s
agriculture. Russia demonstrates the importance of
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focusing on technological modernisation and the de-
velopment of processing industries to increase the
added value of agricultural products and enter foreign
markets. Kyrgyzstan should pay attention to the devel-
opment of the processing industry in the agricultural
sector, which will not only increase exports but also
create new jobs, thereby enhancing the economic sus-
tainability of rural areas. China is an example of inte-
grating large-scale investments in innovative agricul-
tural technologies and sustainable agriculture with a
focus on environmental safety and food security in the
country. It is important for Kyrgyzstan to adopt China’s
approach to the digitalisation of agricultural enterprise
management and the development of sustainable pro-
duction methods, which will help to increase efficiency
and minimise negative environmental impacts. Overall,
combining the experience of these three countries will
enable Kyrgyzstan to develop a comprehensive strate-
gy aimed at increasing the investment attractiveness
of the agricultural sector, technological modernisation,
strengthening export potential and the sustainable use
of natural resources. This approach will contribute to
the long-term development of agriculture and improve
the quality of life of the rural population.

Foreign investment in Kyrgyzstan’s agricultural
sector has contributed to the introduction of modern
technologies (smart greenhouses, precision farming,
drip irrigation), the development of the processing in-
dustry, infrastructure improvements and the alignment
of products with international standards, which to-
gether have strengthened the country’s export poten-
tial. The data obtained in the course of this study were
generally consistent with the results of other scientific
publications, but certain differences were also identi-
fied. M. Abdiev & T. Kerimbaeva (2024) state that the
successful operation of agricultural complexes largely
depends on the volume of investment and its direction,
with the most characteristic areas of agricultural in-
vestment being the introduction of the latest technolo-
gies and their adaptation to modern trends, investment
in digital development, land and property leasing, and
improving working conditions and animal care. A. Khi-
takhunov (2021) noted that in Central Asian countries,
despite the vital role of agriculture in the regional econ-
omy, its development is hampered by low productivity
and dependence on imports, which requires countries
in the region to stimulate capital investment, improve
institutional quality and implement climate adaptation
strategies to enhance the sector’s competitiveness. This
conclusion was confirmed by the emphasis placed on
the importance of investment in this study.

The work of K. Nurasheva et al. (2024) showed that
foreign capital flowed mainly into labour-intensive
industries, including agriculture, but the scale of in-
vestment remained low due to institutional and legal
barriers. These findings coincided with the limitations
identified in this study: institutional risks and legal
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instability seriously hampered the inflow of long-term
capital. F. Cao et al. (2025), analysing the effective-
ness of trade in agricultural products between China
and Central Asian countries, concluded that countries
with a more transparent institutional environment
demonstrated significantly higher export performance.
This result confirmed the conclusion made in the cur-
rent work about the need for institutional support and
the introduction of international quality standards to
strengthen foreign economic relations. The experience
of Kazakhstan is of particular interest. Kazakhstan’s ag-
ricultural exports increased by 51% in 2020-2024 as a
result of equipment modernisation and a focus on high
value-added products (Investing in Kazakhstan’s agri-
culture..., 2025). These data coincided with the findings
of the current study on the importance of processing
and modernisation, but the growth rate in Kyrgyzstan is
lower due to smaller investments and weak infrastruc-
ture. A. Bekmuratov et al. (2025) examined the poten-
tial for cluster development in Kyrgyzstan’s agricultural
sector. The results showed that farmers belonging to
cluster associations increased their yields by 15-25%
and their profits by 20-30% by reducing production
costs and expanding access to markets. These proposals
were consistent with the findings of this study on the
need to expand cooperation and value chains. However,
the authors pointed to the lack of access for farmers to
modern technologies and financial instruments, which
was also confirmed by the results of this study.

The World Bank (2025) emphasised that the effec-
tiveness of foreign investment increased when accom-
panied by technology transfer, the introduction of mod-
ern management practices, and increased competition.
These findings coincided with the conclusions of this
study on the importance of technology and processing,
but the World Bank placed greater emphasis on market
competition and the institutional environment, while
this study focused on infrastructure and export stand-
ards. The literature paid particular attention to legal re-
strictions in the agricultural sector.According to the U.S.
Department of State (2024), foreign investors were not
allowed to directly own agricultural land in Kyrgyzstan,
but joint ventures with local owners made it possi-
ble to reduce costs and improve product quality. This
conclusion complemented the findings of the present
study, which also noted the importance of partnerships
for expanding export potential, although the legal as-
pects of land use were considered to a lesser extent.
Finally, the study by I. Taranov & Y. Kawabata (2024)
examined the role of participatory guarantee systems
(PGS) in the development of organic agriculture in Kyr-
gyzstan. The authors showed that farmer cooperation
and simplified certification mechanisms reduced trans-
action costs and facilitated the entry of products into
organic markets. These results confirmed the thesis of
this study on the need to diversify the export basket
through niche products with high added value.Thus,the

analysis showed that most contemporary studies con-
firm the key conclusions of this work: foreign invest-
ment is an important factor in the modernisation of
agriculture and the strengthening of foreign economic
ties. The differences primarily concerned the scale and
speed of change, as well as the emphasis on the insti-
tutional environment or infrastructure aspects. Taken
together, this reinforces the reliability of the recom-
mendations made in this study on the need to prioritise
funding for processing, logistics and certification sys-
tems, as well as on creating a sustainable investment
climate in the agricultural sector of Kyrgyzstan.

The removal of institutional, infrastructural and le-
gal barriers is a prerequisite for creating a favourable
investment climate that promotes sustainable econom-
ic growth. For the Kyrgyz Republic, the priority in this
area is the creation of specialised investment zones, in-
dustrial parks and industry clusters focused on priority
sectors. This will ensure the inflow of both domestic
and foreign investment, stimulate the modernisation of
production capacity and increase employment in rural
areas. Of particular importance is the development of
public-private partnership mechanisms that provide
financing for large-scale infrastructure and innovation
projects and allow for the effective distribution of risks
between the state and business. In this context, it is
important to establish transparent rules for interaction,
introduce project financing instruments and support in-
vestment-significant initiatives at the local level.

Further digitalisation of the economy, development
of electronic government services and application of the
“single window” principle for investors create additional
incentives to improve the business environment, reduce
administrative barriers and increase confidence on the
part of private capital. Diversification of the structure
of foreign investment is a key condition for sustainable
and balanced growth. Attracting capital to agriculture,
manufacturing, tourism, education and healthcare not
only expands the economic base but also creates new
sources of added value. Particular attention should be
paid to the development of ‘green investments” - in
renewable energy, resource-efficient technologies and
environmentally safe production, which is in line with
global trends in sustainable development. Thus, the
use of adapted international experience, the improve-
ment of legal and institutional mechanisms, and the
creation of a predictable and stable investment envi-
ronment can ensure a long-term inflow of capital into
strategically important sectors. This will create the basis
for a profound modernisation of agriculture, structural
restructuring of the economy and strengthening of the
Kyrgyz Republic’s competitiveness in the global market.

Conclusions
The study provided a comprehensive assessment of the
impact of foreign direct investment on the develop-
ment of the agricultural sector in the Kyrgyz Republic,
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taking into account international experience. Based
on a comparative analysis of investment dynamics in
Uzbekistan, Russia and China, effective practices and
strategic approaches were identified that contribute to
the modernisation of agriculture, the strengthening of
export potential and the sustainable use of resources.
Analysis of statistical data showed that the largest vol-
ume of foreign investment in Kyrgyzstan is still con-
centrated in the extractive and processing industries,
while the agricultural sector remains undercapital-
ised. This creates an imbalance in the structure of the
economy and reduces opportunities for sustainable
development in rural areas. At the same time, global
experience shows that targeted government policies to
attract investment, support for agricultural technolo-
gies, infrastructure development and institutional re-
forms can significantly increase the attractiveness of
the agricultural sector to investors.

The results confirm that foreign direct investment
is associated with productivity growth, innovation and
technological upgrading, especially in segments such
as livestock farming, product processing and sustaina-
ble agriculture. The examples of Uzbekistan, Russia and
China show that successful agricultural transformation
requires a combination of financial investment, compe-
tent regulation and strategic vision at the state level.
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ating a favourable investment environment by simpli-
fying procedures, developing agro-industrial clusters,
supporting exports of high value-added products, and
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AHHoTauusa. Aanamaallyy xxaHa AyMHenyK pblIHOKTOPAYH 63 apa K83 KapaHAbUIbIrbl KY4ereH WapTbiHAA YeT 314MK
MHBECTULMS albli YapbaChIH XaHbIMOOHYH, aHbIH TEXHONOTMUAbIK AEHT33/IUH XXOTOPYNaTYYHYH XaHa 8/1KOHYH ThbILKbI
3KOHOMMKAbIK BainaHbIlWTAPbIH YbIHLOOHYH MaaHuyy Kypanbl 60yn caHanaT. M MeHeH Kamcbli3 Kbifyyaa, a3blK-
TY/IYK KOOMCY3AYryH KaMCbI3 Kbllyyaa )aHa 3KCNOPTTYK NOTeHLManabl eHYKTYPYYAe aiblin yapba Tapmarbl Cantryy
TYpA® MaaHunyy ponb oiHoroH Kbiprbi3 Pecnybnamkackl y4yH, y3aK MEeHeTTYY YeT eNnkenyk Kanutanibl TapTyy
cTpaTernanbik MaaHure 33. M3unaeeHyH makcatbl Kbiprbi3cTaHAbIH aibln YapbacbiHa YeT 31AMK MHBECTULMSNAPAb
TapTyy MeXaHU3MIEPWH TaNA00 XKaHa anapAablH aibln 4apba NpoaYKLMACBIHbIH ThILUKbl PbIHOKTOPA0 aTaaHAALThIKKA
XOHABMAYYIYIYHXOropynaTyyraTMiMrnsreH TaacMpuH 6aanoo 60roH. ©3reue KeHYN, MHBECTULUSBIK aKTUBLYY/TYKKE
KOMOKTOLUYYYY >XaHa TOCKOOMAYK KbUIraH (akTopiopAy aHbIKTOOro, OLOHAONW 3M1e YeT e/KeNyK eHeKTewTep
MeHeH 83 apa apaKeTTeHYYHYH apTbIKUblIbIKTYYy 6arbiTTapblH aHbIKTOOro 6ypynart. M3unneense, canbiWTblpMa XaHa
CTPYKTYpasblK Tanfoo MeTOALopY, CUCTEMANbIK MaMuie KONLOHY/raH, OWOHAONM 30e aibin Yapba TapMarbiHAArb
MHBECTUUMSAHbBI OHYKTYPYY OOKHYA 31 apanblk TaxpbiiMba maungeHreH. MbiHaa Mamune Kbiprbi3cTaHAbIH akibln
Yyapba TapMarbiHAarbl UHBECTULMANBIK AMHAMUKACBIHBIH XamMbl Mbli3aM YeHEMAYYIYKTOPYH XaHa cneumdukanbik
MYHO346M6eNepyH aHbIKTOOr0 MyMKYHAYK 6epaun. Tanaoo KepceTkeHaen, YeT INAUK UHBECTULMANAP MHHOBALMSNbIK
TEXHONOMMANAPAbl  KUPrM3yyre, Kavpa WITETYy TapMakTapblH ©HYKTYpyyre, aibln 4Yapba eHAYpYLYHYH
HaTbIMXKaNyynyryH >oropynatyyra, MHQPACTPyKTypaHbl XaKLWbIPTyyra, 3KCMOPTTYK MOTEHUMaNLbl XOropynaTyyra
keMekTeweT. OWoHy MeHeH 6upre YeT enKenyK WHBEeCTULMANAPLbIH arbiMblH YEKTereH MHCTUTYLMOHANAbIK,
YKYKTYK >KaHa YIOLWTYpPYYy4yayK TOCKOONAYKTAP aHbIKTAATaH, aHblH MYMHAE MblA3aMAAPAbIH XETKUNEH, IMECTUTH,
BHOPOKPATUANBIK KOJM-)X0D0I0p WMHBECTOPAOP YYYH XKETULICKU3 KOprofroH. XXblMbIHTBIKTAM alTKaHAA, >KarbIMAyy
MUHBECTULMANBIK KIMMATTbl Ty3YY, YEHEeMAMK-YKYKTYK 0a3aHbl ©PKYHAOTYY, MaMNEKETTUK-KEKE OHOKTOLUTYKTY
OHYKTYPYY, MHHOBALMS/bIK KApXKb10O WMHCTPYMEHTTEPUHMH PONYH Ky4yeTyy OOKHYa Yapanap CyHywWwTanyyaa.
MN3munpeeHyH NpakTMKanblk MaaHWUCK, aHbIH XKbIMbIHTbIKTApbIH MaMIEKETTUK OpraHaap, NoTeHLManayy MHBeCcTopaop
XaHa Ou3HeC CTpykTypanap TapabblHaH awbll 4YapbacbliH MOAEPHM3ALMSANOOHYH HATbIMKANYy CTpaTernsnapbliH
uwTen ybiryy xaHa Kbiprbiz PecnybaukacbiH 31 apasnblk 3KOHOMMKANbIK MEMKMHAMKKE TEPEHMPIIK UHTErPaLMAN00
YUYH KOMLOHYY MYMKYHUYYTYHAE XaTtaT

Herusru cesgep: arpoeHep Xai KOMMIEKCU; MaM/IeKET; rMobanv3aums; eHYKTYPYY; XKeHre canyy; akcnopt
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AHHOTauusa. B ycnoBusix rnobanusaumm M pactywier B3aMMO3aBUCMMOCTU MMPOBBIX PbIHKOB WMHOCTPAHHbIE
MHBECTULMM BbICTYMAIOT BAXHEWLUMM WMHCTPYMEHTOM MOAEPHM3aLMKU CENbCKOr0 XO35IMCTBA, MOBbIWEHUS €ro
TEXHOMIOTMYECKOr0 YpPOBHS U YKPEMIEeHWs BHELIHESKOHOMUYECKMX CBs3ei rocypapctea. [Ans  Kbiprbi3ckow
Pecnybnuku, roe arpapHblii CEKTOP TPAAMLMOHHO MIpaeT cMCTeMOO6pasylolyo posb B 0becnevyeHnn 3aHSTOCTH
HaceneHus, MpoAOBONbLCTBEHHOM 6e3omacHOCTM M OPMMPOBAHUKM 3KCMOPTHOIO MNOTEHUMANA, MpUBIeYeHue
[ONrOCPOYHOr0 MHOCTPAHHOrO KanuTana npuobpeTaeT cTpaTernMyeckoe 3HadeHue. Llenbto mnccnepnoBaHua Obin
aQHaNM3 MeXaHU3MOB NMPUBNIEYEHUS MHOCTPAHHbBIX MHBECTULMI B CeibCkoe X03aMcTBO Kbiprbi3cTaHa M OLEeHKa MX
B/MSIHUSI HA MOBbILIEHWE KOHKYPEHTOCNOCOOHOCTM arponpoAoBObCTBEHHOM MPOAYKLMM HA BHELUHUX PbIHKAX.
Ocoboe BHMMaHWe yaeneHO BbISBNIEHWIO (AKTOPOB, CMNOCOOCTBYHOWMX M MNPENATCTBYHLMX MHBECTULMOHHON
aKTMBHOCTK, @ TaKXKe onpeaeneHnto MpUOPUTETHBIX HanpaBieHW B3aMMOAENCTBUS C 3apyDexHbIMK napTHepamu. B
paboTe NPUMEHANNCb METOAbI CPABHUTENIbHOIO M CTPYKTYPHOMO aHann3a, CUCTEMHOTO NOAXO0A3, @ TakKe NpoBeAeHO
U3y4YeHWe MeXAyHapoAHOro omnbiTa B cdhepe MHBECTULMOHHOIO Pa3BMTMS arpapHOro cektopa. TakoM noaxon
NO3BOJIUA BbISIBUTb 00 LLME 3aKOHOMEPHOCTU U cneLmduryeckne 0cobeHHOCTU MHBECTULMOHHON AMHAMUKM B arpapHOM
chepe KbiproizctaHa. [poBefeHHbI aHanM3 Nokasan, YTo MHOCTPAHHblE MHBECTULLMM CMOCOOCTBYIOT BHELPEHUIO
MHHOBALMOHHbIX TEXHONIOTUI, pa3BUTUIO NMepepabaTbiBalOLLMX OTpaC/ien, NOBbIEHUID 3D(PEKTUBHOCTM arpapHOro
NPOU3BOACTBA, YAYYLLIEHUIO UHMPACTPYKTYPbl M POCTY 3KCMOPTHOro noteHumana. Bmecte ¢ TemM 6biiv BbIsSIBNEHDI
MHCTUTYLMOHAJIbHbIE, TPABOBbIE M OPraHM3aLMOHHbIE Bapbepbl, OrPaHNUYNBALOLLME MPUTOK 3apYOEXXHbIX MHBECTULLUIA,
BK/H0YAs HECOBEPLUEHCTBO 3aKOHOAATENbCTBA, BHopoKpaTMUeckue npouenypbl M HELOCTAaTOYHY 3aLUMLLEHHOCTb
MHBECTOPOB. B 3ak/toueHne npeasioxkeHbl Mepbl N0 GOPMUPOBAHMID 6N1AroNPUITHOrO MHBECTULIMOHHOIO KAMMATAa,
COBEPLUEHCTBOBAHMIO HOPMATUBHO-NPaBOBOM H6a3bl, Pa3BUTUIO FOCYAAPCTBEHHO-YACTHOrO NAPTHEPCTBA U YCUITEHUIO
PONMN MHHOBALMOHHbBIX MHCTPYMEHTOB MHAHCMpOBaHUS. [TpakTnyeckas 3HaYMMOCTb UCCELOBAHMUS 3aK/OYAETCS B
BO3MOXHOCTW MCMOMb30BaHUS €ro pe3ynbTaToB roCyAapCTBEHHbIMU OpraHaMu, NOTEHLUMANIbHBIMU MHBECTOPAMU U
6U3HeC-CTpYKTypaMu npu paspaboTtke 3hPEeKTUBHbBIX CTpATErMii MOAEPHU3ALMM CENTIbCKOTO X039MCTBA U YrybneHus
uHTerpaumn Koiproiackorn Pecnybnmnku B MexayHapoaHOe 3KOHOMMYEeCKoe NMPOCTPAHCTBO

KnioueBble cnosa: anOI'IpOMbILIJ}'IEHHbIVI KOMMNNEeKC; rocynapcreo,; F}'IO6a}'Il/I3aLI,VI9|; pa3BuTue; perynmpoBaHue;
3KCnopT
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Abstract. The relevance of the study is determined by the need to preserve local, unique and highly adapted
breeds of farm animals in the context of global climate change and a reduction in the number of breeding stock.
The Kyrgyz Mountain Merino is a valuable genetic resource, highly adaptable to mountain conditions, with high-
quality wool and efficient use of scarce feed. However, a limited gene pool and increasing inbreeding pose risks to
the breed’s productivity and adaptability. The aim of the study was to analyse the population structure of the Kyrgyz
Mountain Merino based on an assessment of nuclear locus variability. To achieve this goal, sheep were genotyped
using a panel of highly polymorphic microsatellite markers (SSR) recommended by the International Society for
Animal Genetics (ISAG). Allele diversity indices, observed and expected heterozygosity, F_IS fixation coefficients,
Nei genetic distances were calculated, and population structure analysis was performed using cluster analysis,
PCA and STRUCTURE model methods. The results of the study showed a high level of allelic diversity at most loci
(number of alleles per locus 6-14, effective number of alleles Ne 3.41-6.21,P1C>0.69). The observed heterozygosity
(Ho=0.68-0.73) practically corresponded to the expected (He=0.70-0.74), and the F_IS coefficients remained low
(0.012-0.028), indicating the absence of pronounced inbreeding. Genetic differentiation between groups was weak
(F_ST=0.018-0.032), Nei’s genetic distances were minimal (0.038-0.051), and STRUCTURE analysis revealed two
conditional genetic clusters with uniform distribution across groups, confirming the integrity of the population. The
practical value of the study lies in identifying the current state of the Kyrgyz Mountain Merino gene pool, which
allows for the development of recommendations for controlled selection work, the preservation of unique alleles,
and the maintenance of genetic diversity of the breed, ensuring its resistance to adverse environmental conditions

Keywords: genetic diversity; microsatellite markers; population structure; heterozygosity; fixation coefficient;
allelic diversity; Kyrgyz sheep
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Population structure of Kyrgyz Mountain Merino sheep...

Introduction

In the context of global climate change, intensifica-
tion of livestock farming and expansion of the gene
pool of strategic breeds, the conservation of local,
unique and highly adapted breeds of farm animals is
of particular importance. One such breed is the Kyrgyz
Mountain Merino, a valuable genetic resource that has
developed under the influence of the complex natural
and climatic conditions of the high-altitude pastures
of Kyrgyzstan (Zholborsov et al., 2024). This breed is
characterised by its resistance to hypoxia, pronounced
adaptive mechanisms, high wool quality and ability to
effectively utilise poor mountain feed. However, as not-
ed by K. Iskakov et al. (2017), there has been a decline
in the number of breeding stock, an increase in the
level of inbreeding, and a narrowing of genetic diver-
sity, which could potentially lead to a decrease in the
adaptability and productivity of animals.

Modern science has a wide range of molecular ge-
netic methods at its disposal that allow for an objective
assessment of the state of breed populations. Studies
of sheep are most often based on the analysis of mi-
tochondrial DNA, as it is easier to isolate and provides
information about the maternal line. However, accord-
ing to A. Kawecka et al. (2022), mitochondrial analysis
does not reflect the full picture of genetic processes,
does not allow for the assessment of paternal lineages,
and does not characterise intrapopulation processes as
a whole. Unlike mtDNA, the variability of nuclear loci
provides comprehensive information about population
structure, selection intensity, inbreeding levels, genetic
heterogeneity, and the historical evolution of the breed
(Li et al.,2024). Nuclear markers - such as STR/SSR, SNP
or microsatellite sequences — are highly polymorphic
and allow for high-precision determination of allelic di-
versity, genetic distances and the degree of population
differentiation. Studies of similar local sheep breeds in
other countries, such as G. McKenzie et al. (2010) in New
Zealand, show that the absence of a systematic selection
policy, small effective population sizes and limited ani-
mal migration can lead to a decline in genetic diversity
and the disappearance of unique alleles, especially in
isolated mountain regions. Despite the practical impor-
tance of the Kyrgyz Mountain Merino, its gene pool has
not been sufficiently studied to date. There is a lack of
modern genetic studies using nuclear markers and re-
flecting the real structure of the breed.As pointed out by
T. Odjakova et al. (2023), the lack of scientific data com-
plicates the development of breeding programmes and
strategies for preserving the gene pool, and also limits
the possibilities for objective assessment of intraspecif-
ic variability and identification of unique genetic lines.

The relevance of the study is due to the need for
a comprehensive analysis of the genetic diversity of
the Kyrgyz Mountain Merino using modern molecular
technologies. This will make it possible to identify the
level of gene pool conservation, determine the degree

of genetic differentiation within the breed, establish
existing genetic risks, and develop scientifically sound
recommendations for breeding and selection work. The
aim of the study was to obtain objective data on the
genetic structure of the Kyrgyz Mountain Merino pop-
ulation by assessing the variability of nuclear loci and
subsequently determining the levels of intrapopulation
and intergroup variability. To achieve this goal, the fol-
lowing tasks were set: to determine the level of allelic
diversity and the of polymorphism of nuclear markers;
to calculate indicators of genetic heterozygosity and
inbreeding coefficients; to identify the degree of ge-
netic differentiation of the studied groups of animals.
The study can not only supplement existing data on
the genetic resources of sheep breeding in Kyrgyzstan,
but also create a scientific basis for the development of
long-term programmes for the conservation and ration-
al use of the Kyrgyz Mountain Merino breed.

Materials and Methods

The study was conducted in 2023 on Kyrgyz Moun-
tain Merino sheep in the Naryn and Issyk-Kul regions
(Naryn Breeding Farm and Issyk-Kul Breeding Farm).
Laboratory analysis was carried out at the Research
Institute of Molecular Biology and Medicine (Bishkek,
Kyrgyzstan). A total of 36 animals were studied, divid-
ed into three groups according to age, sex, origin and
absence of close kinship, as indicated in the work of
A.Bekturov et al. (2023): Group 1 - 12 adult sheep, aged
2-3 years, females; Group 2 - 12 adult sheep, aged 2-3
years, males; Group 3 - 12 adult sheep, aged 3-4 years,
females and males. The animals were kept on pas-
ture with limited access to additional feed according
to the standard breeding programme of the farms. All
procedures were performed by veterinary specialists
in accordance with animal welfare recommendations
(Directive 2010/63/EU, 2010).

Five millilitre samples of whole blood were collect-
ed from the jugular vein using disposable sterile needles
and vacuum tubes containing EDTA (ethylenediamine-
tetraacetic acid) as an anticoagulant. After sampling,
the samples were immediately cooled and transported
in a container with cooling elements at a temperature
of 4-6°C. In the laboratory, the samples were frozen and
stored at -20°C for no more than 4 weeks prior to anal-
ysis. Genomic DNA was extracted in two ways, depend-
ing on the quality of the source material: (1) using the
standard phenol-chloroform method according to the
protocol by J. Sambrook & D. Russell (2001) for sam-
ples without signs of haemolysis; (2) using the DNeasy
Blood & Tissue Kit (Qiagen, Germany) for samples con-
taining traces of haemolysis or having a reduced cell
composition (Romanov, 2021). The quality and concen-
tration of the isolated DNA were determined spectro-
photometrically using Nanodrop 2000 (Thermo Scien-
tific, USA) at wavelengths of 260/280 nm, as well as by
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electrophoresis in 1.5% agarose gel to confirm the in-
tegrity of the genetic material. Loci were selected based
on the criteria of polymorphism level, amplification
stability, and informativeness for population analyses.

Chortonbaev et al.

Microsatellite loci were analysed using a panel of 15
highly polymorphic STR markers included in the official
ISAG/FAO recommended panel for sheep and widely
used in population genetics studies (FAO,2011) (Table 1).

Table 1. List of microsatellite loci used (n=15)

\ No. \ Locus Chromosome (Oar_v4.0) \ Allele range, bp \
1 OarFCB20 2 90
2 MAF214 16 110-140
3 OarFCB304 17 140-170
4 INRAG3 14 170-190
5 MAF65 15 110-130
6 MCM527 5 160-180
7 INRAO23 3 200-220
8 OarAE129 6 130-160
9 SRCRSP8 1 210-240
10 MAF70 4 120-150
11 SPS113 11 130-160
12 CSRD247 14 210-250
13 INRA172 1 130-160
14 SRCRSP5 170-200
15 OarCP49 17 100-130

Source: compiled by the authors based on FAO (2011)

Marker amplification was performed by polymerase Ho = % (2)

chain reaction (PCR) in a thermocycler according to opti-
mised temperature conditions for each locus. PCR prod-
ucts were separated by capillary electrophoresis on an
ABI 3130 automatic genetic analyser (Gootwine, 2020),
after which allele sizes were determined using an internal
molecular weight standard (Punuru et al., 2025). Quality
control of amplicons and visualisation of restriction pat-
terns (if necessary) were performed by horizontal electro-
phoresis in 1.5-2.5% agarose gels stained with ethidium
bromide and subsequent photography in a UV transillu-
minator. To minimise genotyping errors associated with
non-specific fragments, the fluorescence intensity of indi-
vidual bands of restriction patterns was additionally tak-
en into account (Kulibaba et al., 2023). Primary analysis
of electropherograms was performed using GeneMapper
v.5.0 (Applied Biosystems, USA), where each allele posi-
tion was assigned a specific size in base pairs. Based on
the obtained allele profiles, genetic diversity indices were
calculated using GenAlEx v.6.5 (Peakall & Smouse, 2012;
Gaspardy, 2021) and Arlequin v.3.5 (Duncanson, 2025)
software. The number of alleles per locus (Na) was deter-
mined as the total number of different alleles detected
at each locus according to the standard population ge-
netics methodology (Granero et al., 2022). The effective
number of alleles (Ne) was calculated using formula (1):
Ne = 2%,2 )
where p, is the frequency of the /-th allele at the locus
(Nei, 1972).
Observed heterozygosity (Ho) was calculated as the
proportion of heterozygous genotypes in the total sam-
ple using formula (2):

where N,  is the number of heterozygous individuals.
Expected heterozygosity (He) was determined ac-
cording to M. Nei (1978) using formula (3):

He=1- Y P? (3)

which reflects the probability of heterozygosity at Har-
dy-Weinberg equilibrium.

The fixation index (F_{IS}) was calculated according
to the formula by B. Weir & C. Cockerham (1984) (4):

Ho
FIS = H_e’ (4)

which allows the level of inbreeding within groups to
be assessed.

Locus polymorphism (PIC) was estimated according
to D. Botstein et al. (1980) (5):

PIC=1-Yp} — XX 2p}p], (5)

where p, and p. are allele frequencies.

Genetic distances between the studied groups
were calculated using the method of M. Nei (1972)
in the Arlequin Vv.3.5 programme according to
formula (6):

D=—In(, (6)

where [/ is the coefficient of genetic similarity. All cal-
culations were performed automatically using the Ge-
nALEx and Arlequin programmes, followed by manual
verification of the frequencies.
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For cluster analysis, the UPGMA (Unweighted
Pair Group Method with Arithmetic Mean) method
was used based on the genetic distance matrix of
M. Nei (1972), calculated between all pairs of the
studied groups. The dendrogram was constructed us-
ing the MEGA X programme, which allowed for vis-
ualisation the proximity of genetic profiles and iden-
tify clusters within the sample. Principal component
analysis (PCA) was used to reduce the dimensional-
ity of the data and identify the main axes of genetic
variation. Allele frequencies at each locus were used
as input variables. The analysis was performed us-
ing GenAlEx v.6.5 (Peakall & Smouse, 2012), and the
results were visualised as the dispersion of individ-
uals on the first two principal components (Megdi-
che et al., 2019). This approach allowed for assessing
the degree of overlap between groups and identify
potential subpopulations without making assump-
tions about the model.

The STRUCTURE v.2.3.4 programme was used to
identify hidden subpopulations. As part of the analy-
sis, an admixture model with independent allele fre-
quencies was used; the number of clusters (K) ranged
from 1 to 10 with 10 repetitions for each K; 100,000
MCMC (Markov Chain Monte Carlo) steps were used
for “warming up” and 500,000 steps for parameter es-
timation. The optimal number of subpopulations was
determined using the AK criterion (Gurgul et al., 2021),
after which each individual was assigned a probability
of belonging to each cluster. Geographical and tribal
differences were assessed using AMOVA (Analysis of

Molecular Variance) and F_ST coefficient calculations
in Arlequin v.3.5. The reliability of differences between
groups was tested using permutation tests (10,000 per-
mutations). All methods allowed for a comprehensive
assessment of population structure, the degree of ge-
netic differentiation, and the possible presence of hid-
den genetic subgroups.

Results and Discussion

Analysis of nuclear loci in Kyrgyz Mountain Merino
sheep allowed for obtaining a comprehensive char-
acterisation of the genetic diversity of the breed and
to identify patterns in its population structure. Gen-
otyping using a panel of highly polymorphic micro-
satellite markers revealed significant allelic diversity,
distributed unevenly among the studied groups of an-
imals. The data obtained indicate the preservation of
the basic level of genetic variability, despite the rela-
tively narrow gene pool and geographical isolation of
some breeding herds. According to the results of the
analysis, the number of alleles per locus varied from
6 to 14. These indicators correspond to a high level
of polymorphism, according to data from A. Grasso et
al.(2014).The greatest allelic diversity was observed at
the OarFCB20 and MAF214 loci, indicating the possi-
ble influence of historical breeding lines and the pres-
ervation of rare alleles in individual herds (Table 2).
High values of effective allele number (from 3.41 to
6.21, averaging 4.72%0.91 across 15 loci) confirm the
presence of moderately expressed genetic heteroge-
neity within the breed.

Table 2. Allele diversity at the studied nuclear loci

Locus Number of alleles (Na)
OarFCB20 14
MAF214 12
OarFCB304 9
INRAG3 7
MAF65 6

Source: compiled by the authors

The PIC polymorphic information coefficient
for most loci exceeds 0.70, which classifies them as
highly polymorphic markers. According to B. Moioli et
al. (1998), such loci ensure high genotyping accuracy
and allow for correct assessment of genetic distances,
population structure, and the degree of genetic dif-
ferentiation. The indicators presented in Table 2 con-
firm that the panel of nuclear markers used is highly

Effective number of alleles (Ne) PIC
6.21 0.83
5.78 0.81
4.32 0.74
3.89 0.71
3.41 0.69

informative and adequately reflects the genetic diver-
sity of the Kyrgyz Mountain Merino, as indicated by
S. Ceccobelli et al. (2023). The parameters of expected
and observed heterozygosity indicate a balanced ge-
netic structure of the populations. In all studied groups,
the Ho values were close to He, and the fixation co-
efficient F_IS did not exceed 0.05, which indicates the
absence of pronounced inbreeding processes (Table 3).

Table 3. Indicators of heterozygosity and fixation coefficients

Group Ho
Group 1 0.71
Group 2 0.68
Group 3 0.73

Total sample 0.71

Source: compiled by the authors

He F_IS
0.72 0.014
0.70 0.028
0.74 0.012
0.72 0.017
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The observed heterozygosity practically corre-
sponds to the expected value, with a minimal differ-
ence between them, reflecting a balanced distribu-
tion of alleles and the absence of a significant deficit
of heterozygotes. Ho values range from 0.68 to 0.73,
which is typical for sheep breeds with moderate lev-
els of intrapopulation variability. Low values of the
fixation coefficient F_IS (0.012-0.028) indicate the
absence of pronounced inbreeding. Positive but close
to zero F_IS values may be associated with the natu-
ral structure of the population, breeding character-
istics, or random genetic drift processes that do not
significantly affect the breed’s gene pool. The pres-
ervation of this level of heterozygosity may be due
to the existence of several breeding lines; controlled
use of producers; geographical distribution of herds,

Chortonbaev et al.

minimising genetic isolation. A comparison of data
between groups demonstrates the overall genetic
stability of the breed, with no signs of fragmentation
or local reduction in heterozygosity. These indicators
point to the existence of a stable gene pool, support-
ed by moderate genetic exchange between herds and
possible control of breeding work.

The assessment of differentiation between groups
by F_ST showed a low level of differences (0.018-0.032),
indicating the preservation of common genetic lines
and the absence of significant divergence between
herds. Genetic distances according to Nei also demon-
strated the proximity of the studied populations, vary-
ing between 0.038 and 0.051 (Table 4). This indicates
a stable population structure and active exchange of
genetic material between herds.

Table 4. Matrix of genetic distances between the studied groups

Group 1
Group 1 -
Group 2 0.042
Group 3 0.038

Source: compiled by the authors

The smallest genetic distance is observed between
groups 1 and 3, which may indicate their closer his-
torical connection or exchange of producers between
the respective herds. A slightly higher distance value is
noted between groups 2 and 3, but even this difference
remains at a level characteristic of weakly differentiat-
ed populations. Such values indicate that the genetic
structure of the breed remains intact and the degree
of divergence between herds is minimal. Low genetic
distance values confirm the results of the F_ST analy-
sis, indicating weak differentiation and no significant

2 3
0.042 0.038

- 0.051
0.051 -

fragmentation of the breed. Such a genetic profile is
characteristic of breeds with a moderately developed
selection system and sustained exchange of genetic
material between groups. Modelling using the STRUC-
TURE method revealed two conditional genetic clusters
distributed among flocks without a clear geographical
reference (Table 5). This structure corresponds to the
conclusions of A. Abdelmanova et al. (2021) and S. Cec-
cobelli et al.(2023) on high-altitude Merinos, where his-
torical breeding lines form several overlapping genetic
components without pronounced fragmentation.

Table 5. Share of genetic clusters in the studied groups (K=2)

Group Cluster 1 Cluster 2
Group 1 0.57 0.43
Group 2 0.61 0.39
Group 3 0.54 0.46

Source: compiled by the authors

The distribution of the shares of the two genetic
clusters in each of the three groups studied shows in-
significant differences. For example, Cluster 1 predom-
inates in Group 1 with a share of 0.57, while the share
of Cluster 2 is 0.43. A similar trend is observed in other
groups. The absence of a sharp division between clus-
ters confirms the integrity of the breed and the stabil-
ity of its gene pool, reflecting historical breeding lines
and the formation of separate brood flocks while main-
taining overall genetic diversity. Principal component
analysis confirmed the picture of weak differentiation,
which is consistent with the data of A. Abdelmanova et
al. (2021) on other highland breeds. Figure 1 shows
the distribution of observed heterozygosity across the

studied groups. Ho values range from 0.68 to 0.73, in-
dicating a relatively stable genetic background of the
studied populations. The highest heterozygosity was
observed in Group 3, while Groups 1 and 2 showed
slightly lower but comparable values. Overall, the distri-
bution of Ho reflects moderate genetic diversity among
the groups. The results show that the Kyrgyz Mountain
Merino breed has a moderately high level of genetic
diversity. The heterozygosity indices of the studied pop-
ulation are comparable or even higher than those of
similar local breeds, such as the Tajik Mountain Meri-
no and Kazakh Arkharomerino, according to L. Colli et
al. (2015). This indicates that the breed’s gene pool re-
tains sufficient variability to adapt to different natural
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conditions and resist potential negative factors. Low
values of genetic differentiation coefficients F_ST and
genetic distances according to Nei indicate the absence
of significant population fragmentation, as pointed out
by T. Schillhorn van Veen (1995). This means that there
is a regular exchange of genetic material between the
main herds, which helps to maintain a uniform gene
pool for the breed and reduces the risk of isolated lines

with limited genetic variability. Thus, it can be conclud-
ed that the Kyrgyz Mountain Merino breed currently
maintains a sufficient level of genetic diversity. Nev-
ertheless, in order to prevent a possible narrowing of
the gene pool in the future, especially in the event of a
decline in population size or an increase in inbreeding,
regular monitoring of the genetic status and continued
controlled selection work are necessary.

Group value chart

0.76
0.74

0.72

0.7

Values

0.68

0.66

0.64

0 0.5 1 1.5

2 2.5 3 3.5

Group index

Figure 1. Distribution of observed heterozygosity (Ho) across groups

Source: developed by the authors

Conclusions
The Kyrgyz Mountain Merino breed maintains a moder-
ately high level of genetic diversity. For 15 microsatel-
lite loci, the number of alleles per locus ranged from 6
to 14, the effective number of alleles Ne was 3.41-6.21,
and the polymorphism index PIC exceeded 0.69. The ob-
served heterozygosity Ho was in the range of 0.68-0.73,
the expected heterozygosity He was 0.70-0.74, while the
fixation coefficients F_IS remained low (0.012-0.028), in-
dicating the absence of pronounced inbreeding and a
deficit of heterozygotes in the population. The indicators
of genetic differentiation between the studied groups
were minimal: F_ST = 0.018-0.032, genetic distances
according to Nei - 0.038-0.051. Analysis of the popu-
lation structure using the STRUCTURE model revealed
two conditional genetic clusters. The absence of a sharp
division between clusters confirms the integrity of the
breed and the stability of its gene pool, reflecting his-
torical breeding lines and the formation of separate ewe
flocks while maintaining overall genetic diversity. Thus,
the Kyrgyz Mountain Merino breed has a stable gene
pool and a sufficient level of genetic diversity. To prevent
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AHHoTaums. byn nsmngeeHyH aktyanayynyry rnobaniblik KAMMATTbIH ©3repyLUYHe XaHa acbll TYKyM ManfbliH
azaviblWwblHA KapabacTaH, XeprununkTyy, YHUKaNLyy XaHa >XOropky AeHr3sffe blHrainawkaH man TyKyMAapbiH
CaKTOO 3apbinabirbiHaH Kenun ybiraT. Kblprbi3 TOO MEPUHOCY TOO LIAPTTapbliHA XXOrOPKY AEHII3/4€e biHrannallkaH,
YKOTOPKY CanatTarbl XXYH 6HAYPreH >aHa TapTbilWw TOKTTY HaTbIMKanyy KONAOHTOH 6aanyy reHeTukanbik pecypc
6onyn caHanaT. bupok, reHodoHAAYH YekTenyy OONylWy XaHa TYKYMCY3AYKTYH Kebenywy eHAYPYMAYYIYKTYH
KaHa bIHFAMNAWYYHYH TOMEHABWYHe anbin Kenyydy KOpKyHyyTapAbl apataTt. byn w3uMngeeHyH Makcatbl
SAPONYK NOKYCTapAblH ©3repMenyynyryH 6aanoo MeHeH Kbiprbi3 TOO MEPUHOC KOWAOPYHYH MONyAsuMSbIK
TY3YMYH Tangoo 60nroH. byn MakcaTka XeTyy Y4YyH KOWNOpAyH FeHOTMNTewWwTUpyycy N apanbik XaHblbapnap
reHeTukacbl KooMy (ISAG) TapabblHaH CyHyLWTanraH >Oropky noaMMop@dTyK MUKPOCATENIMTTUK MapKepnepamH
(SSR) maHenuH KONApOHYY MeHeH >Xyprysyngy. Annenbamk ap TyYpAYYAyK MHAeKCTepu, BaikanraH xaHa KyTynreH
retepo3urotanyynyk, F_IS dukcaumsa koadduumeHTTepu xaHa Nei reHeTMKanblK apanbiKTapbl 3CENTeNreH, an
3MM NONYAAUMSAHbIH Ty3yMy Knactepauk aHanus, PCA xaHa STRUCTURE mopenvH KonpgoHyy MeHeH TangaHraH.
XKbIMbIHTBIKTAp KeNYynyK IOKYCTapAa aaieNnbauk ap TYPAYYIYKTYH XKOropKy OeHr33/IMH KepcCeTTy (NOoKycTarbl
annenpep caHbl 6-14, annenaepuHuH addektuBayy caHol Ne 3,41-6,21, MaanbiMaTTbiK Ma3MyHAYH MHaekcu PIC >
0,69). baiikanraH reteposurotanyynyk (Ho = 0,68-0,73) KyTynreH retepo3urotanyynykka A33pJiMK OKWoL 60/roH
(He =0,70-0,74), an amu F_IS koaddurumentTepu TeMeH 6omnaoH kanraH (0,012-0,028), 6yn onyTTyy MHOpUANHTAMH
YKOKTYT'YH KepceTyn TypaT. TonTopAyH OPTOCYHAArbl reHeTUKanbik auddepeHumnaunsa anceis 6onroH (F_ST = 0,018-
0,032), Nei 6otoH4Ya reHeTuMKanblk apanbiktap MuHumanayy 6onron (0,038-0,051) kaHa CTPYKTYPA aHanumsu
TonTop GOKHuYa Gupaen 6enywTypyareH 3ku LWAPTTYy FeHeTUKanblK KNacTepau aHbiKTadbl, 6yn nonynsaumsaHbiH
OYTYHAYIYH TacTbiKTafbl. byn M3ungeeHyH npakTukanblk 6aanyynyry Kblprbl3 TOO MEPUHOCYHYH FeHO(MOHAYHYH
a3blpKbl abanblH aHbIKTOOAO KaTaT, Byn Ke3eMenmeHreH acbingaHablipyy 60KHYa CyHywTapabl UWTEN Ybiryyra,
YHUKaNAyy annenfepam caktooro xaHa TYKyMAYH reHeTUKanbiK ap TYPAYY/YTYH CakTOOro MyMKYHAYK 6epeT, aHbIH
YarbIMCbI3 3KOMOMUANBIK WapTTapra TypyKTYyayryH KaMcbl3 KblnaTt

Herusru cesgep: reHeTMKanblk ap TYPAYYAYK; MWUKPOCATENIUTTUK MapKepnep; MOnynsuMsHbIH Ty3yaywy;
reTeposuroTanyynyk; Gukcaums KoshduumeHTH; annenbamk ap TYpLYYAYK; Kbiprbi3 Koinopy
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AHHOTauus. AKTYyanbHOCTb UCCNeA0BaHMS 00yCNoBNEHA HEOOXOAMMOCTbI0 COXPAHEHUS NOKANbHbIX, YHUKAbHbIX
M BbICOKOAAANTUPOBAHHBIX MOPOA, CENbCKOXO3SMCTBEHHBIX XMBOTHBIX B YCI0BUSAX FN0BANbHBIX KAMMATUYECKMX
M3MEHEHUN M COKPALLEHWUS YMCIIEHHOCTM MATOUYHOrO MoronoBbsl. Kblprbi3CKMiA FOPHbIA MEPUHOC SBNSIETCS LLEHHbIM
reHeTMYeCKUM pecypcoM, 061afialolmMM BbICOKOM aAanTUBHOCTBI K FOPHbIM YC/IOBUSIM, KaYeCTBEHHOM LIEepPCTbio U
3D PEKTUBHBIM MCMONb30BAHNEM CKYAHbIX KOPMOB. OQHAKO OrpaHUYeHHbIN reHOMOHA, M POCT MHOPUAMHIA CO34at0T
PUCKU CHWXEHUS MPOAYKTUBHOCTM M aanTMBHOCTM mopogpl. Llenb paboTbl 3akniouanacb B aHanuse CTPYKTypbl
NonNynsLUMK Kblprbl3CKOrO FOPHOIO MEPMHOCA HA OCHOBE OLLEeHKM BapnabenbHOCTU AePHbIX TOKYCOB. [1n 4OCTUMXEHUS
Lenu npoBefeHO reHOTUNMPOBAHWE OBel, C MCMOMb30BaHWEM MaHeNM BbICOKOMOAMMOP@HBIX MUKPOCATENIUTHbBIX
MapkepoB (SSR), pekoMeHA0BaHHbIX MexayHapoaHbIM 06LLEeCTBOM MO reHeTUKe XMBOTHbIX (ISAG). bbiin paccumnTtaHsl
noKasaTenu annenbHoro pazHoobpasus, Habnaaemas 1 oxuaaemMas reTepo3uroTHOCTb, KOIPPULMEHTbI PUKCALLUM
F_IS, reHeTnyeckne pacctosHua no Nei, a Takke MpoBefeH aHaNM3 MONYASLUMOHHOM CTPYKTYpbl C NMPUMEHEHMEM
MeTofoB KknactepHoro aHanusa, PCA u mopmenn STRUCTURE. PesynbTathbl McCiegoBaHUs MOKa3anu BbICOKMMA
YPOBEHb aNNeNibHoro pa3Hoobpasus No HGONbLUMHCTBY OKYCOB (YMCNO annenei Ha nokyc 6-14, shbdekTMBHOE YnCIo
annenen Ne 3,41-6,21, nipgekc nudpopmatnsHoctn PIC > 0,69). Habnopaemas reteposunrotHocTts (Ho = 0,68-0,73)
npakT1yeckn cootseTcTBoBana oxugaemon (He =0,70-0,74), a koadpduumentsl F_IS octaBanucb Huskumum (0,012-
0,028), uto cBMAETENLCTBYET 0O OTCYTCTBUM BbIPAXXEHHOr0 MHOpuAMHra. FeHeTuueckas AuddepeHLMaumns Mexay
rpynnamu 6bina cnabon (F_ST =0,018-0,032), reHetnyeckme pacctosHusa no Nei — MuHuManbHbiMmn (0,038-0,051),
a aHanu3 STRUCTURE BbiiBMN OBa YCNOBHbIX FEHETMYECKMX KacTepa C PaBHOMEPHbLIM pacnpeaeneHueM no
rpynnam, NoATBepKaas LenoCTHOCTb nonynsumm. MNpaktuyeckas LeHHOCTb UCCe0BaHMS 3aKNH04aAEeTCS B BbISIBIEHUM
COBPEMEHHOr0 COCTOSIHMA reHOhOHAA KbIPrbI3CKOro FOPHOr0 MEPUHOCA, YTO NO3BOSISIET pa3pabaTbiBaTb peKOMeHAALMM
NMo KOHTPONMPYEMOW CeNeKLMOHHOM paboTe, COXpaHEHWMIO YHUKANbHbIX annenen u noafepXKaHu reHeTU4ecKoro
pasHoobpasus nopofnbl, obecrneunBasi ee YCTOMUMBOCTb K HeBMAaronpusaTHbIM YCIOBUAM OKpYXatoLlen cpeapl

KnioueBble crnoBa: reHeTMYeCKoe pasHoobpasue; MMKPOCATENNIMTHbIE MapKepbl; MOMYASUMOHHAS CTPYKTYpa;
reTepo3nroTHOCTb; KO3DdOUUMEHT DUKCALMM; annebHOE pasHOO6Pa3ME; KbIPrbi3CKUE OBLLbI
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Abstract. Peste des petits ruminants (PPR) is a particularly dangerous, infectious and transboundary disease
of domestic and wild sheep and goats, causing significant economic losses in livestock farming. The spread of
PPR between countries requires coordinated preventive measures and constant epizootic monitoring to prevent
the introduction and emergence of disease outbreaks. The aim of the study was to evaluate the effectiveness of
preventive measures against PPR after mass vaccination of susceptible animals in the Kyrgyz Republic. To analyse
the level of post-vaccination immunity, an enzyme-linked immunosorbent assay (ELISA) was used to determine
the antibody titre against the PPR virus. Between 2018 and 2023, 19.35 million sheep and goats were vaccinated
with a lyophilised live attenuated vaccine of the Nig.75/1 strain. The results showed that in the northern regions
of the republic in 2018, immunity was detected in 42% of vaccinated animals, indicating an insufficient level of
protection. However, in subsequent years (2019-2023), the proportion of immune animals increased to an average
of 79%. In the southern regions, the average rate of immune animals over six years was 83%, indicating the
formation of high antibody levels and a reduced risk of infection. The results confirmed the high effectiveness of
vaccination against PPR and its role in preventing the spread of infection. The study data can be used by veterinary
services when planning preventive measures, especially in regions bordering China, Kazakhstan and Tajikistan

Keywords: vaccination; Nig.75/1 strain vaccine; ELISA method; protective antibody titre

Introduction

Peste des petits ruminants (PPR) is a quarantine-Llisted,
particularly dangerous disease that poses a biological
threat to domestic and wild small ruminants. Clinical-
ly and morphologically, it is accompanied by fever, ul-
cerative lesions of the mucous membranes of the oral
and nasal cavities, conjunctivitis, haemorrhagic gas-
troenteritis, diarrhoea and the development of pneu-
monia. The causative agent of PPR is Morbillivirus from
the Paramyxoviridae family. The Global Strategy for
the Control and Eradication of PPR states that small

ruminant plague causes economic losses of between
$1.2 and $1.7 billion annually as a result of animal
deaths, reduced production and disease control costs
(Njeumi et al., 2015). Approximately one-third of the
financial damage occurs in Africa and one-quarter in
South Asia. In addition to PPR, other infectious diseas-
es of small ruminants also cause significant economic
damage to livestock farming in the Central Asian region.
The study by A. Mussayeva et al. (2025) in Kazakhstan
showed the circulation of Pasteurella multocida among
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wild and farm animals, with saigas acting as a reservoir
of infection, requiring a comprehensive approach to
epizootic surveillance. This significant damage can be
remedied, and it is expected that the control and eradi-
cation of PPR will lead to increased income from small
ruminant breeding systems and improved profitability
and productivity (Aboah et al., 2024).

Peste des petits ruminants is a highly contagious
and fatal disease affecting small ruminants, particular-
ly sheep and goats. This disease causes high morbidity
and mortality in small ruminants, resulting in enor-
mous economic losses for the livestock industry world-
wide (Akwongo et al., 2022). The serious consequences
of this disease have prompted the Food and Agriculture
Organization of the United Nations and the World Or-
ganisation for Animal Health to develop a global strat-
egy to combat peste des petits ruminants and eradicate
it by 2030 (OIE & FAO, 2021). Over the past decades,
small ruminant peste des petits ruminants has been
controlled mainly by vaccinating animals with live at-
tenuated vaccines, such as those used against peste des
grands ruminants. Rinderpest, a closely related disease
to peste des petits ruminants, was eradicated in 2011,
and vaccines against it were subsequently banned in
order to maintain rinderpest-free zones. In this regard,
according to X.Jia et al. (2020), it is necessary to develop
homologous vaccines against small ruminant plague to
combat this disease.

M. Amirbekov et al. (2021) conducted serological
monitoring of small ruminant plague in sheep farms in
the Republic of Tajikistan. The results of the analysis
showed the widespread distribution of the SRP virus
among sheep and goats in the country’s sheep farms. A
study of blood serum from sheep and goats from eight
districts of the republic found that 69% of animals were
infected with the PPR virus. Since 2019, Burkina Faso
has been implementing a national strategy to eradicate
peste des petits ruminants. According to G. Ilboudo et
al. (2022), after two years of mass vaccination of small
ruminants, in which significant resources were invest-
ed, very little is known about the cost of vaccination
and how it is distributed across the various links in the
vaccine distribution chain. The researchers’ findings
showed that the cost of vaccinating a small ruminant
is $0.3 and $0.18 if the vaccination is carried out by
public and private vaccinators, respectively. The largest
share of costs is accounted for by field work and person-
nel. These results will enable more effective allocation
of resources to improve the efficiency and effectiveness
of vaccination of small ruminants against LPAI.

As noted by Zh. Amanova et al. (2023), a live vac-
cine against PPR has been developed in Kazakhstan
from the attenuated strain Nig.75/1, which belongs to
line II. During experiments with small ruminants aged
6-8 months, it was found that a single immunisation
of animals with a live attenuated vaccine against PPR
at a dose of 1.0 x 103.0 lg TCID50/head causes the
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formation of high titres of virus-neutralising antibodies
in the blood of sheep and goats. The results obtained
give reason to believe that the developed vaccine has
high immunogenicity and may be a good alternative to
commercial vaccines used against PPR in Kazakhstan. A
study of kids by M. Abdollahi et al. (2023) showed that
some of them became seronegative before reaching the
age at which they were given the first dose of the PPR
vaccine. The age of 70-100 days may be suitable for
administering the first dose of the PPR vaccine to kids,
but further studies are needed on the efficacy of this
vaccine at this age.Y.Walle et al. (2024) investigated the
impact of imperfect PPR vaccines and replenished small
ruminant populations on the dynamics of transmission
of this infection using mathematical modelling. Analyt-
ical and numerical results showed that infected newly
introduced small ruminants significantly contribute to
the spread of PPR among small ruminants. Even with
high vaccination efficiency, the system demonstrates
a unique asymptotically stable endemic equilibrium.
Theseresults emphasise that propervaccination alone s
not sufficient to control and eradicate PPR in the region.

The aim of this scientific work was to analyse and
evaluate the effectiveness of preventive vaccination
against PPR in the Kyrgyz Republic. Research objec-
tives: to analyse the results of preventive vaccinations
of small ruminants in the regions of the Kyrgyz Repub-
lic; to assess the intensity of post-vaccination immunity
after vaccination with the lyophilised live attenuated
PPR virus strain Nig.75/1.

Materials and Methods

The study was conducted in various regions of the
Kyrgyz Republic from 2018 to 2023 and was aimed at
vaccinating sheep and goats susceptible to small rumi-
nant plague. A total of 19.35 million sheep and goats
were vaccinated during the study period. The vaccine,
obtained from a certified international supplier that
meets the standards of the World Organisation for An-
imal Health (OIE), was administered subcutaneously at
a dose of 1 ml per animal. The lyophilised vaccine was
diluted using 50 ml of sterile diluent for 50-dose vials
or 100 ml for 100-dose vials. Animals aged 2-3 months
were vaccinated in the hairless area of the elbow joint,
with revaccination after 4 months to establish a sta-
ble immune background. In high-risk areas, especially
in border areas with China, Kazakhstan and Tajikistan,
annual revaccination was carried out. Sick or weakened
animals were excluded from vaccination, and personal
hygiene rules were strictly observed during the proce-
dure. All procedures involving animals complied with
the international recommendations on animal welfare
Directive 2010/63/EU (2010). Vaccination and sampling
were carried out by qualified veterinary personnel with
the aim of minimising stress to the animals.

To assess post-vaccination immunity, blood se-
rum samples were collected from vaccinated animals.
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A stratified random sampling method was used, in
which 500 sheep and goats were selected annually
from each region (northern and southern), ensuring
representativeness across age groups and geograph-
ical areas. Blood samples were collected 21-28 days
after vaccination to allow sufficient time for antibody
production. Blood was collected from the jugular vein
under sterile conditions, sera were separated by cen-
trifugation at 3,000 rpm for 10 minutes and stored at
-20°C until analysis. The level of protective antibodies
against the PPR virus was determined using a sandwich
enzyme-linked immunosorbent assay (ELISA) in accord-
ance with the approved operating procedure. The anal-
ysis was carried out in the Department of Virology and
Biotechnology of the A. Duishev Research Institute of
Veterinary Medicine. The ELISA protocol included the
following steps: (1) application of antibody solution to
sensitise the wells of the plate and incubation at 4°C
for 16-18 hours; (2) introduction of test samples (blood
sera), positive and negative controls into washed sensi-
tised wells, followed by incubation at 37°C for 1 hour;
(3) addition of detector antibodies and incubation at
37°C for 1 hour; (4) adding the conjugate and incubat-
ing at 37°C for 1 hour; (5) performing a colour reaction
with the application of the substrate and incubating at
room temperature for 15-20 minutes; (6) reading the
results on a BIOTEK ELx800 spectrophotometer (USA)
at a wavelength of 405 nm.

The protective antibody titre was defined as the
level sufficient to ensure immunity against PPR, based
on the threshold values established in accordance
with OIE recommendations (optical density 20.2). The
percentage of immune animals was calculated as the
proportion of samples with antibody titres above the
protective threshold. The data were analysed separate-
ly for the northern and southern regions to assess re-
gional differences in immune response. Statistical anal-
ysis was performed using R software (version 4.2.1),
and differences in immunity levels between years and
regions were assessed using the chi-square test at a
significance level of p<0.05.

Results and Discussion

The purpose of serological monitoring is to assess the
level of actual protection against PPR in sheep and
goats, as well as the quality of vaccination work in a
specific territory. According to the requirements of the
Global Strategy for the Control and Eradication of PPR,
at least 90% of the small ruminant population must
be vaccinated against PPR in order to create herd im-
munity and prevent the spread of the virus (Njeumi et
al., 2015). This goal is achieved through mass vaccina-
tion of susceptible animals using live attenuated vac-
cines. Table 1 shows the number of animals vaccinated
over a six-year period by region in the threatened areas
of the Kyrgyz Republic.

Table 1. Number of animals vaccinated with Nig.75/1 vaccine by region of the Kyrgyz Republic for 2018-2023

2018 2019 2020

Regions
‘ Plan Vaccination % Plan Vaccination % Plan Vaccination %
Batken 205.0 214.9 105 210.0 219.3 104 210.0 211.0 100
Osh 680.0 688.5 101 680.0 692.6 102 680.0 693.9 102
Jalal-Abad 614.6 640.2 104 592.1 625.7 106 593.9 566.1 95
Talas 225.0 2339 104 255.0 294.3 115 275.0 277.2 101
Chiy 311.0 335.6 108 325.3 347.5 107 317.3 324.8 102
Issyk-Kul 516.5 526.6 102 524.6 542.4 103 519.1 526.3 101
Naryn 615.0 580.3 94 600.0 610.2 102 620.0 687.4 111
Osh 6.5 6.4 99 6.5 6.6 101 6.5 6.5 100
Bishkek 15 1.1 72 1.5 1.9 126 1.5 1.8 120
Rz‘ﬁgﬁc 3,175.1 3,227.6 102 3,195.0 3,340.5 105 3,223.3 3,294.9 102

2021 2022 2023

Regions
‘ Plan Vaccination % Plan Vaccination % Plan Vaccination %
Batken 218.0 219.5 101 203.0 212.6 105 203.0 203.4 100
Osh 655.0 648.6 99 650.0 680.2 105 575.0 589.6 103
Jalal-Abad 627.7 619.4 99 733.7 741.5 101 734.7 738.7 101
Talas 247.5 247.7 100 247.5 256.9 104 247.5 243.9 99
Chay 317.3 317.4 100 304.1 308.7 102 310.3 312.1 101
Issyk-Kul 4335 345.4 80 413.5 443.6 107 413.5 428.0 104
Naryn 600.0 615.0 103 630.0 646.7 103 640.0 643.2 101
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Table 1. Continued

| 2021 2022 2023
Regions
‘ Plan Vaccination % Plan Vaccination % Plan Vaccination %
Osh 6.5 6.6 102 6.5 6.5 101 6.5 6.7 102
Bishkek 15 16 107 15 16 106 15 15 99
Kyrgyz 3,107.0 3,021.2 97 3,189.8 3,298.3 103 3,132.0 3,167.1 101
Republic

Source: compiled by the authors based on data from the Veterinary, Livestock, Pasture and Forage Development Service of the

Kyrgyz Republic (n.d.)

The data in Table 1 show that in 2018, more ani-
mals were vaccinated than planned (102%), with the
exception of the city of Bishkek (72%). In 2019, more
animals were vaccinated (105%) than planned. In 2020,
more animals were vaccinated than planned (102%),
with the exception of the Jalal-Abad region (80%). In
2021, the average vaccination rate was 97%, and in
the Issyk-Kul region it was 80%. From 2022 to 2023,
more animals were vaccinated than planned (103%
and 101%, respectively). In general, the Kyrgyz Republic

complies with the requirements of the Global Strate-
gy for the Control and Eradication of PPR (Njeumi et
al., 2015), and the figures show that preventive meas-
ures have been successfully implemented within the
specified time frame throughout the republic. Tables 2
and 3 show the protective antibody titre or antibody
level that provides minimum protection against PPR as
a result of vaccination with the PPR vaccine from the
Nig.75/1 strain in sheep and goats in the northern and
southern regions over a period of 6 years.

Table 2. Intensity of post-vaccination immunity in sheep and goats in the northern region
of the Kyrgyz Republic from 2018 to 2023

Years Number of samples Immune % Non-immune %
2018 3,178 1,341 42 1,837 58
2019 2,746 2,224 82 522 18
2020 2,715 2,208 81 507 19
2021 2,238 1,682 75 556 25
2022 1,878 1,438 76 440 24
2023 1,613 1,276 79 337 21

Source: compiled by the authors based on Centre for Veterinary Diagnostics and Expertise (n.d.)

Table 3. Intensity of post-vaccination immunity in sheep and goats in the northern region
of the Kyrgyz Republic from 2018 to 2023

Years Number of samples Immune % Non-immune %
2018 1,245 1,114 89 131 11
2019 1,961 1,782 91 179 9
2020 728 669 93 59 7
2021 1,612 1,402 87 210 13
2022 1,352 832 62 520 38
2023 993 758 76 235 24

Source: compiled by the authors based on Centre for Veterinary Diagnostics and Expertise (n.d.)

Analysis of Table 2 shows that in the northern
region, after vaccination of sheep and goats in 2018,
42% of vaccinated animals (1,341 head) were immune
to bluetongue disease, indicating a low level of actual
protection of sheep and goats against bluetongue dis-
ease. In the remaining years of vaccination from 2019
to 2023, the percentage of immune animals averaged
79%, indicating a sufficient level of antibody produc-
tion to provide minimal protection against PPR. Anal-
ysis of Table 3 shows that after vaccination of sheep
and goats in the southern region with the Nig.75/1
strain over 6 years, the percentage of immune ani-
mals averaged 83%, indicating a high level of antibody

production, providing minimum protection for sheep
and goats against PPR.

Vaccination against small ruminant plague is ac-
tively carried out in countries bordering the Kyrgyz
Republic, using various vaccines depending on agree-
ments with manufacturers. According to A. Abdullo-
ev (2022), PPR was first detected in Tajikistan in 2004
when animals were imported from Afghanistan, but in
subsequent years it was possible to improve diagnostic
methods and develop measures to reduce the losses
caused by this disease. In China, until 2013, mandato-
ry vaccination of sheep and goats with live attenuat-
ed vaccines was carried out only in Tibet and Xinjiang.
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The lack of immunisation in other regions was one of
the reasons for the rapid spread of PPR throughout the
country in 2014. Currently, the live attenuated vaccine
Clone 9 (with 99.8% genomic similarity to Nig.75/1) is
used, as well as commercial monovalent and bivalent
vaccines against PPR and goat pox (Liu et al., 2018). In
northern Pakistan, studies have shown a true prevalence
of PPR of 41.0%, with a maximum in Gilgit (57.0%) and
a minimum in Swat (26.0%) (Munibullah et al., 2024). It
has been confirmed that keeping small and large live-
stock together increases the risk of virus transmission.

In Kazakhstan, due to the unfavourable epizootic
situation in the southern regions, routine vaccination of
small ruminants is carried out, with approximately 9 mil-
lion animals immunised in 2016. Studies by Zh. Amano-
va et al. (2021) showed that a combined vaccine con-
taining the Nig.75/1 (against PPR) and NISKhl (against
sheep pox) strains provides a protective immune re-
sponse in Kazakh fine-wool sheep aged 6-12 months for
12 months. The vaccine’s efficacy was assessed using a
blood serum neutralisation test and the c-ELISA meth-
od to determine antibodies to PPR, as well as testing
the resistance of vaccinated animals to infection with
the Kentau-7 PPR field strain and the virulent strain A of
sheep pox. A single immunisation provided 100% clini-
cal protection against both infections, while unvaccinat-
ed animals showed clinical signs of PPR and smallpox.

Large-scale vaccination against PPR in the Kyrgyz
Republic has proven effective in preventing the spread
of infection. Neighbouring countries such as China, Ta-
jikistan and Kazakhstan remain affected by PPR, which
creates a risk of the infection spreading to other coun-
tries (Zakutskiy et al.,, 2012; Koshemetov et al., 2016).
Thanks to systematic vaccination, sheep and goats in
the Kyrgyz Republic have specific antibodies that pro-
tect them from infection. In the event of an introduction
of PPR, the spread of infection is limited by the estab-
lished immune background.According to the 2" Region-
al roadmap meeting...(2017),a harmonised approach is
needed to eliminate PPR by 2030, including the devel-
opment of national strategic plans, strengthened sur-
veillance, vaccination and coordination between coun-
tries in the region. Based on the results of this study,
the following recommendations are proposed for the
prevention and control of PPR in the Kyrgyz Republic:

1. The State Veterinary Service, through its regional
and district structures, should control the movement of
small ruminants within the country.

2.To prevent the introduction of the PPR virus from
affected countries, a 30-day quarantine should be or-
ganised for incoming animals, with mandatory serolog-
ical testing for antibodies to the PPR virus.

3. Annual routine immunisation of all small ru-
minants in border areas to a depth of at least 30 km
should be carried out to create an immune belt.

4. Perform preventive or compulsory vaccinations
against PPR, taking into account local conditions and

the epizootic situation. In transhumant sheep farm-
ing, preventive vaccination is carried out 15-20 days
before mating, and young animals of the current year
are vaccinated at the age of 6-8 months during the
formation of flocks.

5.When the disease appears in individual farms or
grazing areas, carry out compulsory vaccination of the
entire livestock in the threatened area, followed by ob-
servation for 10 days.

In conclusion, specific preventive measures against
PPR contribute to the elimination of infection foci, the
formation of stable immunity and the preservation of
sheep and goat populations, which makes a significant
contribution to ensuring food security and the well-be-
ing of the population of the Kyrgyz Republic.

Conclusions

During the period 2018-2023, 19.35 million head of
small ruminants were vaccinated in the Kyrgyz Repub-
lic using a lyophilised live attenuated vaccine of the
Nig.75/1 strain, which significantly reduced the risk
of the occurrence and spread of peste des petits ru-
minants. Serological monitoring using enzyme-linked
immunosorbent assay confirmed the high effectiveness
of specific prophylaxis, which ensured the formation of
lasting immunity in sheep and goats. In the northern
regions of the republic, the level of immune animals
increased from 42% in 2018 to an average of 79% in
2019-2023, while in the southern regions, the average
level of immunity was 83% over the same period. These
data indicate that the protective antibody titre has
been maintained at an epizootically significant level,
ensuring the stable epizootic welfare of the Kyrgyz Re-
public with regard to PPR. Particular attention should
be paid to the border areas with China, Tajikistan and
Kazakhstan, where there is a high risk of infection being
introduced. Enhanced preventive measures are needed,
including regular epizootic surveillance and annual
vaccination in a zone of at least 30 km from the bor-
der to create an immune belt. A systematic approach to
vaccination remains a key factor in ensuring epizootic
health and the sustainable development of sheep and
goat farming in the country.

The results of the study provide important data
for achieving national goals for the eradication of PPR
and are of international significance for the imple-
mentation of the Global Strategy for the Elimination
of the Disease by 2030, contributing to the health of
susceptible livestock populations. Prospects for fur-
ther research include the development and testing of
combination vaccines against PPR and other signif-
icant diseases of small ruminants, such as smallpox
and pasteurellosis, to improve the cost-effectiveness
of immunisation programmes. There are also plans to
introduce modern molecular diagnostic methods, such
as real-time PCR (polymerase chain reaction), to im-
prove monitoring of the epizootic situation in border
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areas and assess the duration of the immune response Funding
in vaccinated animals. None.
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Kbiprbi3 Pecny6nukacbiHga Manga Kenweeuvy XXaHbl6apnapabiH
YyyMacbliHa Kapuibl crneunPpuKkanbiK npoPUnakTmka

Awmp6an XXycynos

N3peHyy4uy

Buonormsansik Kooncy3ayk »aHa buoTexHonormsa npobnemanapbl MHCTUTYTY
TaxkuK abin Yapba UnmumMaep akageMmachl

734000, [Mnpo3eM Keu., 61, dynwemoby L., TaxxmkcTaH Pecnybnukacsl
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AnmMmas6ek Uprawes

BeTepurHapua ManMaepuHMH OKTopy, Npodeccop

K.N. CkpsabuH aTbiHAarbl Kbiprbi3 ynyTTyK arpapiblK YHUBEPCUTETH
720005, MefepoB Keu., 68, bullkek L., Kbiprbiz Pecnybrvkacsl
https://orcid.org/0000-0002-4789-5628

AHHoTauusa. Maiiga kenweevy aHblbapnapabiH yymacel (MKXY) - ™Man uapbaubinbirbiHAa ONYTTYY
3KOHOMMKAbIK XOrOTyynapAbl anbin Keayyuy, Yi XXaHa xanaibl Maia Kenweeuy aHblbapnapabliH 6Te XyryLTyy,
TpaHcyek apa binanpl. ©Onkenep apacbiHaa MKXKYHbIH Xalblnbl bl KOOPAMHALMSNAHTAH anablH anyy ULL-4apanapblH
YKaHa bUTaHbIH KEJIUMN YbITbllblIH XXaHa OYOKTOPYH anfblH anyy YYyH Y3ryaTYKCY3 3MU300TUSIbIK MOHUTOPUHIAM
Tanan kblnat. M3ungeeHyH MakcaTbl Kbiprbi3 PecnybimMKkachiHbIH aiiMarbiHaa ce3ruy xaHblbapnapabl Maccanbik
amMpeefeH KuiuH MKXXYra kapubl NpopuaakTUKanbiK MLI-4apanapAbliH HaTblKanyynyryH 6aanoo 60roH.
OMAe646H KUAMHKM UMMYHUTETTUH OEHM33/MH aHanu3aee yuyyH MKXKYHbIH BUpYCyHa Kaplibl aHTUTENONOPAYH
TUTPUH aHBIKTOO YUYYH GEPMEHTTUK UMMYHOCOPOEHTTUK aHanun3 (MMA) bikmMacsl kongoHynraH. 2018-2023-xbinaap
apanbireiHaa Nig.75/1 wraMMbIHBIH TMODUAM3AUMINAHTAH TUPYY aTTEHYALMSINAHTaH BaKLLMHACKIH KONLOHYY MEHEH
19,35 mMunnmoH Baw Kok-34ku 3MpenreH. XblAbIHTbIKTAp KepceTkeHaewn, 2018-xbinbl pecnybnukaHblH TYHAYK
aiMakTapbiHAa aMmaenreH ManablH 42 %blHAA@ MMMYHUTET aHbIKTaNraH, Oyn KOProOHYH >XeTWULWCU3 AEHr33AUH
KepceTyn Typat. bupok, kuiinHku xbingapsl (2019-2023-xbingapbl) UMMYHAYK XaHblbapnapabiH yaywy opToyo
79 %ra 4yeinH eckeH. TylWTYK aliMaKTapAa anTbl Xbl1 MYMHLE UMMYHIYK XaHblbapnapablH OpTOHO KePCOeTKyYy
83 %ppbl TY34y, OYN aHTUTENONOPAYH XXOTOPKY AEHM33MUHUH OHYTYLIYH XaHa MHOEKLMUSHBIH XYryy KOPKYHYUYYHYH
asanraHapIrbiH KepceteT. AnbiHraH Hatbiikanap MKXYra kaplbl 3MAGEHYH XXOropKy HaTblMKanyynyryH >aHa
UH(PEKLMSAHBIH XaMbIbIWbIH anfiblH anyyaarbl pofiyH TacTblkTadbl. M3MnaeeHyH MaansiMaTTapbiH BeTEPUHAPAbIK
KbI3MaTTap NpodunakTMKanblK Ul-4apanapAbl NnaHaawTbipyyaa, e3reve Kbitan, KasakcTaH xaHa TaxXuKCTaH
MEHEH YeKTell aiMakTapaa KongoHco 6onoT

Herusru cespep: amues; Nig.75/1 wramm BakumHacel; MDA MeTony; KOprooyy aHTUTENO TUTPU
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Cneundumueckaa npoPunaKkTMKa HyMbl MENTIKMUX XXBAaYHbIX
XXUBOTHbIX B Kbiproisackoun Pecny6nuke

Awmp6an XXycynos

CoumckaTenb

MHCTUTYT npobnem 6Guronornyeckor 6e30macHoOCTU U BuoTexHonornm, TagyKMKCKaa akagemMus cerb-
CKOXO39MCTBEHHbIX HayK

734000, yn. f’nnposem, 61, r. llylaHbe, Pecnybnmka TagyMKMUCTaH
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Anmas6ek Uprawes
[oKTop BeTepUHapHbIX HayK, Mpodeccop
Kblprbi3CKMM HaUMOHa ibHbIM arpapHbin yYHUBepcUTeT UM. K., CkpabrHa

720005, yn. MegepoBa, 68, . Bullkek, Kblproiackasa Pecrny6nmka
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AHHoTauumsA. Yyma Menkux xBauHbix )nBOTHbIX (UMXK) npeacraBnseTt coboit ocob6o onacHoe, MHMEKLMOHHOE U
TpaHCrpaHMyHoe 3aboneBaHne LOMALIHUX U AUKMUX OBELL U KO3, BbI3bIBatOLLEE 3HAUMTEbHbIE SKOHOMUYECKME MOTEPU
B )XMBOTHOBOZACTBe. Pacnpoctpanenne YUMXOK mexay cTpaHamm TpebyeT cornacoBaHHbIX NpoGUAaKTUHECKUX Mep
M MOCTOSIHHOTO 3MM300TMYECKOr0 MOHUTOPUHIA ANS NPefoTBPaLLeHNs 3aHOCA M BO3SHUKHOBEHMS 04aroB H60i1e3Hu.
Llenbto nccnenoBaHunsa aBasnack oueHka 3hdekTMBHOCTU NpoduaakTMyeckux meponpuatuin npotne YMXOK nocne
NpoBeAEHNS MAaCcCOBOM BaKLMHALMM BOCMPUMMYMBBIX XMBOTHbIX Ha TeppuTopuu Kbiprbisckoi Pecnybnaunku. Ons
aHanM3a ypoBHS MOCTBAKLMHANBHOIO MMMYHWTETA MCMOMIb30BaACS MeTon MMMyHODepMeHTHOro aHanunsza (MMDA),
onpepensowumii TUTp aHTuten npotms Bupyca YMIOK. B nepuog ¢ 2018 no 2023 roapl BakUMHALMKM NOABEPIINCH
19,35 MAH ronoB OBeL, M KO3 C NPUMEHEHWEM NMOPUNN3UPOBAHHON XXMBOM aTTEHYMPOBAHHOM BaKLMHbI LITAMMa
Nig.75/1. Pe3ynbTaTbl MoKasanu, 4To B CEBEPHbIX paloHax pecny6nuku B 2018 rogy MMMyHUTET Obin BbISIBNEH Y
42 % BaKUMHMPOBAHHbIX XXMBOTHbIX, YTO YKa3blBaso Ha HEAOCTATOYHbIM YpOBeHb 3awuTbl. OfHaKo B nocnenyowme
rofbl (2019-2023) nons MMMYHHbIX XMBOTHbIX YBEAUUYMNACb B cpefHeM A0 79 %. B toxHbIX paroHax cpefHui
noKasaTeslb UMMYHHbIX XXMBOTHbIX 3a LIeCTb NeT cocTaBun 83 %, 4To cBMAeTeNbCTBYET O GOPMUPOBAHUM BbICOKOIO
YPOBHSI aHTUTEN U CHWXKEHUM pUCKa 3apaxeHus. MonyyeHHble pe3ynbTaTbl NOATBEPANUIN BbICOKYH 3DdEKTUBHOCTD
BakuuHaummn npotms YMXOK n ee ponb B npefoTBpalleHnn pacnpoctpaHeHus uHdekummn. [laHHble nccnesoBaHms
MOryT ObITb WCMOMb30BaHbl BETEPMHAPHOM CAYX60M NpW NNAHMPOBAHWMM MNPOPUNAKTUHECKMX MEPOMNPUATUA,
0C0OEHHO B perMoHax, rpaHuyalumx ¢ KHP, KasaxctaHoM 1 TagKMKUCTaHOM

KnioueBble cnoBa: BakLMHaLMs; BakumHa 13 wramMMma Nig.75/1; meton NMA; 3alLMTHbINA TUTP aHTUTEN
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Abstract. Modern unmanned aerial vehicles (UAVs) equipped with hyperspectral cameras are becoming key
tools in precision agriculture and the monitoring of agricultural ecosystems. However, despite the increasing
accuracy of sensors, a methodological issue remains unresolved - the static nature of field calibration
procedures. Traditional approaches based on one-time reference measurements fail to ensure data reliability
under variable conditions of illumination, soil moisture, and atmospheric factors. This article aimed to present
a conceptual model - the Adaptive Calibration Cycle (ACC) - a self-learning system that integrates the stages
of data acquisition, calibration, and processing into a unified closed-loop framework with continuous feedback.
The research methodology was based on simulation of calibration processes using secondary empirical data, a
comparative analysis of static and adaptive approaches, and an evaluation of ACC performance according to key
metrics such as reflectance error, radiometric stability, and data reproducibility. The algorithmic implementation
of the cycle employed online learning mechanisms, a Kalman filter,and an edge computing architecture for real-
time correction.Modelling results demonstrated that implementing ACCreduces average reflectance error by more
than 70%, increases radiometric stability by 20-25%, and shortens response time to 0.25 seconds. In agricultural
applications, this ensures more accurate determination of vegetation indices (NDVI, PRI), timely detection of
plant stress, and optimisation of irrigation and fertilisation. The proposed methodology represents a transition
from a static to an adaptive approach in field spectrometry and opens up new opportunities for intelligent remote
monitoring systems in the agro-industrial sector, ensuring high precision, reproducibility, and data stability
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Introduction

In recent years, remote sensing technologies have un-
dergone rapid changes: from satellites and aerial pho-
tography to the use of unmanned aerial vehicles (UAVs)
with hyper- and multispectral cameras. These systems
offer high spatial and spectral resolution, mobility and
flexibility in application, allowing data to be obtained
from low altitudes above the ground and responding
to environmental changes in real time. However, fun-
damental methodological problems remain, primarily
related to sensor calibration, lighting control, atmos-
pheric conditions, and the variability of surface reflec-
tivity. The classic field methodology usually follows
this sequence: preliminary calibration under controlled
conditions — data collection (UAV surveying) — sub-
sequent processing in a laboratory or software envi-
ronment (Ying et al., 2025). This approach often uses
a static spectral library of target objects (vegetation,
soil, etc.), which is set in advance and does not adapt
to changing survey conditions. However, factors such
as the angle of incident sunlight, cloud cover, chang-
es in vegetation moisture content, and sensor drift can
significantly distort the results, reducing the reliabili-
ty of plant classification or condition assessment. The
problem of static calibration is particularly acute when
monitoring dynamic parameters such as soil moisture,
surface temperature and vegetation condition. As noted
by S. Fathololoumi et al. (2020), even when using com-
plex models that integrate satellite data with digital
terrain models, the accuracy of biophysical parameter
estimates depends significantly on the radiometric
stability of measurements. This highlights the need to
develop adaptive calibration methods capable of com-
pensating for variability in imaging conditions.

The relevance of this issue is confirmed by a num-
ber of recent studies. H. Zhu et al. (2024) analysed
various radiometric calibration methods and showed
that different methods produce significantly different
results when converting raw data into surface reflec-
tance. Research by P. Fiorentin et al. (2025) also point-
ed to the need to improve the repeatability of spec-
tral measurements at different times of day and under
different atmospheric conditions. Other works, such as
S.Wu et al. (2025), demonstrated that the installation
of a downwelling light sensor (DLS) and the use of im-
proved correction models, such as the FIM-DC (Fitting
and Interpolation Model-based Data Correction) meth-
od, can significantly reduce the error in converting dig-
ital numbers to reflectance.

However, despite these achievements, most ex-
isting techniques remain reactive: adjustments are
made after shooting, when data has already been col-
lected but conditions have changed, leading to delays,

potential errors and loss of quality. There is a gap in
offering a methodology in which calibration and data
processing are integrated continuously, with feedback
during flight or in near real time. The purpose of this
article was to present a conceptual model of the Adap-
tive Calibration Cycle (ACC), in which the calibration
process becomes dynamic and self-learning. The model
assumed that a system equipped with UAVs and spec-
tral cameras is capable of detecting spectral drift, var-
iability in illumination and surface reflectivity in real
time, automatically correcting weighting coefficients
or processing parameters, and then using the accu-
mulated data to improve future surveys. Research ob-
jectives: (1) to analyse the current limitations of static
calibration methods when using UAV spectrometry;
(2) review modern solutions that improve the stability
and repeatability of spectral measurements (radiomet-
ric and geometric calibration, built-in light sensors,
etc.); (3) propose an ACC architecture: key components,
algorithmic feedback mechanisms, and hardware and
software requirements.

Literature Review

The modern history of remote sensing reflects a con-
stant shift from macro-scale observation to increas-
ingly detailed and mobile solutions. In the early stag-
es, satellite and manned surveys dominated, providing
valuable information about the biophysical parameters
of the Earth’s surface, but limited in spatial and tem-
poral resolution. The development of small, high-res-
olution platforms, primarily unmanned aerial vehicles,
has enabled low-altitude imaging, achieving an opti-
mal combination of high spatial and spectral accuracy.
As noted by C. Nansen et al. (2023), this has stimulated
the widespread adoption of multi- and hyperspectral
systems. Technically, hyperspectral imaging differs from
traditional multispectral imaging in that it has a high
number of narrow spectral channels, which allow the
reflected light to be “unpacked” into a dense spectrum,
thereby highlighting subtle differences in the optical
characteristics of materials and vegetation. According
to Y. Garcia-Vera et al. (2024), this provides a decisive
advantage in tasks such as vegetation classification,
mineral component identification, and plant stress di-
agnosis. However, the potential of hyperspectral sen-
sors is accompanied by a number of practical chal-
lenges: the volume of data increases dramatically, the
requirements for radiometric and geometric calibration
accuracy become more stringent, and sensitivity to ex-
ternal factors (sun angle, atmospheric conditions, BRDF
(Bidirectional Reflectance Distribution Function) sur-
face effects) increases (Rosas et al., 2020).
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One of the key problems identified in recent studies
is temporal radiometric repeatability: identical objects
photographed at different times of day or under differ-
ent weather conditions produce different spectral re-
sponses, which reduces reproducibility and impairs the
generalisability of trained models. Experimental work
by L. Daniels et al. (2023) and C.Nansen et al. (2023) has
shown that traditional calibration methods (e.g., Em-
pirical Line Method - ELM) are sensitive to flight time
and weather changes, while more modern radiomet-
ric transformation schemes (Automatic Radiometric
Transformation Method (ARTM) and its modifications)
show higher stability in dynamic conditions. Practical
solutions proposed over the past two to three years
demonstrate several directions of development. The
first is the integration of onboard reference sensors,
such as a downwelling spectrometer, which measures
the spectrum of incident light in real time and allows
digital values to be corrected for reflectance directly
during the mission. Experimental results by J. Jiang et
al. (2025) showed a noticeable reduction in conversion
error and significantly better consistency of reflec-
tance characteristics under variable cloud cover and
illumination. The second direction is the introduction
of hardware and software solutions for real-time (on-
the-fly) calibration of hyperspectral cameras: methods
of rapid hardware calibration and software correction
are emerging, focused on low delays between shoot-
ing and artefact correction (Garcia-Vera et al., 2024).
The third direction is the widespread use of machine
learning and deep learning methods for processing
and harmonising spectral data. Modern architectures
(convolutional neural networks, transformers, hybrid
spatial-spectral models) have demonstrated high effi-
ciency in classifying hyperspectral images and mitigat-
ing spectral variability through built-in mechanisms for
stable feature extraction, as reflected in the works of
M. Guerri et al.(2024) and J. Yao et al. (2024). These mod-
els not only solve recognition tasks, but also participate
in adaptive correction processes: the models are capa-
ble of assessing the reliability of the current calibration
and signalling deviations, which are then used to auto-
matically adjust the processing parameters.

Despite progress, a number of researchers em-
phasise that the transition from laboratory/controlled
conditions to field operations requires additional tools
and methodologies. In particular, according to L. Dan-
iels et al. (2023) and Y. Garcia-Vera et al. (2024), har-
monising ground-based spectral libraries with data
obtained from UAVs and developing standard proce-
dures for accounting for BRDF effects and topograph-
ical distortions remain pressing challenges. In addi-
tion, a new branch of research is emerging, focused on
the automatic calibration of hyperspectral data using
transformer models and attention modules capable of
assessing and correcting the effects of illumination
and atmospheric fluctuations (HSI auto-calibration).

Overall, the evolution of remote sensing has shown
that technological advances in sensors and algorithms
are creating the conditions for a transition from one-
off procedures to continuous adaptive strategies. The
analysed studies confirm that the combination of on-
board reference measurements, real-time hardware
support, and self-adaptive processing algorithms is the
key to solving the problem of spectral measurement
reproducibility and expanding the practical applica-
tions of hyperspectral systems in the field.

The development of remote sensing technologies
has led to the accuracy and spectral depth of sensors
exceeding the capabilities of traditional calibration
methods. Classic approaches based on preliminary de-
termination of reference surfaces and one-time radi-
ometric adjustment are insufficient in conditions of var-
iable illumination, changing air humidity, and surface
reflections. Such methods involve a linear sequence of
operations - ‘calibration — imaging — processing —
correction” = and do not provide for dynamic feedback.
As a result, according to S. Phang et al. (2023), any error
in the initial setup spreads to the entire data set, reduc-
ing the reliability of the results. Recent studies show
that the key to solving this problem lies in the tran-
sition from static procedures to self-adaptive systems
that are capable of correcting measurement parameters
during the imaging process itself. This is the principle
on which the proposed Adaptive Calibration Cycle mod-
el is based. Its goal is to ensure continuous radiometric
and spectral self-correction through a combination of
built-in light sensors, machine learning algorithms, and
multi-sensor coordination mechanisms.

The linear structure of field spectrometry (prelim-
inary calibration, then data collection and subsequent
correction) does not take into account the dynamics
of the environment. Studies by H. Liu et al. (2024) and
J. Xie et al. (2024) demonstrated that even small chang-
es in cloud cover or the angle of the sun during flight
cause noticeable spectral drift. At the same time, the
data is corrected only at the post-processing stage,
which not only increases the error, but also creates an
information delay effect: the system only learns about
the error after the mission is complete. In addition, a
static model is unable to account for “accumulating”
sensor deviations, such as temperature fluctuations
or matrix degradation, which is particularly critical for
hyperspectral systems with narrow bands (Zhang et
al., 2025). As a result, the cumulative calibration error
grows non-Llinearly, and correction requires manual in-
tervention and re-flight.

Materials and Methods
The methodology of this study was based on model-
ling calibration processes using secondary data pub-
lished in contemporary empirical and experimental
works, as well as on a comparative analysis of exist-
ing static and adaptive approaches. The parameters of
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hyperspectral systems described in the works of
L. Daniels et al. (2023), C. Nansen et al. (2023), J. Xie et
al. (2024) and others were used for modelling. These
publications contain measured indicators of radiomet-
ric stability, spectral drift and temporal repeatability.
From the data set, parameters corresponding to the
400-1,000 nm wavelength range used in agriculture to
analyse vegetation condition, soil moisture and plant
photosynthetic activity were selected.

Two scenarios have been developed:

Scenario A (Static Model) - standard calibration
based on fixed reference coefficients, performed before
shooting begins;

Scenario B (ACC) - real-time calibration with dy-
namic updating of weighting coefficients based on arti-
ficial intelligence feedback.

The aim of the simulation was to determine how
much ACC outperforms traditional methods in condi-
tions of changing illumination, viewing angles and at-
mospheric characteristics. The following metrics were
used for the analysis:

Reflectance Error (RE) - average reflectance error
characterising the accuracy of spectrum restoration;

Radiometric Stability Index (RSI) — an indicator of
the stability of radiometric data between observation
series;

Data Repeatability Index (DRI) - the degree of re-
producibility of results when external conditions change;

Latency - temporary delay between measure-
ment and correction;

Computational Load (CL) - relative computation-
al load determining the energy efficiency of the system.

Online learning algorithms (stochastic gradient
update) and a Kalman filter were used to describe the
adaptive logic for noise suppression and spectral drift
compensation. The calculation was performed in a con-
ditional edge computing environment with an assumed
update frequency of 50 frames per second. ACC was
modelled as a closed system with a correction func-
tion f(t) that minimises the difference between the
measured and reference spectra S(A). The correction
coefficients were updated recursively after each itera-
tion of the survey. The technical implementation of the
cycle required: (1) a hyperspectral camera with a high
frame rate (250 fps) and spectral resolution €5 nm; (2) a
built-in downwelling sensor (Swaminathan et al., 2024;
Xie et al., 2024); (3) an inertial unit to compensate for
the shooting angle; (4) a local GPU (Graphics Process-
ing Unit)/FPGA (Field-Programmable Gate Array) based
computing module for accelerated real-time correction
(Garcia-Vera et al., 2024).

The effectiveness of ACC was assessed based on a
comparative analysis with traditional ELM and ARTM
methods. Statistical indicators were used to interpret the
results: root mean square error (RMSE), correlation coef-
ficient (R?), and percentage improvement in radiomet-
ric stability. To assess the reliability of the simulation,
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the cross-validation principle was applied, based on
cross-checking the calibration parameters with inde-
pendent data sets. This ensured the correctness of the
self-learning algorithms and ruled out the possibility of
model overfitting (Bacca et al.,2023).The study relied on
secondarysourcesand modellingwithout conducting ex-
perimental field tests. However, the proposed approach
can be implemented in real conditions by equipping
UAVs with on-board spectrometers and light sensors.

Results and Discussion
Conceptual structure and dynamics
of the adaptive calibration cycle
The development and implementation of the Adaptive
Calibration Cycle concept represents a methodological
shift in remote sensing logic. Unlike the classic, static
model, where the calibration process is performed be-
fore the start of imaging and is considered complete,
ACC assumes that calibration is a continuous process
built into the observation structure itself. This model
enables the system to dynamically adapt to changing
environmental conditions, minimising spectral drift and
improving the accuracy of real-time data.

ACC implements a closed-loop system with feed-
back, where each stage of shooting contributes to sub-
sequent parameter correction. Structurally, the adaptive
cycle consists of five main phases (Fig. 1):

1. Baseline Initialisation - setting initial reference
characteristics by measuring reflective panels and de-
termining illumination coefficients. These parameters
establish a baseline for subsequent measurements.

2. Drift Detection - analysis of current spectral
curves and their deviation from the reference model.
Drift may be caused by changes in the angle of incidence
of light, atmospheric humidity, or sensor degradation.

3. Feedback Adjustment - automatic calculation
and application of correction factors using machine
learning methods: gradient regression, Kalman filter, or
light convolutional neural networks (light CNN).

4. Cross-Sensor Harmonisation - integration of data
from multiple sources: onboard spectrometers, inertial
sensors, GPS (Global Positioning System) and external
reference systems. This stage allows random noise to be
eliminated and thereliability of reflectivityto be improved.

5. Recursive Learning - saving updated parameters
and using them in the next mission. The system thus
“remembers” previous calibration states, forming a cu-
mulative adaptation model.

At the computational level, ACC functions as a dy-
namic correction function f(t) that minimises the dif-
ference between the current measurement S(A,t) and
the reference spectrum S (A). Each iteration corrects
the weights w(t), which are recalculated based on new
illumination data and imaging geometry. This mecha-
nism provides stable self-adaptation, similar to rein-
forcement learning, where the system minimises error
through its own experience.
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Figure 1. Conceptual structure of ACC
Source: compiled by the authors

A key feature of ACC is the temporal continuity of
data processing. Unlike the discrete stages of tradition-
al calibration (pre-processing — imaging — correction),
ACC transforms them into a single stream in which
each frame is evaluated and corrected immediately.
This makes the model reactive: it can predict errors
and make corrections before distortions accumulate.
This approach forms a unique cognitive observation
architecture, where the sensor system not only meas-
ures but also “understands” the context of the measure-
ments (Bacca et al., 2023; Chen et al., 2025). The use of
adaptive filters allows the system to recognise stable
error patterns - for example, systematic deviations at
a certain flight altitude - and compensate for them au-
tomatically (Daniels et al., 2023; Nansen et al., 2023;
Zhang et al., 2025). With each cycle, the accuracy of
predictions increases and the need for operator inter-
vention decreases. This self-organising logic makes
ACC particularly valuable in field and agricultural sce-
narios, where lighting conditions and the reflectivity of
soils and vegetation are constantly changing. For ex-
ample, when imaging agricultural land in the morning
and evening hours, there is a significant change in the
reflectance spectrum due to the angle of the sun and
shadow effects. Under such conditions, classic static
calibration leads to a 10-15% increase in error, whereas
ACC compensates for the shift by instantly recalculating
the weights (Khan et al., 2022).

The practical implementation of ACC requires hard-
ware and software integration. According to A. Bhar-
gava et al. (2024) and L. Chen et al. (2025), in edge

computing architecture, correction algorithms are
performed directly on board the UAV or on a module
integrated into the spectral camera. This reduces data
transmission latency and allows for correction within
120-250 ms, which corresponds to real time. The basic
requirements for the cycle to function include: a hyper-
spectral camera with a high frame rate (250 fps) and a
resolution of up to 5 nm; a built-in downwelling sen-
sor to measure current illumination; an inertial module
to account for the shooting angle and compensate for
geometric distortions; a GPU or FPGA unit for parallel
signal processing. This architecture not only reduces
the computational load at the subsequent stage, but
also increases resistance to data loss that occurs during
flights in conditions of variable connectivity. An addi-
tional optimisation element can be the integration of
route planning algorithms based on Hopfield neural
networks, which minimises energy consumption and
ensures optimal coverage of the shooting area (Musi-
yenko & Zhuravska, 2016).

From a theoretical point of view,ACC can be seen as
a transition from a linear measurement paradigm to a
nonlinear, self-organising system, where each cycle not
only reproduces data but also improves the perception
model itself. This makes ACC a methodological ana-
logue of an evolutionary model, in which data and algo-
rithms develop together. Unlike traditional approaches,
ACC provides: an 18-25% increase in radiometric data
stability; a reduction in reflectance error of more than
70% when external illumination changes by £15%; cu-
mulative improvement in reproducibility through the
accumulation of correction factors; the possibility of
autonomous correction without operator intervention.
Thus, ACC represents a new concept in remote sensing
science, combining the physical principles of radiome-
try, artificial intelligence computing technologies, and
elements of cognitive autonomy.

Comparative analysis of static

and adaptive calibration models

The comparison of the effectiveness of the static cali-
bration model and the adaptive cycle was based on
modelling that simulated the real conditions of hy-
perspectral imaging from unmanned aerial vehicles
(iang et al., 2025). The simulation results showed that
the transition from a static to an adaptive model leads
to a significant reduction in errors and an increase in
data reproducibility (Table 1).

Table 1. Results of calibration process modelling

Indicator ‘ Static model ACC (adaptive) Change
Reflectance Error (RE) 0.032 0.009 J 71.9%
Radiometric Stability Index (RSI) 0.75 0.93 ™ 22.4%
Data Repeatability Index (DRI) 0.71 0.91 N 28.2%
Latency 90-300 s 0.12-0.25s J >99%
Computational Load (CL) 1.0 (standard) 1.34 +34%

Source: compiled by the authors
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Table 1 shows that the average reflectance error
decreased by more than 70%, confirming the ACC’s sta-
bility to changes in external lighting and viewing an-
gles. The Radiometric Stability Index increased from
0.75 to 0.93, meaning that radiometric consistency im-
proved by more than 20%, especially when shooting in
variable weather conditions. The Data Repeatability In-
dex, which reflects the reproducibility of data between
repeat missions, increased by 28%, which is associated
with the recursive learning of the system. Latency has
been reduced from minutes to fractions of a second
(120-250 ms), making real-time correction possible
directly during flight. The ~34% increase in computa-
tional load is due to the introduction of Al modules
and online weight update mechanisms, but when using
edge computing architecture, this does not reduce the
energy efficiency of the system.

The simulation results showed that the use of ACC
provides stable radiometric consistency of data during
repeated missions and changing lighting conditions.
Under conditions where the intensity of incident radi-
ation fluctuated within £15% of the baseline level, the
static model showed an increase in reflectance error to
0.032, while in ACC mode, the value remained within
0.009. This corresponds to a reduction in error of al-
most 72%, confirming the high effectiveness of adap-
tive corrections (Sethy et al., 2022). The Radiometric
Stability Index increased from 0.75 to 0.93, indicating
improved consistency between measurements taken at
different times of day and under different atmospheric
conditions. This result is explained by the presence of
a cumulative self-learning mechanism in the ACC: the
system stores the history of correction coefficients and
uses them during the next flight for predictive correc-
tion of possible drifts. During multiple flights over the
same site, the correlation coefficient between the series
of spectra increased from R?=0.81 to R?=0.95, which
means that the spectral curves practically coincide. As
pointed out by C. Nansen et al. (2023), this effect is par-
ticularly pronounced when imaging agricultural areas,
where seasonal variability and uneven soil reflectivity
create a complex radiometric background. Thus, ACC not
only ensures measurement stability, but also forms the
adaptive memory of the system, turning each mission
into a stage of knowledge accumulation that reduces
the uncertainty of subsequent observations.

One of the most notable advantages of ACC is a
significant reduction in response time. In tradition-
al calibration schemes (e.g., ELM or ARTM), the delay
between data acquisition and radiometric correction
ranges from 5 to 30 minutes, especially when post-pro-
cessing in laboratory conditions. In contrast, ACC per-
forms corrections in 0.12-0.25 seconds, allowing cali-
brated data to be obtained in near real time (Nansen et
al.,2023; Xie et al.,2024; Zhang et al., 2025). This speed
was made possible by the integration of GPU/FPGA
computing modules and a distributed edge computing
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architecture, in which correction operations are per-
formed directly on board the UAV. Kalman filters
smooth spectral drift with linear complexity O(n), while
stochastic gradient update minimises memory con-
sumption. Despite an increase in computational load of
~32%, overall energy efficiency remains high: parallel
stream processing allows for a refresh rate of 250 fps,
while the system does not require a cloud connection.
Thus, ACC combines accuracy and speed, which opens
up the possibility of real-time monitoring of agroeco-
systems, environmental objects, and geological struc-
tures in the field (Wang et al., 2021; Chen et al., 2025).
A comparative analysis has demonstrated that ACC
changes the very philosophy of remote sensing, moving
from a static procedure to a continuous self-adaptive
system. Where a static model corrects errors after they
occur, ACC acts preventively, predicting drift and com-
pensating for it before distortions accumulate. This fea-
ture makes it possible to form a cognitive observation
circuit, where the system does not simply record data,
but learns from its own measurements. As a result: re-
sistance to short-term fluctuations in illumination and
atmospheric changes is increased; the human factor
is eliminated during calibration; a knowledge base
is created that allows the behaviour of sensors to be
predicted and automatically adjusted to new shooting
conditions. In practical terms, the transition to ACC is
particularly valuable for agricultural monitoring, where
the accuracy of radiometry directly affects the assess-
ment of plant productivity, stress diagnosis and disease
detection.The ability to obtain reliable data in real time
without post-processing delays means that the calibra-
tion system becomes a decision-making element rather
than just a measurement tool. From a methodological
point of view, ACC illustrates the transition from deter-
ministic procedures to learning observation systems, in
which each new iteration increases the reliability and
cognitive autonomy of the measurement process.

The practical significance of ACC

for the agro-industrial complex

Modern Precision Agriculture systems increasingly rely
on remote sensing data to assess crop conditions, pre-
dict yields, and optimise agronomic decisions. However,
the effectiveness of such systems is largely determined
by the reliability and consistency of hyperspectral
data, which depend on the quality of calibration. In
traditional agromonitoring practice, calibration is per-
formed manually before flight or in laboratory condi-
tions, which, according to P. Sethy et al. (2022), does not
take into account changes in illumination, humidity or
vegetation conditions during the mission. Such limi-
tations are particularly noticeable in rapidly changing
microclimates, with frequent changes in cloud cover,
gusty winds, and variations in the angle of the sun. As
a result, the data loses accuracy, and vegetation indi-
ces (Normalised Difference Vegetation Index — NDVI,
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Photochemical Reflectance Index (PRI), Structure Insen-
sitive Pigment Index (SIPI), etc.) become distorted. The
introduction of the Adaptive Calibration Cycle elimi-
nates this problem, as calibration and observation be-
come a single process. The system analyses the current
shooting conditions, adjusts the reflection coefficients
and automatically updates the sensor parameters. This
stabilises data quality in real time and prevents calibra-
tion errors from accumulating.

The most noticeable advantage of ACC is evident
in vegetation analysis, where even small fluctuations
in lighting can change the shape of the spectral curve
and lead to errors in plant condition classification.
Modelling has shown that when using static calibra-
tion, the error in NDVI calculation when the illumina-
tion changes by *15% reaches 8-10%, whereas with
ACC it does not exceed 2%. Similarly, in the indices of
photochemical activity and plant stress responses, the
error is reduced by 3-4 times. This makes it possible
to: quickly identify crop stress conditions (moisture, ni-
trogen deficiency, leaf diseases); predict yield at ear-
ly stages of vegetation; optimise fertiliser application
and irrigation based on real data on the reflectivity of
foliage and soil. In addition, ACC helps to improve the
consistency of inter-seasonal measurements: while in
the traditional scheme the differences between spring
and autumn surveys reach 10-12% due to changes in
the angle of the sun, when using adaptive calibration
the discrepancy does not exceed 3%.

Modern agricultural technology complexes increas-
ingly include distributed sensor networks (tempera-
ture, soil moisture, light, pH sensors, etc.) connected
via Internet of Things (loT) platforms. The integration
of ACC with such networks creates a synergistic effect:
data from ground sensors are used as additional input
parameters to refine correction coefficients (Swamina-
than et al., 2024). Edge computing architecture allows
computing nodes (Al inference modules) to be placed
directly on board the drone or on mobile agricultural
stations. This enables local data processing without the
need to transfer it to the cloud, reduces network delays
and energy consumption, and allows for instantaneous
response to changes in plant condition without opera-
tor intervention. For example, when ACC is integrated
with a smart irrigation system, it is possible to identify
areas of water shortage in real time and automatically
regulate water supply. Similar principles apply to pre-
cision fertilisation systems, where ACC provides radi-
ometric accuracy of soil nutrition maps.

The accuracy of hyperspectral data directly affects
the economic and environmental performance of agri-
cultural production. Errors in determining chlorophyll
or moisture content can lead to excessive fertiliser
application, overuse of resources and soil degradation.
ACC, by ensuring consistent radiometric consistency,
allows for the collection of representative indicators
of plant photosynthetic activity, making it possible to

predict crop productivity with an error of no more than
3-4%. According to modelling and empirical data from
Y. Garcia-Vera et al. (2024) and M. Guerri et al. (2024), the
use of adaptive calibration schemes increases the accu-
racy of biomass and nitrogen content estimates by 15-
20% compared to traditional methods. From an envi-
ronmental perspective, ACC helps reduce the burden on
agrocenoses through the rational use of resources; re-
duces CO, emissions and fuel costs by reducing repeat
flights; and creates sustainable digital twins of agrosys-
tems, where training models are updated automatically.

As noted by J. Wu et al. (2024), the introduction of
ACC into the agro-industrial complex does not require
a radical restructuring of infrastructure. Most modern
hyperspectral cameras and UAVs are already equipped
with light sensors and computing modules,which allows
for the implementation of an adaptive cycle through
software updates (Phang et al., 2023). The economic ef-
fect is expressed in a reduction in the cost of repeat
missions and manual recalibration of equipment (by
25-30%); crop losses due to untimely stress diagnosis
(by 10-15%); and total analysis time from several days
to several hours. As pointed out by H. Liu et al. (2024),
ACC is becoming not only a scientific innovation, but
also a tool for the digital transformation of agriculture,
contributing to the growth of accuracy, efficiency and
environmental sustainability of agricultural production.
According to M. Guerri et al. (2024), the transition from a
linear to an adaptive model makes it possible to increase
the radiometric stability of data by 15-25% compared
to traditional ELM and ARTM methods; reduce correc-
tion latency from tens of minutes to seconds; automate
calibration, eliminating the need for manual interven-
tion and repeated flights; improve the reproducibility of
results during multiple missions in different shooting
conditions. Thus, ACC is not just a technical improve-
ment, but represents a new methodological paradigm,
where calibration and imaging become a single intel-
ligent process, and the spectrometric system becomes
a self-learning organism that minimises the human
factor and increases the scientific reliability of data.

Limitations, challenges and directions

for further development

Despite the obvious advantages of the Adaptive Cali-
bration Cycle, its implementation is accompanied by a
number of technological and computational limitations.
The main one remains the high load on computation-
al resources. Online correction algorithms require con-
stant updating of weighting coefficients and estimation
of spectral drift parameters in each frame. When pro-
cessing data from a hyperspectral camera (up to several
hundred channels), this creates a load on GPU proces-
sors and increases energy consumption. The average
increase in computational load compared to a static
model is estimated at 30-35%, which can become crit-
ical during long missions or when the battery capacity
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of unmanned platforms is limited. This problem is par-
tially solved by the use of edge computing architec-
tures and the optimisation of machine learning models,
in particular the use of lightweight CNNs and quasi-Llin-
ear Kalman filters with reduced dimensions. Another
factor is the demanding nature of the sensor base. For
ACC to function properly, additional downwelling sen-
sors, temperature sensors, inertial measurement units
(IMUs), and GPS systems are required to compensate
for angular and atmospheric distortions. The absence of
such modules limits the possibility of real-time calibra-
tion, reducing accuracy and reproducibility (Nansen et
al.,2023; Liu et al., 2024).

In methodological terms, the main difficulty in im-
plementing ACC is related to the lack of unified stand-
ards for adaptive calibration. Each research group or
sensor manufacturer implements its own correction
scheme and its own metrics for evaluating effectiveness
(Hohl et al., 2024; Zhang et al., 2025). This makes it dif-
ficult to compare results across platforms and integrate
data into unified databases. In addition, the issue of
adaptive model verification remains unresolved. While
static calibration is verified through reference surfaces
and laboratory measurements, ACC, with its self-learn-
ing elements, can change internal parameters without
explicit operator control. This creates a need to develop
Trusted Calibration Protocols, including the preservation
of logs of weight coefficient changes, automatic report-
ing of corrective decisions made, and visualisation of
explainability (Explainable Al) to verify the correctness
of the adaptation (Hohl et al., 2024). Such approaches
will ensure transparency and reproducibility in line with
academic standards for remote sensing data processing.

One of the key risks of ACC is the possibility of
algorithmic drift — the accumulation of self-learning
errors during prolonged operation without external
validation. If the system repeatedly updates its inter-
nal parameters based on incomplete or noisy data, it
may gradually “re-learn” itself, losing accuracy. To pre-
vent this, periodic cross-validation is proposed, based
on comparing adaptive calibration coefficients with
ground-based reference measurements (Bhargava et
al., 2024). Ideally, every 10-15™" mission should be
accompanied by a control test with known reflective
panels or surface areas. An additional measure of ro-
bustness is multi-level data filtering: the use of mod-
el ensembles, where the output of one adaptive block
is verified by another. This architecture increases the
reliability of the system and reduces the likelihood of
automatic fixation of erroneous corrections.

The introduction of adaptive calibration systems
also raises questions of trust and interpretability. Since
ACC operates autonomously to a certain extent and
makes independent decisions about corrections, re-
searchers may lose transparency in understanding how
and why certain changes were made to the data. This
requires the use of Explainable Al (XAl) modules that
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will document each step of the algorithm, ensuring the
reproducibility and scientific verifiability of the results.
From a philosophical point of view, ACC changes the
very concept of the observer in remote sensing: now it is
not a person who calibrates the system, but the system
calibrates itself based on accumulated experience. This
shifts the focus from external control to cognitive au-
tonomy of observation, where the machine becomes an
active participant in scientific experimentation. Such a
transformation requires a new regulatory framework that
defines the boundaries of responsibility and reliability
when using self-learning systems in scientific research.
Further development of the ACC concept involves
several areas. The first is the creation of hybrid cali-
bration models that combine physical radiometric prin-
ciples and deep learning methods. This will improve
interpretability and ensure resistance to noisy data. The
second is the development of a unified adaptive cali-
bration protocol for combining data from UAVs, satel-
lites, and ground sensors. Such a protocol will ensure
standardisation and compatibility between different
remote sensing systems. The third is field experiments
and validation: testing the effectiveness of ACC at ag-
ricultural sites and environmental facilities to assess
vegetation, moisture and soil structure. The fourth area
is integration with cloud and distributed data platforms
(e.g. Google Earth Engine, Copernicus DIAS), which will
enable the processing of adaptively calibrated data on
a global scale. And the fifth area concerns the expan-
sion of XAl and self-diagnostic capabilities so that each
adaptive system can explain its own actions and auto-
matically assess the reliability of its decisions.

Conclusions

The study showed that traditional static calibration
methods for hyperspectral systems no longer meet
modern requirements for accuracy and reproducibility
of remote sensing data. The Adaptive Calibration Cycle
concept is a qualitatively new approach based on the
integration of self-learning mechanisms, feedback, and
dynamic correction of imaging parameters in real time.
Unlike linear schemes, where calibration is a one-time
process, ACC provides continuous matching between
measured and reference spectra, forming a self-tuning
observation system. Modelling results confirmed the ef-
fectiveness of the proposed concept: the use of ACC re-
duced the average reflectance error by more than 70%,
increased radiometric stability by 20-25% and reduced
the response time to 0.25 seconds. These indicators
demonstrate that the transition to an adaptive model
not only improves data quality but also makes it possible
to use the data in real time, which is particularly impor-
tant for agro-industrial and environmental applications.

The practical value of ACCis evident in the increased
accuracy of vegetation index calculations (NDVI, PRI),
early detection of vegetation stress, and optimisation of
agrotechnical solutions. Thanks to its integration with
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edge computing architecture and loT networks, ACC can
become a basic element of intelligent agricultural sys-
tems capable of autonomous monitoring of crop condi-
tions, irrigation management, and fertiliser application.
This marks a transition from static analysis to cognitive
management of agricultural processes. However, the im-
plementation of ACC requires a number of challenges
to be addressed. Key issues remain the standardisation

in the results of adaptive correction. Overall, the pro-
posed ACC methodology forms a new paradigm for re-
mote sensing, where the system not only measures but
also learns to understand the observation environment.
This paves the way for the creation of intelligent, auton-
omous, and sustainable hyperspectral data processing
systems that can become the core of the digital transfor-
mation of agro-industrial and environmental monitoring.

of adaptive calibration protocols, the optimisation of
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AHHoTaumsa. [MnepcnekTpaniblk Kamepanap MeHeH ababinraH 3amaHban yukyycys ydyydy annapatrap (YYA)
[bIAKaHYbIIbIK XaHa arbln yapba 3KoCcMcTeManapbiH Tak K&36MenAee YYyH Herusru Kypanra amnadyyaa. bupok,
CEHCOPNOPAYH TaKTbirbl XOropynaraHblHa KapabacTaH, TanaaHbl Kanubpnee npoueaypanapbiHbiH CTaTUKANbIK
MYHO3YHYH METOA0/10MUsNbIK KeMreny YeunnbereH 60Ma0H Kanyyaa. bup xonky KongoHynyy4y sTanoHoyK enyeenepre
HerusaenreH CanTTyy blIKManap XapblKTblH ©3repyLly, TONYPaKTbiH HbIMAYYNYrY XaHa atMocdepanbik GakTopaop
LIapTTapblHAA MaanbiMaTTapAblH UWEHUMAYYAYTYH KaMCbi3 KblnbanT. Byn MakanaHblH Makcatbl — ApanTuBAMK
Kannbpnee umknnHuH (AKLL) KoHUenTyanablk MOLENMH KepceTyy — Oyn reofesusanbik U3nMnnee, Kanubpnee xaHa
MaanblMaTTapAbl UILTETYY 3TanTapbiH OUPAMKTYY XKabblK LUKNAMK KalTapbiM GainaHbiW LMKAMHE BUPUKTUPTEH 63
anablHYa YMpeHyy cuctemacsl. M3nnaee MeTononormsachbl SKMHUYMK SMNUPUKANbIK MaanbiMaTTapabl KONLOHYY MEHeH
Kannbpnee NpoueccTepUH MOAENAeers, CTaTUKablK XaHa afanTMBAMK bIKManapAbl CanbiWTbipManyy TanLooro
XaHa owoHaor 3ne AKLHbIH HaTbIMKanyynyryH Herusru MeTpukanap: 4arbinablpyy KatacblH, pafMOMeTpUsiibiK
TYPYKTYYNYKTY >KaHa MaanbIMaTTapAblH KaWTanaHyyyynyryH KOnLoHyy MeHeH 6aanooro HerusgenreH. LluknguH
ANropuUTMAMK ULLKE allblpbliblllbl OHMAWH OKYTYYy MexaHu3MaepuH, KasMaH ubinkacbliH XaHa peangyy ybakbiTTa
KOppeKLManoo yuyyH edge computing apxuTekTypacbiH KaMTbiraH. MoaenaeeHyH XblMbIHTbIKTapbl KOPCOTKOHAOMN,
AKLLoM mwwke awbipyy opTOYO Yarbinfblpyy KatacbiH 70 %TeH alibik a3alTaT, pagMoMeTpuanbik TypyKTyynykTy 20-
25 %ke xaKLwbIpTaT X)aHa xoon 6epyy yb6akTbicbiH 0,25 cekyHaara YeimH KbickapTaT. Aibln yapba KoNgoHMONOpYHAA
6yn ecymayktepayH uHaekctepud (NDVI, PRI) Tak aHbIKTOOro, 8CYMAYKTOPAYH CTPECCUH 63 ybarbiHAa aHbIKTOOro
aHa Cyrapyy MEeHEeH Xep CeMWUPTKMYTEPAM KOMLOHYYHY ONTUMAnAalTbipyyra MyMKyHAYK 6epeT. CyHywTanraH
METOA0M0MMs Tanaa CNeKTPOMETPUACbIHAA CTAaTMKANbIK bIKMagaH afanTMBAYY blKMara eTyyHy OenrunenTt xaHa
avibln yapba-eHAYpYL KOMMAEKCTEPUHE anblCTaH MOHUTOPUHE XYPry3yydy >KOropKy TaKTblKTbl, MaanblMaTTapAbiH
KaMTanaHyy4yynyryH >kaHa TypyKTYynyryH KaMcbl3 Kblyy4y, akbl1Ayy CUCTEMANapAblH KefleueruH aqyart

Herusru ce3nep: anbiCTaH 30HAAO00; TMNEepCnekTpaniblk CYypeTke TapTyy, aaanTaunanibik KanM6pnee;
CMEKTPOMETPUA; XKaCalMa UHTENNEKT; ANMHAMUKA/bIK METOA0N0IUA; CNEKTPANK ,El,peVICb
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AHHoTauusa. CoBpeMeHHble HecnunoTHble neTaTenbHble annapatsbl (BI1J1A), ocHaleHHble rMnepcnekTpanbHbIMMU
KaMepaMmu, CTaHOBATCS KJIIOYEBbIM MHCTPYMEHTOM TOYHOrO 3eM/efenns U MOHUTOPUHIA CEeNIbCKOXO035MCTBEHHbIX
3KOCUCTeM. TeM He MeHee, HECMOTPA HAa POCT TOYHOCTU CEHCOPOB, OCTAETCS HEpEeLIeHHOW MeTod0n0rMyeckas
npobnemMa CTaTUYHOCTM MONEBbIX KaNMOPOBOYHbIX Mpoueayp. TpaguUMOHHbIE MNOAXOAbl, OCHOBAHHble Ha
O[HOPA30BbIX 3TAIOHHbIX M3MEpeHUsX, He obecrneynBaloT AOCTOBEPHOCTb OAHHbLIX B YC/IOBUSX M3MEHSHOLLENRCS
OCBELLLEHHOCTU, BAAXKHOCTM NOYB M aTMocdepHbIX (akTopos. Llenb ctaTbM - nNpefacTaBUTb KOHLEMTYaslbHYIO
Mogenb ApgantmBHOro uuMkna kanubposku (Adaptive Calibration Cycle, ACC) - camoobyuatoweics cucTeMmsl,
WHTErpupyloLLein 3Tanbl CbeMKW, KanubpoBkM M 00pabOTKM AaHHbIX B €0MHbIA 3aMKHYTbI KOHTYp C 0OpaTHOM
CBsI3bt0. MeTogonorus nccnepgoBaHms 6asmpoBanacs Ha MOAEIMPOBaHMM MPOLLECCOB KaNMBPOBKM C MCMOMb30BaHMEM
BTOPUYHbBIX 3MMUPUYECKUX [OAHHbIX, CPABHUTENIbHOM aHaiM3e CTaTMYeCKMX M aAanTUMBHbIX MOAXOAOB, a TaKxke
oueHke 3pdekTnBHocTM ACC No k1YeBbIM METPUKaM: OWMOKa OTpaxaTeNbHOM CNOCOBHOCTH, pafMOMeETpUYecKas
CTabunbHOCTb M BOCMPOM3BOAMMOCTb AAHHbIX. ATTOPUTMUYECKas peann3aLms LMKa BKIKYana MeXaHW3Mbl OHNANH-
obyyeHuns, dunbtp KanmaHa u apxutekTypy edge computing An8 KOppekuun B peanbHOM BpeMeHU. Pe3ynbTaThl
MOAENMPOBaHMs nokasanu, uyto BHeapeHne ACC cCHMKaEeT CcpeaHIo0 OWMBKy OTpaXaTebHOM CnocobHoCTH 6onee yem
Ha 70 %, NoBbIWAET paguMoMeTpUUeckyr CTabunbHoCcTb Ha 20-25 % u cokpalyaeT BpeMsi otkamka ao 0,25 cekyHabl.
B arpapHbix npunoxeHusx 310 obecneymBaeT bonee TOYHOE onpedeneHue BereTauMoHHbIX mHAekcoB (NDVI,
PRI), cBoeBpeMeHHOE BbiSIBNEHWE CTPECCOB PACTEHUM U ONTUMM3ALMIO OpPOLLEHUs U yaobpeHui. MNpeanaraemas
MeToponorns GopMupyeT nepexon OT CTaTMY4ECKOro K afanTMBHOMY MOAXOAY B MONEBOM CNEKTPOMETPUM U
OTKPbIBaeT NepCrneKkTVBbl ANS MHTENNEeKTYasbHbIX CUCTEM AMCTAHLUMOHHOIO MOHWUTOPMHIA arponpoMBbILLIEHHOTO
KoMnnekca, obecneymBas BbICOKYH TOYHOCTb, BOCMPOU3BOAMMOCTb M YCTOMYMBOCTb AAHHbBIX

KnioueBble cnoBa: OUCTaHLMOHHOE 30HOMPOBaHME; TUNepCcneKTpasibHaad CbeMKa; aAanTUBHAA Ka.ﬂM6DOBKa;
CMEKTPOMETPUA; VICKyCCTBEHHbIﬁ MHTENNEKT, AMHaMU4eCKasd MeTon010rms; CI'IEKTpaJ'IbeIVI ,IJ,DEVId)
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