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sorghum, spring barley, sunflower, and a fallow field. Two factors were examined: microbial preparations and tillage
(ploughing vs. ploughless). The Ecostern preparation, containing various bacterial strains and Trichoderma fungi,
significantly accelerated winter wheat straw decomposition, achieving 45.9%-63.6% degradation within 90 days, a
31.4% increase over the control. The preparation Organic Balance, comprising Bacillus subtilis and other bacterial
strains, maximised barley straw degradation at 80.1%. Sunflower residue mineralisation increased by 48.0%-55.5%
with microbial treatments. These preparations also enhanced soil humus content by 0.06%-0.09%. The improved
soil nutrient regime led to sorghum yield increases of 12.8%-45.3%, varying with tillage method. Spring barley
yielded a maximum of 2.25 t/ha under ploughing with Organic Balance. Sunflower seed yields rose by 0.1-0.22 t/ha
with ploughing. The accelerated organic matter transformation boosted soil biological activity, contributing to
ecological sustainability. Ammonifying and nitrifying microorganism counts were highest with Ecostern and Organic
Balance under shallow ploughless tillage, ranging from 19.82-25.87 and 7.31-12.76 CFU, respectively. Overall,
the microbial preparations improved the soil’s nutrient regime, resulting in significant increases in crop yields

Keywords: agroecosystem; cellulose decomposer; crop rotation; microorganisms; productivity; soil fertility;

sustainability

INTRODUCTION

Ukraine faces the urgent task of increasing the efficien-
cy of using both organic and mineral fertilisers. On ir-
rigated land, environmental problems are largely asso-
ciated with the use of large doses of mineral fertilisers.
Reducing the chemical burden on the soil is possible
by utilising atmospheric nitrogen and activating native
soil resources. This goal can be achieved through the
application of microbial preparations that stimulate
nitrogen fixation from the atmosphere and mobilise
phosphorus in the soil.

S. Stamenkovi¢ et al. (2018) tell that the use of
plant growth-promoting microorganisms (PGPMs) as
a replacement for, or supplement to, conventional fer-
tilisers can reduce their required dosage, improve eco-
logical sustainability, and make agricultural practices
more environmentally friendly. According to A. Panfilo-
va (2021),one of the most significant roles in this regard
is played by specific nitrogen-fixing bacteria, which,
under certain crop and cultivation conditions, may re-
place the application of chemical nitrogen fertilisers. In
addition, the soil biota facilitate the decomposition of
plant residues into nutrients and stimulate the miner-
alisation of organic matter into mineral elements that
are available for plant uptake and are subsequently ac-
cumulated in the soil. To promote the biological accu-
mulation of nutrients in soils, specific microbial prepa-
rations are required. Some are applied by inoculating
the soil, while others are used to treat seeds. Previous
studies conducted in southern Ukraine by I|. Bidnyna et
al.(2021) confirm that microbial preparations can effec-
tively compensate for the application of 40-60 kg/ha of
mineral nitrogen and 15-30 kg/ha of phosphorus. Most
microbial preparations contain strains of beneficial bac-
teria capable of fixing and accumulating atmospheric
nitrogen in a form accessible to cultivated plants. These
bacteria typically colonise and act in close proximity
to plant roots, in the so-called rhizosphere. Inoculation
of the rhizosphere with beneficial bacterial and fungal
strains supports the ecological sustainability of the
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agroecosystem and enhances overall crop productivity.
A. Aasfar et al. (2021) argue that the most widely used
and effective soil-enhancing bacteria are nitrogen-fix-
ing strains of Azotobacter, which significantly improve
soil biological fertility and crop yields, contributing to
sustainable agricultural development.

Soil microbiota and their activity determine the in-
tensity, direction, and quality of organic matter trans-
formation and nutrient cycling. J. Jansson and K. Hof-
mockel (2020) emphasise that this microbial activity
plays a key role in influencing soil ecosystem stability
and carbon sequestration, thus contributing to environ-
mental sustainability and impacting greenhouse gas
emissions and related climate concerns. The complex
pool of soil organic matter, transformed by soil and
rhizosphere microbiomes, is characterised by trophic
diversity among microbial agents. It includes hundreds
of heterotrophic bacterial strains with diverse traits and
specific biological activities, including ecological trans-
formation processes and patterns of soil organic matter
immobilisation, as reported by M. Bohdan et al. (2021).
P. Wu et al. (2021) also emphasise the importance of
conducting robust and carefully designed studies on
soil organic matter transformation under the influence
of climate change and microbiome variation. Research
into changes in chemical characteristics and metabolic
rates provides essential insight into soil organic matter
cycles, which, in turn, forms the basis for understand-
ing the mechanisms underlying the transformation of
complex organic compounds. A. Honchar et al. (2021)
highlight the necessity of both theoretical and practi-
cal knowledge on this topic, as it determines the suc-
cess of introducing external bacterial species into the
soil microbiome and, consequently, affects the overall
outcomes of crop symbiosis with new soil inhabitants.

Against the backdrop of ongoing climate change,
agricultural science faces the challenge of trans-
forming crop cultivation technologies based on the
principles of climate-smart, environmentally friendly




agriculture to ensure sustainable development and
food security. It is particularly important to transition
to climate-smart crop production in vulnerable arid
and semi-arid regions, which are most severely affect-
ed by the intensification of global warming. For ex-
ample, A. Teklu et al. (2024) report that climate-smart
agricultural innovations, such as rational crop resi-
due management, compost fertilisation, and efficient
agroforestry practices, significantly improve food and
nutrition security in Ethiopia, whereas soil and water
conservation measures, among others, show inconclu-
sive effects. In some cases, adaptation strategies prove
insufficient to provide the necessary level of resilience,
as found by P. Singh and H. Chudasama (2021) in their
study conducted in the vulnerable semi-arid regions
of India. Strategies for preserving and enhancing soil
fertility form the foundation for effective adaptation of
modern agriculture to current food security challenges
and must ensure adequate resilience within agroeco-
systems, including the maintenance of soil fertility as a
core parameter supporting crop production.

D. Pleissner (2020) notes that soil fertility is closely
linked to the availability of essential nutrients for crops,
a factor of both ecological and bioeconomic signifi-
cance for the productivity and stability of agroecosys-
tems. D. Ronga (2019) demonstrates the high efficien-
cy and promising potential of microbial biofertilisers
derived from specific algae, which can improve crop
yields effectively without compromising environmen-
tal sustainability, biodiversity, or the economic viabili-
ty of agrotechnologies. S. Rajan and M. Upsdell (2021)
propose the introduction of Acidithiobacillus species
into crop production to reduce the use of synthetic
phosphorus fertilisers in modern agricultural practices,
thereby enhancing the environmental safety of farming.
Another promising form of microbial preparation is mi-
crobiological plant residue decomposers (e.g. stubble
destructors and decomposers), which act by increasing
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the rate of stubble and straw decomposition and min-
eralisation, enhancing soil biological activity and, as a
result, improving overall soil quality.

The main aim of this study was to evaluate the ef-
fectiveness and rationality of using microbial stubble
destructors and cellulose decomposers to facilitate or-
ganic matter transformation in the soil under different
tillage methods, including conventional ploughing and
shallow surface tillage, within a typical rainfed crop ro-
tation system in southern Ukraine.

MATERIALS AND METHODS

The study on the efficiency of microbial preparations
for transforming soil organic matter was conducted un-
der rainfed conditions in the south of Ukraine during
the period 2016-2020, on the experimental fields of the
Institute of Climate-Smart Agriculture of the National
Academy of Agrarian Sciences of Ukraine, located in
the Bilozerka District of Kherson Region (coordinates:
46°44'33" N, 32°42'28" E). Observations and meas-
urements were carried out within a typical crop rota-
tion involving the following sequence of crops: winter
wheat — grain sorghum — spring barley — sunflower
— fallow field. The experiment was designed as a sys-
tematic trial with three replications. The measured area
of each second-grade experimental plot per treatment
was 44 m? (plot configuration: rectangular, 11x4 m).
The soil of the experimental field was classified as
darkchestnut, medium loamy, with a humus content
of 2.2% in the arable layer, determined using Tiurin’s
method (DSTU 4289:2004, 2005). The field capacity
of the one-metre soil layer, determined using the soil
saturation method (Karkanis, 1983), was 22.4%, while
the wilting point was 9.5%. Groundwater was found at
depths exceeding 10 metres. The study examined two
factors: Factor A - soil tillage system, Factor B — micro-
bial preparation. The experimental design is summa-
rised in Table 1.

Table 1. Experimental design: influence of tillage systems
and microbial preparations on soil organic matter transformation

Factor A

Factor B

Plough tillage (P) for: winter cereal precursors - 2325 cm;
winter cereals - 12-14 ¢cm; grain sorghum - 25-27 cm;
spring barley - 18-20 cm; sunflower - 2830 cm

Control (no preparation applied)

Preparation 1 (Ecostern; application rate: 0.3-2.0 L/ha)

Preparation 2 (Organic Balance; application rate: 0.251.50 L/ha)

Preparation 3 (Bionorm; application rate: 1.5 L/ha)

Deep ploughless tillage with chisel cultivator (CP) for:
winter cereal precursors — 23-25 cm; winter cereals - 12-14 cm;
grain sorghum - 25-27 c¢m; spring barley - 18-20 cm;
sunflower - 28-30 cm.

Control (no preparation applied)

Preparation 1 (Ecostern; application rate: 0.3-2.0 L/ha)

Preparation 2 (Organic Balance; application rate: 0.251.50 L/ha)

Preparation 3 (Bionorm; application rate: 1.5 L/ha)

Shallow ploughless tillage with disc implements (DT)
at a depth of 12-14 cm for all crops in the crop rotation.

Control (no preparation applied)

Preparation 1 (Ecostern; application rate: 0.3-2.0 L/ha)

Preparation 2 (Organic Balance; application rate: 0.251.50 L/ha)

Preparation 3 (Bionorm; application rate: 1.5 L/ha)

Source: compiled by the authors
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The key features and composition of the microbial
preparations studied are as follows:

1) Ecostern is a biodecomposer of plant residues
with specific activity aimed at enhancing soil biological
activity, providing ameliorative and anti-degradation
effects. The preparation was produced by BTU-CENTRE
(Biotechnologies of Ukraine). Its composition includes
bacteria from the genera Bacillus, Paenibacillus, Azoto-
bacter, Enterobacter, Enterococcus, Agrobacterium, and
fungi from the genus Trichoderma.

2) Organic Balance is a systemic biological prepa-
ration containing a beneficial consortium of microor-
ganisms, including cellulose decomposers, nitrogen
fixers, and phosphorus mobilisers. It accelerates the
decomposition of organic matter and the accumulation
of humus in the soil, thereby promoting increased soil
fertility and the restoration of soil health. The prepara-
tion is also produced by BTU-CENTRE, and its microbial
composition includes Bacillus subtilis, Azotobacter, Pae-
nibacillus polymyxa, Enterococcus, and Lactobacillus.

3) Bionorm is a cellulose decomposer with a broad
spectrum of activity. It is produced by the Institute of
Agroecology and Environmental Management of NAAS.
[ts microbial composition comprises a complex of
beneficial fungi (Trichoderma harzianum, Trichoderma
lignorum) and bacteria (Pseudomonas fluorescens, Pseu-
domonas aureofaciens, Paenibacillus polymyxa).

Laboratory investigations were conducted in the
certified analytical laboratory of the Institute of Irri-
gated Agriculture of NAAS (now the Institute of Cli-
mate-Smart Agriculture of NAAS). The content of
macronutrients in the above-ground plant biomass
was determined as follows: total nitrogen - by the
Kjeldahl method (DSTU ISO 11261:2001, 2003); phos-
phorus - by the colorimetric method using ascorbic
acid; potassium - by the flame photometric method
(DSTU 4114:2002, 2003). The organic matter content

in the soil was measured using Tiurin’s method
(DSTU 4289:2004, 2005). The number of major soil
microbiota groups was assessed in the 0-30 cm soil
layer by culturing a soil suspension in nutrient me-
dia: ammonifying bacteria - in meat-peptone agar;
nitrifying bacteria - in aqueous agar with ammonium
magnesium salt. Following inoculation, the cultures
were incubated in a thermostat at 28°C for 14 days.
Colony growth was quantified, assuming each viable
cell could form a separate colony. Microbiota abun-
dance was expressed in colonyforming units (CFU)
per gram of absolutely dry soil. Soil moisture content
was determined by the gravimetric method (DSTU ISO
11465:2001, 2003). Microbiological analyses were
performed in triplicate.

Statistical processing of the data was conducted
using a two-way ANOVA procedure adapted for agricul-
tural research, with Fisher’s least significant difference
(LSD) test applied to identify statistically significant dif-
ferences between treatments (Agbangba et al., 2024).
All analyses were conducted at P <0.05. The study was
conducted following the standards of the Convention
on Biological Diversity (1992).

RESULTS AND DISCUSSION

After harvesting, a substantial portion of organic mat-
ter in the form of shredded plant biomass and stubble
remains on the field. The analysis of these residues re-
vealed that the highest biomass levels were observed
in the post-harvest period following winter wheat cul-
tivation - 4.66-5.24 t/ha, while the lowest quantity of
plant residues was recorded for spring barley - 2.35-
2.50 t/ha (Fig. 1). The largest amount of plant resi-
dues was produced under ploughing tillage, totalling
15.88 t/ha. Chisel tillage reduced the quantity of plant
residues by 7.6%, whereas shallow ploughless tillage
led to a 13.4% reduction.
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Figure 1. Effect of tillage on the yield of plant residues in the crop rotation

Source: compiled by the authors

The chemical composition and nutrient content
of plant residues varied across crops. The highest
levels of nitrogen (23.3-27.9 kg/ha) and phosphorus
(12.3-147.8 kg/ha) were found in the organic biomass
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of grain sorghum, while the lowest were observed in
the biomass of spring barley (12.2-13.0 kg/ha of ni-
trogen and 6.8-7.2 kg/ha of phosphorus, respectively).
Over the entire crop rotation, the biomass contained




80.9-94.5 kg/ha of organic nitrogen, 39.0-45.5 kg/ha
of phosphorus, and 226.1-269.1 kg/ha of organic po-
tassium. The highest nutrient contents were observed
under ploughing tillage, while the lowest were record-
ed under shallow tillage (Fig. 2). Varying tillage depths
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and methods led to differences in the rate of organic
matter transformation. The most rapid transformation
of plant organic matter was recorded under ploughing
tillage, which is attributed to more effective shredding
and incorporation into the soil (Table 2).
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Figure 2. Impact of soil tillage on the nutrient content in the biomass of cultivated crops

Source: compiled by the authors

Table 2. Influence of microbial preparations on the decomposition rate
of plant residue in crop rotation over 90 days, depending on tillage systems, %

Soil tillage system (Factor A)

Crop in the crop rotation Microbial preparation

Ploughless

(Factor B) Plough
deep shallow
Control 23.0 219 18.7
Preparation 1 63.6 53.9 459
Winter wheat
Preparation 2 59.7 49.4 41.6
Preparation 3 56.1 47.6 40.0
Control 20.2 19.1 16.1
Preparation 1 22.3 21.7 19.6
Grain sorghum -
Preparation 2 23.7 22.9 20.1
Preparation 3 22.9 22.1 19.1
Control 31.5 29.0 24.7
Preparation 1 55.0 50.1 473
Spring barley -
Preparation 2 55.3 51.9 47.6
Preparation 3 539 49.7 46.7
Control 25.4 24.0 20.4
Preparation 1 38.7 35.3 33.2
Sunflower
Preparation 2 39.5 371 334
Preparation 3 371 37.3 31.3

LSD

05’

% for the studied factors:A-1.9;B - 2.3

Source: compiled by the authors

In the case of shallow disc tillage, the shredded
plant biomass is incorporated only into the topsoil,
where moisture is rapidly lost, negatively affecting the
conditions for the survival and activity of the soil mi-
crobial community. This, in turn, results in slower trans-
formation of organic matter. Therefore, in this tillage

variant, the decomposition and transformation of plant
residues proceed significantly more slowly than under
deep tillage conditions. Optimising the transforma-
tion of plant residues into soil organic matter within
the crop rotation enhances soil biological activity and
leads to an increase in soil humus content (Fig. 3).
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Figure 3. Soil humus content in the arable (0-30 cm) layer, depending on microbial preparations and tillage system, %

Source: compiled by the authors

It was found that deep incorporation of plant
residues into the soil significantly increased organic
matter content in the variants treated with the Ecos-
tern microbial preparations (by 0.06%) and Organic
Balance (by 0.07%-0.09%). However, the application
of Bionorm did not lead to a significant increase in
humus content. Under the shallow tillage system, the
effect of Organic Balance on soil organic matter was
greater (0.09% increase) compared with deep chisel

and plough tillage (which showed only a 0.07% in-
crease). The abundance of beneficial soil microbio-
ta was influenced by the application of the studied
microbial preparations. The number of ammonifying
bacteria in the arable soil layer of the fallow field
was slightly higher under the shallow tillage system
(22.8125.87 million CFU), whereas under deep tillage
systems, it ranged from 21.08 to 23.34 million CFU
(Table 3).

Table 3. Number of ammonifying and nitrifying microbiota in the arable (0-30 cm) soil layer
of the fallow field, depending on tillage systems and microbial preparations

L Microbial Number of microbiota in CFU per 1 g of absolutely dry soil
Soil tillage system . e - P
(Factor A) preparation Ammonifying Nitrifying
(Factor B) 21 April 17 June 7 August 21 April 17 June 7 August
Control 21.08 17.34 16.69 10.78 8.07 7.63
Plouah Preparation 1 22.60 21.71 21.51 11.98 10.16 9.03
ou

9 Preparation 2 23.34 22.17 22.47 12.53 11.17 9.34
Preparation 3 22.03 22.01 22.14 9.94 9.44 7.63
Control 22.02 18.11 15.43 10.23 7.36 5.45
Preparation 1 22.88 18.98 19.15 10.46 8.94 6.89

Deep ploughless -
Preparation 2 23.08 22.06 21.07 11.51 9.17 6.69
Preparation 3 2291 18.07 14.93 11.28 8.66 6.31
Control 22.81 17.78 15.58 10.71 8.11 6.04
Preparation 1 23.04 18.66 19.82 12.75 9.26 731

Shallow ploughless -
Preparation 2 25.87 22.95 21.00 12.76 9.47 752
Preparation 3 23.08 20.16 19.29 11.58 8.71 6.57

Partial differences:
LSD

A-093;B-0.90

A-0.37;B-0.32

05 Main effects:

A-0.40;B-0.34

A-0.32;B-0.27

Source: compiled by the authors

The application of Organic Balance had the strong-
est impact on the population of beneficial microbi-
ota in the soil, exceeding the control by 3.08 million
CFU per 1 g of absolutely dry soil under a deep till-
age system. During the growing season, the number
of ammonifying microorganisms decreased; however,
the highest counts were recorded when Organic Bal-
ance was applied. During the growing season of grain
sorghum, the population of nitrifying microorganisms
in the soil was lower in all variants - by 15.6%-16.2%
under deep ploughless tillage and by 19.6% under shal-
low ploughless tillage, respectively. The population of
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ammonifying microorganisms in the arable soil layer
of spring barley crops increased by 4.8%-23.5% under
ploughing with the application of microbial prepara-
tions, with the greatest increase observed when the
Ecostern biopreparation was applied. Under deep
ploughless tillage, the population of ammonifying mi-
croorganisms in the soil was 3.6%-44.2% higher than
under ploughing. In the case of shallow ploughless till-
age with Bionorm, the population of ammonifying mi-
croorganisms significantly exceeded that of the control
variant (by 3.5%-7.7%). Changes in soil biological activi-
ty also affected the yields of the studied crops (Table 4).
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Table 4. Crop yields, depending on tillage systems and microbial preparations

Tillage system (Factor A)

Microbial preparation

(Factor B) Plough Ploughless Average by Factor B
deep shallow
Grain sorghum
Control 3.32 3.01 2.90 3.08
Preparation 1 4.38 4.01 3.78 4.06
Preparation 2 4.76 4.36 3.81 4.31
Preparation 3 3.96 3.69 3.29 3.65
Average by Factor A 4.10 3.77 342 3.76
LSD,, t/ha: partial differences: Factor A - 0.23; Factor B - 0.20
main effects: Factor A - 0.09; Factor B - 0.11
Spring barley
Control 2.10 2.05 1.87 2.01
Preparation 1 2.16 2.13 2.10 2.13
Preparation 2 2.25 2.17 2.07 2.16
Preparation 3 2.21 2.10 1.99 2.10
Average by Factor A 2.23 212 1.96 2.10
LSD,, t/ha: partial differences: Factor A - 0.10; Factor B - 0.14
main effects: Factor A - 0.06; Factor B - 0.06
Sunflower

Control 3.31 2.95 2.66 2.97
Preparation 1 3.49 3.15 2.88 3.17
Preparation 2 3.51 317 2.90 3.19
Preparation 3 341 3.07 2.79 3.09
Average by Factor A 3.42 3.07 2.79 3.09

LSD,, t/ha: partial differences: Factor A - 0.10; Factor B - 0.14
main effects: Factor A - 0.06; Factor B - 0.06

Source: compiled by the authors

Under ploughing, the highest yield of sorghum
grain was obtained in the variants with Organic Bal-
ance application - 4.76 t/ha,and Ecostern application -
4.38 t/ha. Treatment with Bionorm resulted in lower
sorghum vyields, by 0.80, 0.73, and 0.63 t/ha, respec-
tively. The switch to deep ploughless tillage reduced
the effect of soil microbiota, with differences between
the variants ranging from 0.35-0.67 t/ha. Under this
tillage, Organic Balance produced a yield of 4.36 t/ha,
and Ecostern - 4.01 t/ha. Under shallow ploughless
tillage, sorghum yields were almost identical with
Ecostern and Organic Balance treatments - 3.78-
3.81 t/ha. Treatment with Bionorm led to a slightly
lower yield, though it remained higher than that of
the control. Under ploughing, all microbial prepara-
tions increased the yield of sunflower seeds by 0.06-
0.20 t/ha, with the most significant increases recorded
for Ecostern and Organic Balance. The application of
Ecostern and Organic Balance under shallow disc till-
age also resulted in an increase in sunflower yield by
0.22 and 0.24 t/ha, respectively.

Microbial preparations are essential for the suc-
cessful transition towards biologisation in agriculture.
M. Pylak et al. (2019) assert that current trends in the
transformation of crop production based on sustaina-
ble, climate-smart organic agrotechnologies require

microbial preparations to replace conventional chemi-
cal agents used for plant care and protection, as well as
chemical fertilisers and soil ameliorants. P. Rowinska et
al. (2024) confirm that among the various types of mi-
crobial agents used in agriculture, stubble biodestruc-
tors — in the form of plant residue decomposers and
soil biological activity enhancers - are of great interest
and importance in creating the conditions necessary
for soil fertility preservation in conservation agricul-
ture systems. The application of biological agents not
only improves the overall fertility and ecological status
of the soil but also contributes to increased yields and
enhanced crop quality, thereby promoting the sustaina-
bility of agroecosystems and the environment.

The scientific and practical results of the pres-
ent study are generally consistent with the findings
of researchers from abroad. Studies by H. Chandra et
al. (2020) have shown that soil fertility is directly re-
lated to the activity and vitality of beneficial soil mi-
crobiomes. Plant residues were found to transform into
biochemical compounds available to plants over sev-
eral years. This process depends on both abiotic and
biotic factors, primarily soil moisture and temperature.
E.Ampt et al. (2019) point out that the use of biological
organic matter transformers accelerates the decompo-
sition of plant residues and their incorporation into the

Scientific Horizons, 2025, Vol. 28, No. 5
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soil, prevents unproductive losses through minerali-
sation and leaching, and contributes to enhanced soil
fertility, increased crop yields, and improved quality of
agricultural products.

In Ukraine, the majority of scientific studies have
focused on the Ecostern microbial preparation. The
study by O. Kovalenko (2023) reports that the use of
this preparation within an integrated agrotechnology
system resulted in a significant increase in the yield
of spring barley varieties Hermes and Avatar. In addi-
tion, O. Kovalenko (2022) found that the treatment of
plant residues with Ecosterm led to an increase in the
population of cellulose-decomposing microbiota in the
soil and promoted overall higher biological activity of
beneficial soil microorganisms. Yields of winter wheat
grain increased by 0.45-0.67 t/ha, depending on the
preceding crop, as a result of Ecostern application as a
stubble biodestructor. The study by O. Kuts et al. (2022)
confirmed that a biological fertilisation system incor-
porating Ecostern as a stubble decomposer and Organ-
ic Balance as a source of beneficial bacteria resulted
in the highest levels of nitrogen-fixing microbiota in
the soil compared with conventional fertilisation sys-
tems. However, the yield increase under this system
was not the highest when compared with organo-min-
eral fertilisation. The study by T. Khomenko et al. (2023)
demonstrated that the application of Ecostern led to
an increase in soil organic matter in the arable layer by
0.09%-0.11% compared to the control. V. Dudchenko et
al. (2021) reported the beneficial effect of Ecostern
on soil microbiota and soybean productivity within a
rice-based crop rotation. A positive impact of biological
preparation application was also noted in studies on
legume crop productivity. Moreover, microbial agents
were found to enhance the quality of pea and soybean
seeds, as reported by I. Horodyska et al. (2021). A. Pan-
filova and Y. Byelov (2022) claimed that Ecostern ap-
plication increased the availability of key nutrients in
the soil, primarily due to improved mineralisation of
precursor residues. It is important to note that the most
favourable soil properties were observed under treat-
ment with the microbial stubble decomposer in combi-
nation with plough tillage.

However, there are some inconsistencies in the
current evidence regarding the application of stubble
biodestructors. For example, V. Fomenko and A. Kaziu-
ta (2023) found that the use of biological stubble de-
structors had negative effects on soil humus content
and humification processes, in some cases even leading
to dehumification. Therefore, the effectiveness of mi-
crobial biocomposers remains questionable, as their
impact may vary significantly depending on soil type,
tillage method, crop type, and other factors.

Concerning tillage systems, their impact is highly
dependent on soil type and the general agroclimatic
conditions of crop cultivation. There is some evidence
in favour of no-till and minimal tillage practices for
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organic matter conservation, particularly in cropping
systems where precursor residues are retained in the
field. However, the difference, according to a study by
B. Thapa et al. (2018), was statistically significant only
for nitrogen (20.4%) and organic carbon (16.5%). The
study provided strong support for the no-till system in
terms of soil carbon sequestration compared to con-
ventional deep tillage. M. Szostek et al. (2022) demon-
strated that tillage systems significantly influence soil
microbial activity, with the least favourable conditions
observed under conventional ploughing, and the most
favourable under simplified systems (e.g. shallow sub-
surface cultivation and disc harrowing). Similarly, the
study by Y. Li et al. (2020) showed that reduced tillage
and stubble retention led to higher microbial diversity
and biological activity in soils. Soil biological activity
was strongly influenced by both the depth and type of
tillage, reaching its maximum under minimal and con-
servation tillage systems. This could be attributed to
the increased microbial biomass observed under re-
duced tillage conditions. Different cropping patterns
and tillage techniques influence nodulation, nitrogen
fixation, and the composition of microbial communities.
They also affect soil aeration, structure, and water-use
efficiency. P. Angon et al. (2023) emphasise that con-
servation tillage systems are superior to conventional
deep ploughing in maintaining optimal soil properties
and fertility. Higher surface retention of crop residues,
encouraged by conservation tillage, was directly asso-
ciated with elevated levels of soil organic carbon, mi-
crobial biomass, potential nitrogen mineralisation, total
nitrogen, and available phosphorus. No-tillage man-
agement promotes soil fertility, increases soil organic
matter, and may even enhance the nutrient supply to
crops through changes in microbial biomass minerali-
sation and nutrient immobilisation processes.

While these findings support reduced tillage, the
study by B. Okorie and Y. Niraj (2022) offers contrast-
ing evidence, highlighting improvements in overall soil
fertility, as well as physical and chemical properties -
including soil organic matter content - under conven-
tional plough tillage. Nonetheless, in certain cases,
ploughing may cause excessive soil loosening and loss
of soil organic carbon. In such instances, no-till and
minimal tillage practices prove more beneficial. There-
fore, the influence of tillage systems on soil biological
activity and fertility remains contentious, necessitating
further robust investigation and meta-analysis.

CONCLUSIONS

The results of the study indicate that the most intensive
transformation of wheat straw (45.9%63.6%) occurred
following the application of the Ecostern microbial
preparation, exceeding the control variant by 31.4%.
The use of microbial organic matter-transforming
agents increased the rate of grain sorghum residue de-
composition by 5.9%-20.0%, with the Organic Balance




biopreparation demonstrating the greatest efficiency.
The intensity of barley straw transformation was 80.1%
higher under the application of Organic Balance com-
pared to the control. The treatment of sunflower plant
residues with biodecomposer agents accelerated stub-
ble transformation by 48.0%55.5%, with the degree of
decomposition reaching 33.4%-39.5%. The application
of microbial preparations promoted the immobilisation
of organic polysaccharides in plant residues, increased
microbial populations, and, consequently, facilitated
the accumulation of organic nitrogen compounds with-
in microbial biomass, thereby enhancing the return of
organic matter to the biological cycle.

The establishment of a favourable soil nutrient
regime through the use of biodecomposers resulted
in increased sorghum grain yields by 12.8%-45.3%,
depending on the tillage system. The greatest impact
was observed with the Organic Balance preparation:
yields ranged from 3.81 to 4.76 t/ha, whereas the con-
trol produced only 2.90-3.32 t/ha. Under plough till-
age, the highest barley grain yield (2.25 t/ha) was also

Bidnyna et al.

obtained with the application of Organic Balance. All
biodecomposer agents led to increases in sunflower
yield by 0.10-0.24 t/ha, with the highest yield (3.51 t/
ha) observed under plough tillage combined with Or-
ganic Balance application. Overall, the use of microbial
preparations under an optimal tillage regime offers a
lever for efficient, environmentally sustainable regu-
lation of soil fertility and biological activity, alongside
notable improvements in crop productivity. Further re-
search is needed to identify the most suitable microbial
agents for specific agroecological conditions and agri-
cultural practices.
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AHoTauis. [JaHe foCnigKeHHS Mano Ha MeTi OLiHUTU edeKTUBHICTb MIKPOBHWUX areHTiB y po3knafaHHi OpraHivyHmx
peLuToK 3a pi3HMX cnocobiB 06pobiTky rpyHTY Ha niBaHI YkpaiHu B 2016-2020 pokax. [ocnigkeHHS npoBoAnnoCs
Ha TEMHO-KALUTAHOBOMY TpYHTi B GOrapHiii CiBO3MiHi 3 03MMOK MLEHMLE, 3€PHOBUM COPro, SIpUM SIUMEHEM,
COHALUIHWKOM Ta MOJIEM Nif NapOM, PO3TALLOBAHUMM B IHCTUTYTI KNIMAaTMYHO OPIEHTOBAHOTIO CiIbCbKOr0 rocnoaapcTaa
HauioHanbHoi akageMii arpapHux Hayk. Jocnifxysanu aBa daktopu: MikpobHi npenapatv Ta obpobiTOK rpyHTY
(nonuuesuit un 6enonuuesumii). Npenapat «EKOCTEpH», WO MiCTUTb pi3Hi WTaMu HakTepii Ta rpubu Trichoderma,
3HaYHO MPUCKOPMB PO3KIALAHHS CONOMM O3MMOI MLIEHMLI, [OCArHYBLWMK 45,9-63,6 % po3knagaHHs npotsarom 90
[HIB,Wwo Ha 31,4 % Binblwe, HixXX y KOHTponi. «OpraHik banaHc» 3 Bacillus subtilis Ta iHWMMKU 6akTepianbHUMU LUTAMAMMU
MaKCMMasbHO NPUCKOPUB PO3KIaAaHHS conoMu sumeHto Ha 80,1 %. MiHepani3auis peluTok COHALWHMKY 30inblumnnacs
Ha 48,0-55,5 % nicnsa 06pobku 6ionpenapatamu. [locnigKyBaHi npenapatyt TAKOX MiABULLMIM BMICT T'yMyCy B FPYHTI
Ha 0,06-0,09 %. MMoKpalLeHHSI MOXMBHOTO PEXUMY I'PYHTY NPM3BENO A0 30inblUeHHS BPOXAMHOCTI copro Ha 12,8-
45,3 % 3anexHo Bif, 06pobiTKy I'pyHTY. BpoxaliHicTb Aporo sYMeHto cTaHoBmna 2,25 1/ra 3a NoNMLEBOi OpaHKKM Ta
BHeceHHs npenapaty «OpraHik banaHcy. BpoxaliHicTb HACiHHA COHAWHMKY 3pocna Ha 0,1-0,22 1/ra 3a noauuesoro
006pobiTKy rpyHTy. MNpuckopeHa TpaHCchOpMaLlig OpraHivyHoi pevyoBUHM NiABULWMAG BIONOriYHY aKTUBHICTb FPYHTY,
CNpUsAYM MOro eKonorivHin cTirkocTi. KinbKicTb aMoHidikyruuMx Ta HIiTpUdikyluMx MikpoopraHismie 6yna
HaMBMLLO 33 MiNIKOro 6e3nonunLeBoro 06pobiTKy FpyHTY 3a BHeCeHHs «EkocTepH» Ta «OpraHik banaHc» i ctaHoBuNa
19,82-25,87 1a 7,31-12,76 KYO BignosiaHo. 3peluToto, MikpobHi npenapaTty NoKpawuam NOX1MBHUIA PEXMUM FPYHTY,
LLLO NPpU3BENO A0 3HAYHOIO MiABULLEHHS BPOXXAMHOCTI CiNnbCbKOrOCNOAAPChKMUX KYNbTYp
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I'PYHTY; CTaNM PO3BUTOK
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Darya, degradation of irrigation infrastructure, and deterioration of water quality create conditions under which
conventional water-intensive crops such as rice become economically and environmentally unviable. A review
of sources confirmed that, along with technical measures such as the introduction of water-saving technologies,
the transition to more drought-resistant crops, including sorghum, is becoming increasingly significant. Sorghum
was demonstrated to have unique physiological adaptations to water and heat stress due to its morphological
and anatomical characteristics, growth phases, and ability to retain green mass. In the Aral Sea region, this
crop is considered a key element in the strategy for adapting crop production to changing climatic conditions.
Furthermore, sorghum has a wide range of applications, from food and feed to bioenergy, which highlights its
agro-economic value. The literature review also noted growing interest in the genetic and breeding potential
of sorghum: international gene banks hold more than 42,000 samples, including unique genotypes from Africa
and Asia, which opens prospects for the creation of sustainable and high-yielding varieties. Thus, the findings
of the literature review confirmed the pronounced adaptability of sorghum to the conditions of the Aral Sea
region, its strategic significance in conditions of water stress, and the relevance of further breeding and agronomic

developments aimed at its widespread introduction into the region’s agriculture

Keywords: stress tolerance; genetic diversity; biopreparations; agrotechnical methods; water use efficiency

INTRODUCTION

The relevance of the present study is conditioned by
the need to increase the resilience of agricultural crops,
particularly sorghum, to extreme climatic conditions
such as drought and hot temperatures. In the context
of global climate change and increasing frequency of
droughts in various regions of the world, the efficient
use of water resources and ensuring food security are
becoming priority tasks. Sorghum, due to its marked re-
sistance to drought and hot conditions, is a promising
crop that can play a key role in ensuring food security in
arid regions. The problematic of the present study lies
in the complexity of breeding drought- and heat-toler-
ant sorghum varieties, as high yield and tolerance to
extreme conditions are often mutually exclusive traits.
Furthermore, breeding for these traits requires consid-
eration of many factors, such as genetic potential, inter-
action with the environment, and adaptive capabilities.
Despite advancement in sorghum breeding, there is a
need to develop more effective screening methods and
genomictoolstoaccelerate theimprovement of varieties
with enhanced drought tolerance and heat tolerance.

L. Tokhetova et al. (2022) addressed the problem of
creating source material for breeding for adaptability to
stress factors. The researchers emphasised the value of
developing sorghum varieties that can effectively adapt
to extreme climatic conditions, including drought and
hot temperatures. B.N. Nasiev and A.M. Zhilkybay (2022)
focused on biological crop cultivation technologies in
Western Kazakhstan. According to the researchers, the
use of such methods can greatly increase plant resist-
ance to drought, which is a vital aspect for the crea-
tion of sustainable sorghum varieties in arid regions.
M.Masatbaev and N.Khozhanov (2021) investigated the
influence of climatic factors on soil humus components.
The researchers pointed out that the changing climatic
conditions affect crop productivity and that, to maintain
the sustainability of sorghum, it is necessary to create
varieties capable of adapting to these changes.

S. Hossain et al. (2022) paid special attention to
sorghum as a promising crop, considering it an essen-
tial element for food security in the context of climate
change. These researchers noted that the creation of
drought-resistant sorghum varieties is becoming a pri-
ority for countries facing water shortages. B.A. Pandi-
an et al. (2022) considered not only the resistance of
sorghum to herbicides but also emphasised the need to
improve its resistance to climatic stresses.The research-
ers noted that selection for heat and drought tolerance
is a crucial part of the breeding process, which contrib-
utes to the adaptability of sorghum under extreme cli-
matic conditions. PK. Subudhi et al. (2024) highlighted
the key achievements in sorghum improvement, with
the researchers emphasising that, for the successful
cultivation of this crop under climate change, it is nec-
essary to continue work on the development of varie-
ties that are resistant to hot conditions and drought.

According to H. Hao et al. (2021), genomic technol-
ogies open new opportunities for sorghum breeding,
providing valuable tools for the creation of varieties
that are resistant to climate stress. The researchers
emphasised that the use of such technologies can
markedly accelerate the process of sorghum improve-
ment in the context of global climate change. W. Yali
and T. Begna (2022) highlighted the progress of sor-
ghum breeding in Ethiopia, where the crop is crucial
for food security. The researchers acknowledged the
achievements in breeding but noted that further suc-
cess required addressing issues of drought and heat
tolerance. In their study of the state of cereal crops
in Bangladesh, A.K.M.G. Sarwar and J.K. Biswas (2021)
showed that sorghum is becoming a prominent feed
crop despite challenges such as insufficient drought re-
sistance. The researchers stressed the need to develop
more drought-tolerant sorghum varieties to increase
its productivity under extreme climatic conditions.
TW. Hermann et al. (2023) covered the genetic diversity
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of sorghum and its potential for improving varieties in
Burkina Faso. These researchers emphasised the sig-
nificance of developing sweet sorghum varieties that
are resistant to drought and hot temperatures, which
is particularly relevant for a region with unfavourable
climatic conditions. According to H. Zheng et al. (2023),
sorghum could become an essential element of glob-
al food security and bioenergy. The researchers noted
that, due to its resistance to extreme climatic condi-
tions, sorghum has immense potential for use as a food
and energy crop. A. Ashesh et al. (2025) examined the
current challenges and prospects for sorghum devel-
opment, pointing out the need to use the latest tech-
nologies to create varieties that can adapt to climate
change and ensure food security.

The purpose of the present study was to assess the
resistance of sorghum genotypes to climatic stresses
and the potential for breeding to improve their adapt-
ability. The objectives of the study were to assess the
resistance of various sorghum genotypes to drought
and hot conditions, as well as to analyse the effective-
ness of modern breeding methods to improve their ad-
aptability. A literature review was conducted using data
from scientific publications covering the climatic and
agroecological conditions of the Aral Sea region, the
biological characteristics of sorghum, its stress resist-
ance, areas of application, genetic resources, and mod-
ern breeding approaches. The analysis was based on
the findings of studies conducted both in Kazakhstan
and in other countries with arid climates (including
Ethiopia, Bangladesh, Burkina Faso, etc.).

CLIMATIC AND SOIL CONDITIONS
IN THE ARAL SEA REGION

Water scarcity in the Kyzylorda region of the Republic
of Kazakhstan is a persistent problem that worsens year
after year. The region is located in the lower reaches of
the transboundary Syr Darya River and is completely
dependent on water supplies from Uzbekistan and Kyr-
gyzstan. In a dry climate with high evaporation rates
and degraded irrigation infrastructure, water supply is
becoming a critical factor for the region’s agricultural
sector. According to the Ministry of Ecology and Natural
Resources of the Republic of Kazakhstan, in 2023, less
than 6.9 bn m® of water flowed into the lower reaches
of the Syr Darya, which is 2.1 bn m? less than in the
same period in 2022.This represents a deficit of around
23%-25% compared to the normative values for the
agricultural season. The water accumulation indicator
in key regulatory structures was particularly alarming:
at the end of summer 2023, there was 770 million m?
less water in the Shardara Reservoir and the Koksarai
Counter-Regulator than in the previous year (National
report on..., 2023).

The water shortage directly affected the area under
crops. In 2023, rice cultivation in the Kyzylorda region
was reduced by more than 7,000 hectares compared
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to 2022. While in 2021-2022 the area under rice cul-
tivation averaged 87-89 thsd ha, in 2023 it decreased
to about 81.5 thousand hectares, according to data
from the regional administration (Mass rice harvest-
ing..., 2022). This is a necessary measure aimed at re-
distributing limited water resources in favour of less
water-intensive crops and ensuring drinking water
supplies for the population. The Syr Darya, as the main
water artery of the region, also faces environmental
challenges. Depletion of the riverbed, overgrowth with
algae, and pollution from agricultural and industrial
discharges all reduce water quality and increase losses
during transport. According to environmental monitor-
ing data, water losses in irrigation canals reach up to
40%, especially in old concrete and open channels that
require modernisation. Drought and high soil salinity
are other key limiting factors threatening agriculture
in the region. Due to high mineralisation and water re-
gime disturbances, over 35% of the region’s agricultural
land is subject to secondary salinisation, which critical-
ly affects crop yields and limits crop choice.

Against the backdrop of these problems, a set of
measures aimed at adapting agriculture to water stress
has been launched in the region. Firstly, cropland is be-
ing reallocated - instead of rice, sorghum, barley, mil-
let, and maize, which are more drought-resistant, are
increasingly being planted. Specifically, in 2023, about
4,000 ha were allocated for sorghum, which is almost
twice as much as in 2021. Secondly, farmers are rec-
ommended to introduce drip and subsurface irrigation,
which can save up to 30%-50% of water compared to
conventional methods. Additionally, Kazakhstan is ac-
tively pursuing international cooperation with neigh-
bouring countries on water distribution in the Syr Darya
basin. However, the problem continues to be systemic:
irregular discharges, lack of coordinated water supply
schedules, and lack of uniform accounting and monitor-
ing standards hinder the achievement of a sustainable
water balance in the region.

BIOLOGICAL AND AGRONOMIC FEATURES

Grain sorghum, Sorghum bicolor L. Moench, is a staple
food for millions of people living in approximately 30
countries in the subtropical and semi-arid regions of
Africa and Asia (Rashwan et al,, 2021). Heat and wa-
ter shortages during flowering are severe stress factors
that considerably affect the yield of spring crops world-
wide. These conditions are becoming particularly rele-
vant in the context of global climate change, which is
projected to cause global average temperatures to rise
by 3.3°C-5.7°C by the end of the 21 century under the
SSP5-8.5 scenario (Dhakar et al,, 2023). Such warming
exacerbates extreme weather events such as droughts
and abnormal heat, creating further challenges for
agriculture. Although sorghum is considered a crop
well-adapted to hot and dry climates due to its phys-
iological resilience, it is not completely protected from




the effects of terminal drought and heat stress. These
factors are still among the most significant abiotic con-
straints to stable crop production, including sorghum.
The impact of heat stress on sorghum yield is de-
termined by several key aspects: the timing of stress
onset, its intensity and duration (Smith et al., 2023). For
example, if stress occurs during critical stages of plant
development, such as flowering or grain formation, it
can substantially reduce the final yield. The primary
damage is manifested in a reduction in the number
of grains per plant, which is a direct consequence of
the disruption of pollination and fruit set (Yeraliyeva et
al., 2017). Therewith, an increase in the weight of in-
dividual grains is usually unable to fully compensate
for the overall losses, which leads to a decrease in the
overall productivity of the crop. Thus, despite sorghum’s
high adaptability to unfavourable conditions, its yield
continues to be vulnerable to a combination of hot tem-
peratures and moisture deficiency, which requires fur-
ther research and the development of resistant varieties.
Sorghum development undergoes 12 distinct stag-
es of organogenesis, each of which plays a significant
role in the development of the plant and its yield (Du-
bery et al., 2024). These stages are described in detail
below: in the first stage - seed germination - the seed
absorbs moisture from the soil, internal biochemical
processes are activated, and embryo growth begins;
this stage is critically dependent on soil temperature
and moisture, as water deficiency or too low tempera-
tures can slow down or even stop germination. This is
followed by the second stage - emergence of seedlings
and formation of the third leaf — when, after germina-
tion, the first shoots appear, followed by the formation
of the first true leaves, including the third, which marks
the beginning of active development of the above-
ground part of the plant; at this stage, sorghum begins
to photosynthesise and strengthen its root system. The
third stage, tillering, is characterised by the active for-
mation of lateral shoots, which increases the potential
productivity of the plant; this process requires suffi-
cient nutrients and water, while stressful conditions can
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Llimit the number of shoots. In the fourth stage, tillering
continues, strengthening the plant’s structure; sorghum
becomes more resistant to external factors but is still
sensitive to drought, which can reduce the number of
productive shoots. The fifth stage, the booting phase,
marks the beginning of vertical stem growth, when
the leaves fold into a tube, preparing the plant for the
reproductive stage; this is a transitional stage that re-
quires a stable water supply for normal development.
In the sixth stage - continued booting - stem growth
continues, the plant elongates and strengthens; sor-
ghum actively accumulates resources for the upcoming
flowering, which makes it vulnerable to moisture or nu-
trient deficiencies. The seventh stage, stem growth, is
associated with intensive elongation and thickening of
the stem, as well as biomass accumulation; this stage
is vital for the development of a powerful base that
will support the future panicle and grains. The eighth
stage - the heading stage - begins with the formation
of the panicle, the reproductive organ of sorghum;
this process is sensitive to temperature fluctuations
and water deficiency, which can affect the quality and
quantity of future grains. The ninth stage, the flowering
phase, is crucial, as this is when pollination and grain
setting occur; hot temperatures or drought at this time
can lead to sterile flowers and a significant reduction in
yield. In the tenth stage - grain formation and growth -
after successful pollination, grain development begins;
the plant directs resources to increase the size and
number of grains, which depends on the availability of
water and nutrients. The eleventh stage - grain filling -
is characterised by the accumulation of nutrients such
as starch and proteins in the grains, which determines
their final weight and quality; lack of moisture at this
stage can lead to immature or small grains. Finally, the
twelfth stage - the wax and full ripeness phase - is
the final stage, when the grains reach their optimum
maturity; wax ripeness is characterised by partial dry-
ing, while full ripeness - by readiness for harvest, with
environmental conditions at this stage affecting crop
preservation (Fig. 1).

Swee-
growth| ping

Figure 1. Features of grain sorghum plant development
Source: compiled by the authors based on A.K. Rashwan et al. (2021), R. Dhakar et al. (2023), A. Smith et al. (2023),

R. Kopeckd et al. (2023), I. Dubery et al. (2024)
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Abiotic stresses: drought, hot temperatures, salini-
sation, and flooding continue to be the primary factors
limiting crop growth and productivity under climate
change (Kopecka et al., 2023). Despite sorghum’s high
tolerance to extreme conditions such as heat, drought,
saline soils, and excess moisture, in arid and semi-arid
regions the plant often faces water shortages after flow-
ering. The drought tolerance of sorghum is conditioned
by both morphological and anatomical characteristics
(the presence of a dense waxy coating on the leaves,
their curling, and a well-developed root system) and
physiological mechanisms,including osmoticregulation
involving osmo-protectors and the ‘stay green’ ability.

FOOD USE OF SORGHUM IN FEED PRODUCTION
AND BIOENERGY

Sorghum has been one of the key crops for centuries,
providing food for millions of people in various parts
of the world, especially in Africa, South Asia, and Latin
America. In India, for instance, sorghum flour is tradi-
tionally used to make chapati, thin flatbreads that form
the staple of the daily diet for a sizeable portion of the
population, especially in rural areas (Meena et al.,2022).
In African countries, sorghum is widely used to prepare
a variety of dishes, from thick porridges and flatbreads
to bread, soft drinks, and even popcorn, highlighting its
versatility and accessibility (Adebo, 2020). In Indonesia,
this crop ranks third among cereals in terms of cultiva-
tion volume, behind only rice and maize,which indicates
its significance in the local agro-economy. Although
sorghum consumption is gradually declining in some
regions due to competition from cheaper and more ac-
cessible products such as wheat or rice, it continues to
play an indispensable role in food security, especially
in arid and semi-arid areas (Pichura et al., 2024). This is
conditioned by its outstanding drought tolerance, abil-
ity to grow on poor soils and stable yields even under
limited water supply.

Recently, sorghum has been gaining popularity in
high-income countries such as the United States, Bra-
zil, South Africa, and Kenya, where it is beginning to
be perceived not just as a traditional crop for the poor,
but as a valuable functional food product. Sorghum
grain has a series of unique properties that make it
particularly attractive to health-conscious consumers.
It is gluten-free, making it an ideal choice for people
with coeliac disease or gluten intolerance. Furthermore,
sorghum is rich in antioxidants, micronutrients (such as
iron, magnesium, and phosphorus), and polyphenols,
which help reduce inflammation and strengthen the
immune system. These qualities make sorghum a val-
uable component of a balanced diet, and its use in the
food industry - from gluten-free baked goods to nutri-
tious bars - is rapidly expanding in the global market.

Apart from its food uses, sorghum plays a promi-
nent role in animal feed production, which is particular-
ly significant for regions with limited natural resources
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(Sprynchuk et al., 2023). Its green mass, haylage, silage,
and grain are used to prepare high-quality compound
feed, providing nutrition for livestock in semi-arid areas
where other feed crops, such as maize, may be unable
to withstand extreme conditions (Hadebe et al., 2021).
The advantages of sorghum in this area include its un-
demanding soil requirements, ability to use minimal
amounts of water efficiently, and high biomass produc-
tivity. However, there are certain challenges associated
with its use. These include the relatively short shelf life
of green mass and grain due to high moisture content,
vulnerability to pests such as birds and insects, and the
need for technological solutions to increase nutritional
value and improve yields. For instance, grain process-
ing or the selection of resistant varieties can help over-
come these limitations, making sorghum an even more
competitive crop.

In recent years, scientists and agronomists have
been paying particular attention to the bioenergy po-
tential of sorghum, which opens new horizons for its
use (Bakari et al, 2023). Technical and sweet varieties
of this crop can accumulate significant amounts of bio-
mass rich in sugars and cellulose, making them a prom-
ising raw material for bioethanol and biogas produc-
tion. Unlike many other bioenergy crops, such as maize
or sugar cane, sorghum does not compete directly with
food crops, as it can be successfully grown on marginal,
low-fertility lands without requiring intensive irriga-
tion or large investments in fertilisers (Bolokhovsky et
al.,2024). This makes it an economically viable and en-
vironmentally sustainable solution for resource-deplet-
ed regions. Furthermore, the use of sorghum in bioen-
ergy contributes to reducing dependence on fossil fuels
and greenhouse gas emissions, which is particularly
relevant in the context of global climate change (Fig. 2).
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Figure 2. Economic and industrial uses of grain sorghum
Source: compiled by the authors of this study based on O.A.
Adebo (2020), Hadebe et al. (2021), K. Meena et al. (2022),
S.T.H. Bakari et al. (2023)




Thus, sorghum is a multifunctional crop that,
thanks to its versatility and adaptability, can simultane-
ously address food, feed, and energy security challeng-
es. In the context of a growing global population, de-
clining arable land and increasing climate challenges,
sorghum is poised to become a strategic crop, ensuring
the stability and development of agricultural systems
in the most challenging regions of the world.

GENETIC RESOURCES AND SELECTION

Genetic resources of sorghum preserved in global
collections represent an extensive pool of more than
42,000 accessions (Mace et al., 2020). One of the lead-
ers in this field is the International Crops Research Insti-
tute for the Semi-Arid Tropics (ICRISAT) in India, which
holds approximately 38,000 germplasm samples cover-
ing approximately 80% of the genetic diversity of sor-
ghum (Mangshin et al., 2024). These samples have been
carefully studied and preserved using both short-term
and long-term storage methods, which allows them to
stay viable for future research and breeding. Among the
largest repositories, two key centres stand out: ICRI-
SAT and the US Department of Agriculture’s National
Plant Germplasm System (USDA-NPGS), each with more
than 41,000 samples, including historical lines, local
ecotypes, wild species, and breeding results (Cuevas &
Prom, 2020). In India, the National Bureau of Plant Ge-
netic Resources has a collection of approximately 20,000
samples, while in China, the Institute of Germplasm Re-
sources of Agricultural Crops has over 16,874 samples
(Singh et al., 2020). The Australian Centre for Tropical
Crop and Forage Genetic Resources, on the other hand,
focuses on a unique collection of local wild sorghum
species, making it a valuable source for studying the
wild genome of this crop and its potential for adapta-
tion to extreme conditions. Furthermore, sorghum has
gained attention in recent years due to its ability to
grow on marginal lands where conventional crops such
as wheat or maize are ineffective, making it a valuable
asset for countries with limited agricultural resources.

Sorghum was first domesticated in North-East Afri-
ca, in a region stretching from Sudan to Ethiopia, which
established this territory as the centre of its evolution
(Barron et al., 2020). It is here that the greatest diver-
sity of ancient wild species is preserved, as well as a
wealth of genetic lines formed over thousands of years
of interaction between humans and nature. The US-
DA-NPGS collection, which includes nearly 41,000 sam-
ples, contains 7,217 specimens from Ethiopia and 2,552

Tautenov et al.

from Sudan, highlighting their significance as primary
sources. However, the genetic structure of these regions
differs: in Sudan, the principal collection is represented
by five ancestral populations, while in Ethiopia there
are eleven, indicating a more complex genetic diversity
of Ethiopian samples. Therewith, the genetic distance
between samples (Ibrahim, 2021) from Sudan is greater
than in Ethiopia, suggesting greater variability in the
Sudanese collection. This contrast is explained not only
by natural factors, but also by the historical migration
routes of sorghum and the different approaches of local
communities to its cultivation. Modern research shows
that sorghum from these regions has unique charac-
teristics, such as resistance to soil salinisation and the
ability to maintain productivity with minimal irrigation,
making them particularly valuable for breeding in the
context of global warming.

Preservation of the genetic pool of sorghum re-
quires comprehensive approaches and international
cooperation to protect this resource (Reshetnikov et
al., 2023). Working with such collections involves their
replenishment, maintenance, dissemination, study, and
practical application. One of the challenges continues
to be the standardisation of approaches to sample eval-
uation, as countries use different protocols and meth-
ods. Documentation has also been a long-standing
problem, but major centres such as the USDA-NPGS and
ICRISAT have taken steps to modernise their databas-
es to provide access to detailed information on collec-
tions, including genome and phenotypic data. In 2007,
sorghum experts developed a global strategy for the ex
situ conservation of sorghum genetic diversity to stand-
ardise conservation efforts and facilitate the exchange
of resources between countries (Enyew et al., 2022).
With growing populations and the increasing impact
of climate change threatening food security, these col-
lections are becoming increasingly significant for com-
bating the biotic and abiotic stresses affecting human-
ity’s ability to feed itself. Presently, the stewardship of
these resources is more relevant than ever, providing
a basis for the development of sustainable varieties in
the face of global challenges. Moreover, sorghum is in-
creasingly viewed as a dual-purpose crop: apart from
food and feed, its biomass is used to produce biofuels,
highlighting the need to preserve genetic diversity to
support not only agriculture but also the energy sector
(Havrysh et al., 2022). This makes sorghum a strategic
resource for sustainable development in an era of envi-
ronmental and demographic change (Table 1).

Table 1. Major sorghum gene bank collections worldwide

Region/Country Institute/Organisation Wild relatives  Cultivars Total (% of total)
Africa
Ethiopia Institute of Biodiversity Conservation (IBC) 9,772 9,772(4.1)
National Gene Bank of Kenya, Crop Plant Genetic Resources
Kenya Centre - Muguga KARI-NGBK 92 2774 >.866(2.2)
Zambia SADC Plant Genetic Resources Centre (SPRGB) 27 3,692 3,719(1.6)
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Table 1. Continued

Region/Country Institute/Organisation Wild relatives  Cultivars Total (% of total)
Americas
USA Plant Genetic Resources Conservation Unit (PGRCU) 199 43,511 43,710(18.5)
Brazil Centre for Genetic Resources Preservation Embara Milo et 10,812 10,812(4.6)
Sorgho
Mexico Biotechnologia (CENARGEN) Uguala 5,500 5,500(2.3)
Asia
India International Crops Research Institute for the Semi-Arid Tropics 461 39,092 39,553(16,8)
(ICRISAT)
india .ICAR National Eureau of Plant Genetic Resources 11 20,555 20,566
China Institute of crop science, Chlnese Academy of Agriculture 27 23,059 23,086
Science
Japan Department of Genetic Resources National Institute, ICS-CAAS - 18,263 18,263(7.7)
Pakistan Agrobiological Science (NIAS) Plant Genetic Resources _ _ _
Programme (PGRP)
Europe
France Laboratoire de Génétique et Amélioration des Céréales, (LGAC) 27 7,278 7,305(3.0)
Australia
Australia Australian Tropical Crops and Forages Genetic Recources Centre 346 4144 4,491(2.0)

(ATCFA)

Source: compiled by the authors based on E. Mace et al. (2020), H. Cuevas and L. Prom (2020), K. Singh et al. (2020),
A.Barron et al. (2020), M.E. Ibrahim (2021), M. Enyew et al. (2022), G.B. Mangshin et al. (2024)

Thus, sorghum genetic resources accumulated in
international collections represent a strategically sig-
nificant basis for the sustainable development of the
agricultural sector. Their diversity, encompassing both
cultivated forms and wild relatives, offers enormous po-
tential for the selection of varieties capable of adapting
to adverse climatic conditions, drought, poor soils, and
new diseases.

PROSPECTS FOR SELECTION AND AGRICULTURAL
TECHNICAL SOLUTIONS. POTENTIAL FOR
UTILISING FOREIGN GENETIC RESOURCES

The prospects for sorghum breeding in the Aral Sea
region were based on the use of genetic resources col-
lected in international collections and were aimed at
creating varieties that are resistant to drought, heat,
and other abiotic stresses (Sirany et al., 2022). Foreign
gene pools, specifically samples from the ICRISAT and
USDA-NPGS collections, provided breeders with ac-
cess to unique lines with high adaptability to extreme
conditions (Pujiharti et al., 2022). These collections
contained both wild forms and breeding lines, pro-
viding broad potential for the development of hybrids
capable of producing stable yields in arid climates
(Liu, 2023). Breeding programmes introduced genomic
technologies, including the use of molecular markers,
which accelerated the selection process and increased
the accuracy of developing stable varieties (Bvenura &
Kambizi, 2022). Attention was also paid to the intro-
duction of hybrid models involving foreign material,
aimed at increasing productivity under conditions of
limited water supply and high temperatures (Weldemi-
chael et al., 2024).
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In parallel with breeding, agronomic approaches
aimed at reducing climate risks were developed. Spe-
cifically, sowing dates were adjusted to prevent critical
growth phases of sorghum from coinciding with peri-
ods of extreme heat (Dhar et al., 2024). Measures were
taken to improve soil water retention, deep loosening
and mulching, which helped maintain productivity even
with minimal irrigation (Soni et al.,2023).Special atten-
tion was paid to the use of biopreparations and organic
stimulants that improve plant resistance to stressful
conditions (Somegowda et al., 2021). At the farm level,
adaptation measures were proposed, including the use
of locally adapted varieties, agrochemical optimisation
of nutrition, and minimum tillage technologies. These
solutions helped to increase production efficiency and
adapt it to the realities of climate change (Khalifa &
Eltahir, 2023). The introduction of breeding and agro-
nomic solutions together ensured the formation of a
sustainable sorghum cultivation system in the Priaall,
factoring in both global scientific developments and
the specifics of local conditions (Yadav & Singh, 2024).

The use of such collections helped to expand the
adaptive characteristics of the crop through the intro-
duction of ecotypes that are resistant to hot tempera-
tures, drought, and salt stress. First and foremost, atten-
tion was paid to genotypes that had been tested under
arid farming conditions, which corresponded to the
ecological conditions of the Aral Sea region. The poten-
tial of the foreign gene pool lay not only in its stabil-
ity, but also in its high plasticity, ability to form yields
under limited resources, and suitability for hybridisa-
tion with locally adapted forms (Biswas et al., 2021).
The introduction of breeding models was based on the




integration of conventional and modern approach-
es, including molecular selection, marker-associated
selection, and preliminary assessment of phenotypic
stability. Considering the climatic characteristics of the
region, there was a need to develop sorghum varieties
that combine drought and heat tolerance, early maturi-
ty,and increased biomass (Dixit & Ravichandran, 2024).
Such varieties had to meet the requirements of both
food and technical uses. In the breeding model, special
attention was paid to genotypes capable of demon-
strating stable productivity under sharp temperature
fluctuations and minimal water supply. The use of
genomic resources obtained from international banks
ensured a prominent degree of diversity of the source
material, which was an essential condition for breeding
success (Eduru et al., 2021).

Apart from breeding work, considerable attention
was paid to agronomic practices aimed at optimising
sorghum growing conditions (Liu et al., 2022). One
effective technique was to adjust sowing dates ac-
cording to temperature forecasts and hydrothermal
conditions, which helped to avoid the flowering and
grain filling phases coinciding with extreme heat. This
practice helped to stabilise yields in years with unfa-
vourable climatic conditions. Deep loosening, mini-
mal soil cultivation and mulching were also used to
improve moisture retention and reduce evaporation
(Choudhary et al., 2025). At the farm level, it was rec-
ommended to introduce organic farming technologies
and use biopreparations - microbiological growth
stimulants, anti-stress complexes, and bioprotective
agents. Their use ensured increased plant resistance
to drought, improved nutrient uptake and increased
the overall biological potential of crops. These meas-
ures not only reduced dependence on conventional
agrochemicals but also formed sustainable agroeco-
systems capable of adapting to climate fluctuations.
Thus, breeding and agronomic solutions aimed at
adapting sorghum to the conditions of the Aral Sea
region were based on a comprehensive approach: the
use of foreign gene pools, the introduction of breed-
ing models involving sustainable forms, the optimisa-
tion of sowing and plant nutrition technologies, and
the active application of adaptive farming practices.
All this formed a scientifically sound and practically
applicable strategy for the sustainable cultivation of
sorghum in arid regions.

The use of such collections helped to expand the
adaptive characteristics of the crop through the in-
troduction of ecotypes resistant to hot temperatures,
drought, and salt stress. First and foremost, attention
was paid to genotypes that had been tested under arid
farming conditions, which corresponded to the ecolog-
ical conditions of the Aral Sea region. The potential of
the foreign gene pool lay not only in its stability, but
also in its high plasticity, ability to form yields under
limited resources, and suitability for hybridisation with
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locally adapted forms (Balakrishna et al., 2020). Thus,
against the backdrop of active development of genetic
and biotechnological approaches in sorghum breeding,
there is a continuing need for an integrated approach
that combines the achievements of molecular biology
with practical agronomic solutions. Gene editing meth-
ods such as CRISPR/Cas and transformation have ad-
mittedly opened new horizons in improving sorghum’s
resistance to stresses, including drought and hot tem-
peratures. However, the introduction of these technolo-
gies at the field level continues to be limited, both from
technical and economic perspectives. This highlights
the need for the parallel development of applied solu-
tions based on the adaptation of sowing dates, minimal
soil cultivation, and the use of biopreparations and or-
ganic stimulants, which have already proven their ef-
fectiveness in agro-extreme regions.

The nutritional value of sorghum and its role in
functional nutrition have also been the focus of recent
research, where the crop is considered not only as a
source of energy but also as a component of a healthy
diet (Mwamahonje et al., 2024). However, despite con-
siderable attention to nutritional aspects, climate resil-
ience is either not considered at all or only mentioned
fragmentarily in these studies. This suggests the need
to integrate biochemical, physiological and agronom-
ic approaches into a single programme for sustainable
crop cultivation. Active progress is also being made in
the field of breeding, where marker-assisted selection
methods are being used and genomic technologies are
being introduced, which is helping to accelerate the
creation of new varieties with target traits (Parikh et
al., 2021). However, without considering the conditions
of their subsequent cultivation, such varieties may not
reach their full potential. The use of biopreparations
adapted to regional conditions has contributed to in-
creasing plant resistance to abiotic stresses, reducing
dependence on chemical fertilisers and pesticides, and
forming more sustainable agroecosystems. Thus, the
inclusion of agrotechnical solutions in the strategy for
sustainable sorghum cultivation not only enhances the
effect of breeding achievements but also ensures the
practical applicability of the findings obtained in real
agricultural production conditions.

Against this background, the development of local-
ised sorghum cultivation models adapted to the condi-
tions of regions such as the Aral Sea region is becoming
particularly relevant. The introduction of genetically
stable varieties must be accompanied by targeted agro-
technical measures - the selection of optimum sowing
dates, soil cultivation depth, nutrition and water supply
schedules, the use of bioprotective agents, and adapt-
ed microbiological complexes. This approach allows for
the maximum use of the potential of both convention-
al and innovative agricultural technologies, creating a
sustainable sorghum cultivation system in conditions
of increased climatic risks.
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CONCLUSIONS

The study identified key areas for sustainable develop-
ment of the agricultural sector in the context of growing
water scarcity in the Kyzylorda region of the Republic
of Kazakhstan. It was found that water stress associat-
ed with reduced water volumes in the lower reaches of
the Syr Darya, degradation of irrigation infrastructure
and high evaporation rates directly affect crop selec-
tion, crop structure, and agronomic practices. These
conditions have predetermined the need to search for
alternatives to conventionally cultivated water-inten-
sive crops, such as rice, and confirmed the potential of
sorghum as a drought-resistant crop.

The study showed that sorghum has pronounced
morphological and physiological adaptations, includ-
ing a dense waxy coating on the leaves, a deep root
system, and the ability to retain green mass, which
ensures its survival and productivity under conditions
of limited water supply. It was found that drought and
heat stress are particularly critical during flowering,
which requires the development of varieties that are
resistant to terminal drought. Analysis of the phases of
sorghum organogenesis confirmed the significance of
each stage of crop development and its sensitivity to
external conditions, especially during the reproductive
phase. From a practical standpoint, the study provid-
ed an opportunity to substantiate the need to switch
to sorghum cultivation in the Aral Sea region as part
of a strategic adaptation to climate change. The study

confirmed that the use of modern agronomic solutions -
optimisation of sowing dates, introduction of drip and
subsurface irrigation systems, use of biopreparations
and adapted nutrition schedules - can substantially in-
crease the sustainability and profitability of production.
Furthermore, the study highlighted the potential of
using the international sorghum gene pool, including
materials from gene banks in India, the United States,
and African countries, which expands the possibilities
for local selection and adaptation of varieties. Thus, the
findings obtained not only confirmed the effectiveness
of sorghum under water stress conditions but also pro-
vided a basis for the development of adaptive agricul-
tural strategies at the regional level.

ACKNOWLEDGEMENTS
None.

FUNDING

The research was carried out under the grant funding
of the Committee for Science of the Ministry of Science
and Higher Education of the Republic of Kazakhstan,
grant IRN AP23489478 “Ecological testing of grain sor-
ghum varieties of domestic and foreign selection on sa-
line soils of rice systems of Kazakhstan Aral Sea region”,
2024-2026.

CONFLICT OF INTEREST
None.

REFERENCES

[1] Adebo, O.A. (2020). African sorghum-based fermented foods: Past, current and future prospects. Nutrients,
12(4), article number 1111. doi: 10.3390/nu12041111.

[2] Ashesh,A.,Purohit,N.N.,Paul,R.M.,Kaur, S., Singh, A., Kaur, A., Purewal, S.S., & Kohli, R. (2025). Current scenario
and future prospects. In S.S. Purewal & R.S. Singh (Eds.), Colored cereals: Properties, processing, health benefits,
and industrial uses (pp. 392-412). Boca Raton: CRC Press. doi: 10.1201/9781003454922.

[3] Bakari,H.,Djomdi,Ruben,Z.F.,Roger,D.D.,Cedric,D.,Guillaume,P.,Pascal,D.,Philippe,M., & Gwendoline,C.(2023).
Sorghum (Sorghum bicolor L. Moench) and its main parts (by-products) as promising sustainable sources of
value-added ingredients. Waste and Biomass Valorization, 14, 1023-1044. doi: 10.1007/s12649-022-01992-7.

[4] Balakrishna,D.,Singode, A.,Narasimham, D., & Bhat, B.V.(2020). Current status and future prospects of genetic
transformation and gene editing in Sorghum. In V.A. Tonapi, H.S. Talwar, AK. Are, BV. Bhat, Ch.R. Reddy &
TJ. Dalton (Eds.), Sorghum in the 21st Century: Food-fodder-feed-fuel for a rapidly changing world (pp. 511-535).
Singapore: Springer. doi: 10.1007/978-981-15-8249-3 21.

[5] Barron, A, Fuller, D., Stevens, C., Champion, L., Winchell, F., & Denham, T. (2020). Snapshots in time: MicroCT
scanning of pottery sherds determines early domestication of sorghum (Sorghum bicolor) in East Africa.Journal
of Archaeological Science, 123, article number 105259. doi: 10.1016/j.jas.2020.105259.

[6] Biswas, J.C., Islam, M.R., Haque, M.M., & Hamid, A. (2021). Minor cereal crop production and their future
prospects in Bangladesh. Asian Soil Research Journal, 5(1), 48-56. doi: 10.9734/ASRJ/2021/v5i130101.

[7]1 Bolokhovsky,V.,Bolokhovska,V.,Khomenko,T., Datsko,A., & Litvinova, O.(2024). Optimisation of plant nutrition
under the influence of biopreparations in integrated sunflower cultivation technologies. Plant and Soil Science,
15(4),64-75.doi: 10.31548/plant4.2024.64.

[8] Bvenura, C., & Kambizi, L. (2022). Future grain crops. In R. Bhat (Ed.), Future foods: Global trends, opportunities,
and sustainability challenges (pp. 81-105). London: Elsevier. doi: 10.1016/B978-0-323-91001-9.00032-3.

[9]1 Choudhary, K.B., Khandelwal, V., Singh, D., & Sharma, S.R. (2025). Optimizing hybrid sorghum seed production:
Key challenges and future opportunities. In A. Lamichaney, A.K. Parihar,A. Bohra, P. Karmakar & S..S.Naik (Eds.),
Hybrid seed production for boosting crop yields: Applications, challenges and opportunities (pp. 105-125).
Singapore: Springer. doi: 10.1007/978-981-96-0506-4_5.

Scientific Horizons, 2025, Vol. 28, No. 5



https://doi.org/10.3390/nu12041111
https://doi.org/10.1201/9781003454922
https://doi.org/10.1007/s12649-022-01992-7
https://doi.org/10.1007/978-981-15-8249-3_21
https://doi.org/10.1016/j.jas.2020.105259
https://doi.org/10.9734/ASRJ/2021/v5i130101
https://doi.org/10.31548/plant4.2024.64
https://doi.org/10.1016/B978-0-323-91001-9.00032-3
https://doi.org/10.1007/978-981-96-0506-4_5

Tautenov et al.

[10] Cuevas, H., & Prom, L. (2020). Evaluation of genetic diversity, agronomic traits, and anthracnose resistance in
the NPGS Sudan Sorghum Core collection. BMC Genomics, 21, article number 88. doi: 10.1186/512864-020-
6489-0.

[11] Dhakar, R., Nagar, S., Sehgal, V., Jha, P,, Singh, M., Chakraborty, D., Mukherjee, J., & Prasad, P. (2023). Balancing
water and radiation productivity suggests a clue for improving yields in wheat under combined water deficit
and terminal heat stress. Frontiers in Plant Science,14,article number 1171479.doi: 10.3389/fpls.2023.1171479.

[12] Dhar, A., Kumari, B.M., Kavithamani, D., Boopathi, N.M., & Meenakshi, P. (2024). Understanding the advances in
Sorghum grain quality improvement: An overview. Plant Science Today, 11(3), 61-78.doi: 10.14719/pst.3527.

[13] Dixit, P., & Ravichandran, R. (2024). The potential of millet grains: A comprehensive review of nutritional
value, processing technologies, and future prospects for food security and health promotion. Journal of Food
Technology & Nutrition Sciences, 6(1), 2-8. doi: 10.47363/JFTNS/2024(6)170.

[14] Dubery, I., Nephali, L., Tugizimana, F., & Steenkamp, P. (2024). Data-driven characterization of metabolome
reprogramming during early development of sorghum seedlings. Metabolites, 14(2), article number 112.
doi: 10.3390/metab014020112.

[15] Eduru,A.,Kamboj,A.,Reddy, PM., & Pal, B.(2021). Nutritional and health benefits of millets, present status and
future prospects: A review. Pharma Innovation Journal, 10(5), 859-868.

[16] Enyew, M., Feyissa, T., Carlsson, A., Tesfaye, K., Hammenhag, C., & Geleta, M. (2022). Genetic diversity and
population structure of sorghum [Sorghum Bicolor (L.) Moench] accessions as revealed by single nucleotide
polymorphism markers. Frontiers in Plant Science, 12, article number 799482. doi: 10.3389/fpls.2021.799482.

[17] Hadebe, S.T., Modi, A.T., & Mabhaudhi, T. (2021). Assessing suitability of sorghum to alleviate sub-saharan
nutritional deficiencies through the nutritional water productivity index in semi-arid regions. Foods, 10(2),
article number 385. doi: 10.3390/foods10020385.

[18] Hao, H., Li,Z., Leng, C., Lu, C., Luo, H., Liu, Y., Wu, X., Liu, Z., Shang, L., & Jing, H. (2021). Sorghum breeding in the
genomic era: Opportunities and challenges. Theoretical and Applied Genetics, 134, 1899-1924. doi: 10.1007/
s00122-021-03789-z.

[19] Havrysh, V., Nitsenko, V., & Hruban, V. (2022). Sorghum-based power generation in Southern Ukraine:
Energy and environmental assessment. Agriculture (Switzerland), 12(12), article number 2148. doi: 10.3390/
agriculture12122148.

[20] Hermann, T.W., Nerbéwendé, S., Josiane, T., Pingawindé, S., & Mahamadou, S. (2023). Genetic diversity,
importance and prospects for varietal improvement of sweet grain sorghum in Burkina Faso. International
Journal of Zoology and Applied Biosciences, 8(1), 44-52.doi: 10.55126/ijzab.2023.v08.i101.007.

[21] Hossain, S., Islam, N., Rahman, M., Mostofa, G., & Khan, A.R. (2022). Sorghum: A prospective crop for climatic
vulnerability, food and nutritional security. Journal of Agriculture and Food Research, 8, article number 100300.
doi: 10.1016/j.jafr.2022.100300.

[22] Ibrahim, M.E. (2021). Genetic diversity of the Sudanese: Insights on origin and implications for health. Human
Molecular Genetics, 30(R1),R37-R41. doi: 10.1093/hmg/ddab028.

[23] Khalifa, M., & Eltahir, E.A.B. (2023). Assessment of global sorghum production, tolerance, and climate risk.
Frontiers in Sustainable Food Systems, 7, article number 1184373. doi: 10.3389/fsufs.2023.1184373.

[24] Kopecka, R., Kameniarova, M., Cerny, M., Brzobohaty, B., & Novak, J. (2023). Abiotic stress in crop production.
International Journal of Molecular Sciences, 24(7), article number 6603. doi: 10.3390/ijms24076603.

[25] Liu,Q.S.(2023).Research course and prospects of Shanxi hybrid sorghum breeding.Journal of Shanxi Agricultural
Sciences, 51(10), 1115-1120. doi: 10.3969/j.issn.1002-2481.2023.10.01.

[26] Liu, Y., Liu, S., Huang, C., Ge, X., Xi, B., & Mao, J. (2022). Chinese Baijiu distiller’s grains resourcing: Current
progress and future prospects. Resources, Conservation and Recycling,176,article number 105900.doi: 10.1016/].
resconrec.2021.105900.

[27] Mace, E., Cruickshank, A., Tao, Y., Hunt, C., & Jordan, D. (2020). A global resource for exploring and exploiting
genetic variation in sorghum crop wild relatives. Crop Science, 61(1), 150-162. doi: 10.1002/csc2.20332.

[28] Mangshin, G.B., Buba, U.M., Dama, A.Z., & Lawal, A.A. (2024). Genetic variability, heritability and genetic
advance in sorghum (Sorghum bicolor (L.) Moench) accessions from West and Central Africa. Nigerian Journal of
Agriculture and Agricultural Technology, 4(1), 272-279.doi: 10.59331/njaat.v4il1.651.

[29] Masatbaev, M., & Khozhanoy, N. (2021). Assessment of the dependence of soil humus components on climate
elements in the Zhambyl region. Izdenister Natiges, 1(89), 137-146. doi: 10.37884/1-2021/15.

[30] Mass rice harvesting has begun in Kyzylorda region. (2022). Retrieved from https://www.inform.kz/ru/
massovaya-uborka-risa-nachalas-v-kyzylordinskoy-oblasti a3969202?utm_source=chatgpt.com.

[31] Meena, K., Visarada, K.B.R.S., & Meena, D.K. (2022). Sorghum bicolor (L.) Moench a multifarious crop-fodder to
therapeutic potential and biotechnological applications: A future food for the millennium. Future Foods, 6,
article number 100188. doi: 10.1016/j.fufo.2022.100188.

Scientific Horizons, 2025, Vol. 28, No. 5

29


https://doi.org/10.1186/s12864-020-6489-0
https://doi.org/10.1186/s12864-020-6489-0
https://doi.org/10.3389/fpls.2023.1171479
https://doi.org/10.14719/pst.3527
https://onlinescientificresearch.com/articles/the-potential-of-millet-grains-a-comprehensive-review-of-nutritional--value-processing-technologies-and-future-prospects-for-food.pdf.
https://doi.org/10.3390/metabo14020112
https://www.thepharmajournal.com/archives/2021/vol10issue5/PartK/10-5-84-102.pdf
https://www.thepharmajournal.com/archives/2021/vol10issue5/PartK/10-5-84-102.pdf
https://doi.org/10.3389/fpls.2021.799482
https://doi.org/10.3390/foods10020385
https://doi.org/10.1007/s00122-021-03789-z
https://doi.org/10.1007/s00122-021-03789-z
https://doi.org/10.3390/agriculture12122148
https://doi.org/10.3390/agriculture12122148
https://ijzab.com/public/files/publish/7.%20IJZAB%20ID%20No.808.pdf
https://doi.org/10.1016/j.jafr.2022.100300
https://doi.org/10.1093/hmg/ddab028
https://doi.org/10.3389/fsufs.2023.1184373
https://doi.org/10.3390/ijms24076603
https://doi.org/10.3969/j.issn.1002-2481.2023.10.01
https://doi.org/10.1016/j.resconrec.2021.105900
https://doi.org/10.1016/j.resconrec.2021.105900
https://doi.org/10.1002/csc2.20332
https://doi.org/10.59331/njaat.v4i1.651
https://doi.org/10.37884/1-2021/15
https://www.inform.kz/ru/massovaya-uborka-risa-nachalas-v-kyzylordinskoy-oblasti_a3969202?utm_source=chatgpt.com
https://www.inform.kz/ru/massovaya-uborka-risa-nachalas-v-kyzylordinskoy-oblasti_a3969202?utm_source=chatgpt.com
https://doi.org/10.1016/j.fufo.2022.100188

30

Prospects for the cultivation of grain sorghum (Sorghum bicolor L. Moench)...

[32] Mwamahonje, A., Mdindikasi, Z., Mchau, D., Mwenda, E., Sanga, D., Garcia-Oliveira, A.L., & Ojiewo, C.0. (2024).
Advances in sorghum improvement for climate resilience in the Global Arid and Semi-Arid Tropics: A review.
Agronomy, 14(12), article number 3025. doi: 10.3390/agronomy14123025.

[33] Nasiev, B.N., & Zhilkybay, A.M. (2022). Biologized technologies of safflower cultivation in Western Kazakhstan.
Uralsk: West Kazakhstan Agrarian and Technical University named after Zhangir Khan.

[34] National report on the state of the environment and on the use of natural resources of the Republic of
Kazakhstan for 2022. (2023). Retrieved from https://surl.li/ydyhwj.

[35] Pandian, B.A., Sexton-Bowser, S., Prasad, PV., & Jugulam, M. (2022). Current status and prospects of herbicide-
resistant grain sorghum (Sorghum bicolor). Pest Management Science, 78(2), 409-415. doi: 10.1002/ps.6644.

[36] Parikh, A., Brant, EJ., Baloglu, M.C., & Altpeter, F. (2021). CRISPR/Cas-mediated genome editing in sorghum -
recent progress, challenges and prospects. In Vitro Cellular & Developmental Biology-Plant, 57, 720-730.
doi: 10.1007/511627-021-10215-y.

[37] Pichura, V., Potravka, L., Domaratskiy, Y., & Drobitko, A. (2024). Water balance of winter wheat following
different precursors on the Ukrainian steppe. International Journal of Environmental Studies, 81(1), 324-341.
doi: 10.1080/00207233.2024.2314891.

[38] Pujiharti, Y., Paturohman, E., & Ikhwani. (2022). Prospect of sorghum development as corn substitution
in Indonesia. /OP Conference Series: Earth and Environmental Science, 978, article number 0120109.
doi: 10.1088/1755-1315/978/1/012019.

[39] Rashwan, AK., Yones, HA., Karim, N., Taha, E.M., & Chen, W. (2021). Potential processing technologies for
developing sorghum-based food products: An update and comprehensive review. Trends in Food Science and
Technology, 110, 168-182. doi: 10.1016/).TIFS.2021.01.087.

[40] Reshetnikov, M., Moroz,S., Pasichnyk, L., & Butsenko, L. (2023). Sensitivity of sorghum bacteriosis to antibiotics.
Biological Systems: Theory and Innovation, 14(1),112-122. doi: 10.31548/biologiyal4(1-2).2023.003.

[41] Sarwar,A.K.M.G., & Biswas, J.K.(2021). Cereal grains of Bangladesh - present status, constraints and prospects.
In A.K. Goyal (Ed.), Cereal grains (pp. 19-38). London: IntechOpen. doi: 10.5772/intechopen.97072.

[42] Singh,K.,Gupta,K.,Tyagi,V., & Rajkumar,S.(2020). Plant genetic resources in India: Management and utilization.
Vavilov Journal of Genetics and Breeding, 24(3), 306-314. doi: 10.18699/V]20.622.

[43] Sirany, T., Tadele, E., Aregahegn, H., & Wale, D. (2022). Economic potentials and use dynamics of sorghum food
system in Ethiopia: Its implications to resolve food deficit. Advances in Agriculture, 2022(1), article number
4580643.doi: 10.1155/2022/4580643.

[44] Smith, A., Gentile, B.R., Xin,Z., & Zhao, D. (2023). The effects of heat stress on male reproduction and tillering
in Sorghum bicolor. Food and Energy Security, 12(6), article number e510. doi: 10.1002/fes3.510.

[45] Somegowda, V.K., Rayaprolu, L., Rathore, A., Deshpande, S.P., & Gupta, R. (2021). Genome-wide association
studies (GWAS) for traits related to fodder quality and biofuel in sorghum: Progress and prospects. Protein and
Peptide Letters, 28(8), 843-854. doi: 10.2174/0929866528666210127153103.

[46] Soni,).K., Sailo, L., Lalramhlimi, B., Shakuntala, I., & Doley, S. (2023). Millets cultivation in Mizoram: Status and
future prospects. Indian Farming, 73(5), 25-27.

[47] Sprynchuk,N.,Voronetska,l.,Yudova,O.,Korniychuk,O., & Zadorozhna,1.(2023).Priority areas for the development
of field fodder production in view of the climate crisis. Ekonomika APK, 30(6), 34-44. doi: 10.32317/2221-
1055.202306034.

[48] Subudhi, PK., Nguyen, H.T., Gilbert, N.N., & Rosenow, D.T. (2024). Sorghum improvement: Past achievements
and future prospects. In M.S. Kang (Ed.), Crop improvement: Challenges in the twenty-first century (pp. 109-160).
Boca Raton: CRC Press. doi: 10.1201/9781003578512.

[49] Tokhetova, L., Akhmedova, G., Baimbetova, G., & Akzhunis, R. (2022). Creation of the raw material of naked
barley for selection for adaptability to environmental stress factors. Science and Education, 2(1(66), 21-33.

[50] Weldemichael, M.Y., Gebremedhn, H.M., & Teklu, T.H. (2024). Advances in genome editing and future prospects
for Sorghum improvement: Areview. Plant Gene, 39, article number 100464.doi: 10.1016/j.plgene.2024.100464.

[51] Yadav, R., & Singh, C.P. (2024). Sorghum-encoded microRNAs: Current status and future prospects. Plant
Biotechnology Reports, 18, 587-603. doi: 10.1007/s11816-024-00914-4.

[52] Yali,W., & Begna, T.(2022). Sorghum breeding in Ethiopia: Progress,achievements and challenges. International
Journal of Agricultural Science and Food Technology, 8(1),45-51. doi: 10.17352/2455-815X.000144.

[53] Yeraliyeva, Z.M., Kurmanbayeva, M.S., Makhmudova, K.K., Koley, T.P., & Kenesbayev, S.M. (2017). Comparative
characteristic of two cultivars of winter common wheat (Triticum aestivum L.) cultivated in the southeast of
Kazakhstan using the drip irrigation technology. OnLine Journal of Biological Sciences, 17(2),41-49.doi: 10.3844/
0jbsci.2017.40.49.

[54] Zheng, H., Dang, Y., & Sui, N. (2023). Sorghum: A multipurpose crop. Journal of Agricultural and Food Chemistry,
71(46),17570-17583. doi: 10.1021/acs.jafc.3c04942.

Scientific Horizons, 2025, Vol. 28, No. 5



https://doi.org/10.3390/agronomy14123025
https://rep.wkau.kz/bitstream/123456789/2354/1/%d0%9d%d0%b0%d1%81%d0%b8%d0%b5%d0%b2%d0%91.%d0%9d.%20%d0%96%d1%8b%d0%bb%d2%9b%d1%8b%d0%b1%d0%b0%d0%b9%d0%90.%d0%9c..pdf
https://www.gov.kz/uploads/2024/1/18/728e49d1f7bb1014052a296c925e6ae4_original.10203182.pdf
https://doi.org/10.1002/ps.6644
https://doi.org/10.1007/s11627-021-10215-y
https://doi.org/10.1080/00207233.2024.2314891
https://doi.org/10.1088/1755-1315/978/1/012019
https://doi.org/10.1016/J.TIFS.2021.01.087
https://doi.org/10.31548/biologiya14(1-2).2023.003
https://doi.org/10.5772/intechopen.97072
https://doi.org/10.18699/VJ20.622
https://doi.org/10.1155/2022/4580643
https://doi.org/10.1002/fes3.510
https://doi.org/10.2174/0929866528666210127153103
https://www.researchgate.net/profile/B-Lalramhlimi/publication/370969464_Millets_cultivation_in_Mizoram_Status_and_future_prospects/links/646dcc7dcde97a39292b8921/Millets-cultivation-in-Mizoram-Status-and-future-prospects.pdf
https://www.researchgate.net/profile/B-Lalramhlimi/publication/370969464_Millets_cultivation_in_Mizoram_Status_and_future_prospects/links/646dcc7dcde97a39292b8921/Millets-cultivation-in-Mizoram-Status-and-future-prospects.pdf
https://doi.org/10.32317/2221-1055.202306034
https://doi.org/10.32317/2221-1055.202306034
https://doi.org/10.1201/9781003578512
https://nauka.wkau.kz/index.php/gbj/article/view/550
https://nauka.wkau.kz/index.php/gbj/article/view/550
https://doi.org/10.1016/j.plgene.2024.100464
https://doi.org/10.1007/s11816-024-00914-4
https://doi.org/10.17352/2455-815X.000144
https://doi.org/10.3844/ojbsci.2017.40.49
https://doi.org/10.3844/ojbsci.2017.40.49
https://doi.org/10.1021/acs.jafc.3c04942

Tautenov et al.

MepcneKTUBU BUPOLLYYBaHHS 3epHOBOro copro (Sorghum bicolor L. Moench)
y nocywnmBoMmy perioHi KasaxcrtaHcbkoro Mpuapannsa: ornaa nitepatypv
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AHoTauia. MeTol Lboro focnigxeHHs 6yno obrpyHTyBaHHS e®eKTUBHUX CenekuiMHMX Ta arpOHOMIYHMUX pilleHb
ONS NiABULILEHHS CTIMKOCTI COpro A0 KNiMaTUYHUX CTpeciB B yMoBax [Mpuapanbg. Ha ocHOBI aHanisy nitepatypHux
[Kepen [OCNiIKEHHS MOKa3ano, WO CinbCbKOrocnoaapcbkuii cektop KusunopauHcbkoi obnacti Pecny6niku
KasaxcrtaH CTMKaeTbCs 3 MOCTIMHMM OediuuToM BOAM, CMPUYMHEHUM SK NPUPOAHWUMM, TaK i aHTPOMOTrEHHUMMU
dakTopamMu. 3HaYHe CKOPOYEHHS HaAXO4XXeHHS BOAM B NOHM334 Cuppap'i, aerpagauis ipurauiinHoi iHppacTpykTypu
Ta MOripWeHHN SKOCTi BOAM CTBOPHOKOTb YMOBM, 33 SKMX TPaAMUiNHI BOLOEMHI KyNbTypu, TaKi SIK puUC, CTalOTb
€KOHOMIYHO Ta eKONOriYHO HexuTTesdaTHuMu. Ornsan mxepen niaTBepAMB, WO NOpan 3 TEXHIYHUMK 3aX0[3aMMU,
TaKMMU 9K BNPOBAAXKEHHS BOA030epiratoumx TeXHONOrIN, nepexin A0 6iNbl NOCYXOCTIMKMX KYNbTyp, BKJIOUAOUM
copro, HabyBae Bce BiNbLIOro 3HaYeHHs. byno NpoaeMoHCTPOBaHO, WO COPro Ma€ yHikanbHi disionoriynHi agantauii
[0 BOAHOroO Ta TEMJIOBOrO CTpecy 3aBASKM CBOIM MOP(ONOriYHMM Ta aHATOMIYHMM XapaKTepucTukam, daszam
poCTy Ta 34aTHOCTI yTpuMmyBaTu 3eneHy Macy. Y [llpuapanbi ug KynbTypa BBaXKAETbCS KNHYOBUM €IEMEHTOM
cTpaTerii aganTauii BUpOOHMLTBA CiNbCbKOTOCNOAAPCbKUX KYAbTYP A0 3MiH KniMaTu4HMX yMoB. Kpim Toro, copro
Ma€ LIMPOKMI CMeKTp 3aCTOCYBaHHSA, BiA NPOAYKTIB Xap4yyBaHHS Ta KOpPMiB f0 OioeHepreTuku, WO NiAKpecaoe
MOro arpoeKoHOMIYHY LiHHICTb. B ornaai nitepatypu TakoX BiA3HAYa€ETbCS 3POCTAYMIA iHTEPEC OO0 FeHEeTUYHOro
Ta CeneKkLiiHOro noTeHLuiany Copro: MiXKHapoAHi 6aHku reHiB 36epiratoTb noHag 42,000 3pa3kis, BKIOUYAOUM
YHiKanbHi reHoTMnu 3 Adpuku Ta Asii, WO BiAKPMBAE NEPCNEKTUBU AN CTBOPEHHS CTIMKMX Ta BUCOKOBPOXKANHUX
copTiB. TakKUM YMHOM, pe3ynbTaTu OrNAAY NiTepatypu NiATBEPAUAN BUPAKEHY aAANTUBHICTb COPro A0 YMOB perioHy
ApanbCbKoro Mops, MOro cTpaTeriyHe 3HaYeHHs B yMOBaX BOAHOIO CTPeCy Ta aKTyaslbHiCTb NOAANbLUMX CeNeKLiMHUX
Ta arpOHOMIYHMX pO3pO6HOK, CMPAMOBAHMX Ha MOTO LIMPOKE BMPOBAAXEHHS B CilbCbKe roCMoAapCTBO pPerioHy

KnouoBi cnoBa: CTpecocTilKiCTb; reHeTMYHe pi3HOMaHITTS; GionpenapaTtu; arpoTexHiuyHi MeToau; edeKTUBHICTb
BMKOPWUCTAHHS BOAM
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variant 2, where varieties of wheat, corn, hemp and sunflower were used with biological fertilisers, an increase in
yields of 12-20% was observed, depending on the crop. Organic fertilisers in variant 3 also showed an increase
in yields, although to a lesser extent (8-15%). Regulated irrigation and pesticide control in variant 4 provided a
stable yield increase of 10-12%, while combined fertilisation and irrigation in variant 5 gave the best results,
albeit with smaller increases. The introduction of biological fertilisers also positively affected product quality.
The oil content of soybean and sunflower in the plots with biological fertilisers was also higher compared to
control variant 1. Analysis of the soil’s nutrient content showed that the biological fertiliser increased the levels
of nitrogen, phosphorus and potassium in the soil. CO, emissions decreased by 10-15% in areas with biological
fertilisers, indicating a positive environmental effect of using such technologies. Biodiversity has also improved,
with a 40% increase in the biodiversity index in the biological fertiliser plot. Thus, the results of the study confirm
that the integration of biological and organic fertilisers, as well as effective water and pesticide management, can
significantly increase crop yields and quality, reduce CO, emissions and contribute to biodiversity conservation

Keywords: crops; elements of technology; biological methods in crop production; ecology; plant yield and quality

INTRODUCTION

Grain and industrial crop production is a critical compo-
nent of the agricultural sector, as it directly affects food
security and economic development. However, tradi-
tional agronomic practices, such as the intensive use of
chemical fertilisers and pesticides, are often accompa-
nied by serious environmental problems. These include
soil degradation, water pollution from runoff and pesti-
cide residues, and loss of biodiversity due to the distur-
bance of natural ecosystems. To overcome these nega-
tive consequences and ensure sustainable development
of the agricultural sector, the biologisation of agronom-
ic processes is emerging as a promising approach. Bi-
ologisation involves the introduction of natural com-
ponents and technologies, such as organic fertilisers,
biostimulants,inoculants,and ecological soil cultivation
methods. This approach aims to increase the efficiency
of crop cultivation, improving soil quality and reducing
the negative impact on the environment, thus contrib-
uting to the sustainable development of agriculture.

The analysis of scientific sources shows that the is-
sue of biologisation in agronomy has been considered
from various aspects. L.M. Potashova (2024) analysed
innovative technologies in crop production, particular-
ly biologisation methods, focusing on general aspects
without specialising in specific crops, which provided
a general overview of modern technologies but did not
delve into specific aspects related to individual crops.
The impact of deficit irrigation and iron fertilisation on
soybeans in dry climates was studied by V. El Amine et
al. (2024), which could be a part of agronomic biologi-
sation practices. Z. Liu et al. (2024) studied the effect
of no-till and organic fertilisation on kiwi productivi-
ty, which defined the effects of biological methods on
different crops. E. Semenchenko (2024) analysed the
dynamics of the main nutrients in the soil, which is
important for assessing the effectiveness of biologisa-
tion. O. Ergasheva et al. (2024) assessed the impact of
fertilisers on the yield and quality of barley and pota-
toes, which revealed the effects of different types of
fertilisers. C. Pacheco et al. (2023) studied the impact of

mineral and organic fertilisers on maize yield and soil
carbon balance, which is also part of biologisation.

L. Wegner (2022) studied modern aspects of root
energy that may affect the application of biological
methods. In turn, M. Allam et al. (2022) conducted a
meta-analysis of the impact of organic and mineral
fertilisers on soil organic carbon and productivity. The
biologisation of agriculture, as a way to increase eco-
nomic efficiency was considered by S. Skok and V. Al-
mashova (2023) and O. Costa et al. (2024), who studied
the effect of biostimulants on plant growth and soil
microbiome, which can be applied to biologisation
technologies. Y. Li et al. (2024) analysed the dynamics
of phosphorus fixation and mobilisation in agroecosys-
tems, which is important for nutrition management in
the context of biologisation. Notably, most studies focus
on individual crops or types of fertilisers, leaving the
integration of biological approaches in the integrated
cultivation of different crops underdeveloped. Assessm
ent of their environmental effects has also received in-
sufficient attention. This creates a gap in understanding
how biological methods can be effectively integrated
into different agronomic systems and what their long-
term effects are on ecosystems and economies.

Thus, the research problem is the need to  assess
the impact of the biologisation of agronomic practic-
es on the cultivation of various crops in the Ukraini-
an agricultural climate. This includes an analysis of
the effectiveness of the plant varieties under study in
combination with biological and organic fertilisers and
regulated irrigation. It is also necessary to analyse the
impact of these elements of technology on environ-
mental conditions. In this context, the study aimed to
comprehensively assess the impact of biological and
agronomic practices on the yield and quality of wheat,
corn, soybeans and sunflower, as well as their impact
on the environment. In particular, the effectiveness of
the varieties and fertilisers under study was analysed,
as well as their integration with modern elements of
technology, such as controlled irrigation and pesticide
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control. The study hypothesises that the use of bio-
logical fertilisers and new agricultural-technological
techniques can significantly increase yields and prod-
uct quality while reducing the negative impact on the
environment.

MATERIALS AND METHODS
The study was conducted from March 2022 to Octo-
ber 2024 at the Educational and Research Centre of
Mykolaiv National Agrarian University. For the experi-
ment, the crops presented in Table 1 were selected.

Table 1. Plant varieties used in the study

Crop Variety Year Country
Wheat Odesa duma 2017 Ukraine
Corn DM Victoria 2016 Ukraine
Hemp Gliana 2007 France
Sunflower Agent 2018 Ukraine

Source: compiled by the author based on the Ministry of Agrarian Policy and Food of Ukraine (2025)

The equipment used for soil cultivation and fer-
tilisation included John Deere tractors (USA), Horsch
cultivators (Germany) and Amazone fertiliser spread-
ers (Germany). Measuring instruments included Fluke
pyrometers (USA), Hanna Instruments pH meters (Italy)
and Bosch moisture meters (Germany). The research
methodology was based on a controlled experiment
that included three experimental groups and a control
group. The results of biological fertilisers were com-
pared with traditional chemical fertilisers. Soil and
crop samples were collected from each plot to analyse
nutrient content, moisture levels and contamination. A
formula was used to calculate the yield to assess the
effectiveness:

Y = (W/A) x 1000, (1)

where Y - yield (t/ha); W - total yield weight (kg); A -
plot area (ha).

Results were analysed using ANOVA to determine
the statistical significance of differences between
groups. Methods used included standard soil analysis
techniques such as sampling, pH and organic mat-
ter determination (State Standard of Ukraine No. ISO
10390:2007, 2007). The environmental impacts were
assessed using developed monitoring tools, including
CO, emissions and biodiversity impacts.

The weather conditions during the experiment
were characterised by the following trends: after sow-
ing wheat in September and October, temperatures re-
mained moderate, with average values ranging from
10°C to 18°C, which contributed to friendly germina-
tion. The autumn was rainy, which provided sufficient
soil moisture for the development of the plant root
system. However, in November, temperatures began
to drop, marking the beginning of winter dormancy.
The winter months were characterised by moderately
cold weather. Average temperatures ranged from -2°C
to 4°C, with periods of snow cover that protected the
plants from frost. However, on some days the temper-
ature dropped below -5°C, which could have affected
plant survival. Overall, the wintering was satisfactory,
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and the plants remained viable until spring. In April,
temperatures started to rise gradually, which helped
winter wheat to emerge. The average temperature in
this month ranged between 8°C and 15°C. Rains and
temperature fluctuations affected the initial stage of
crop growth. In May, temperatures continued to rise,
with average values ranging from 14°C to 22°C. May
had more stable weather conditions, which favoured
active plant growth. The average temperature in June
ranged from 18°C to 27°C. It was a period of active
growth and development of crops, but there were also
periods of extreme heat and insufficient moisture,
which affected yields. In July, temperatures reached
peak levels, with average temperatures ranging from
35°Cto 38°C, and there was virtually no precipitation.
Temperatures in August remained hot, with average
temperatures ranging from 30°C to 35°C. August was
marked by hot days and low humidity, which had a neg-
ative impact on the ripening phase of crops. In Sep-
tember, temperatures dropped, with average temper-
atures ranging from 15°C to 24°C. September was an
important month for harvesting and was characterised
by stable weather conditions.

Crop cultivation practices were generally accept-
ed for the conditions in southern Ukraine, except for
the factors under study. The study was conducted us-
ing several crops, including winter wheat, corn, hemp,
and sunflower. Winter wheat is represented by the
Odesa duma variety, corn by DM Victoria, sunflower by
Agent, and hemp by Gliana. Several options were pro-
posed to assess the impact of nutrition on yield and
product quality. Variant 1 is a control, where no fertil-
isers or preparations are used. Option 2 used biologi-
cal fertilisers: BioGrow compost (5 t/ha), Agrorhiz hu-
mates (10 litres/ha) and Soil Health bacteria (1 litre/ha).
Option 3 involved the use of EcoTon organic fertiliser
(8 t/ha). Option 4 included the use of pesticides: Funda-
zol fungicide (1.5 litres/ha), Actellik insecticide (0.5 li-
tres/ha), Bactofit fungicide (2 litres/ha) and Intarsit
biological pesticide (0.8 litres/ha). Option 5: combined
application of organic and mineral fertilisers (State
Standard of Ukraine No.4884:2007, 2007).




The study also assessed the effectiveness of pesti-
cides and biological plant protection products on Op-
tion 4. This demonstrated how these measures affect
crop productivity. Two irrigation backgrounds were se-
lected for the study: no irrigation and irrigation, which
was used to analyse the impact of water resources on
crop yields and quality. Each variant was analysed for
yield and product quality. The number of fertilisers,
preparations and water applied was determined sep-
arately to assess the impact of each factor on crop
yields under different moisture conditions. The control
plot was represented by the tested varieties without
the use of additional agrotechnological techniques
(Option 1). This ensured the principle of a single logi-
cal difference for comparing the results with other var-
iants of the study. The results of the experimental vari-
ants were compared with the control variants to assess
the effectiveness of the applied technology elements
and determine their impact on productivity and quali-
ty. The study also involved regulatory documents gov-
erning the use of biological fertilisers, namely: Law of
Ukraine No. 1264-XI1 (1991), Law of Ukraine No. 2775-
IX (2022). The study complied with the standards of
the Convention on Biological Diversity (1992) and the
Convention on International Trade in Endangered Spe-
cies of Wild Fauna and Flora (1979). The study used
an integrated approach, which demonstrated the use
of biological elements in the cultivation of grain and
industrial crops.

RESULTS

The use of biologisation elements is an important area
for increasing crop yields. The introduction of biological
fertilisers and new agronomic approaches in the study
demonstrated different levels of impact on yields de-
pending on the methods used. In variant 2, varieties of
wheat, corn, hemp, and sunflower were applied togeth-
er with biological fertilisers. The results demonstrated
that for wheat, the introduction of biological fertilisers
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improved soil structure and contributed to better access
to nutrients for plants. In the maize plot, biological fer-
tilisers, especially bacteria for growth stimulation, had
a positive impact on root development and increased
water and nutrient uptake. In the case of hemp, the
introduction of biological fertilisers increased yields
by 16%, and in sunflowers, it had a positive impact on
the formation of large and high-quality seeds. Varieties
combined with organic fertilisers were used in vari-
ant 3.The use of organic fertilisers improved soil struc-
ture and provided additional nutrients, leading to a 9%
increase in wheat yields compared to the control plots.

Organic fertilisers improved the water-holding ca-
pacity of the soil in the maize plot, which had a posi-
tive impact on plant development. It also improved the
availability of nitrogen for soybeans, which helped to
increase yields by 10%. Organic fertilisers contributed
to better sunflower development and improved seed
quality. The pesticide treatment was controlled in vari-
ant 4. Regulated irrigation provided an optimal level of
soil moisture, which contributed to the stable growth
of winter wheat. Pesticide control reduced corn yield
losses due to diseases and pests. Hemp and sunflower
increased yields due to optimal water management and
pest control. In variant 5, winter wheat varieties “Odesa
duma”, maize “DM Victoria”, hemp “Gliana”, and sunflow-
er “Agent” were grown with a combination of organic
and mineral fertilisers, as well as irrigation control.
Combined fertilisation and irrigation provided the best
conditions for the growth and development of all the
crops under study. The introduction of biologisation el-
ements, such as biological and organic fertilisers, reqgu-
lated irrigation and pesticide control, has had a positive
impact on crop yields. Each of the approaches proved
to be effective in increasing productivity, but the most
significant effect was achieved in the variant with com-
bined fertilisation and irrigation (Table 2). This confirms
that the integration of different elements of technology
is the key to increasing yields and product quality.

Table 2. Crop yields (average for 2022-2024), t/ha

Crop Variety Variant 1 ) V‘:ariant 2 ) Vafriant .3. Vari.ant 4 (Planf Var-iamf 5 (Combingd
(Control) (Biologicalfertilisers) (Organic fertilisers) protection + watering) application + watering)
Wheat Odesa duma 3.2 4.5 4 4.8 5.2
Corn Sweet Spirit 6 7.5 7 8.2 8.5
Hemp Gliana 2.5 3.5 3 4 4.3
Sunflower Agent 2.8 3.8 3.5 4.2 4.5

Source: compiled by the authors

The use of biological fertilisers and processing
technologies significantly affected the product quali-
ty of the studied crops. In the control variant, winter
wheat demonstrated an average protein level and low
grain strength, which led to satisfactory product qual-
ity. The use of biological fertilisers (BioGrow, Agrorhiz,
Soil Health) had a positive impact on its quality. The
protein content increased to 12.8%, which indicates an

improvement in the nutritional value of the grain. Grain
strength increased, and quality was rated as high due
to improved structure and fewer defects. In the EcoTon
organic fertiliser treatment, protein content increased,
and although grain quality improved, it did not reach
the level achieved in the biological fertiliser treatment.
Regulated irrigation and pesticide control had a posi-
tive impact on wheat quality. Protein content reached
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13.0%, although it did not exceed the results achieved
with biological fertilisers. Combined fertilisation and
irrigation resulted in a protein content of 12.9%, and
wheat quality remained at a sufficient level, but also
did not exceed the results with biological fertilisers.

In the control variant, corn had a low oil content
and average grain quality, with a high level of defects.
With biological fertilisers, an increase in oil content
was observed, indicating an improvement in grain
quality. Defects decreased, improving the overall qual-
ity of the product. In the variant with EcoTon organ-
ic fertiliser, oil content increased to 4.5% and grain
quality improved compared to the control conditions.
Regulated irrigation and pesticide control improved oil
content and grain quality but did not reach the level
of results with biological fertilisers. Combined fertilis-
ation and irrigation provided the highest oil content,
but grain quality remained average. Hemp showed a
protein content of 10.0% with average seed quality and
satisfactory nutritional value in the control variant. The
varieties together with biological fertilisers provided a
significant increase in protein content. This improved
seed quality and nutritional value, which indicates the
effectiveness of biological fertilisers. In the organic fer-
tiliser variant, the protein content increased, which is
an improvement, but did not reach the results of the
biological fertiliser plot. Regulated irrigation and pes-
ticide control had a positive effect on protein content,
improving seed quality and nutritional value, but did

not exceed the results of option 2. Combined fertilisa-
tion and irrigation improved protein content, but seed
quality remained average.

The results of sunflower cultivation in the control
variant showed an oil content of 43.5%, with average
seed quality and high levels of damage. The use of bio-
logical fertilisers increased the oil content, indicating a
significant improvement in seed quality and a damage
reduction. Product quality was rated as high. Organic
fertilisers also increase oil content. Seed quality im-
proved but did not reach the level of option 2. Regu-
lated irrigation and pesticide control resulted in higher
oil content. Seed quality improved but did not exceed
the results with biological fertilisers. Combined fertilis-
ation and irrigation resulted in higher oil content. Seed
quality was at a high level (Table 3). The impact of biol-
ogisation on the content of acceptable nutrients in the
soil is significant and complex, as it involves several
key processes and mechanisms that interact to improve
soil fertility. Biological fertilisers, such as composts
and humates, positively impact soil structure. Com-
posts, which result from the decomposition of organic
materials, add large amounts of organic matter to the
soil. This increases the water-holding capacity of the
soil, promotes the formation of a clodded soil struc-
ture and reduces the risk of erosion. Humates, which
are derivatives of organic acids, improve soil aeration
and increase its ability to retain moisture, which has a
positive effect on overall fertility.

Table 3. Product quality (average for 2022-2024)

Variant 5 (Combined

Cro Variant 1 Variant 2 Variant 3 Variant 4 (Plant application +
P (Control) (Biological fertilisers)  (Organic fertilisers)  protection + watering) pplicat
watering)
H . 0, H . 0, 1 . 0,
Protein content: 12.3% Protein content: 13.5% Protg;r;iao:ttreer:]t. tlhz_'BA Proée;;r;nczpr 'Eaennt&]l'SA Protglrr;icno:ttfenrf. 1&9 %
Wheat Grain strength: low Grain strength: high gth: gth: gth:
Quality: satisfactory Quality: High average average average
= ’ = ’ Quality: good Quality: good Quality: good
Oil content: 4.2% Oil content: 4.8% Oil content: 4.5% Oil content: 4.6% Oil content: 4.7%
Corn Grain quality: average Grain quality: high Grain quality: average Grain quality: high Grain quality: average
Defects: increased Defects: decreased Defects: decreased Defects: decreased Defects: decreased
Protein content: 10%  Protein content: 12% Protein content: 11.5% Protein content: 11% Protein content: 11.8%
Hem Seed quality: average Seed quality: high Seed quality: average Seed quality: average Seed quality: average
P Nutritional value: Nutritional value: Nutritional value: Nutritional value: Nutritional value:
satisfactory better good good good
Oil content: 43.5% Qil content: 47% Oil content: 45.5% Qil content: 46% Oil content: 45.8%
Sunflower Seed quality: average Seed quality: high Seed quality: average Seed quality: high Seed quality: average

Damage: increased Damage: decreased

Damage: decreased

Damage: decreased Damage: decreased

Source: compiled by the authors

Microbiological products, such as growth-stimulat-
ing bacteria, activate microbiological activity in the soil.
The microorganisms contained in these products help
to decompose organic residues and release nutrients
in a form that is available to plants. For instance, some
bacteria can convert inorganic nitrogen into a form
that is easily absorbed by plants, improving the nitro-
gen supply to crops (Didur et al., 2023). The application
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of biological fertilisers helps to increase the content
of the main nutrients nitrogen (N), phosphorus (P) and
potassium (K) in the soil. Composts and humates con-
tain a significant amount of organic nitrogen, which
gradually decomposes, providing a long-lasting effect.
The phosphorus in composts and humates is gradual-
ly released and becomes available to plants, which is
especially important for root development. Potassium




contained in biological fertilisers improves the water
balance in plants and their stress resistance (Table 4).
Biological fertilisers improve the availability of nutri-
ents in the soil. Composts and humates help to bind
and retain nutrients, reducing leaching and ensuring
their gradual release. Microbiological preparations help
to break down complex organic compounds, converting
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them into forms that are easy for plants to absorb. In
general, biologisation leads to an increase in the level
of organic matter in the soil, which has a positive ef-
fect on overall fertility. Increasing the organic content
improves not only the nutrient content but also the
physical and chemical properties of the soil, such as its
structure, water-holding capacity and aeration.

Table 4. Content of acceptable nutrients in the soil (average for 2022-2024)

Variant 3

(Organic fertilisers)

Variant 4 (Plant

protection + watering)

Variant 5 (Combined

application +
watering)

Mobile nitrogen:
20 mg/kg
P,0,:12 mg/kg
K,0:25 mg/kg

Mobile nitrogen:
22 mg/kg
P,0,: 14 mg/kg
K,0: 28 mg/kg

Mobile nitrogen:

24 mg/kg
P,0,: 16 mg/kg
K,0:27 mg/kg

Mobile nitrogen:
23 mg/kg
P,0,: 13 mg/kg
K,0:28 mg/kg

Mobile nitrogen:
25 mg/kg
P,0,: 17 mg/kg
K,0:33 mg/kg

Mobile nitrogen:

28 mg/kg
P,0,: 19 mg/kg
K,0:30 mg/kg

Mobile nitrogen:
15 mg/kg
P,0,: 10 mg/kg
K,0:20 mg/kg

Mobile nitrogen:
18 mg/kg
P,0,: 13 mg/kg
K,0:23 mg/kg

Mobile nitrogen:

19 mg/kg
P,0,: 15 mg/kg
K,0:22 mg/kg

Cro Variant 1 Variant 2
P (Control) (Biological fertilisers)
Mobile nitrogen: Mobile nitrogen:
15 mg/kg 25 mg/kg
Wheat P.0,: 10 mg/kg P.0,: 15 mg/kg
K,0: 20 mg/kg K,0: 30 mg/kg
Mobile nitrogen: Mobile nitrogen:
Corn 18 mg/kg 30 mg/kg
P,0,: 11 mg/kg P,0,: 18 mg/kg
K,0:22 mg/kg K,0: 35 mg/kg
Mobile nitrogen: Mobile nitrogen:
12 mg/kg 20 mg/kg
Hemp P,0.:9 mg/kg P,0,: 14 mg/kg
K,0:18 mg/kg K,0: 24 mg/kg
Mobile nitrogen: Mobile nitrogen:
Sunflower 14 mg/kg 26 mg/kg

P,0O,: 10 mg/kg
K,0: 21 mg/kg

P,0,: 16 mg/kg
K,0:32 mg/kg

Mobile nitrogen:
19 mg/kg
P,0,: 12 mg/kg
K,0:26 mg/kg

Mobile nitrogen:
21 mg/kg
P,0,: 15 mg/kg
K,0:29 mg/kg

Mobile nitrogen:

23 mg/kg
P,0,: 17 mg/kg
K,0:31 mg/kg

Source: compiled by the authors

Thus, biologisation using organic and microbio-
logical fertilisers significantly improves the nutrient
content of the soil, increasing its fertility and produc-
tivity. This helps to provide plants with the necessary
elements for growth and development, which in turn
has a positive impact on the yield and quality of agri-
cultural products. Biologisation, which includes the use
of organic and microbiological fertilisers, can affect CO,
emissions through various mechanisms (Trembitska &
Bohdan, 2023). The application of organic fertilisers,
such as composts and humates, improves soil structure
and increases its organic content. This can reduce CO,
emissions, as well-structured soils with higher organic
matter content contribute to better soil carbon reten-
tion, reducing its release to the atmosphere. Composts
and humates improve the water-holding capacity of the
soil, which reduces erosion (Kyselov, 2024). Less erosion

means less loss of organic material from the soil, which
also helps to reduce CO, emissions. Microbiological
products can affect the decomposition of organic mat-
ter, which also affects CO, emissions. Microorganisms
accelerate the decomposition of organic materials, but
this process can be more controlled, which can reduce
CO, emissions.

Agronomic practices, such as managed irrigation
and pesticide use, also impact CO, emissions. Managed
irrigation can reduce CO, emissions by reducing the risk
of soil drying out and improving soil moisture, which re-
duces the need for frequent tillage, which can be asso-
ciated with CO, emissions. The impact of pesticides on
CO2 emissions is less apparent, but their use can affect
microbiological processes in the soil. Uncontrolled use
of pesticides can disrupt the balance of microorgan-
isms, which in turn can change CO, emissions (Table 5).

Table 5. CO, emissions at different experimental sites (average for 2022-2024)

Variant Type of fertiliser/agronomic practices CO, emissions (kg/ha) Reduction of CO, emissions (% from control plot)
Variant 1 Without additional measures 120 0%
. Biological fertilisers 4co

Variant 2 (compost, humates, bacteria) 102 15%

Variant 3 Organic fertilisers 106 -12%

Variant 4 Copt.rolled irrigation . 116 3%

and pesticide control + watering
Variant 5 Combined fertilisation + irrigation 108 -10%

Source: compiled by the authors
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Biologisation has a significant positive impact on
biodiversity. Organic fertilisers promote the develop-
ment of a variety of microorganisms in the soil, such
as beneficial bacteria and fungi, which help to decom-
pose organic matter and increase soil fertility. Biologi-
cal fertilisers can support and increase the number of
beneficial organisms, such as shrews and predatory in-
sects, which help control pests and diseases (Shahini et
al., 2024). The use of biological fertilisers can increase
plant diversity by improving the conditions for different
types of crops to grow, which increases the overall bio-
diversity of the agricultural ecosystem.

Agronomic practices also have both positive
and negative impacts on biodiversity (Fedoniuk et
al.,2024).Requlated irrigation can help maintain plant
and microbial diversity by providing stable growth
conditions. However, excessive irrigation can lead to
problems with soil salinity, which can have a negative
impact on biodiversity (Table 6). Pesticide applications
can have a negative impact on biodiversity, as they
can kill not only pests but also beneficial insects and
other organisms, upsetting the ecological balance and
reducing the diversity of organisms in the soil and on
the surface.

Table 6. Biodiversity in different variants (average for 2022-2024)

Variant Type of fertiliser/agronomic practices Biodiversity index = Changes in biodiversity (% of the control site)
Variant 1 Without additional measures 1 0%
Variant 2 Biological fertilisers (compost, humates, bacteria) 14 +40%
Variant 3 Organic fertilisers 1.3 +30%
Variant 4 Controlled irrigati\/?lr;taer:it:‘gesticide control + 12 +20%
Variant 5 Combined fertilisation + irrigation 1.35 +35%

Source: compiled by the authors

Thus, biologisation and agronomic practices have
different impacts on CO, emissions and biodiversity.
The use of biological fertilisers generally reduces CO,
emissions and increases biodiversity, while agronomic
practices can have both positive and negative effects
depending on their application and control.

DISCUSSION

The study demonstrated that the use of biological ap-
proaches in the cultivation of cereals and industrial
crops can significantly improve their quality and resist-
ance to environmental stress. The findings are impor-
tant for developing strategies that will help preserve
the environment and increase agricultural productivi-
ty. The introduction of biological methods can reduce
the dependence on chemical fertilisers and pesticides,
which correlates with modern environmental require-
ments and trends towards sustainable development.
The results of the study on the impact of biological
methods on plant productivity and soil quality are con-
sistent with the findings of W. Huo et al. (2023). The
authors determined that the optimal use of phosphate
fertilisers in saline soils can significantly improve cot-
ton yields by reducing excessive phosphorus in the
soil, which is an important aspect for reducing neg-
ative environmental impacts. The study also demon-
strates that optimising the use of biological fertilisers
can help achieve similar results, reducing the risk of
over-application of phosphate fertilisers and improv-
ing overall soil health. Q. Wang et al. (2024) investigat-
ed the effect of long-term straw management in wheat
and cotton on root system performance and cotton
yield. Their results indicate that phosphate fertilisers
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applied in combination with straw improve root carbo-
hydrate metabolism and, as a result, increase produc-
tivity. Observations confirm these results, showing that
biological methods, such as bio-phosphorus fertilisers
and cover crops, can contribute to similar improve-
ments in agricultural systems, increasing productivity
and resource efficiency.

The use of magnetised water together with bi-
odegradable films can significantly improve the dis-
tribution of water and salt in the soil, leading to in-
creased tomato yields in arid conditions, as stated by
Z.Zhou et al. (2024). The results confirm that innovative
approaches can be integrated with biological methods
to achieve similar effects, in the context of improving
soil water retention and increasing crop productivi-
ty. In turn, N. Li et al. (2024) investigated the synergy
between Broussonetia papyrifera and biofertilisation
to stabilise bacterial communities and improve plant
growth in copper dumps. These observations also indi-
cate that biofertilisation can significantly improve the
stability of the microbiological environment in agri-
cultural systems, increasing the efficiency of plant sys-
tems under adverse conditions. M. Bashir et al. (2024)
determined that polystyrene microplastics can affect
the bioavailability and toxicity of copper compounds
in maize. This study also highlights the importance of
controlling pollutants and their impacts on agricultural
systems, through biological methods that can help re-
duce the negative effects of pollution.

The results of the study by J. Bangre et al. (2024)
on the impact of inorganic fertilisers and manure on
soil quality and productivity in subtropical vertisols
demonstrated that long-term use of these fertilisers




can affect soil properties and crop productivity. The
findings confirm that biological methods, such as bi-
ofertilisation, can provide sustainable improvements
in soil quality and crop productivity through their
long-term effects on soil structure and fertility. Differ-
ences in soil carbon content and crop growth in differ-
ent agricultural conditions in China, emphasising the
role of geochemistry and climate change, were studied
by X.Yang et al. (2024). The results of this study also
confirm the importance of considering geochemical
and climatic factors when using biological methods
to improve soil fertility and crop productivity. Biolog-
ical approaches can help to adapt to climate change
by improving soil organic matter content and struc-
ture. D. Wang et al. (2024) investigated the impact of
different levels of fertiliser application on bacterial
communities, enzyme activity and soil organic nitro-
gen fractions. This study confirms that biofertilisers
can contribute to improving the microbiological en-
vironment and increasing nutrient use efficiency. The
integration of biofertilisers into agronomic practices
demonstrates a similar positive impact on soil struc-
ture and fertility (Shuvar et al., 2022).

The responses of bacterial and fungal communities
to three years of biofertiliser application to alkaline
soybean soil were described by W. Gao et al. (2021). The
results are consistent with this study, showing that bi-
ofertilisers can positively affect microbial activity and
soil fertility, which is important for maintaining the
long-term productivity of agricultural systems. The re-
sults of a study by J. Fachini et al. (2024) demonstrated
that potassium-enriched fertilisers improved nutrient
uptake in radish plants. This is consistent with the
findings that fertilisers enriched with different nutri-
ents can have a positive impact on crop productivity by
improving nutrient availability and uptake. The impact
of biofertilisers on nutrient cycling and crop produc-
tivity was studied by L. Melo and M. Sanchez-Monede-
ro (2024). These results confirm that biofertilisers can
be effective in improving nutrient cycling and ensur-
ing sustainable crop productivity through their effect
on the physical and chemical properties of the soil.
C.Figueiredo et al. (2024) examined nutrient- and com-
post-enriched soil in terms of systemic productivity and
environmental sustainability. The results are consistent
with their findings that such biofertilisers can increase
the productivity of agronomic systems and ensure envi-
ronmental sustainability, due to their ability to improve
soil structure and maintain soil fertility.

A study by |. Rashmi et al. (2024) on the effects of
gypsum and organic amendments on soil stability, pro-
ductivity and health under agricultural production in
soda soils of India is noteworthy. The results of this
study confirm that biological additives can be effective
in maintaining soil health and increasing productivi-
ty, similar to the effects of organic additives in other
agronomic systems. The study by X. Xie et al. (2024)
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confirmed that bacteria that stimulate plant growth
and can withstand salt stress are effective in mitigating
such stress in plants. These results support this claim,
showing that bacteria can significantly increase crop
resistance to salt, which is important for areas with
high levels of salinity.Similar findings were reported by
Z.Ning et al. (2024), who analysed the use of halophilic
bacteria to reduce salt stress in rice. The results of the
study are consistent with their findings, confirming the
effectiveness of certain microorganisms in improving
plant salt tolerance, which may be important for grow-
ing crops in saline environments. C. Cruz et al. (2023)
also demonstrated that bacteria that stimulate plant
growth can increase the resistance of maize to salinity.
These results also confirm the positive impact of such
bacteria, which highlights the potential of using these
microorganisms to improve product quality under salt
stress. L. Zhuang et al. (2024) highlighted the impact
of reducing chemical fertilisers and applying organic
fertilisers on soil fertility and productivity in apple or-
chards. The results also confirmed that the reduction
of chemical fertilisers and the use of organic methods
can have a positive impact on crop productivity and
environmental sustainability, which is consistent with
the findings of their study. A. Panfilova et al. (2021) de-
termined that nutrition optimisation increases barley
yields, which is consistent with the data obtained for
wheat. These results confirm that nutrition is a critical
factor in achieving high performance. The researchers
also focused on optimising wheat-growing technolo-
gies, especially the Kolchuga variety, in the steppes of
southern Ukraine. Their recommendations for optimi-
sation can be supplemented with data on the impact
of biological fertilisers on crop yields and quality.

The use of organic nitrogen fertilisers to im-
prove soil health and increase yields was reviewed by
S. Shahini et al. (2023). This study expands on these
ideas by providing more detailed information on the
impact of biological, organic and combined fertilisers
on product quality. T. Kachanova et al. (2021) assessed
the impact of weather conditions and sowing methods
on chickpea productivity, highlighting the importance
of environmental conditions for the success of agro-
nomic practices. This complements the findings on the
importance of agronomy for biodiversity conservation.
V. Pichura et al. (2024) studied the influence of prede-
cessors on the formation of water balance in winter
wheat agrocenoses and soil moisture in the steppe
zone. Their results emphasise the importance of ag-
ronomic management to optimise water resources,
which can be applied to the present study, which also
considers irrigation. The study demonstrated that ele-
ments of biologisation can significantly improve both
product quality and environmental conditions. The
differences found in comparison with previous studies
highlight the need to adapt biologisation methods to
specific growing conditions.
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CONCLUSIONS
The study confirmed the effectiveness of introducing
elements of biologisation in agronomic practice to in-
crease crop yields and quality. In particular, the use
of biological fertilisers (biological products, composts,
and humates) improved the yield of all the crops
studied. In variant 3 with organic fertilisers, yields
increased by 8-15%, while regulated irrigation and
pesticide control in variant 4 provided a stable yield
increase of 10-12%. The best results were achieved
in Plot 5 with combined fertilisation and irrigation.
Biological fertilisers also improved product quality:
soybean and sunflower oil content was higher. Soil
nutrient analysis showed increased levels of nitrogen,
phosphorus and potassium. CO, emissions decreased
by 10-15% and biodiversity increased by 40%. Over-
all, the research results confirm that the integration
of biologisation elements into agronomic practices
is an effective strategy for improving yields, product
quality and soil fertility. Biological fertilisers provided
the most significant positive effect compared to other

It is recommended to introduce biological and or-
ganic fertilisers on a wide scale to increase yields and
product quality. It is also necessary to continue to use
regulated irrigation and control pesticide treatments
for sustainable results. It is also important to explore
the possibilities of combined fertilisation and irrigation
to achieve the best results. The main areas for further
research include studying the long-term effects of bi-
ological fertilisers on different soil types and climatic
conditions, the optimal combinations of fertilisers and
irrigation for different crops and an analysis the impact
of biological fertilisers on plant resistance to diseases
and pests. The study is limited by the specific types of
fertilisers and irrigation used, as well as the geographi-
cal and climatic conditions of the sites. It is worth noting
that the study was conducted in one geographical area
(Mykolaiv region), which may limit the generalisability
of the results to other regions. Moreover, the possible
effects of other factors, such as genetic characteristics
of crops and climate change, were omitted in this study.

methods. The combined use of fertiliser and irrigation ACKNOWLEDGEMENTS
also demonstrated significant benefits, especially in None.
terms of resource management and CO, emissions re- FUNDING
duction. These results underline the importance of an  Ngne.
integrated approach to agricultural ecosystem man-
agement to achieve high productivity and sustainabil- CONFLICT OF INTEREST
ity in agriculture. None.
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BukKopUCTaHHA efleMeHTIB 6ionorisauii npu BUpoLLyBaHHiI 3€epHOBUX | TEXHIYHUX
KyJnbTyp 3 METOIO OTPUMAHHS BUCOKOSIKICHOI NpoAayKLUii Ta 36epe)xeHHs AOBKinns
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AHoTauis. MeToto focniaxkeHHs 6yno ouiHUTY eDEKTUBHICTb BMPOBAAXKEHHS eNeMeHTiB Bionorizawii 4ns niaBULLEHHS
BPOXAWHOCTI Ta $KOCTi CiNbCbKOroCNOAapCbKMX KynbTyp. byno npoBefeHO eKCnepuMEHT, y paMKax $Koro
npoaHani3oBaHoO BNAMB 6ioNOriYHMX Ta OpraHiyHMX AO6PUB, peryNboBaHOro 3pOLIEHHS | KOHTPOK NeCTULMAHOIO
06po6neHHA Ha BPOXKAMHICTb, AKICTb MPOAYKLIT, BMICT MOXMBHUX PEHOBMH Y rpyHTi, BUknan CO, Ta 6iopisHOMaHITTS.
Pe3ynbtat nokasanu, WO BMKOPUCTaHHS GionoriyHmx Aobpue (bionpenapat, KOMMNOCTU, FyMaTu) MO3UTUBHO
BMMHYN HA BPOXAMHICTb BCiX AOCNIMKEHNX KyNbTyp. 30KpeMa, y BapiaHTi 2, Ae OynM 3acTOCOBaHi COPTM MNLIeHML,
KYKYpyA3M, KOHOMENb i COHAWHWMKY 3 BionoriynumMm pobpusamu, cnoctepiranocs 36ifblieHHS BPOXAMHOCTI Ha
12-20 % 3anexHo Big, KynbTypu. OpraHiyHi [obpuBa y BapiaHTi 3 TaKoX MoKa3anu NiABULLEHHS BPOXAMHOCTI, Xo4a 1
y MeHLWoMy 06ca3i (8-15 %). PerynboBaHe 3poLeHHs i KOHTPO/b NECTUUMAIB Y BapiaHTi 4 3abe3neunnu ctabinbHMi
npupict BpoxanHocti Ha 10-12 %, a KomMbiHOBaHe BHeCeHHS [,0OpUWB i 3pOLIeHHs Yy BapiaHTi 5 pano Hankpawi
pe3ynbTaTi, Xo4a M 3 MeHLWKUMM 36inblieHHaMK. BnpoBaokeHHs 6ionoriyHmx L0OPUB TaKOX MO3UTUBHO BMMHYNO
Ha sKicTb npopykuii. ONifHICTb COi Ta COHALWHMKY Ha AinsHKax 3 HionoriyHMMK 0obpuBaMKM Takox Oyna BULLOKO
NOPIBHSHO 3 KOHTPOJIbHWUM BapiaHTOM 1. AHani3 BMiCTy NOXMBHUX PEYOBMH Y FPYHTI NOKa3as, Lo HionoriyHi fobpmea
niaBUWMIK piBHI @30Ty, pocdopy i kanito B rpyHTi. Bukmam CO, 3MeHwmnmcs Ha 10-15 % Ha aingHkax 3 6ionoriyHnMu
[06prBaMu, L0 BKA3YE HA MO3UTUBHMIA €KONOTiIYHMI edEeKT 3aCTOCYBAHHS TaKMX TEXHONOTI. biopi3HOMaHITTS Takox
NoKpaLLMI0Ch, 30KpeMa Ha AinsaHui 3 6ionoriyHMMK 0o06pMBaMM CNOCTEPIranocs 3poCcTaHHs iHAeKCy Biopi3HOMaHITTS
Ha 40 %. TakMM YMHOM, pe3ynbTaTu AOCNILKEHHS NiATBEPAXKYIOTb, LLO iHTerpaLis 6ionoriyHmx i opraHiyHuMx gobpus,
a TaKOX edeKT1BHE ynpaBniHHSA BOLHUMU pecypcamu i NeCTULMAAMU MOXE 3HAYHO NiABULLIUTU BPOXKAMHICTb | KiCTb
CiNbCbKOrocnoaapcbKMxX KynbTyp, 3MeHWwnTv Buknam CO, i cnpuati 36epexeHHI0 6iopi3HOMaHITTS

KniouoBi cnoBa: CinbCbKOrocnoaapcbKi KynbTypu; eNeMeHTM TexHonorii; 6ionoriyHi MeToaM B POCAMHHULTBI;
€KO0rist; YPOXKAMHICTb | KiCTb POCAUH
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bioactive compounds have been proposed as alternatives; however, most fail to
achieve efficacy comparable to that of antibiotics. The present review aimed to analyse
recent studies regarding the effects and mechanisms of action of fatty acids and their
glycerides on the digestive system of production animals. Mixtures of individual fatty
acids and monoglycerides are considered promising substitutes due to their broad-
spectrum antimicrobial, antiviral, anti inflammatory and metabolic effects. A key
benefit of such mixtures is the maintenance of barrier integrity and immune function
in the pig intestine under intensive farming conditions. Despite notable progress in
the study of individual bioactive agents aimed at supporting pig productivity in the
post antibiotic era, the molecular and cellular mechanisms underlying the effects
of balanced blends of fatty acids and glycerides remain unclear. Recent evidence
suggested that monoglycerides enhance resistance to infections, reduce mortality,
and support consistent productivity in systems with limited antibiotic use. Reported
findings indicated that individual monoglycerides improve intestinal morphology
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and enhance nutrient absorption efficiency. A significant aspect of their protective function is their ability
to modulate the composition of the intestinal microbiota by selectively inhibiting the growth of pathogenic
taxa. This review provided an overview of the key antimicrobial effects of monoglycerides. Collectively, these
properties support the formulation of a scientifically grounded concept for entirely antibiotic-free livestock
production. This concept may serve as an effective strategy for promoting sustainable pork production in line
with modern standards. The review contributed to the understanding of both the limitations and potential of

fatty acids and glycerides as alternatives to antibiotics

Keywords: monoglycerides; swine farming; immune system; intestinal morphology; microbiome; antibiotic

resistance

INTRODUCTION

Global swine production is currently in a recovery phase
following a crisis caused by the spread of African swine
fever, which significantly reduced pig populations and
pork production volumes in many countries, as well as
the COVID-19 pandemic, which temporarily disrupted
market activity. Global pork production is now exhibit-
ing growth in both volume and price, operating within a
context of intense competition, technological advance-
ment and innovation. The intensification of pork pro-
duction has facilitated the spread of disease, making
it increasingly difficult to maintain productivity with-
out the use of antimicrobial agents. Since the 1950s,
growth promoters, including antimicrobial agents, have
played a crucial role in enhancing animal productiv-
ity (Haulisah et al,, 2021). However, their use has led
to a significant rise in antibiotic resistance. The Eu-
ropean Union banned growth promoters in 2006 and
introduced additional restrictions on the prophylactic
use of antibiotics in 2018, which came into effect in
2022 (Jackman et al, 2023). These restrictions have
driven an active search for alternatives to antibiotics
(Mykhalko, 2021; Szabo et al, 2023). In the past dec-
ade, interest has compounded the alternative strategy
concerning non-antibiotic growth promoters and anti-
microbial substances to support animal health and en-
hance the profitability of swine farming.

In current livestock practices, there is increas-
ing interest in the use of bioactive compounds as re-
placements for antibiotics in animal feed (Dahmer et
al, 2020). Among these compounds, monoglycerides
and their derivatives are of particular interest. Mono-
glycerides offer several advantages in combating in-
fectious diseases in animals compared to antibiotics.
Firstly, they possess a broad spectrum of antimicrobi-
al activity, inhibiting the proliferation of both viruses
and bacteria, whereas antibiotics are only effective
against bacteria. Secondly, pathogens face significant
barriers in developing resistance to monoglycerides,
making them effective not only for treatment but also
for disease prevention (Tan et al., 2021; Lépez-Colom et
al, 2020). Third, monoglycerides are more effective
than fatty acids and are safer than other organic agents,
including formaldehyde, formic acid, and other acidifi-
ers (Jackman et al, 2022). Therefore, the application of

monoglyceride blends as a replacement for antibiotics
represents a promising approach in animal farming. The
antimicrobial properties of monoglycerides depend on
multiple mechanisms of pathogen suppression, while
the selection for multi-resistant strains has not been
observed among microbial populations. Taking into
account that the emergence of multi-resistant strains
represents one of the most critical global challenges,
monoglycerides may offer a viable solution for devel-
oping alternative strategies to minimise both the pres-
ence of antibiotics in animal products and the risk of
spreading multi-resistant strains.

This review was conducted using a systematic anal-
ysis of the available literature on organic acid and glyc-
eride supplementation in swine farming. In addition,
attention was given to the most important characteris-
tics of these compounds to ensure their positive impact
on both gut and overall animal health. The databases
consulted included AGRICOLA, PubMed, Biological Ab-
stracts, CAB Abstracts, the Index-Catalogue of Medical
and Veterinary Zoology (ICMVZ), the International Vet-
erinary Information Service (IVIS), and the Office Inter-
national des Epizooties (OIE). Articles were included
in the analysis if they contained at least two of the
aforementioned keywords. This review provides a com-
prehensive overview of current data on the molecular
mechanisms, potential, and effectiveness of monoglyc-
eride application in swine production, and examines
their impact on physiological state, productivity, and
overall pig health. In addition, the authors discuss the
effects of monoglycerides on the immune response, mi-
crobiome composition, and intestinal morphology. The
is based on recent findings published in biomedical and
veterinary medicine journals.

Thus, this review aimed to compile and clarify both
foundational and recent data on the potential of mono-
glycerides as an alternative to antibiotics in swine
farming.

GENERAL CHARACTERISTICS
OF MONOGLYCERIDES

Monoglycerides are a class of glycerides consisting of a
glycerol molecule covalently bonded to a fatty acid via
ester linkage. Due to the presence of both primary and
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secondary hydroxyl groups in glycerol, there are two
types of monoglycerides: 1-monoacylglycerols, where
the fatty acid is attached to the first hydroxyl group,
and 2-monoacylglycerols, where it is attached to the
second hydroxyl group. Owing to their structure, mono-
glycerides possess both hydrophilic (water-attracting)
and hydrophobic properties. Mono- and diglycerides
are generally produced through the transesterification
(glycerolysis) of triglycerides with glycerol (Panyod et
al, 2024). In industry, monoglycerides are primarily
used as surfactants, typically in the form of emulsifiers.
However, their most promising application appears to
be as biologically active additives, providing a safe al-
ternative to antibiotics and hormonal products.

Monoglycerides containing both short-chain and
medium-chain fatty acids (SCFAs and MCFAs) exhibit di-
rect antimicrobial effects in vitro and have the potential
to enhance immune competence in animals, improve
gut health, and reduce the risk of disease transmission
in the postantibiotic era. SCFA a-monoglycerides, such
as a-monopropionin and a-monobutyrin (derivatives of
propionic and butyric acids), are primarily active against
Gram-negative bacteria. In contrast, MCFA a-monoglyc-
erides, such as a-monocaprylin, a-monocaprin, and
a-monolaurin, are more effective against Gram-pos-
itive bacteria. Numerous studies have confirmed the
antibacterial effects of a-monoglycerides in vitro and
in vivo. Additionally, recent findings indicate that MCFA
a-monoglycerides, particularly o-monolaurin, exhib-
it antiviral properties. P. Salvi and R. Cowles (2021)
demonstrated that the biological activity of free bu-
tyric acid is associated with the regulation of cellular
responses to maintain the viability and function of var-
ious cell types, including through histone deacetylase
inhibition and G-protein-coupled receptor activation.

Medium-chain fatty acids (MCFAs) represent a class
of saturated fatty acids containing from six to twelve car-
bon atoms. This class includes caproic, caprylic, capric,
and lauric acids, which are present in natural products
including cow’s milk and vegetable oils extracted from
coconut and the fruit of oil palms (Lépez-Colom et
al,, 2020). Mono-, di- and triglycerides of MCFAs are typ-
ically formed via esterification with glycerol. Apart from
serving as an energy source, MCFAs have demonstrated
potential for improving gut morphology, stimulating
growth, preventing infections, regulating immune re-
sponses, and functioning as alternatives to antibiotics
(Dahmer et al., 2020; Yu et al,, 2023). Several studies,
including G. Chen et al. (2023), have shown that both
mono-and triacylglycerols of DL-3-hydroxybutyrate are
non-toxic, stimulate metabolic energy production upon
intravenous administration, and can be used as nutri-
ents in animal feed.

The primary structural feature responsible for the
biological activity of monoglycerides (MGs) is the for-
mation of micelles - self-assembled particles that form
stable spheres once their concentration exceeds the
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critical micelle concentration (CMC). An increase in the
length of hydrocarbon chains in the fatty acid residues
of glycerides leads to stronger intramolecular hydro-
phobic interactions and alters the balance of micelle
self-assembly (Yoon et al.,, 2020). The nonionic nature of
MGs allows them to form micelles at lower concentra-
tions compared to MCFAs, which are anionic and sub-
ject to electrostatic repulsion (Feyaerts, 2022). Thus, the
antimicrobial efficacy of MGs is related to the fatty acid
composition and their ability to form micelles at lower
concentrations. MGs exhibit inhibitory effects against
a wide range of both bacteria and membraneenvel-
oped viruses by disrupting their membranes. Recently,
S.Tan et al. (2024) demonstrated that several fatty acids
and monoglycerides exhibit significantly higher biolog-
ical activity depending on the unique structure of their
micelles, whereas the monomeric form of glycerides
shows considerably lower or no activity. The antibacte-
rial effects of MGs are associated with increased bacte-
rial membrane permeability, local membrane damage,
and the disruption of essential membrane functions, in-
cluding electron transport, oxidative phosphorylation,
and enzymatic activity (Casillas-Vargas et al., 2021).
MGs are also effective against membrane-enveloped
viruses, where membrane disruption is a key compo-
nent of their antiviral mechanism.

EFFECT OF MONOGLYCERIDES ON PERFORMANCE
AND FEED CONVERSION IN PIGS

The supplementation of monoglycerides in pig diets
has attracted particular attention due to their potential
to improve productivity and feed conversion efficiency.
This section examines the effects of MGs on growth,
feed conversion, and overall pig health based on recent
scientific research. A significant amount of conflicting
data exists regarding the effects of SCFA- or MCFA-con-
taining monoglycerides on the performance of weaned
piglets (Cui et al, 2020; Thomas et al., 2020; Papado-
poulos et al., 2022). However, recent studies indicate
that adding a monoglyceride blend to piglet diets re-
duces the growth-to-feed ratio in pigs infected with en-
terotoxigenic Escherichia coli (ETEC). C.Ren et al. (2019)
reported that the addition of capric acid to piglet diets
increased body weight gain and exhibited moderate
antibacterial activity against E. coli. At the same time,
studies have shown that a blend of monoglycerides
composed of C4, C8, and C10 fatty acids did not affect
broiler performance in birds infected with necrotic en-
teritis (Kumar et al., 2021). Conversely, feed additives
containing a-GML improved the growth performance
of broilers, which was attributed to increased feed in-
take and enhanced gut health (Lan et al, 2021). The
application of a-GML also demonstrated a beneficial ef-
fect, enhancing antimicrobial efficacy in both sows and
suckling piglets. Furthermore, a-GML supplementation
stimulated weight gain in suckling piglets. The addition
of a-GML to sow diets significantly increased (P <0.05)




piglet body weight at weaning and improved overall
crude fatdigestibilityin sows (Papadopoulos etal., 2022).

Recent data have shown that a 0.1% dose of a-GML
improves the performance and growth of weaned pig-
lets and reduces post-weaning diarrhoea. The authors
attribute these effects to improved nutrient digestion,
suppression of systemic inflammation, maintenance of
intestinal permeability, and promotion of a stable gut
microbiota in piglets (Wei et al,, 2023). The addition of
glycerol monolaurate to sow diets improves gut health
in suckling piglets. Specifically, the results of GML sup-
plementation demonstrated a significant increase in fat,
lactose,and protein content in sow colostrum,while pig-
lets exhibited a reduction in IL-12 concentration in the
duodenum, and reductions in TNF-a, IL-1p,and I1L-12 in
the jejunum, as well as IL-1f in the ileum. These chang-
es were accompanied by an increase in villus height,
crypt depth, and the villus-to-crypt ratio in the small in-
testine of animals exposed to GML, compared with the
control group (Zhao et al.,, 2023). Together, these factors
contribute to the growth and development of piglets.

The results obtained by J.T. Gebhardt et al. (2020)
suggest that the addition of MCFAs to swine diets en-
hances growth performance, induces a prolonged im-
mune response against PEDV infection, and has no ef-
fect on faecal microbial composition. The application
of monoglycerides with Llysolecithin in finishing pig
diets reduces metabolic energy expenditure, improves
weight uniformity within groups, and shortens the time
required to reach the target slaughter weight, although
feed conversion efficiency may decline (Gonzalez
Sanchez et al., 2022). Similar findings on feeding strate-
gies aimed at minimising feed costs and improving pig
performance have been reported by other researchers
(Bassetto et al, 2017). At the same time, the supple-
mentation of a complex mixture containing lysoleci-
thins, monoglycerides, and a synthetic emulsifier at a
dose of 750 g/t in postweaning piglet diets significant-
ly improves performance and enhances the digestibility
of protein, fat, and fibre without increasing feed intake
(Desbruslais et al., 2023).

Thus, the use of monoglycerides and their deriva-
tives in pig feeding has a stimulating effect on animal
performance and health. Similar beneficial effects have
been reported in animals challenged with infectious
diseases. The inclusion of monoglycerides in pig diets
demonstrates antimicrobial properties and enhances re-
sistance to infectious diseases by reducing the incidence
of diarrhoea and improving intestinal wall morphology.

EFFECTIVENESS OF MONOGLYCERIDES
IN THE TREATMENT AND PREVENTION
OF SWINE DISEASES

Nowadays, various MGs are widely proposed as feed ad-
ditives in pig production to support intestinal health,
improve feed conversion, and enhance the profitability
of swine farming. MGs exhibit considerable potential
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to positively impact animal health due to their anti-
microbial properties, which help reduce disease inci-
dence and improve metabolic processes. Experimental
data have demonstrated that MCFAs exhibit a high lev-
el of antimicrobial activity against various pathogens,
including enveloped viruses, numerous bacterial taxa,
pathogenic fungi,and protozoa (Coban, 2019). The study
of fatty acids concerning their antimicrobial properties
is well documented in the literature. The most common
disease in piglets is post-weaning diarrhoea, which is
often caused by the invasion and proliferation of enter-
otoxigenic Escherichia coli strain F18 or strain F4 in the
small intestine. Clinical symptoms develop as profuse
diarrhoea, stunted retardation in weight gain, rapid de-
hydration, and general weakness (He et al., 2020). Re-
cently, a study on glyceride blends containing butyric
and valeric acids demonstrated the protective effects
of these mixtures in reducing diarrhoea symptoms and
supporting immunity in piglets co-infected with enter-
otoxigenic E. coli (Lopez-Colom et al., 2020). Specifically,
pigs fed glycerides exhibited higher body weight, re-
duced diarrhoea severity, and lower levels of neutro-
phils and TNF-o in serum on day 4 post-inoculation.
The use of an antimicrobial MCFA blend led to a signif-
icant reduction in the incidence of severe diarrhoea in
weaned piglets challenged with enterotoxigenic E. coli
F18. Furthermore, the supplementation of these fatty
acids was accompanied by an increase in feed efficien-
cy seven days post-inoculation. This blend also altered
faecal microbiota diversity and the mucosal structure
of the small intestine (Pluske et al, 2021). Compara-
tive analyses have shown that adding monoglyceride
mixtures can enhance resistance to enteric pathogens
in weaned piglets by lowering diarrhoea severity and
mitigating both intestinal and systemic inflammation
(Park et al., 2024). However, the effectiveness of mono-
glycerides efficiency remains inferior to that of high
doses of zinc oxide in treating diarrhoea symptoms.

The results of M. Tian et al. (2022) demonstrated
that supplementation with a monoglyceride containing
butyrate as a feed additive for pigs reduces the release
of pro-inflammatory cytokines (TNF-a and interleukins)
in the small intestine prior to enterotoxigenic E. coli
infection via suppression of the NF-kB/MAPK-depend-
ent pathway. Another study demonstrated that mono-
glycerides reduce the proliferative activity of porcine
epidemic diarrhoea virus (PEDV), significantly inhibit-
ing pathogen transmission among post-weaning pig-
lets (Phillips et al,, 2022). Recent studies have shown
that a blend of benzoic acid with probiotics, as well
as with essential oils extracted from plants, exhibits a
significantly greater protective effect against diarrhoea
and enhances the performance of weaned piglets,
compared with the application of benzoic acid alone
(da Silva et al.,, 2021; da Silva et al., 2022).

Previous data have confirmed the ability of free
MCFAs to inhibit viral proliferation. Various MCFAs,

Scientific Horizons, 2025, Vol. 28, No. 5

47



48

The application of monoglycerides in swine husbandry...

including capric (C10), lauric (C12), and myristic (C14)
acids, have been described in several studies as antiviral
agents (Jackman et al,, 2023). Similar to MCFAs, antiviral
properties have also been reported for long-chain un-
saturated fatty acids, such as oleic (C18), linoleic (C18:2),
and linolenic (C18:3) acids, which are capable of sup-
pressing the proliferation of herpes simplex virus (HSV),
vesicular stomatitis virus (VSV), and Visna virus. Further-
more, other studies have demonstrated comparable an-
tiproliferative efficacy of both MCFAs and glycerides de-
rived from MCFAs against several retroviruses, including
herpes simplex viruses types 1 and 2. Despite ongoing
progress in the study of Seneca Valley virus (SVV) biolo-
gy, there are currently no vaccines or effective chemical
treatments for SVV-initiated infection.However, recent in
vitro studies have shown that monolaurin can inhibit SVW
replication with up to 80% high efficiency. Other in vivo
studies have demonstrated that monolaurin can ame-
liorate clinical symptoms, reduce viral absorption and
tissue damage, and preserve cell function in SVV-chal-
lenged piglets (Su et al.,, 2023). Monolaurin significantly
reduced inflammatory cytokine release and promoted
interferon-y production, thereby enhancing viral clear-
ance. Researchers concluded that monolaurin could be
a promising alternative or feed additive for the treat-
ment of various viral infections in swine, including SVV.

The antiviral activity of caprylic, capric, and lauric
acids, as well as GML, has been investigated in relation
to African swine fever virus ASFV inhibition in liquids
and feed. Effective compounds and dosages capable
of inhibiting ASFV proliferation have been identified
(Jackman et al., 2023). The application of low GML dos-
es exhibits limited effects on virus replication. However,
relatively high doses of GML are highly effective, reduc-
ing virus replication by up to 99%.The onset of antiviral
activity corresponded with the critical micelle concen-
tration of GML, highlighting the crucial role of formu-
lation in enhancing protective responses against ASFV
(Jackman et al.,, 2023). The use of modern nanotechnol-
ogy enables the creation of more effective formulations
without altering the chemical composition of bioactive
substances. For example, natural GML has low water
solubility and limited efficacy against gram-negative
bacteria. It is noteworthy that nanoencapsulation not
only enhances bioavailability but also reduces ecotox-
icity (Lopes et al., 2019).

Fatty acids and monoglycerides have proven effec-
tive against Neisseria gonorrhoeae. Microemulsions con-
taining a-linolenic acid have shown efficacy in treating
neonatal gonococcal ophthalmia (Belagal, 2024). In the
absence of vaccines, monocaprin may serve as a novel
prophylactic agent to prevent N. gonorrhoeae growth
and colonisation, against which the bacterium is unable
to develop resistance (Churchward et al., 2020). Stress
associated with piglet weaning suppresses diges-
tion, absorptive capacity, and intestinal energy provi-
sion. Supplementation with MCFAs has been shown to
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improve nutrient absorption and stimulate energy me-
tabolism,which is an important component in maintain-
ing development, daily growth, and viability in weaned
piglets (Cui et al., 2022).MCFAs,such as hexanoicand oc-
tanoic acids, have shown significant anticandidal activi-
ty, as have long-chain fatty acids, including lauric acid.

Thus,given intense competition and increasing food
safety requirements, the supplementation of monoglyc-
eride blends could represent a promising strategy to
replace antibiotics in intensive animal farming. Fur-
thermore, the combined antimicrobial and metabolic
effects of monoglycerides may be important factors in
reducing the risk of antibiotic resistance and enhanc-
ing the profitability of swine production. Monoglycer-
ides, known for their antimicrobial and anti-inflamma-
tory properties, are emerging as promising additives
to enhance immune and antioxidant systems in pigs.
The effects of monoglycerides are directed towards
strengthening immunity, reducing oxidative stress, and
increasing overall resilience to enteric infections. Ad-
ministering a-GML to piglets at a dose of 1,000 mg/kg
increases the cytokine release, particularly 1L-10, and
modulates the activity of antioxidant enzymes (GSH-Px)
in the blood of weaned piglets. Under these conditions,
serum MDA and TNF-a concentrations decrease. How-
ever,no differences were found in T-AOCand SOD activ-
ity, or IL-6 concentration in serum (Wang et al,, 2023). It
is suggested that a-GML enhances antioxidant capacity
by modulating intestinal barrier function.

In pigs,administering 0.6% a-GML reduced levels of
free radicals, including hydrogen peroxide and malon-
ic dialdehyde, in the small intestine. In addition, the
aforementioned o-GML supplementation significantly
increased the activity of both catalase and superoxide
dismutase in both the small and large intestine parts
(Papadopoulos et al,, 2022). ). Zhang et al. (2024) re-
ported evidence suggesting that various mechanisms
of antioxidant capacity transfer from maternal blood to
the foetus via the transplacental barrier have also been
explored through the use of a-GML supplement dur-
ing pregnancy.Analysis of the observed data confirmed
an inverse correlation between the concentration of
lipopolysaccharides in sow plasma and both inflamma-
tory and oxidative stress parameters.

EFFECTS OF MONOGLYCERIDES ON INTESTINAL
MORPHOLOGY AND MICROBIOME IN PIGS

Gut health is a key factor in ensuring optimal productiv-
ity in pigs and resilience to infectious diseases. The ap-
plication of monoglycerides has demonstrated stimula-
tory and protective effects on the normal morphology
of intestinal structures, the balance of gut microbiota
composition, and sustainable gut physiology, particu-
larly in maintaining intestinal barrier function (Masi-
uk et al., 2023). Recent data have shown that supple-
mentation with a-GML at a dose of 1.0 g/kg in piglets




increased the ratio of villus height to crypt depth in the
duodenum. On the other hand, this study demonstrat-
ed that villus height in the small intestine, particularly
in the jejunum and ileum, was increased compared to
unexposed piglets; however, no effect was observed
on crypt depth in the same tissue samples (Wang et
al., 2023). Additionally, GML promotes an increase in
goblet cell numbers (Cui et al.,, 2020). Supplementation
with MCFA-containing glycerides has shown beneficial
effects on various gut cell types, including epitheli-
al, goblet, and immune cells, in post-weaning piglets.
E. coli infection is associated with a reduction in both
villus height and crypt depth, which are widely recog-
nised indicators of intestinal health. However, in piglets
exposed to LPS, MCFAderived glycerides restored vil-
lus morphology and increased IgA levels in the blood.
A similar effect was observed in the ileum, albeit with
a less pronounced impact (De Keyser et al.,, 2019). The
a-GML-supplemented feed additive, administered at a
dose of 1.0 g/kg, increased the relative abundance of
Firmicutes by 17.87% and decreased the Bacteroidota/
Campylobacterota ratio. Moreover, a-GML application
upregulated two specific taxa - Blautia and Lactoba-
cillus = in the cecum, while species from the genera
Alloprevotella, Campylobacter, and Eubacterium were
significantly downregulated in the intestines of piglets
compared to unexposed controls (Wang et al., 2023).

Gene expression analysis indicated that Llinoleic
acid significantly enhances the expression of genes
regulating key signalling pathways linked to the anti-
oxidant system (NRF1 and PPARYy), cellular responses
(ap2 and C/EBPa), and metabolic energy synthesis. Cell
culture experiments involving linoleic acid (LNA) re-
vealed a reduced phosphorylation level of PPARy at the
Ser112 site, compared with cells exposed to either pal-
mitic or oleic acid. The lack of a significant difference
in triacylglycerol levels following inhibition of PPARy
Ser112 phosphorylation suggests divergent metabolic
pathways for dietary fatty acids in adipose tissue cells.
Exposure to LNA significantly promotes adipose tissue
accumulation through modulation of PPARy phospho-
rylation (Yu et al.,, 2017).

Supplementation with GML upregulated the ex-
pression of several genes, particularly those encoding
tight junction proteins, including claudins, occludins,
and zonula occludens-1, in the middle section of the
small intestine. However, in the ileum of piglets, only
zonula occludens-1 expression was upregulated. These
findings provide evidence that GML supplementation
exerts a protective effect on intestinal barrier integrity
(Cui et al., 2020). Further data from a study involving the
administration of 0.6% glycerol monolaurate showed a
significant increase in occludin expression in the intes-
tines of piglets (Papadopoulos et al., 2022). Additionally,
the application of GML to sows enhanced the levels of
tight junction proteins - including zonula occludens-1,
occludins, and claudins - in the small intestine. This
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was accompanied by upregulation of mucin subfamily
MRNA expression and defensin protein family levels in
the piglet gut (Zhao et al,, 2023).

Capric acid reduces total intestinal length, while
probiotics do not affect intestinal mass or length but
increase villus width and crypt depth in the epitheli-
al cells of the small intestine. MCFAs do not influence
these parameters. Recent data obtained by S. Park et
al. (2024) provide evidence that both fatty acids and
probiotics exhibit strong antibacterial effects, although
each targets different pathogens: specifically, capric
acid suppresses E. coli growth, while probiotics inhib-
it C. perfringens proliferation. Sequencing of 16S rDNA
confirmed that supplementing sows with GML alters co-
lonic microbiome composition and reduces the relative
abundance of Escherichia-Shigella (Zhao et al.,, 2023).
Thus, monoglycerides can positively affect intestinal
morphology, particularly by increasing villus height and
improving the villus-to-crypt ratio, thereby promoting
more efficient nutrient absorption. Additionally, mono-
glycerides can modulate gut microbiota composition by
reducing pathogenic bacteria and supporting the bal-
ance of beneficial microbial taxa.

CONCLUSIONS

Monoglycerides exhibit significant potential in main-
taining swine production due to their antimicrobial,
antiviral, and anti-inflammatory properties. They not
only contribute to improved animal productivity but
also provide essential protection against infectious
diseases. The use of monoglycerides in pig feed has
demonstrated high effectiveness in reducing the inci-
dence of diarrhoea caused by bacterial infections, par-
ticularly Escherichia coli, by stabilising gut microbiota
and strengthening the immune system. Additionally,
they can improve intestinal morphological parame-
ters, such as villus height and the villus-to-crypt ratio,
thereby enhancing nutrient absorption and overall pig
health. Monoglycerides also play a crucial role in stim-
ulating the immune and antioxidant systems, reducing
oxidative stress, and helping to maintain animal health
under stressful conditions, such as weaning or intensive
rearing. Their antioxidant properties protect cells from
damage and reduce inflammation, which is critical for
supporting healthy metabolism and increasing animal
disease resilience. Given the current imperative to re-
duce antibiotic supplementation in animal husbandry,
monoglycerides serve as an effective alternative to tra-
ditional antimicrobial agents.

Thus, monoglycerides represent a promising and
safe feed additive for enhancing the productivity, health,
and overall resilience of pigs. Their application contrib-
utes to reducing dependence on antibiotics, supporting
stable productivity and competitiveness in swine pro-
duction amid global challenges such as combating an-
tibiotic resistance and meeting the growing demand for
environmentally sustainable products. Further study is
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required to identify monoglyceride blends with target-
ed antimicrobial and growth-promoting properties that
can enhance the profitability of swine farming.
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AHoTauif. 3poCTaHHA uYuCia MyNbTU-PE3UCTEHTHUX LWTAaMiB Yepe3 TOoTa/lbHE BUKOPUCTAHHS aHTUOIOTUKIB Y
TBAPUHHUUTBI € KPUTUYHUM (HDAKTOPOM PU3UKY SK AN NOAMHU, TaK | TBapUH. TOMY, CTBOPEHHS anbTepHATUBHUX
CTpaTerii BiAMOBM BiJ, aHTUOIOTUKIB B TEXHONOTiSIX BUPOLLYBAHHS MPOAYKTUBHUX TBAPUH 3aIMLIAETbCSA HAA3BUYAMHO
NUTaHHAM. Pi3Hi Bi0aKTUBHI CNOMYKM MPOMOHYTbCA B SIKOCTI aNbTePHATUBM, OAHAK, TaKi 3aCOOM He BUSABASKOTH
CNiBMipHOI 3 aHTMBiIOTUKaMM edheKTMBHOCTI. MeToto NnpeacTaBneHoro orngay 6yno npoBeAeHHs aHani3y LOCNIIKEHUX
33 OCTaHHIN Yac edekTiB Ta MeXaHi3MiB Aii XXMPHUX KMCNOT Ta iX rNiLepuaiB Ha TpaBHY CUCTEMY NPOAYKTUBHUX
TBAapuH. lepcnekTMBHUMM 3aMiHHMKaMKW pO3rAg4atloTbCa CYMilli OKPEMMUX XXMPHUX KUCNOT i MOHOrniuepuais
3aBAsKM ix Barato cnpsMOBaHWM aHTUMIKPOOHMM, MPOTUBIPYCHUM, NPOTM3ananbHUM Ta MeTaboniyHuM edekTam.
Baxxnmeum edekToM Takmx cyMmiwei € nigTpumka 6ap’epHOi Ta iMyHHOI QYHKLiA KMLWEYHUKA CBMHEN B YMOBaX
iHTEHCMBHOrO BMPOOHMLTBA. He3Baxatoum Ha CYyTTEBUIA Nporpec y LOCNIIKEHHIX OKpeMux BioakTMBHUX 3acobiB
ons 3abesnevyeHHs NPOAYKTUBHOCTI CBMHAPCTBA B MOCT-aHTUBIOTUMYHY epy, MONEKYNSPHI i KNITUHHI MexaHi3mMu
Lii 36aNaHCOBaHUX CyMilLeN XXUPHUX KMCNOT i FNiLEepUAIB 3anuMILaloTbCsa He po3kputuMu. CyyvacHi AaHi ceigyatb
npo Te, WO MOHOMILEPUAM NiABULLYIOTb PE3UCTEHTHICTb TBAPUH L0 iHDEKLiN, 3HMXKYIOTb NagiK Ta 3abe3nevyoTb
CTabinbHY NPOAYKTMBHICTb B YMOBAX OOMEXEHOro BUMKOPUCTAHHSA aHTMOiIOTMKIB. HepaBHI pe3ynbTati nokasanu,
O MOHOrNiLepMAM NOKPALLYOTb MOPHONOrit0 KUWEYHMKA i NiABUILYIOTb eeKTUBHICTb MOFAMHAHHS MOXUBHUX
peyoBMH. BaxnuMBMM acnekToM MpPOTEKTUBHMX edeKTiB MOHOMNILepUAIB BBAXAETbCA iX 34aTHICTb MOAYMHOBATH
cKnag MikpobioTu KMLWEYHMKA LWISXOM CeNeKTUBHOIO NPUrHiYeHHS NAaTOreHHWX TakCoHiB. B ornaai npeacraBneHui
aHani3 NpUHLMMNOBO BAaX/MBUX aHTUMIKPOOHMX edekTM MoHorniuepuais. Bce ue pasom, [o3Bonse po3pobuTu
HayKOBO OGrpyHTOBaHY KOHLEMLil BiAMOBM Bif aHTMOIOTWKIB Y TBAapMHHMUTBI, WO Moxe OyTn edeKTUBHMM
iHCTPYMEHTOM A/19 NobyA0BM CTpaTerii CTanoro BUPOOHULTBA CBUHWMHM Y BiAMOBIAHOCTI O Cy4aCHWX CTaHAApTIB.
Ornsap cnpusTMMe pO3YMIHHIO SIK MepCnekTUB, Tak i 0OMeXeHb 3aCTOCYBAHHS XXMPHUX KMCAOT Ta FNiLepuaiB aK
anbTepHaTMBM aHTUOIOTMKAM

KniouoBi cnoBa: MoHomMiLepuam; CBUHAPCTBO; IMyHHA cMCTeMa; MOPQONOria KULIEYHUKA; MiKpobioM; CTilKicTb A0
aHTMBIOTKKIB
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in honey samples sourced from Kazakhstan. The developed method involved ultrasonic extraction followed
by HPLC-MS/MS with electrospray ionisation in negative mode. Multiple reaction monitoring was utilised in
configuring the parameters of the tandem mass spectrometric detector. The proposed procedure offered notable
advantages, such as the simplicity and speed of the extraction process, as well as the sensitivity and accuracy of
the detection method. The limit of detection achieved is 0.09 pg/kg, with a linear calibration curve spanning the
concentration range of 0.1-1.0 ug/kg and a correlation coefficient of 0.9985. The extraction rate ranged between
97% and 101%. Importantly, this HPLC-MS/MS method for chloramphenicol determination in honey surpassed
the maximum residue limit requirements (0.3 pg/kg) in terms of sensitivity, while maintaining methodological
precision and a high extraction percentage. This compliance aligned with the standards outlined in Commission
Decision 2002/657/EC. The method was applied to 14 honey samples from Kazakhstan, all of which were found to
have chloramphenicol levels below the method’s detection limit. However, when testing imported honey samples,
two out of seven exceeded the detection limit for chloramphenicol. The developed HPLC-MS/MS method for
detecting chloramphenicol residues in honey samples can serve as a valuable tool for routine laboratory analysis

and for scrutinising potentially suspicious or questionable samples

Keywords: liquid chromatography; mass spectrometry; analysis; antibiotic; honey

INTRODUCTION

Honey is recognised as a natural product enriched with
essential nutrients, including vitamins, minerals, calci-
um, and antioxidants, making it highly valued in both
dietary and therapeutic contexts. The post-pandemic
increase in consumer awareness regarding health and
immunity has significantly heightened the market for
natural and functional food products. The versatility of
honey is seen in its extensive application within the cu-
linary industry, including beverages, confectionary, and
processed products, as well as in health, wellness, and
cosmetic formulations. Its recognised therapeutic qual-
ities, including blood pressure regulation, reduction of
diabetes risk, and enhancement of wound healing, fur-
ther support its commercial growth and interdiscipli-
nary significance.

From a trade perspective, Kazakhstan exported
honey valued at $490,000 in 2020, positioning the
country 76th among global honey exporters (Honey in
Kazakhstan, 2020). However, maintaining international
competitiveness necessitates adherence to food safety
regulations that prohibit the presence of specific anti-
biotic residues. Chloramphenicol, in particular, has been
banned in food-producing animals due to its toxicolog-
ical profile and association with aplastic anemia. Regu-
latory frameworks such as the Codex Alimentarius (CO-
DEX STAN 12-1981), European Directives 2001/110/EC
and 96/23/EC, and Commission Decision 2002/657/EC
strictly regulate the permissible levels of antibiotic res-
idues in honey (European Council, 2022).

Recent studies have drawn attention to the oc-
currence of veterinary drug residues in honey and
the need for sensitive, reliable detection methodolo-
gies. H.O. Khalifa et al. (2024) emphasised the public
health hazards linked to antimicrobial residues across
the food chain and advocated for the adoption of en-
hanced detection methods, especially considering the
increasing antimicrobial resistance.Y.Yang et al. (2022)
introduced a refined QUEChERS approach integrated

with UPLC-MS/MS for the detection of multi-antibiotic
residues in honey, attaining elevated analytical sensi-
tivity and confirming the system’s suitability for regular
monitoring of intricate matrices such as honey.

Liquid chromatography coupled with tandem
mass spectrometry (HPLC-MS/MS) has been prominent
among analytical techniques for monitoring antibi-
otic residues due to its exceptional selectivity, sensi-
tivity, and compatibility with complicated matrices.
Y. Zhang et al. (2019) evaluated LC-MS/MS techniques
for the measurement of antibiotics in honey, high-
lighting the essential function in verifying regulatory
adherence and identifying chemicals at sub-nanogram
concentrations. The evaluation emphasised significant
obstacles in technique standardisation and the necessi-
ty for matrix-matched calibration to guarantee accura-
cy in honey-based testing. The utilisation of analytical
techniques to evaluate the quality and safety of honey
relies on a precise comprehension of its compositional
attributes (Kotacz et al., 2023). A. Kobysh et al. (2025)
illustrate the importance of investigating the botani-
cal origin of honey, as floral and regional heterogeneity
substantially affect the matrix composition and, in turn,
the efficacy of residue detection methods. These find-
ings underscore the necessity to customise analytical
methods to the distinct physicochemical characteristics
of honey sourced from particular ecological contexts.

E. Bonerba et al. (2021) examined the identifica-
tion of chloramphenicol in honey samples from vari-
ous production systems and emphasised the necessity
for high-throughput and confirmatory procedures in
standard food inspection. The research highlights the
regulatory consequences of non-compliance, particu-
larly when trace residues evade detection by less sensi-
tive techniques. S. Saad et al. (2024) shown that honey
contamination may arise from agricultural methods
and environmental pollutants, underscoring the mul-
tifaceted nature of the issue, which includes indirect
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contamination via ambient exposure. S. Abera et
al. (2025) presented a micro-extraction-based HPLC-
DAD method for multi-residue antibiotic analysis,
showcasing the versatility of innovative sample prepa-
ration processes and providing an alternative to more
resource-demanding solid-phase extraction methods.

Notwithstanding these developments, a significant
gap exists in the literature about the creation of veri-
fied, quick, and cost-effective confirmatory procedures
specifically designed for the unique physicochemical
properties of honey produced in Kazakhstan. The di-
versity of floral sources and beekeeping practices in
the region requires a method that guarantees analyt-
ical sensitivity and methodological rigour while being
suitable for routine laboratory use. The purpose of this
study was to develop and validate a high-performance
liquid chromatography-tandem mass spectrometry
(HPLC-MS/MS) method for the quantitative determi-
nation of chloramphenicol residues in honey produced
in Kazakhstan, ensuring compliance with international
food safety standards.

MATERIALS AND METHODS

A certified chloramphenicol (CAP) standard of 98 % pu-
rity (Sigma-Aldrich, Milan, Italy) was used for the study.
The structural formula of CAP is shown in Figure 1.

Q
o OH Neo.
cl
A,
c M oH

Figure 1. Structural formula of chloramphenicol
Source: S. Akter Mou et al. (2021)

Acetonitrile of HPLC grade with a purity of 299.9%
obtained from Sigma-Aldrich in France, acetic acid
(98-100% purity) sourced from Merck in Germany, and
high-purity bidistilled water produced using the Milli-Q
system by Millipore Corporation were utilised in the
experimental procedures. Initial CAP standard solutions
were prepared at a primary concentration of 1.0 mg/ml
in acetonitrile. These solutions were stored in a me-
ticulously sealed container within a refrigerator at 4°C
in a dark environment for a maximum period of two
months. To create working standard solutions, succes-
sive dilutions of the primary stock solution were made
with acetonitrile until a concentration of 100 mg/ml
was achieved. Chromatographic analysis was conduct-
ed using the UHPLC UltiMate 3000 system from Ther-
mo Scientific in the USA. The separation process was
executed using a C18 BDS Hypersil column with dimen-
sions of 100%4 mm.The column temperature was main-
tained at 35°C, and a stabilisation time of 1 minute was
observed. Chromatographic separation was achieved
by employing a mobile phase composed of 0.5%
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acetonitrile dissolved in Milli-Q water (eluent A) and
0.1% acetic acid dissolved in acetonitrile (eluent B) at a
flow rate of 0.5 ml/min.The elution process commenced
with 0% B and was then incrementally increased to
45% B over a span of 9 minutes. Subsequently, the elu-
tion was further increased from 45% B to 100% B over
10.5 minutes, maintained at 100% B for 1 minute, and
then returned to baseline conditions after an additional
1.5 minutes. The total running time, inclusive of column
equilibration to its initial state, amounted to 16 min-
utes. Each injection volume was set at 20 yl.

The mass spectrometric analysis was conducted
using a TSQ Quantum Access MAX tandem quadrupole
mass spectrometer equipped with an lon Max™ source,
employing electrospray ionisation (ESI/APCI). Negative
mode electrospray ionisation was employed with a cone
voltage of 40V, a desolvation temperature of 500°C,and
a desolvation gas (nitrogen) flow rate of 1000 l/h. The
operational parameters of the mass spectrometer were
set as follows: a capillary voltage of 3.00 kV, a source
temperature of 300°C, collision gas consisting of argon,
and atomisation gas using nitrogen with a flow rate of
50 l/h. Data processing was accomplished utilising the
Xcalibur and Chromeleon Xpress software platforms.

Honey samples were collected from various sourc-
es, including retail outlets such as markets and trade
centres in Almaty, as well as from different beekeepers
across diverse geographic regions within Kazakhstan.
These samples were stored in a dark environment at
room temperature until they underwent analysis. To
construct a calibration curve, one honey sample was
specifically tested for the absence of target antibiotics.
For the analysis, a test sample of honey weighing 1 g
was combined with 10 ml of a 0.5% acetic acid solution
in Milli-Q water, and the mixture was placed ina 15 ml
volumetric flask. The flask was vigorously shaken for
2-3 minutes until complete dissolution was achieved.
Subsequently, the sample underwent treatment in an
Elmasonic S120H ultrasonic bath, operating at 37 kHz
and with ultrasonic power set at 100 W, maintaining a
temperature of 50 % 3°C for 30 minutes. After achieving
complete dissolution, the sample was then subjected
to centrifugation for 4 minutes at 4000 rpm. The liquid
phase obtained from this process was filtered through
a 0.20 um pore size polytetrafluoroethylene membrane
filter (specifically, the Macherey-Nagel Chromafil Xtra
PTFE-20/25).Thefiltered liquid was then transferred into
avial and injected into the system using a 20 ul volume.

RESULTS AND DISCUSSION

The HPLC-MS/MS method has gained considerable ap-
peal as an analytical technique due to its distinct fea-
tures, including specificity, sensitivity,and the capability
to handle multiple analytes simultaneously. These at-
tributes have contributed to its widespread utilisation
in the precise detection of minute quantities of antibi-
otic residues, such as chloramphenicol, as highlighted




in the work of Y. Zhang et al. (2019). This method is dis-
tinguished by its rapid analysis speed, superior resolu-
tion, increased peak capacity, and enhanced sensitivity.

To establish the methodology presented in this
study, the precursor ion (321.1) was initially identified
using the flow-through injection technique without
applying collision energy. Subsequently, the optimisa-
tion of precursor ion products was carried out by intro-
ducing a standard CAP solution with a concentration
of 150 mg/ml in both positive and negative polarity
modes. In the analysis of the mass spectrum of chlo-
ramphenicol, it was evident that the positive ionisa-
tion mode primarily exhibited a protonated [M + H] +
molecule as the principal peak, while the negative
jionisation mode showed a deprotonated [M - H] - mol-
ecule. The negative ionisation mode, attributed to the
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deprotonation of CAP, delivered higher signal intensity
and lower background noise. During the optimisation
of parameters for the tandem mass spectrometric de-
tector, particular emphasis was placed on achieving
optimal conditions for generating precursor ions of
CAP, including voltage at the cone and accurate m/z
values based on the analyte’s molecular mass. Multiple
reaction monitoring (MRM) was employed to monitor
the transitions from quantifier ions to qualifier ions
(precursor-ion > product ion transitions, m/z). The mass
spectra of standardised CAP samples prominently dis-
played deprotonated molecular signals at m/z 321.1.
Additionally, three distinctive product ion fragmenta-
tions (151.9,193.6,and 256.8) were obtained and mon-
itored using appropriate collision energy settings (see
Table 1 for details).

Table 1. Multiple reaction monitoring method (MRM method) for CAP determination

Precursor ion, m/z Product ion, m/z Taper voltage, V Collision energy, V Holding time, min
151.9 18
321.1 193.6 40 12 7.09
256.8 11

Source: compiled by the authors based on H. Ye et al. (2022)

The product ion mass spectra prominently featured
ions with an m/z value of 151.9 (as depicted in Fig. 2),
clearly corresponding to the loss of a C2ZH30H-NHCOCH-
Cl2 group. Additionally, other ion products observed
in the MS/MS spectra included m/z 193.6 (indicative
of the loss of NH2COCHCL2) and m/z 256.7 (associat-
ed with the loss of HCL and CO). In the quantification
of CAP, it was considered three product ions, aligning

with the requirements stipulated in Commission De-
cision 2002/657/EC, which implements Council Direc-
tive 96/23/EC regarding the performance of analyt-
ical methods and the interpretation of results (2002).
The separation process was conducted by passing the
sample through a chromatographic column, with the
predominant product ion (m/z 151.9) exhibiting a re-
tention time of 7.08 minutes (as illustrated in Fig. 3).
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Figure 2. Mass spectra of chloramphenicol product ions
Source: compiled by the authors based on B. Vuran et al. (2021)
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Figure 3. MRM chromatogram of chloramphenicol
Source: compiled by the authors based on S. Rizzo et
al. (2020)

Effective sample preparation plays a crucial role in
the overall analytical process. Given the intricate com-
position of honey samples and the stringent maximum
residue limit (MRL) set for CAPin honey (MRL=0.3 pg/kg),
it is imperative to employ a robust sample processing
technique that eliminates matrix interferences and con-
centrates CAP before its quantification, as emphasised
by R. Pratiwi et al. (2023). The intricate composition of
the honeycomb matrix itself, enriched with substantial
quantities of sugars, enzymes, and proteins, demands
a specialised approach to sample preparation. Notably,
effective deposition of these components is essential
because soluble proteins present in the sample ex-
tract can introduce significant matrix effects, disrupt
phase separation during organic solvent extraction and
sample purification, distort the analytical signal, and
exert an adverse impact on the integrity of the chro-
matographic column. Consequently, this can lead to an
overall increase in pressure within the chromatograph-
ic system, as highlighted by H-N. Jung et al. (2022). To
overcome these challenges, diverse methods are em-
ployed to optimise the sample preparation protocol,
with the primary goal of achieving maximal extraction
efficiency and recovery rates.

Among the widely adopted techniques, liquid-lig-
uid extraction (LLE) and solid-phase extraction
(SPE) stand out as the most prevalent (Yakubchak et
al., 2018). However, it’s worth noting that LLE involves
the use of solvents such as ethyl acetate, acetoni-
trile, chloroform, and hexane. In contemporary trends
within analytical chemistry, there is a concerted effort
not only to streamline sample preparation methods
but also to minimise the reliance on organic solvents
(Sniegocki et al., 2019; Ilderbayeva et al., 2024). The
composition of the adsorbent can be considered as
the basis of the SPE method, as it influences the se-
lectivity and the absorption capacity. The most com-
monly used Oasis HLB and Strata-X cartridges offer
low matrix effect and high extraction rates. However, a
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common disadvantage of the SPE method is that such
a procedure requires additional resources and time,
which appreciably increases the cost of analysis. The
fast, simple, cheap, efficient, reliable, and safe (QuUECh-
ERS) method also finds application as compared to the
time-consuming and expensive SPE, QUEChERS can be
very flexibly modified into several forms by changing
the type and amount of sorbents (Vuran et al., 2021).
However, the QUEChERS procedure for honey typically
involves extraction, protein precipitation and purifica-
tion (Veiga-del-Bano et al., 2024). After extracting the
solid sample using acetonitrile in an aqueous medium,
a subsequent step involves a liquid-solid extraction,
often referred to as dispersion solid-phase extraction
(SPE). This phase aims to eliminate the majority of re-
sidual matrix interferences, albeit introducing some
complexity to the analysis process.

To establish a confirmatory method for detecting
chloramphenicol residues in honey sourced from Ka-
zakhstan, authors adopted the approach described in
section 2, which involves ultrasonic extraction using
an aqueous acetic acid solution followed by input into
an HPLC system without additional purification steps.
While literature reports on the application of ultrasonic
extraction have primarily focused on extracting phe-
nols from olive oil (Kivrak & Kivrak, 2021), polyphenols
(Rivera-Mondragén et al., 2019), phenolic acids from
plants used in traditional medicine (Sukor et al., 2018,;
Garibli et al., 2021), and mycotoxins from cereal prod-
ucts (Streit et al., 2022), there is a notable scarcity of
studies regarding the development of an ultrasonic
method for chloramphenicol determination in honey
using high-performance liquid chromatography and
tandem mass spectrometry. In the formulation of the
method employed in this study, the selection of ace-
tic acid as the extraction solvent and the parameters
for ultrasonic treatment were determined through pre-
liminary experiments and a thorough analysis of lim-
ited literature data (Manimekalai et al., 2019). Since
cost-effectiveness is one of the critical characteristics
of a technique designed for routine analysis of food of
animal origin for quality and safety parameters, the ad-
vantage of optimised sample preparation is that in this
system a purification stage, solid-phase extraction is
not necessary. The uniform distribution of ultrasound in
the liquid allows the mixture to be mixed and homog-
enised for ultrasonic extraction.

The CAP content of the tested honey samples was
carried out according to a calibration curve using Xcal-
ibur and Chromeleon Xpress software. The calibration
curve was plotted against a matrix of pure (control)
honey in the concentration range of 0 to 1.0 ug/kg, and
was linear in the interval studied (Fig. 4). The correla-
tion coefficient was 0.9985. The validation of the de-
veloped method for the analysis of honey samples was
carried out by testing a control (pure) honey sample and
one loaded with a standard solution at four different




concentration levels with concentration calculations
from the calibration graph on the honey matrix. Sam-
ples were analysed for three consecutive days to de-
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termine precision and validity. The extraction rate was
97-101%, which meets the requirement of 50 to 120%
(Commission decision..., 2002).
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Figure 4. Calibration chart for the determination of chloramphenicol in honey
Source: compiled by the authors based on M. Rydchuk et al. (2019)

The limit of detection (LOD) and limit of quanti-
fication (LOQ) values were assessed and found to be
0.09 pg/kg and 0.18 pg/kg, respectively. In the context
of honey quality control, various countries have estab-
lished maximum residue limits (MRL) for chloramphen-
icol in honey, such as 0.3 pg/kg in European Union na-
tions, 0.1 pg/kg in Belgium, and a complete absence
of chloramphenicol allowed in the USA. From the data
presented, it’s evident that the developed HPLC-MS/MS
method for chloramphenicol determination in honey
surpasses the sensitivity requirements set by the estab-
lished MRL of 0.3 pg/kg. This achievement is coupled
with a commendable level of methodological preci-
sion and a high percentage of extraction, thus aligning
with the stipulations outlined in Commission Decision
2002/657/EC, which implements Council Directive
96/23/EC concerning the performance of analytical
methods and result interpretation (2002), particularly
with regard to confirmatory methods.

The developed HPLC-MS/MS methodology for
determination of chloramphenicol in honey was test-
ed in the analysis of 7 samples of honey produced in
Kazakhstan, taken in different retail outlets (markets,
trade centre) in Almaty and 7 samples taken from sev-
eral beekeepers from different geographical regions of
Kazakhstan. None of the samples tested contained the
target analyte at a level above the detection limit of the
developed method. Honey contamination can be linked
to intensive farming and industrial activities. In addi-
tion, beekeepers are not always registered as defined
by legislation, can purchase veterinary medicines them-
selves (without prescriptions) and do not keep records
on the treatment of bees (indicating the date of appli-
cation, name of the medicine and period of excretion).

The presence of chloramphenicol residues in honey
can also be attributed to the use of products contain-
ing a combination of chloramphenicol and its SS-pair
stereoisomer, dextramycin. It's important to note that
dextramycin lacks therapeutic efficacy; nevertheless, it
has been frequently detected in unreported quantities
within counterfeit bee preparations, leading to its inad-
vertent presence in honey (Yanovych et al., 2018). The
enzyme immunoassay method, most commonly used
for incoming inspection of raw materials in honey pro-
cessing plants, does not provide adequate control for
dextramycin residues (Dvykaliuk et al., 2023).

In addition to the “human factor” that directly caus-
es contamination of bee products, there are also indi-
rect factors. For example, the use of Styrofoam or tech-
nical foils with foil to insulate the top of the nest can
give false positives for the presence of chloramphen-
icol. Furthermore, it's important to acknowledge that
the dataset under analysis may not be considered high-
ly representative due to its reliance on a limited num-
ber of honey samples acquired through random sam-
pling. Nevertheless, the results obtained unmistakably
demonstrate the efficacy of this method for detecting
CAP residues in routine analysis, making it suitable for
adoption by production and quality control laboratories.

The established HPLC-MS/MS technique for quan-
tifying CAP in honey samples from Kazakhstan has
exceptional sensitivity, methodological accuracy, and
economical sample preparation. An analysis alongside
comparable academic studies highlights both simi-
larities and differences that emphasise the originality
and practical importance of the current study. G. Cil-
ia et al. (2020) examined the antibacterial properties
of Ukrainian honey, uncovering considerable regional
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heterogeneity in bioactivity, which they ascribed to
floral origin. While the work did not explicitly evalu-
ate synthetic antibiotic residues, the focus on compo-
sitional variability corresponds with the methodologi-
cal approach to matrix calibration and underscores the
necessity of customising detection methodologies to
the physicochemical characteristics of locally produced
honey. S.A. Dar et al. (2024) provided a comprehensive
analysis of honey classification, composition, and con-
tamination hazards, specifically concerning veterinary
drug residues. The observations concerning the fre-
quency of such residues in emerging markets under-
score the significance of the study, which addresses this
issue with a validated HPLC-MS/MS method capable of
measuring chloramphenicol at levels well below inter-
nationally approved MRLs.

M. Hutchings et al. (2019) offered a historical per-
spective on antibiotic development and expressed ap-
prehensions regarding the enduring residues in the
food chain that contribute to antimicrobial resistance.
The following research directly tackles this issue by in-
troducing a swift and sensitive confirmatory approach
to avert low-level residues of prohibited antibiot-
ics, such as chloramphenicol, from contaminating the
food supply, thereby providing a preventive framework
against the hazards identified by M. Hutchings et al. A
more detailed methodological comparison is apparent
withY.Li et al. (2021),who created a quantum dot-based
immunochromatographic strip for the swift detection
of antibiotics in honey. While the methodology enabled
on-site testing and offered multiplex functionality, it
was deficient in confirmatory robustness and precision
compared to tandem mass spectrometry. Conversely,
HPLC-MS/MS technology, although more labour-inten-
sive, provides superior analytical precision and adheres
to regulatory criteria, including Commission Decision
2002/657/EC (2002).

C.M.G. Lima et al. (2020) performed a comprehen-
sive assessment of antibiotic residues in honey and
emphasised the related public health issues. The re-
search promoted ongoing surveillance and enhanced
testing techniques, underscoring the significance of the
method’s relevance to national residue monitoring ini-
tiatives in Kazakhstan. Consistent with the findings, this
study indicated the possible presence of CAP in import-
ed honey samples, emphasising the need for rigorous
import regulations. R. Phipps (2025), in his assessment
on the international honey market, highlighted the
growing regulatory oversight in global honey trading,
particularly inside the EU. The findings of the following
study affirm that sophisticated analytical techniques
are essential for maintaining the export competitive-
ness of Kazakh honey, especially in areas where regula-
tory adherence is strongly linked to trade access.

G.G. Rimkus et al. (2020) underscored the con-
straints of immunoassays, such as ELISA, in identifying
stereoisomeric variants of chloramphenicol, including
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dextramycin, potentially resulting in false-negative out-
comes. The mass spectrometric technique surmounts
this constraint by precise ion fragmentation and MRM-
based detection, facilitating accurate separation and
quantification of chloramphenicol, thus enhancing re-
liability. S. Rizzo et al. (2020) devised a salting-out aid-
ed liquid-liquid extraction (SALLE) method integrated
with LC-MS/MS for the detection of CAP.The salting-out
method, however effective, necessitates more complex
sample preparation. Conversely, the present study’s ul-
trasonic extraction utilising aqueous acetic acid pro-
vides a more efficient, environmentally sustainable, and
expedited alternative, without sacrificing extraction ef-
ficacy or method validation.

M. Rydchuk et al. (2019) developed a UPLC-MS/MS
multimethod for the detection of diverse antimicrobi-
al substances in honey, emphasising the capability for
concurrent analysis. Although the approach exhibited
remarkable sensitivity, this study is unique in its specif-
ic targeting of chloramphenicol and in refining a more
straightforward ultrasonic extraction protocol devoid
of supplementary purification steps, thereby enhanc-
ing its practicality for routine domestic testing labora-
tories with constrained resources. These comparisons
confirm that although previous studies have greatly
enhanced antibiotic residue detection in honey, the cur-
rent study progresses the field by providing a validated,
resource-efficient, and regulation-compliant analytical
method specifically designed for the unique physico-
chemical properties of Kazakh honey. The results not
only address current methodological deficiencies but
also offer a reproducible framework for national quality
control systems.

CONCLUSIONS

A precise, dependable, rapid, and highly sensitive tech-
nique has been established for the detection of chlo-
ramphenicol in honey sourced from Kazakhstan. This
method leverages a high-performance liquid chroma-
tograph coupled with a tandem quadrupole mass spec-
trometric detector employing negative mode electros-
pray ionisation. In setting the parameters of the tandem
mass spectrometric detector special attention was paid
to establishing the optimum conditions for obtaining
chloramphenicol precursor ions - cone voltage and
accurate m/z value. Multiple reaction monitoring was
used to track precursor-ion > product-ion transitions
(m/z).As a result of optimised HPLC-MS/MS parameters,
high sensitivity, and selectivity of target component ex-
traction were observed. The analytical performance of
the developed methodology was improved with almost
no additional time and resource consumption during
the sample preparation step. The analyte was extract-
ed using ultrasound and introduced into the HPLC sys-
tem without the use of additional purification methods
such as solid-phase extraction. The method adhered
to the confirmatory standards outlined in Commission




Decision 2002/657/EC, which implements Council Di-
rective 96/23/EC governing the execution of analytical
techniques and the interpretation of the outcomes.

14 samples of honey from Kazakhstan were ana-
lysed using the developed method. It was found, that
none of the samples contained the target analyte at a
level above the detection limit of the method. When
analysing samples of imported honey, in two samples
out of 7 the amount of CAP exceeded the permissible
norms. The application of the indicated method in lab-
oratories would limit the uncontrolled use of antibi-
otics in beekeeping, ensure high quality of honey and
hence increase its competitiveness. This method holds
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CAP, and potentially other antibiotic residues sharing
structural similarities, across various food matrices.
New research questions and perspectives emerged in
the course of the study. The study of other analytes
used in beekeeping whose residues in honey can be
determined by the developed HPLC-MS/MS method-
ology, without significant modification of the sample
preparation procedure and chromatographic system
parameters. Exploring additional bee-derived products
like beeswax, bee venom, pollen, and royal jelly is a
promising avenue. These substances find application
both as dietary supplements and in medicinal contexts,
making them worthy subjects of investigation.

valuable potential for monitoring and controlling the
illicit utilisation of CAP in food production. It repre-
sents a crucial step in assessing the ramifications of
unauthorised CAP use, whether by beekeepers em-
ploying prohibited preparations or medicines readily
accessible in retail pharmacies intended for human
use. Furthermore, this methodology could serve as a
foundational framework for the creation of an HPLC-
MS/MS technique capable of detecting and quantifying
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AHotauis. pobnema HasiBHOCTI aHTMGIOTWKIB, 30KpeMa xnopaMdeHikony, y npoaykTax O6mKinbHuUTBa €
aKTYanbHOIO Y 3B'3KY 3 pU3MKaMM AN19 300POB’S IIOAMHU Ta BNIMBOM Ha TOPFiBAO UMMK NpoAyKTaMu. Baxnnsum
3aBLaHHAM € po3p0obKa BUCOKOYYTIMBUX METOLIB 419 BUSBMIEHHS 3a/IMLWKOBUX KiNbKOCTEW aHTUBIOTUKIB. MeToto
LbOro JocnigkeHHs 6yno CTBOPeHHs aHaniTMYHOro MeTtody i3 3actocyBaHHaM BEPX-MC/MC (BucokoedeKkTMBHa
piivHHa XpomaTtorpadis - TaHOEeMHa Mac-CnekTpoMeTpis) Ang igeHTudikauii Ta KifbKiCHOr0 BWM3HAYEHHN
3anuMWKiB xnopamdeHikony B 3paskax Meny 3 KasaxcraHy. 3anponoHoBaHMi MeToq, nepefnbavyaB ynbTPa3BYKOBY
EKCTPaKLito 3 NoAanbluMM aHani3oM 3a gonomoroto BEPX-MC/MC 3 enekTpocnpeiHo ioHi3aui€lo B HeraTMBHOMY
pexumi. NapaMeTpu TaHAEMHOIO Mac-CNeKTPOMETPUYHOrO AETEKTOPA HANALWTOBAHO 3 BUKOPUCTAHHSIM pEXUMY
MHOXMHHOIO MOHITOPUHIY peakuii. 3anponoHOBaHa METOAMKA Mana 3HayHi nepesaru, 30KpemMa MpocToTy Ta
WBMAKICTb €KCTPAKLi, @ TAKOX BUCOKY YYTAMBICTb | TOUYHICTb BUSABNEHHS. Mexa BuaBneHHs ctaHosuna 0.09 mkr/kr,
a KanibpyBanbHa Kp1Ba byna niHiMHO B Aiana3oHi KoHueHTpauin 0.1-1.0 mkr/kr 3 koediuieHToM kopensuii 0.9985.
Buxip excTpakuii ctaHoemB Big 97 % no 101 %. BaxnMBO 3a3HaUMTH, LLO LLEM METOA BU3HAYEHHS XopaMPeHikony
3a ponomorot BEPX-MC/MC nepeBuiLyBaB BUMOIM A0 IpaHUMYHOro piBHA 3anuwkis (0.3 MKr/Kr) 3a 4yTAMBICTIO,
BOAHOYAC 36epiraym BUCOKY TOUHICTb Ta e(eKTUBHICTb eKCTpakLii. MeTon BignNoBifAaB BUMOraM, BUKNALEHUM Y
PiweHHi Komicii 2002/657/EC. MeTopg, 6yno anpoboBaHo Ha 14 3pa3kax Mepny 3 Ka3axcTaHy, B XOGHOMY 3 SIKMX
He 6yno BusaBNeHO xnopaMdeHikony BuLle Mexi BusBneHHs. BogHoyac y ABox i3 ceMu 3paskiB iMNopTHOro Meay
KOHLLeHTpaLis xnopaMdeHikony nepesuLLyBana Mexy BusasieHHs. Po3pobnenuin metog BEPX-MC/MC moxe 6ytu
edeKTMBHUM iHCTPYMEHTOM ANS PYTMHHOro nNabopaToOpHOro aHanisy Ta nepeBipkM Migo3pinnx abo CyMHIBHMX
3paskis Meay
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Ukrainian Hydrometeorological Institute of the State Emergency Service of Ukraine and the National Academy of
Sciences of Ukraine. A number of hydromorphological indicators were monitored according to the methodology.
The hydromorphological assessment included field surveys of each water body, database development, including
mapping, digitisation of the results and preparation of reports. From 09 to 24 September 2024, experts surveyed
two unnamed streams of the IV and V orders of the Danube River basin within the settlements of Karapachiv
and Nova Slobidka in the Vyzhnytsia and Dniester districts of Chernivtsi Oblast. Based on the results of the
survey and analysis of the studied indicators using environmental assessment methods that comply with the
European Union Water Framework Directive, such criteria as river continuity and runoff correspond to the lowest
assessment for both sites. Taking into account the principle of European water legislation, according to which a
criterion indicating that there is a risk of a surface water body not achieving good ecological status automatically
places it in the “at risk” category. Therefore, hydromorphological assessment is critical for integrated river basin
management, implementation of action programmes, in particular, to restore the free flow of watercourses and
ensure conditions for maintaining their good ecological status and potential. The study further developed the
practice of environmental assessment of water body transformation

Keywords: European Union Water Framework Directive; Danube River Basin; surface water body; risk criteria;

hydromorphological assessment

INTRODUCTION

Environmental assessment of the transformation of
water bodies, as noted by V. Khilchevskyi et al. (2022),
does not have a long tradition in the field of water
management. In fact, only a few European Union
member states had relevant survey and assessment
schemes in place before the EU Water Framework
Directive (EU WFD) came into force. According to the
authors M. Hirschnitz-Garbers et al. (2022), most EU
Member States have environmental assessment sys-
tems that are available for the entire national river
network. For the first river basin management plans in
2009 and within the framework of river basin analyses
in Ukraine and the EU at the beginning of the 215 cen-
tury, an analysis of anthropogenic pressures and im-
pacts was conducted, which led to the conclusion that
transformational changes put most river basins in Eu-
rope at risk, as noted by M. Korchemlyuk and L. Arkhy-
pova (2016) in their previous works and confirmed by
official sources (European Environment Agency, 2025).
According to O. Shumilova et al. (2023), the types of
transformational changes differ between EU Member
States, but hydromorphological changes such as inter-
ruption of river continuity and fish migration by arti-
ficial barriers are a common problem, as noted in the
EU Guidance Documents. In Ukraine, according to the
conclusions of the updated river basin management
plans, in accordance with the water strategy (Order of
the Cabinet of Ministers of Ukraine dated December
No. 1134-p, 2022), significant financial efforts are re-
quired in the future to restore the changed hydromor-
phological conditions of river water bodies to achieve
good status no later than 2027.

Given the active phase of implementation of the EU
Water Framework Directive in Ukraine, the need to de-
velop a full-fledged national hydromorphological mon-
itoring system is becoming particularly relevant, which
will allow for the identification of “highly modified”
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water bodies, timely implementation of environmen-
tal restoration measures, and promotion of sustainable
water management at the local and transboundary lev-
els.As shown in P.Arulbalaji et al. (2019), anthropogenic
changes in the hydrology and morphometry of aquatic
ecosystems affect the functioning of lakes and rivers in
various ways. Initially, they have a profound impact on
coastal communities, and eventually, as Prykhodko et
al. (2020) point out, they lead to changes in the ecosys-
tems of the entire water body.

This is especially important in the context of cli-
mate change adaptation, increasing anthropogen-
ic pressure on small rivers, and the need to provide
ecosystem services to local communities, as proven by
M. Prykhodko et al. (2023). The development and appli-
cation of adapted methodologies in combination with
geoinformation technologies, digital mapping and da-
tabases will help improve the quality of decision-mak-
ing and fulfil Ukraine’s international obligations in the
field of water protection. As stated in the Order of the
Ministry of Environment of Ukraine No. 313 (2020), in
this context, it is important not only to analyse the hy-
dromorphological state, but also to take into account
the relationship with physicochemical and biological
parameters, which will allow for an integrated assess-
ment of the state of water bodies in accordance with
European standards.

Testing of methods for improving the practical ap-
plication of environmental assessment of water body
transformation was the objective of this research,
with the aim of disseminating the results obtained for
widespread use in the practice of environmental pro-
tection institutions and environmental education. The
practice of hydromorphological assessment is a com-
ponent of risk analysis and classification of the ecolog-
ical state, analysis of anthropogenic pressures and im-
pacts, as well as planning and design of environmental




improvement measures, as can be seen in research
funded by the World Wildlife Fund (WWF Report, 2024).
Much effort has been put into developing environmen-
tal assessment methods and management measures
that focus primarily on eutrophication, while hydro-
morphological pressures have not been adequately
addressed. Therefore, the aim of the study was to ana-
lyse the application of hydromorphological assessment
methods on the example of two water bodies with arti-
ficial hydraulic structures.

MATERIALS AND METHODS

The methodological recommendations for hydro-
morphological monitoring of surface water bodies
used in this study were developed by scientists of the
Hydromorphological Monitoring Laboratory at the

Arkhypova et al.

Department of Systemic Hydrometeorological Research
of the Ukrainian Hydrometeorological Institute of the
State Emergency Service of Ukraine and the National
Academy of Sciences of Ukraine within the framework
of Research work 6/18 “Development of a scientific and
methodological basis for hydromorphological monitor-
ing of surface water bodies of Ukraine” (Hydromorpho-
logical assessment, 2019). The recommendations were
developed based on the work of Slovak and Croatian
scientists S. Poikane et al. (2019) and M. Kijowska-Stru-
gala et al. (2021) to determine the degree of change
in river hydromorphology According to Appendix V, the
EU WED (Directive 2000/60/EC of the European Parlia-
ment..., 2000) requires the assessment of the following
hydromorphological elements to assess high, good and
moderate status (Table 1).

Table 1. Determination of high, good and satisfactory ecological status in rivers based on hydromorphological parameters

Item High status

Good status Satisfactory status

The amount and dynamics of runoff and the
corresponding connection to groundwater
fully or almost fully reflect undisturbed
conditions.

Hydrological
regime

The biological quality elements
achieve their respective values

in accordance with the EU WFD.

The biological quality elements
achieve their respective values
in accordance with the EU WFD.

The continuity of the river is not disturbed
by anthropogenic activities and ensures free
migration of aquatic life and transport of
sediments.

River continuity

The biological quality elements
achieve their respective values

in accordance with the EU WFD.

The biological quality elements
achieve their respective values
in accordance with the EU WFD.

Channel structures, changes in width, depth,
flow velocity, substrate conditions, and riparian
zone structure and condition are completely or

almost completely undisturbed.

Morphological
condition

The biological quality elements
achieve their respective values

in accordance with the EU WFD.

The biological quality elements
achieve their respective values
in accordance with the EU WFD.

Source: Directive 2000/60/EC of the European Parliament... (2000)

Table 1 shows that hydromorphological pres-
sure is only indirectly estimated for good and mod-
erate condition. This becomes particularly important
for pressure and impact analysis and risk assess-
ment, and thus requires a representative analysis ap-
proach, which is proposed in this study. In this study,
the assessment was carried out using the following
approach: analysis of the risk of water bodies failing
to meet their objectives due to hydromorphological
changes by implementing the proposed risk criteria
using: the results of the survey of selected sites and
hydromorphology assessment; existing national in-
formation on hydromorphological and related loads
presented in O. Ostapenko et al. (2020), V. Khilchevskyi
and V. Karamushka (2022).

Both sources of information for the analysis were
carefully collected to ensure success. The approach
is based on the application of expert judgement
used in M. Perschke et al. (2023), C. Kupferschmidt et
al. (2024) and assumes that experts working on

hydromorphological assessments are largely familiar
with the datasets, natural conditions and loads in the
basin, and their appropriate combination during risk
assessment. Any gaps in knowledge about the loads
and impacts in the pilot basins need to be highlighted
and sought to be filled. The on-site surveys serve to
collect the missing information, fill in the gaps and
complete the pressure and impact analysis and risk
assessment further. As for the other parameters, when
it comes to hydromorphology, anthropogenic pressure
has different effects depending on the size of the riv-
er or its catchment area. In risk assessment, this fact
should be taken into account, in particular, when estab-
lishing and applying risk criteria, according to S. Avdul-
lahi and A. Hajra (2023) and L. Arkhypova et al. (2022).
Different methodologies are used to address this issue
(UNENGO “MAMA-86", 2014; Resolution of the Cabinet
of Ministers of Ukraine No. 758, 2018). To facilitate im-
plementation, this approach used river size categories
based on the typology shown in Table 2.
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Table 2. River types for hydromorphological assessment depending on their size

Size of the river

Description of the river type

Size of the catchment area

Small Mountain “gravel” river type 10 km? - 100 km?
Medium Semi-mountainous ‘gravel” river type 100 km? - 1000 km?
Large Lowland river type > 1000 km?

Source: Guidance document addressing hydromorphology and physico-chemistry... (2014)

Based on experience with EU WFD risk assess-
ments, the approach is to use the most relevant types of
hydromorphological pressure rather than using every
element that is part of a hydromorphological study. For
each of the five identified pressure types, risk criteria
are proposed to be implemented using available data

and expert opinion to determine whether water bod-
ies are at risk from hydromorphology according to the
three risk categories. The five pressure types for which
criteria are proposed are listed in Table 3.

The criteria for assessing the risks of failure to
achieve environmental goals are presented in Table 4.

Table 3. Anthropogenic factors leading to hydromorphological risks

Pressure group

Type of pressure, including display of factors

Disruption of the continuity of aquatic habitat along the river

Disruption of habitat continuity along the river
and fish migration routes

Artificial structures in the channel, disruption of connection with
groundwater

Water retaining structures for hydropower; drinking water
reservoirs; irrigation intake structures; other barriers;

Factors leading to the depletion of water bodies

Water abstraction may result in the formation of river sections
affected by depletion in certain periods of the year
(danger to hydrobionts sensitive to environmental flows)

Hydrological changes in channel width, depth, flow velocity and
sediment transport

Factors: bank protection, dredging, gravel-sand extraction,
irrigation; hydropower; water intake and discharge;
aquaculture, etc.

Morphological changes in channel structure, substrate condition,
and riparian zone structure and condition

Storage/impact of reservoirs/backwater: river sections affected
by altered flow conditions upstream of artificial barriers
(change of river character to lake character)
and due to dredging of the channel.

Source: compiled by the authors

Table 4. Criteria for assessing the failure to achieve environmental goals

Risk
category

Category justification

A water body “at risk” is at risk of failing to fulfil the environmental objective of the EU WFD. There is one or more
1 significant hydromorphological change (barriers, reservoirs, water abstraction). The morphology of the river is
“significantly altered or heavily modified”. Water bodies in this group should be classified as highly modified.

A water body “possibly at risk” is at risk of not meeting an EU WFD environmental objective. Data sets are insufficient

to apply the criteria, so gaps need to be filled. Or no significant hydromorphological changes (barriers, reservoirs, water
abstraction, hydropics) have been assessed. However, the river morphology (if available) is “moderately modified”. This
group is temporary because a decision on whether these water bodies should be classified as “temporary SSSIs” cannot

2 be made and requires additional data and research.
There is no reliable information on the functioning of the fish passage
There is no reliable information on water intake.
There is no reliable information on the length of the backwater zone or the total length of several backwater zones is
10-30% of the total length of the surface water body.

The “no risk” water body is not at risk of failing to meet the EU WFD environmental objective. No significant
3 hydromorphological changes (barriers, reservoirs, water abstraction, hydropics) have been assessed. The river
morphology is “almost natural” or “slightly modified”. The water bodies in this group should be considered as natural
river bodies in terms of hydromorphology. However, other types of pressure can be assessed.

Source: Guidance document addressing hydromorphology and physico-chemistry... (2014)

An important part of the hydromorphological
monitoring was the pre-field work (data collection
and preparation of the field survey). From 09 to 24
September 2024, specialists from the Prut and Siret
River Basin Water Resources Management Authority
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surveyed two unnamed streams of the IV and V orders
of the Danube River basin within the settlements of
Karapachiv and Nova Slobidka in the Vyzhnytsia and
Dniester districts of Chernivtsi Oblast. Many of the
functions and parameters were assessed prior to the




field survey, which improved the quality of the field
data collection. The following materials were used to
prepare the field surveys:

m terrain plans, used by the authors also in
R. Kravchynskyi et al. (2021);

| historical maps of the 19th century and topo-
graphic maps of 1970-1980 (1:100,000) to determine
modern hydromorphological forms;

| satellite imagery to analyse land use in the flood-
plain, riparian zone and within the catchment, as shown
inJ. Feher et al. (2012);

® online maps from various online resources (e.g.
OpenStreet maps, Google maps);

m other materials on water abstraction, water man-
agement, etc. as shown in T. Garbowski et al. (2023).

During the field surveys, the following hydro-
morphological elements were considered in ac-
cordance with (Methodology for assigning a surface
water body..., 2019) and the requirements of Direc-
tive 2000/60/EC of the European Parliament (2000):
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disruption of river continuity and habitat; hydrological
changes; change in river morphology. In addition, the
information (photographs, field diaries) obtained during
the fieldwork was useful for the hydromorphological
assessment of the survey units. More specific parame-
ters were also investigated, including channel geom-
etry, substrate composition, channel vegetation and
organic debris, bank structure and associated changes,
flow conditions, interruption of longitudinal continuity
by artificial structures, vegetation type, adjacent land
use and channel-floodplain interactions. Changes in
river morphology were taken into account for the pre-
liminary pressure analysis. A five-point scale was used
to assess each hydromorphological feature. According
to this scale, the assessed surface water bodies (SWBs)
were assigned to one of the classes. The classes were
indicated by the following colours: blue - ‘almost nat-
ural, green - ‘slightly modified, yellow - ‘moderately
modified’, orange - ‘significantly modified’ and red -
‘highly modified’ (Table 5).

Table 5. Classification periods for the five classes (Score Group A)

Score Range Class Description Colour
From1to<1.5 1 Almost natural Light Blue
From 1.5to < 2.5 2 Slightly modified _
From 2.5 to < 3.5 3 Moderately modified Yellow
From 3.5 to < 4.5 4 Significantly modified Orange
From 4.5 to 5.0 5 Heavily modified _

Source: Hydromorphological assessment (2019)

In cases where three classes are used to describe
the hydromorphological status of surface water bod-
ies in the “Rivers” category, the definitions provided in

Table 6 shall be applied,and the indicated classes must
be represented on maps (if required) using the corre-
sponding colour scheme for presenting results.

Table 6. Classification definitions for the three classes (Score Group B)

Score Range Class Description Colour
From1to< 2.5 1 Close to natural to slightly modified Light Blue
From 2.5 to < 3.5 3 Slightly to moderately modified Yellow
From 3.5 to 5.0 5 Heavily modified to very heavily modified _

Source: Hydromorphological assessment (2019)

Hydromorphological assessment is an important
component of environmental assessment, as it allows
to determine the ecological state of surface water bod-
ies and serves as a basis for making appropriate man-
agement decisions to ensure the principles of integrat-
ed river basin management. This is especially important
when applied to transboundary water bodies, which
include all water bodies in the area of the Danube Riv-
er Basin, Europe’s largest, and whose preservation in

good condition is a key to sustainable development not
only for Ukraine but also for all nineteen countries that
share the Danube River Basin.

RESULTS AND DISCUSSION

This study assessed the hydromorphological modifica-
tion of two surface water bodies in the Danube Riv-
er basin. To put the above guidelines into practice, a
hydromorphological analysis of an unnamed stream,
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which is a left tributary of the Hlybochok River and be-
longs to the Prut sub-basin (Danube River Basin), was

BusiBNIeHi WTY4HI Nepelukoan

Q Crasok 3a Mexamu c.Kapanis
9 CTaBOK 3a Mexamu c.Kapanuis
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Q Towka7

Q Toukas

Q Touka 9

Q Touka 10

Q Touka 11

9 CTaBOK 3 JIOTKOM 32 Mexamu c. Hosa Cno6oaa
Q Touka 12

carried out. The water body is located in the village of
Karapchiv, Vyzhnytsia district, Chernivtsi region (Fig. 1).

iiapanos,

Figure 1. Geographical reference of the 3 survey points of the detected artificial structures outside Karapchiv village

Source: Google map with mapped survey points

The channel of the studied water body is a
low-flowing channel with a catchment area of 0.3 km2.
Its width ranges from 0.5 m to 1.5 m, depth from 0.02 m
to 0.05 m, and average width is 0.8 m. The channel of
the water body is composed of silt and clay with the
remains of trees. Artificial ponds have been constructed
here, which contributed to the change of the stream
channel. Its floodplain is weakly defined with natural
vegetation (Fig. 2). The constructed hydraulic structures
on the ponds, which are more than 1 m high, are silted
up, and therefore have a negative impact on the con-
tinuity of the stream flow, impeding the migration of
aquatic life and the transport of suspended sediments.

Figure 2. Unnamed stream (Karapchiv village)
Source: photo materials from field research

The graphical results of the hydromorphological
assessment of the unnamed stream (Karapchiv village)
by three-digit code and in accordance with the zone are
presented in Fig. 3 and Fig. 4.

B Flow - Class 5 ™ Morphology - Class 1

B Flow Continuity -
Class 5

Figure 3. Quality classes according
to hydromorphological assessment of an unnamed stream
in Karapchiv village by three-digit code
Note: 1 - slightly changed, 5 - heavily changed
Source: compiled by the authors

Banks / coastal Zone - Class 1

|

Floodplain - Class 1 Channel - Class 3
Figure 4. Quality classes by hydromorphological
assessment of an unnamed stream in Karapchiv village
in accordance with the zone
Note: 1 - slightly changed, 5 - heavily changed
Source: compiled by the authors

According to the European classification, this indi-
cates a risk of not achieving good ecological status and
automatically places the site (an unnamed stream in
the village of Karapchiv) in the “at risk” category.

A generalised hydromorphological assessment of
the unnamed river in the Karapchiv village settlement
is presented in Table 7.

Table 7. Generalised results of hydromorphological assessment of the unnamed river in Karapchiv settlement

Scorecard Score value Score Range
Single point 2,34
. Morphology - 1.83
3-digit code Flow - 5.00

Scientific Horizons, 2025, Vol. 28, No. 5
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Table 7. Continued

Scorecard Score value Score Range
o River continuity - 500 | S
3-digit code Unique code based on the assessment results — 255
River channel - 3.3 3
In accordance with the zone Banks/coastal zone - 1.15 .
Floodplain - 1.27 1

Unique code based on the assessment results - 2_1_1

Note: IPVcode: UA R _16 S 1 Si.Coordinates of the beginning ofthe DO: latitude: 48°19°15.92"; longitude: 25°25°58.02".

River name: no name. Name of the area: Karapchiv
Source: compiled by the authors

Theresults obtained indicate the need to implement
measures to restore the free flow of the watercourse
and improve the ecological condition and potential of
the unnamed stream. By analogy, a hydromorphological
analysis of another water body, an unnamed stream in
the village of Nova Sloboda, Dniester District, Chernivt-
si Region, which is a tributary of the Dratiste River (Prut

BusiBNeHi WTY4HI nepewwkoan

Q Craso 3a Mexamu ¢ Kapanuis
Q Craso 3a Mexamu c.Kapanuis
9 CTaBoK 3a Mexamu ¢.Kapanuis
Q Touka s
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Q Toukas

Q Touka 9

Q Touka 10

Q Touka 11

° CTaBOK 3 NOTKOM 3a Mexamu . Hosa Cno6ona

Q Touka 12

sub-basin, Danube basin), was carried out (Fig. 5). The
channel of the unnamed stream in the village of Nova
Sloboda was winding and overgrown. Its width ranged
from 2.0 m to 4.0 m. It is composed of silt and clay. The
channel dries up in the low water period. The flood-
plain of the stream is low, overgrown with bushes and
grass (Fig. 6).

Figure 5. Geographical reference of 9 survey points for detection of artificial structures outside Nova Sloboda village

Source: Google map with mapped survey points

Figure 6. Unnamed stream (overgrown), (Nova Sloboda village)
Source: photo materials from field research

The water body under study has undergone signif-
icant anthropogenic impact due to the construction of
artificial ponds in the channel. Hydraulic structures on
the ponds are silted up, and therefore they are an obsta-
cle that affects the continuity of the stream, the nature of

erosion and sedimentation, and impede the migration of
all types of biota and sediment transport. The hydromor-
phological assessment of the unnamed stream (Nova
Sloboda village) by three-digit code and according to
the zone is presented in Fig. 7 and Fig. 8 and in Table 8.
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According to the European classification, this indi-
cates a risk of not achieving good ecological status and

River Continuity - Class 3

P

Morphology - Class 2

Flow - Class 5

Figure 7. Quality classes according to hydromorphological
assessment of an unnamed stream in the village
of Nova Sloboda by three-digit code
Note: 2 - slightly modified, 3 - moderately modified, 5 -
heavily modified
Source: compiled by the authors

Theresults obtained indicate the need to implement
measures to restore the free flow of the watercourse

automatically places the object — an unnamed stream
in the village of Nova Sloboda - in the “at risk” category.

Channel - Class 3

/

Floodplain - Class 1

Banks / coastalzone - Class 5

Figure 8. Quality classes according to hydromorphological
assessment of the unnamed stream
in Nova Sloboda village in accordance with the zone
Note: 1 - slightly modified, 3 - moderately modified, 5 -
heavily modified
Source: compiled by the authors

and improve the ecological condition and potential of
the unnamed stream in the village of Nova Sloboda.

Table 8. Summary of hydromorphological assessment results of an unnamed stream in Nova Sloboda village

Scorecard Score value Score Range
Single point 2.33
Morphology - 2.02
3-digit code Flow - 5.00
River continuity - 3.00 3
Unique code based on the assessment results — 253
River channel - 3.03 3

Banks/coastal zone - 2.00

In accordance with the zone

Floodplain - 1.33 1

Unique code based on the assessment results - 3 2 1

Note: IPV code: UA_R 16 S 1 Si.Coordinates of the beginning of the DO: latitude: 48°24°50.20", longitude: 27°11°17.24".

River name: no name. Name of the place: Nova Sloboda
Source: compiled by the authors

Both streams have critical flow and continuity prob-
lems: a score of 5 for flow indicates depletion of the wa-
tercourse during dry periods. The sites automatically fall
into the ‘at risk’ category according to Directive 2000/60/
EC of the European Parliament... (2000). Despite

similar overall assessments, Nova Sloboda shows a worse
condition of the riparian zone, and Karapchiv shows a
more critical disruption of the river’s continuity. Com-
parative results of the hydromorphological assessment
of the two unnamed streams are presented in Table 9.

Table 9. Comparative results of hydromorphological assessment

Option Stream (Karapchiv) Stream (Nova Sloboda)
Single point 2.34 (class 2) 2.33 (class 2)
Morphology 1.83 2.02

Flow 5.00 5.00

River continuity 5.00 3.00
Channel 3.03
Banks / coastal zone 1.15 2.00
Floodplain 1.27 1.33

General category

255 (at risk)

253 (at risk)

Source: compiled by the authors
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Thus, the following differences in the hydromor-
phological elements of the studied unnamed streams
were found.

1. River continuity:

m Karapchiv:severe impairment (grade 5, the worst).

®m Nova Sloboda: moderate impairment (grade 3).

In Karapchiv, the waterworks (ponds) have a higher
height and degree of siltation, which completely pre-
vents the flow and migration of aquatic life.

2.Banks / coastal zone:

m Karapchiv: better condition (1.15).

® Nova Sloboda: worse condition (2.00).

In Karapchiv, the natural vegetation of the coast-
al zone has been preserved, while in Nova Sloboda,
overgrowth and development are changing the natural
landscape.

3. Morphology and channel: in both cases the chan-
nel is altered, but in Karapchiv the morphology is slightly
better. In both cases, the channel dries up in the low wa-
ter period, is silted and clayey, with artificial structures.

Both water bodies have a high level of anthropo-
genic impact, mainly due to hydraulic structures that
change the natural regime of the watercourse.

It is recommended to implement restoration meas-
ures, such as clearing, dismantling or reconstructing
barriers and restoring floodplains. These are critical for
achieving good ecological status. Streams are an exam-
ple of highly modified surface water bodies and should
be taken into account in the management plans for the
Prut sub-basin and the Danube basin as a whole.

The surveyed water bodies are small rivers.
UA R 16 S 1 Si(smallriver in lowland silicas) of the IV
and V orders of the Danube River basin (Prut sub-basin)
within the settlements of Karapachiv and Nova Slobid-
ka. In the study by T. Garbowski et al. (2023) assessed
the hydromorphological state of 10 watercourses (30
measurement sites) in Poland on the basis of a multi-
metric hydromorphological index for rivers based on a
proposed new approach to the definition of river val-
leys (small watercourses). This study is distinguished by
an adapted practical component of hydromorphologi-
cal assessment. In many studies in recent years, such as
J.Wang et al.(2023), D. Shanafelt et al. (2023), hydromor-
phological changes are considered as important water
management issues, in addition to organic pollution,
nutrient pollution, and pollution caused by hazardous
substances. The authors S. Zaborowski et al. (2023),
based on their research, managed to determine the size,
dynamics and scale of changes occurring in the river
under different conditions of its transformation, includ-
ing as a result of anthropogenic pressure. In this study,
and in Ukraine in general, hydromorphological changes
are considered to be part of river basin management
plans (Order of the Cabinet of Ministers of Ukraine dat-
ed December No. 1134-p, 2022).

Although the list of hydromorphological assess-
ment elements presented is extensive and in line with

Arkhypova et al.

the EU WFD, a gap in the assessment that prevents a
full analysis of anthropogenic pressures and impacts is
that field studies were conducted exclusively for a se-
lected sample of water bodies and did not cover the en-
tire length of the river network. The focus was rather on
identifying a reference location as a basis for condition
assessment, but not necessarily on pressure and impact
checks. However, the information gathered from the
field surveys, which has so far been carefully prepared
by experienced experts and staff of the Prut and Siret
River Basin Water Resources Management (Prut and
Siret River Basin Water Resources Management, n.d.),
is considered a very valuable basis for complementing
and completing the pressure and impact analysis using
this approach for integration into the Danube River Ba-
sin (Prut sub-basin) management plan.

Guided by the provisions of the EU WFD, Z. Od-
norih et al. (2020) elements used to determine the
high ecological status of water are biological quality
elements, chemical quality elements, general physi-
co-chemical quality elements, and hydromorphological
quality elements. According to N. Gomelia et al. (2018),
this means that a water body can have a high status
only if its hydromorphology and physical and chemi-
cal indicators demonstrate a high status. According to
0.Mandryk et al. (2021), I. Klymchuk et al. (2022), the el-
ements used to determine the good status of water are
biological quality elements, chemical quality elements
and general physico-chemical quality elements. This
means, according to V. Strokal (2021), K. Stefanidis et
al. (2024), that good status can be achieved in a water
body even if hydromorphological indicators indicate a
lower status. Also N. Glibovytska et al. (2024) empha-
sise that any assessment of a status lower than good,
which is satisfactory, bad or very bad, is based solely
on the assessment of biological quality elements and
chemical quality elements. Kolesnik et al. (2017) and
S. Vikhryst et al. (2018). However, according to C. Skou-
likaris and A. Zafirakou (2019) and L. Simkiv et al. (2021),
both hydromorphology and general physicochemistry
of water bodies play a crucial role in assessing pres-
sures and impacts, as their change can affect the state
of the aquatic ecosystem This means that pressures on
both hydromorphological and general physicochemical
elements can consistently affect biological quality ele-
ments and, therefore, according to V. Kopei et al. (2020),
change the respective status of a water body.

In the above context, according to E. Soule et
al.(2023), altered hydromorphological, general physical
and chemical parameters and the impact of significant
anthropogenic pressure on them serve as indicators to
assess whether a water body is at risk of losing its desig-
nated water status and reducing the level of ecosystem
services. H. Zelinska et al. (2021), V. Kopei et al. (2023)
state that the introduction and implementation of
risk criteria and/or thresholds for hydromorphological
and general physicochemical elements can be used to
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assess significant pressures and impacts on the state
of water as a component of sustainable development. A
well-known study by M. Kijowska-Strugala et al. (2021)
compares the quality of mountain stream habitats in
areas without visible anthropogenic integration and
those permanently altered by human activities be-
tween mountainous areas in different climatic zones.
The fieldwork was conducted using the British River
Habitat Survey (RHS) method. In contrast, this study in-
volved a set of field works with a full-scale survey of
water bodies, photography, the formation of a digital
database, mapping and preparation of reports present-
ing the results of hydromorphological assessment.
According to S. Poikane et al. (2019), hydromorpho-
logical pressure is the second most common type of
pressure on aquatic ecosystems in European countries
(after eutrophication). Ukrainian researchers V. Kh-
ilchevskyi et al. (2022) also argued that anthropogenic
changes in the hydrology and morphometry of aquatic
ecosystems affect the functioning of lakes and rivers
in various ways. Initially, they have a profound impact
on coastal communities such as macrophytes, benthic
invertebrates and fish fauna. Finally, as Z. Odnorih et
al. (2020), they lead to changes in the ecosystems of
the entire water body. The importance of hydromorpho-
logical assessment is related to the need to establish
the ecological status of surface water bodies and make
appropriate management decisions based on it, in par-
ticular, to prepare an appropriate programme of meas-
ures as part of river basin management plans. This is
especially important in the case of transboundary water
bodies, which include all water bodies in the area of the
largest European Danube River Basin, whose preserva-
tion in good condition is a key to sustainable develop-
ment not only for Ukraine but also for all nineteen coun-
tries whose territory lies within the Danube River Basin.

CONCLUSIONS

As a result of the research, the practice of environmen-
tal assessment of the transformation of small water
bodies was improved. According to the results of the
hydromorphological assessment in accordance with
the requirements of the EU Water Framework Directive
of two unnamed small watercourses of the IV and V or-
ders of the Danube basin (Karapchiv and Nova Sloboda
villages in Chernivtsi Oblast), both water bodies under
study fall into the lowest category according to such
criteria as river continuity and runoff. In accordance
with the EU WFD principle, when determining the cat-
egory of a surface water body, the rule is applied that

if at least one of the criteria is assessed as “at risk”, the
entire body is classified as such. In view of the above,
both streams are significantly modified water bodies
and belong to Class V - highly modified.

Both streams have critical problems with flow and
continuity: a score of 5 for flow indicates depletion of
the watercourse during dry periods. In Karapchiv vil-
lage, the waterworks (ponds) have a higher height and
degree of siltation, which completely impedes the flow
and migration of aquatic life. Despite similar general
assessments, the stream in Nova Sloboda village shows
a worse condition of the riparian zone, and in Karapchiv
village - a more critical violation of the river continuity.
Both water bodies have a high level of anthropogenic
impact, mainly due to hydraulic structures that change
the natural regime of the watercourse. It is recommend-
ed to implement restoration measures, such as clearing,
dismantling or reconstructing barriers and restoring
floodplains. These are critical for achieving good eco-
logical status. Streams are an example of highly modi-
fied surface water bodies and should be taken into ac-
count in the management plans for the Prut sub-basin
and the Danube basin as a whole.

The prospect of further research is to expand the
application of the methodology to a wider network of
small watercourses of different geomorphological types
in Ukraine, its digitalisation, integration of hydromor-
phological parameters with bioindicative methods for
assessing the state of aquatic ecosystems, and the cre-
ation of a full-fledged national database of hydromor-
phological monitoring as a tool to support management
decisions in the field of water resources protection.
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AHotauia. OfHi€0 3 CKNAOOBMX EKOMOriYHOI OLIHKM CTaHy TpaHcdopMmauii NnoBepxHeBUX BOAHMX OO’EKTIB €
rinpoMop@onorivyHa ouiHKa, Ika HeLWwo0/AaBHO NOYana 3aCTOCOBYBATUCH B YKPaiHi IK HE0OXigHa CKaL0Ba BUKOHAHHS
iMNNIEMEHTOBAHNX MiXHApPOAHWX AOKYMEHTIB €KONOriYHOro 3akoHOoAaBCTBa. MeTow cTatTi 6yno npakTuyHe
3aCTOCYBaHHA METOAMK TFiapoMOp(dOOriYHOro OLIHIOBAaHHA HA MNpWKNagi ABOX OO’eKTiB, SKi MalTb LWITYYHO
36ypoBaHi cnopyaum. lNigpoMopdonoriyHe ouiHOBAHHSA NMPOBOAMIOCA 3riAHO aTeCTOBaHOI MeTOAMKM, po3pobneHoi
YKpaiHCbKMM TiApOMeTE0PONOriYHUM iHCTUTYTOM [lepxaBHOi cnyx6u YKpaiHW 3 Haf3BMYaMHWUX CUTyauind Ta
HauioHanbHoT akageMii HayK YkpaiHU. MOHITOPUHIY Nignsrany BUSHaYEHMI METOAMKOK pAaf, riapoMopdonoriyHnx
nokasHukis. FNgpomMopdonoriyHe OLiHIOBAHHS BK/OYANO0 NOMbOBI 0BCTEXEHHS KOXHOI AiNSHKM BOAHMX MAcWBIB,
dhopMyBaHHS 6a3n faHUX, BKIIOYHO 3 KApTyBaHHAM, oUMdPYBaHHA pe3ynbTaTiB Ta MiAroToBKy 3BiTiB. MaxiBuamu
3 09 no 24 BepecHs 2024 poky 6yno obctexxeHo ABa 6esimeHHux cTpymka IV i V nopsgkis 6aceliHy p. dyHaii B
Mexax HaceneHux nyHkTiB Kapanauis Ta Hoea Cnobigka BuxHuubkoro Ta [IHiICTpOBCbKOro paloHiB YepHiBeLbKoi
obnacti. 3a pe3synbTaTaMu OBCTEXEHHS Ta aHanily AOCAIMKYBaHMX MOKA3HMKIB i3 3aCTOCYBAHHAM MeTOAMK
€KONOriYyHoi OuiHKK, Wo BignosigaloTb BoaHit Pamkogin Jupektusi €sponericbkoro Cotosy, Taki Kputepii, 9K
HenepepBHICTb Teuii piukM Ta CTiK, BiANOBIAATb HAMHMXKYIM OUiHLI ans obuasox ob’ekTtie. bepyun po yearu
NpuHUMN €BPONENCHKOr0 BOAHOrO 3aKOHOAABCTBA, 3rAHO 3 SKMM KPUTEPiN, WO BKA3y€E Ha HasBHICTb PU3UKY
HepoCArHeHHS [,06poro eKoNoriYHoro CTaHy AiNsHKM NOBEPXHEBOrO BOAHOMO MAacMBY, aBTOMATUYHO BigHOCSTD ii
[0 kateropii «nig pu3nkoM». Tomy rigpo MopdonoriyHe OLIHIOBAHHS € KPUTUUHO BaXIMBUMU AN IHTErPOBAHOMO
yNpaBniHHA piukoBMM OaceiHOM, BMPOBALXKEHHS NPOrpaM 3axoAiB, 30KPEMa, 3 BIAHOBNEHHSI BiNbHOI Teuii
BOAOTOKIB Ta 3abe3neyeHHs yMOB MiATPUMKM iX AOOPOro eKonoriYHoro CTaHy Ta noteHuiany. B pobori gictana
NOAaNbLLIOro PO3BMTKY NPAKTUKA €KOJOFiYHOI OLiHKM TpaHcdopMaLii BOgHMUX 06’eKTiB

Kniouogi cnosa: BogHa PamkoBa dupektuea €sponericbkoro Cotosy; piukoBuii 6aceiH [lyHato; MacMB NOBEPXHEBUX
BOZ; KpUTEpIT pMU3NKY; riapoMopdonoriyHa ouiHka
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influence of the human factor, which also contributes to increased productivity. Electrification and hybridisation
of agricultural machinery, which has been actively implemented in countries such as Denmark and Germany,
has proved economically beneficial, contributing to a reduction in carbon dioxide emissions and a reduction in
operating costs. The introduction of artificial intelligence for monitoring and diagnostics of equipment has allowed
minimising downtime and increasing the service life of equipment due to timely detection of malfunctions. In
general, it has been established that the use of these technologies contributes to the sustainable development of
agricultural enterprises, optimisation of production processes, and reduction of operating costs. The transition to
more environmentally friendly production of agricultural machinery contributes to improving the environmental
situation in regions with a high degree of agricultural mechanisation. The introduction of sustainable technologies
in mechanical engineering has shown its effectiveness in reducing resource consumption, which makes agricultural

enterprises more competitive in the global market

Keywords: precision agriculture; automation; GPS technology; electrification; artificial intelligence

INTRODUCTION

Modern agriculture is undergoing an active technologi-
cal transformation aimed at increasing the productivity
and efficiency of agricultural enterprises. Innovations
in mechanical engineering open up new opportunities
for automation, optimisation, and sustainable develop-
ment, providing the agricultural sector with machinery
capable of coping with the growing challenges of the
industry, such as climate change and lack of resources.
The introduction of advanced solutions such as preci-
sion farming systems, automated tractors with auto-
pilot and electric installations allows farmers to use
resources efficiently and reduce costs. These changes
contribute to the improvement of production processes
and make agricultural enterprises more environmen-
tally friendly and competitive. The importance of such
technologies increases in the context of the need for
environmental sustainability and increased efficiency
of agricultural activities, especially in the light of global
trends towards sustainable development and concern
for the environment. Thus, the introduction of innova-
tive technologies becomes a key factor in ensuring sus-
tainable growth and prosperity of the agricultural sector.

The problem of introducing innovative technol-
ogies into agricultural engineering remains relevant.
This is conditioned by the need to increase the produc-
tivity and sustainability of agricultural enterprises in
the face of modern challenges. A. Monteiro et al. (2021)
emphasised the importance of precision farming for
optimising resource use and increasing yields, noting
that the introduction of such technologies has signif-
icantly reduced the cost of fertilisers and irrigation.
U.Ahmad and L. Sharma (2023) focused on the impact
of GPS technologies and sensors on real-time process
management, arguing that these tools have contribut-
ed to improving the efficiency of agricultural enterpris-
es by more precisely monitoring the condition of crops.
F. Mocera et al. (2023) investigated the possibilities of
electrification of tractors, contributing to the reduction
of carbon dioxide emissions, and demonstrated that
electric machines can not only reduce the environmen-
tal burden, but also reduce operating costs. M. Merz et
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al. (2022) highlighted the advantages of automated au-
topilot systems for reducing labour costs and improv-
ing field accuracy, pointing out that such systems have
allowed farmers to focus on more complex aspects of
farm management. J. Jung et al. (2020) examined the
role of artificial intelligence in monitoring and diagnos-
ing agricultural machinery to prevent downtime, show-
ing that the use of Al can significantly improve equip-
ment reliability and service life.

Y. Guo et al. (2020) investigated methods for opti-
mising production processes using new technologies,
believing that modern approaches can significant-
ly improve the efficiency of agricultural enterprises.
K.S. Uralovich et al. (2023) focused on sustainable de-
velopment, linking it with the introduction of environ-
mentally friendly solutions in mechanical engineering,
and showed that environmental innovation has become
an important factor in competitiveness. A. Subeesh and
C. Mehta (2021) examined the impact of automation
on cost reduction in the agricultural sector, arguing
that process automation has helped not only to reduce
costs, but also to improve product quality. P. Rambe and
P. Khaola (2021) reviewed the competitiveness of agri-
cultural enterprises through the introduction of inno-
vative technologies, emphasising that modern develop-
ments have allowed farmers to successfully compete in
the global market. Y. Zhu et al. (2022) emphasised that
the transition to more sustainable technologies has
significantly improved the environmental situation in
highly mechanised regions, showing that such chang-
es can lead to improved quality of life in rural areas.
However, despite significant achievements in this field,
gaps remain that require further study. In particular,
insufficient integration of various technologies in ag-
ricultural enterprises may limit their effectiveness and
sustainability. In addition, it is necessary to investigate
the impact of innovations on small and medium-sized
agricultural enterprises, and develop strategies for
adapting existing equipment to modern requirements.

Thus, the purpose of the study was to systematically
investigate and evaluate innovative technologies used




in agricultural engineering, with a focus on their impact
on the productivity of agro-industrial complexes.

MATERIALS AND METHODS

In the course of the research, the method of complex
analysis was used, which allowed comprehensively as-
sessing the impact of various innovative technologies
on the efficiency of enterprises in the field of agricultur-
al engineering. This method covered many aspects, in-
cluding technical, economic and environmental factors,
which helped to create a complete picture of how new
technologies affect the agricultural sector. The compre-
hensive analysis examined key elements such as the
introduction of digital technologies, including GPS,
sensors, and data analysis systems. These components
played an important role in the modernisation of agri-
cultural machineryand process optimisation,which con-
tributed to increased overall productivity and efficiency.

A comparative analysis method was used to analyse
automation using autopilot in agricultural machinery.
This approach allowed comparing the performance of
tractors and combines equipped with autopilots, such
as models from John Deere (2025) and Fendt (2025),
with conventional means. The comparative analysis
identified the advantages and disadvantages of each
technology, assessed their impact on production pro-
cesses, and determined how automation can reduce la-
bour costs and improve the accuracy of operations. This
method also helped to identify the factors contributing
to the successful implementation of new technologies
in the agricultural sector. In addition, the study used
a systematic approach to analyse the introduction of
electric and hybrid tractors. This method provided a
deeper understanding of how these technologies can
help to reduce carbon dioxide emissions and reduce
operating costs. The systematic approach ensured the
integration of various aspects such as economic feasi-
bility, technical characteristics, and environmental ben-
efits. This enabled a comprehensive analysis, which was
necessary to make informed decisions about the intro-
duction of electric and hybrid tractors into the practice
of agricultural enterprises.

Precision farming systems were studied using the
method of applied analysis, which helped to examine
in detail their effectiveness in managing irrigation, fer-
tilisation, and tillage. The applied analysis allowed as-
sessing how specific technologies and techniques can
be applied in the real working conditions of agricultural
enterprises. This approach also helped to identify prac-
tical recommendations for farmers and agronomists to
optimise production processes.

The data analysis method has also been used to
study the application of artificial intelligence technol-
ogies in the diagnosis and monitoring of agricultural
machinery. This method analysed how artificial intel-
ligence can help to identify malfunctions at an early
stage and adjust the operation of equipment. Data
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analysis helped to understand how the introduction of
artificial intelligence technologies can improve the re-
liability and efficiency of machinery, which was impor-
tant to reduce the risk of breakdowns and increase the
service life of equipment. In addition, the sustainability
assessment method was used to analyse new models of
agricultural machinery, which were developed consid-
ering environmentally friendly materials and reduced
fuel consumption. This method allowed evaluating
how such practices can be implemented for effective
resource management and compliance with the prin-
ciples of sustainable development. The assessment of
sustainable development included an analysis of social,
economic, and environmental aspects, which contribut-
ed to the development of a comprehensive view of the
future of agricultural engineering and its interaction
with the environment.

RESULTS

Modern agricultural machinery is undergoing signifi-
cant changes due to the integration of digital technol-
ogies. The introduction of technologies such as GPS,
sensors, and data analysis systems allows automating
many processes, significantly increasing the efficiency
of agricultural enterprises. With the help of GPS sys-
tems, farmers can accurately determine the location
of equipment and effectively manage field operations.
This helps to avoid unnecessary expenditure of time
and resources (Gabriel & Gandorfer, 2023).

The use of sensors installed on agricultural ma-
chines plays an important role in monitoring the
condition of crops and soil. These devices can collect
information about humidity, temperature, and other im-
portant indicators, which allows farmers to make more
informed decisions about irrigation and fertilisation. As
a result, optimising resource allocation becomes not
only more accurate, but also less costly, which helps
to reduce financial costs. Data analysis systems based
on modern algorithms and machine learning methods
help to process and interpret huge amounts of infor-
mation received from sensors and GPS. This allows ag-
ricultural enterprises to identify patterns, predict yields,
and minimise risks associated with changing weather
conditions or other factors. Thus, the integration of
digital technologies into agriculture not only improves
production processes, but also ensures a more sustain-
able development of the agricultural sector in the face
of the growing challenges of our time.

The integration of digital technologies into the
agricultural sector opens up new horizons for improv-
ing the productivity and sustainability of agricultural
enterprises (Wrzecinska et al., 2023). Farmers can use
resources efficiently, reduce losses, and increase work
efficiency, which is the key to the successful develop-
ment of agriculture in the future. Automation of agri-
cultural processes is becoming an important aspect of
modern agricultural production. The introduction of
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tractors and combines with autopilot, such as models
from John Deere and Fendt, is fundamentally chang-
ing the approach to field operations (Table 1). These

machines are capable of performing tasks with high
accuracy, which significantly reduces the likelihood of
errors and increases overall work efficiency.

Table 1. Comparison of John Deere and Fendt tractors by key characteristics

Characteristics John Deere

Fendt

Main purpose

Universal and specialised operations

Universal and high-precision operations

Available models 6M, 7R, 8RX, 9RX

500 Vario, 900 Vario, 1000 Vario

Autopilot technologies StarFire, AutoTrac

VarioGuide, FendtONE

Autopilot accuracy £2.5 cm with RTK

£2 cm with RTK

Resource management

AutoPowr system (up to 15% fuel economy)

Fendt Efficient Technology (up to 17% fuel economy)

Electrification options

Limited models with electric motor up to 30 kW

Hybrid models with electric motor up to 50 kW

Environmental friendliness

Compliance with Tier 4 and Tier 5 standards

Compliance with Tier 4 and Tier 5 standards

Noise level in the cabin 70 dB

68 dB

Technical maintenance

Oil change interval is every 500 hours.

Oil change interval is every 600 hours.

Price

USD 100,000-550,000

UsD 120,000-600,000

Source: created by the authors based on John Deere (2025) and Fendt (2025)

Tractors with autopilot are equipped with ad-
vanced navigation and control systems, which allows
them to accurately follow set routes, minimising the
risk of crossing rows and losing crops. This not only im-
proves the quality of work, but also reduces fuel costs,
as the machines work more efficiently. Automation
also optimises time costs, allowing farmers to focus
on more complex aspects of farm management, such
as data analysis and planning. Using combine har-
vesters with autopilot during the harvesting process
also brings significant benefits. Such machines can
operate in low visibility conditions, which makes them
indispensable in difficult weather conditions. Automa-
tion of the cleaning process helps to avoid excessive
wear and tear of equipment and extend its service life.
This, in turn, helps to reduce operating costs and in-
crease the profitability of the agricultural enterprise.

However, the introduction of autopilot in agriculture
requires certain personnel training and maintenance
costs. Despite this, the benefits of automation, such as
reduced human resource costs and increased produc-
tivity, far exceed the possible costs.

Automation using autopilot in agriculture has
brought significant benefits to agricultural enterprises
(Table 2).The introduction of autopilots in tractors and
combines has significantly reduced labour costs and
made the distribution of labour more rational. Auto-
pilots also help to improve seeding accuracy by mini-
mising skips and repeat passes, which improves yields
and reduces losses. Reducing field processing time and
reducing the number of mechanical errors highlights
the importance of these technologies for reducing
the impact of the human factor, and for more efficient
fuel consumption, which reduces operating costs.

Table 2. Automation using autopilot in agriculture

Indicator Before the introduction of autopilot  After the introduction of autopilot Change
Labor costs (thousand USD/year) 130 90 -31%
Seeding accuracy (%) 85 98 15%
Processing time of one field (hours/ha) 3.5 2.3 -34%
Fuel consumption (litres/ha) 12 -25%
Mechanical error rate (%) 10 -70%

Source: created by the authors based on I. Beloev et al. (2021)

Thus, automation using autopilot is becoming not
only a trend, but also a necessity for agricultural en-
terprises seeking to increase their competitiveness and
stability in the market. Investments in modern technol-
ogies open up new horizons for agriculture, ensuring its
effective development in the face of modern challeng-
es. Electrification of agricultural machinery is becoming
a key focus for countries seeking to reduce carbon di-
oxide emissions, such as Denmark and Germany (John-
stone et al.,2021). In the context of global warming and
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environmental crises, the introduction of electric and
hybrid tractors is becoming particularly relevant. These
innovative solutions not only help to minimise the neg-
ative impact on the environment, but also prove to be
economically beneficial for agricultural enterprises.
High-efficiency electric tractors are characterised
by low noise and vibration levels, which makes their
operation more comfortable for both operators and
farm animals. Such machines are capable of operat-
ing on the basis of renewable energy sources, which




significantly reduces dependence on fossil fuels and
reduces the carbon footprint of the agricultural sector.
In addition, many agricultural machinery manufactur-
ers are actively developing technologies that allow
the use of solar panels to charge electric machines,
which further increases their environmental friendli-
ness (Wen et al., 2022). Hybrid tractors that combine
both electric and diesel systems provide the necessary
power and productivity, allowing farmers to work in dif-
ficult conditions and over large areas. These machines
can reduce operating costs, as electric energy is often
cheaper than conventional fuels, and also requires less
maintenance. This makes them attractive to many agri-
cultural enterprises seeking to optimise their costs and
increase profitability (Pascuzzi et al., 2024). Neverthe-
less, the transition to electrical technology is fraught
with certain challenges. The need to develop charging
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infrastructure and support the maintenance of electric
machines can represent significant costs at the initial
stage. However, long-term benefits such as fuel savings
and lower carbon emissions make these investments
worthwhile.

Electrification of machinery contributes not only to
cost savings, but also to improving the environmental
situation in agricultural areas (Table 3). The transition to
electric and hybrid models has allowed agricultural en-
terprises to reduce carbon dioxide emissions and reduce
operating costs for equipment maintenance. Electric
models provide a lower noise level, which increases the
comfort and safety of working in the fields. In addition,
the energy efficiency of these machines is higher com-
pared to conventional models, which makes their use an
economically and environmentally sound step towards
the sustainable development of the agricultural sector.

Table 3. Electrification of machinery in agriculture

Indicator Conventional diesel models Electrified models Reduction, %
Fuel costs (thousand USD/year) 180 120 -33%
CO, emissions (tonnes/year) 45 10 -78%
Maintenance cost (thousand USD/year) 70 50 -29%
Noise level (dB) 85 65 -24%

Source: created by the authors based on E. Scolaro et al. (2021)

Electrification of agricultural machinery is an im-
portant step towards more sustainable and efficient ag-
ricultural production.In countries seeking to reduce CO,
emissions, such technologies open up new opportuni-
ties to enhance the competitiveness and environmental
sustainability of agricultural enterprises. Investments
in electric and hybrid tractors not only contribute to
improving the environment, but also provide long-term
economic benefits for farmers. Precision farming sys-
tems are an important tool for improving the efficien-
cy and sustainability of agricultural enterprises. With
global climate change and increasing demand for food
resources, precise management of irrigation, fertilisa-
tion, and tillage is becoming a necessity. These systems
allow farmers to use available resources more efficient-
ly, minimising losses and significantly increasing yields.

One of the key aspects of precision farming systems
is the ability to accurately monitor soil and plant con-
ditions. With the help of sensors and GPS technologies,
farmers can obtain data on humidity, nutrient levels,
and other important characteristics (Raj et al., 2022).
This allows farmers to adapt their actions to specific
conditions, ensuring optimal conditions for the growth
and development of crops. For example, automated irri-
gation systems can adjust the water supply in real time
depending on the current needs of plants,which reduces
the risk of both waterlogging and drying out of the soil
(Askaraliev et al., 2024). In addition, precision farming
systems help to optimise fertiliser application, which
contributes not onlyto higheryields,but also to reducing

the negative impact on the environment. The use of
differentiated fertilisation technologies allows accu-
rately calculating the required doses for each specific
area of the field, which reduces the risk of overuse and
leaching of nutrients into reservoirs. This not only im-
proves product quality, but also reduces resource costs,
which makes agricultural enterprises more competitive.

However, the introduction of precision farming sys-
tems requires initial investments and some knowledge
on the part of farmers. Farmers must be prepared to
learn and adapt to new technologies in order to take
full advantage of all the benefits they offer. Neverthe-
less, despite the possible difficulties, the long-term
benefits associated with increased productivity and
reduced costs make these technologies attractive to
agricultural enterprises. Precision farming systems are
therefore an important step towards more efficient
and sustainable agriculture. They open up new hori-
zons for farmers, allowing them not only to increase
yields, but also to take care of the environment. The
introduction of these technologies contributes to the
creation of more sustainable agricultural enterprises
capable of successfully coping with modern challeng-
es and ensuring food security. The introduction of arti-
ficial intelligence (Al) technologies in agriculture has
become a real breakthrough, allowing agricultural en-
terprises to improve equipment diagnostics and mon-
itoring (Shaikh et al., 2022). These technologies help
to identify malfunctions at an early stage and adjust
the operation of machines, which significantly reduces
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the risk of breakdowns and increases the service life of
equipment. Artificial intelligence is capable of process-
ing large amounts of data and analysing them in real
time, which makes it an indispensable tool in managing
modern agricultural production.

One of the main applications of Al is predictive an-
alytics, which allows predicting possible malfunctions
based on the analysis of equipment condition data.
Sensors installed on the machines collect information
about vibration, temperature, and other parameters
that may signal problems. Using machine learning al-
gorithms, Al-based systems can quickly and accurately
determine when maintenance needs to be performed,
preventing more serious breakdowns and, as a result,
downtime. In addition, Al can also optimise the oper-
ation of agricultural equipment by controlling its set-
tings depending on specific operating conditions. For
example, automatic systems can adjust the operating
modes of tractors and combines depending on the soil
condition or yield, which increases overall productivi-
ty and work efficiency. This allows farmers not only to
reduce maintenance costs, but also to achieve better
production results. Nevertheless, the introduction of
Al technologies in agriculture requires certain invest-
ments and changes in the organisational structure
of enterprises. Farmers should be ready to learn and
adapt to new technologies, which can be a challenge
for many of them. However, the long-term benefits as-
sociated with longer service life and lower repair costs
make these technologies very attractive.

Artificial intelligence for diagnostics and moni-
toring is becoming an important tool in modern agri-
culture (Zelisko et al., 2024). It not only increases the
efficiency of the equipment, but also contributes to
the sustainable development of agricultural enter-
prises. Based on Al, farmers can focus on more com-
plex aspects of managing their business, confident in
the reliability and performance of the equipment they
use. Sustainable production is becoming one of the key
principles of modern agriculture, and new models of
agricultural machinery are playing an important role in
this. The development of machines based on the use
of environmentally friendly materials and reduced fuel
consumption contributes to the implementation of the
principles of sustainable development in agricultural
enterprises. Such technologies not only help to reduce
the negative impact on the environment, but also con-
tribute to saving resources, which is beneficial for farm-
ers in the long run.

Modern agricultural machinery manufacturers are
actively researching and implementing eco-friendly
materials such as recycled plastics and composites that
reduce the overall carbon footprint of machine man-
ufacturing (Cenci et al., 2021). These innovations not
only reduce the amount of waste, but also improve the
operational characteristics of machinery. For example,
lightweight materials reduce the weight of machines,
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which reduces fuel consumption and increases ma-
noeuvrability, especially in difficult field conditions.
In addition, new models of equipment are being de-
veloped with an emphasis on energy efficiency. Tech-
nologies aimed at reducing fuel consumption provide
significant savings both at the level of individual farms
and across the entire agricultural sector. This is espe-
cially true in the context of rising fuel prices and global
efforts to reduce greenhouse gas emissions. The use of
alternative energy sources such as solar panels and bi-
ofuels also contributes to more sustainable production
and reduces dependence on traditional fossil resources.

Nevertheless, the transition to sustainable produc-
tion and the introduction of new technologies requires
farmers to make certain investments and changes in
their usual approaches to farming (Melchior & New-
ig, 2021). Many farmers may face difficulties in mas-
tering new technologies and integrating them into
production processes. However, the long-term benefits
associated with saving resources and improving envi-
ronmental sustainability make these changes necessary
and justified. Thus, sustainable production and resource
conservation are becoming important aspects of mod-
ern agriculture. The development of new machinery us-
ing environmentally friendly materials and energy-ef-
ficient technologies opens up new opportunities for
agricultural enterprises. These changes not only help
to reduce the negative impact on the environment, but
also ensure that farmers are more competitive in the
face of growing demand for environmentally friendly
products. Investments in sustainable production are
becoming an important step towards creating a more
responsible and efficient agricultural sector capable of
meeting modern challenges.

DISCUSSION

The study found that the introduction of innovative
technologies in the production of agricultural machin-
ery has significantly increased the efficiency of agricul-
tural enterprises. An analysis of the results showed that
the use of precision farming systems and automated
machines allowed farmers to significantly reduce the
cost of resources such as water and fertilisers, while in-
creasing yields. The introduction of new models of trac-
tors and combines with autopilot function also helped
to reduce labour costs and minimise the influence of
the human factor on production processes. This prob-
lem was also investigated by Y. Liu et al. (2021), where
the results confirmed that innovative technologies play
a key role in increasing the productivity of agricultural
enterprises, allowing them to optimise processes and
reduce costs. The use of modern information systems,
such as geoinformation technologies and the Inter-
net of Things, allows farmers to obtain up-to-date in-
formation about the state of fields and plants, which
contributes to more efficient resource management. In
addition, automation of the processing and distribution




of agricultural products reduces labour costs and mini-
mises the risks associated with the human factor.

D.M.K.S. Hemathilake and D.M.C.C. Gunathila-
ke (2022) also showed that modern agricultural tech-
nologies, including precision farming and the use of ge-
netically modified organisms, significantly contribute to
increasing crop yields. These technologies ensure more
efficient use of resources such as water and fertilisers,
which reduces costs and improves product quality. The
introduction of new methods of tillage and pest man-
agement also contributes to crop resistance to diseas-
es and adverse weather conditions, which ultimately
leads to an increase in the total yield. The integration
of innovative technologies into the agricultural sector
requires not only significant investments, but also the
willingness of agricultural enterprises to make changes
in the production process (Bulgakov et al., 2017). It is
important that employees are trained in new working
methods, which will allow them to effectively use new
tools and systems. In addition, it is necessary to consid-
er the possible risks associated with the introduction
of technologies, such as dependence on high technolo-
gies and potential failures in the system, which under-
lines the importance of an integrated approach to the
modernisation of agricultural enterprises. In addition,
the results of the study demonstrated that electric and
hybrid tractors, which are actively being introduced in
countries such as Denmark and Germany, not only con-
tributed to reducing carbon dioxide emissions, but also
proved economically beneficial for farmers. Farmers us-
ing such technologies noted a reduction in operating
costs and an improvement in the environmental situa-
tion in regions with a high degree of agricultural mech-
anisation. This indicates that eco-friendly technologies
can become an important tool for achieving sustaina-
ble development of agricultural enterprises.

M. Beligoj et al. (2022) concluded that electric and
hybrid tractors represent a significant step towards re-
ducing the carbon footprint in the agricultural sector,
as they significantly reduce greenhouse gas emissions
compared to conventional diesel models. The use of
such tractors helps to reduce air and soil pollution,
which contributes to improving the quality of the en-
vironment and preserving ecosystems. In addition, the
low noise level generated by electric and hybrid ma-
chines contributes to a more comfortable working en-
vironment for operators and minimises the negative
impact on wildlife. The study by H. Dzwigo et al. (2021)
revealed that the introduction of environmentally
friendly technology, such as electric and hybrid tractors,
can lead to significant cost savings in the long term
due to lower fuel and maintenance costs. Although the
initial investment may be high, the operating costs be-
come significantly lower, which makes such technol-
ogies economically attractive for agricultural enter-
prises. In addition, the use of environmentally friendly
technology can open access to subsidies and tax
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benefits, which further increases the economic efficien-
cy of its implementation.

These results confirm the above study, as they
demonstrate a clear correlation between the introduc-
tion of environmentally friendly technology and the im-
provement of both economic and environmental per-
formance of agricultural enterprises. This shows that
switching to electric and hybrid tractors not only helps
to reduce their carbon footprint, but also allows farmers
to optimise their costs, making them more competitive
in the market. Thus, investments in sustainable technol-
ogies not only contribute to environmental protection,
but also represent a reasonable step towards economic
stabilityand growth of the agricultural sector.Diagnostic
and monitoring systems based on artificial intelligence
have also shown their effectiveness in increasing the
service life of equipment and reducing the risk of break-
downs. Due to the timely detection of malfunctions and
adjustment of equipment, farmers were able to mini-
mise downtime and reduce maintenance costs. The use
of Al in the agricultural sector has become an integral
part of successful management, allowing farmers to fo-
cus on the more important aspects of doing business.
Noteworthy is the study by N. Gupta et al. (2020), who
also found that artificial intelligence plays a key role
in the diagnosis of agricultural equipment, allowing
for more accurate and rapid identification of possible
malfunctions and their causes. Machine learning-based
systems can analyse data on the operation of machin-
ery in real time, identifying deviations from normal
operation and predicting potential failures before they
occur. This significantly reduces equipment downtime
and increases its efficiency, which is especially impor-
tant in conditions of seasonal agricultural production.

In turn, A. Abid et al. (2020) concluded that early
detection of malfunctions in agricultural equipment
brings significant benefits, including reduced repair
and maintenance costs. By knowing about potential
problems in advance, farmers can plan maintenance
and replacement of parts, which minimises unexpected
breakdowns and increases the reliability of machinery
during critical periods such as harvest. In addition, sta-
ble operation of the equipment helps to increase the
overall productivity of agricultural enterprises, allowing
them to use resources more efficiently and efficiently
(Bulgakov et al., 2019). These data are consistent with
the theses given in the previous section, as they em-
phasise the importance of using artificial intelligence
to improve the reliability and efficiency of agricultur-
al equipment. As already noted, the introduction of Al
technologies not only optimises diagnostic processes,
but also significantly reduces equipment downtime,
which is critical for successful farming. Thus, the results
confirm that early detection of malfunctions, provided
by modern technologies, is a key factor in improving the
overall productivity of agricultural enterprises and the
sustainability of their operations.

Scientific Horizons, 2025, Vol. 28, No. 5

85



86

Innovative technologies in the production...

However, despite significant achievements, there
are still gaps in this area that require additional study.
One of the key problems was the lack of integration of
various technologies, which limited the ability of agri-
cultural enterprises to maximise the use of all availa-
ble resources. The impact of innovations on small and
medium-sized agricultural enterprises also requires a
more detailed analysis, as they often face difficulties
in adapting new technologies due to limited financial
resources. N. Khan et al. (2021) also conducted a study,
the results of which confirmed that the integration of
new technologies into the agricultural sector faces
many challenges, including lack of funding and limited
access to educational resources for farmers. Many agri-
cultural enterprises, especially in developing countries,
are experiencing difficulties in implementing modern
technologies due to high initial costs and a lack of
qualified personnel capable of effectively using new
tools. These barriers can lead to an uneven distribution
of innovations, which affects the overall competitive-
ness of the sector. D. Radicic and S. Petkovich (2023)
also found that innovations can significantly change
the work of small and medium-sized agricultural en-
terprises, providing them with access to modern tech-
nologies that were previously available only to large
agricultural companies. However, small businesses
may face difficulties in implementing innovative solu-
tions due to limited financial resources and lack of
experience in managing new technologies. Neverthe-
less, successful integration of innovations can increase
their competitiveness, improve production efficiency,
and ultimately lead to higher incomes, which makes
supporting such initiatives an important task for the
state and agricultural policy.

Comparing the data obtained during the research,
it is possible to identify a clear trend that the success-
ful integration of new technologies into the agricultur-
al sector directly depends on the level of training and
support of small and medium-sized agricultural enter-
prises. This confirms that without proper training and
access to finance, many agricultural enterprises may
not take advantage of the benefits offered by modern
innovations. Therefore, to achieve sustainable develop-
ment of the sector, it is necessary to create conditions
conducive to the introduction of technology and pro-
fessional development of employees, which will ulti-
mately have a positive impact on the entire industry.
In addition, there were many questions regarding the
adaptation of old equipment to new requirements and
technologies. This became a serious obstacle for many
farmers who were unable to upgrade their machines
and use advanced solutions. The need to introduce new
approaches to maintenance and modernisation of ma-
chinery also highlights the importance of supporting
and training farmers so that they can adapt to changing
conditions and effectively use innovative technologies
(Karaiev et al., 2021).
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M.A. Ibrahim and M. Johansson (2021) concluded
that adapting outdated equipment to modern require-
ments is becoming a necessary step for agricultural
enterprises seeking to remain competitive in a rapidly
changing market. This practice includes upgrading ex-
isting machines and technologies, which reduces the
cost of new equipment and extends the life of old as-
sets. However, for successful adaptation, it is necessary
to consider the technical characteristics and capabilities
of the equipment, and meet new safety standards and
environmental requirements. A. Fleming et al. (2021)
revealed that in the context of technological change,
improving the skills of farmers is becoming a key factor
for the effective use of new technologies and equip-
ment. Modern agricultural enterprises require knowl-
edge in the fields of information technology, agrono-
my, and resource management from employees, which
makes training and retraining vital. By investing in the
education of their employees, farmers not only increase
productivity, but also contribute to the sustainable de-
velopment of the agricultural sector, which ultimately
affects the economic stability of the entire industry.

When analysing the results of the study, it becomes
clear that the successful adaptation of outdated equip-
ment and advanced training of farmers are interrelat-
ed processes that contribute to the overall efficiency
of agricultural enterprises. Modernisation of machin-
ery requires not only financial investments, but also
awareness of new technologies on the part of employ-
ees, which underlines the need for an integrated ap-
proach to the development of the agricultural sector. To
achieve sustainable results, it is important to simulta-
neously invest in equipment upgrades and staff train-
ing, which will effectively respond to the challenges of
modern agriculture and improve its competitiveness.
Thus, the results of the study confirmed the importance
of introducing innovative technologies in the produc-
tion of agricultural machinery to improve the efficien-
cy of agricultural enterprises. These technologies open
up new opportunities for automation, optimisation and
sustainable development of the agricultural sector.
Nevertheless, to achieve maximum effect, it is neces-
sary to continue studying emerging issues to ensure
the harmonious and sustainable development of agri-
culture in the modern world.

CONCLUSIONS

The results of the study confirmed that innovative
technologies in the production of agricultural ma-
chinery play a key role in improving the efficiency of
agricultural enterprises. The introduction of precision
farming systems, process automation, and the use of
electrified machinery has led to significant reductions
in resource costs such as water and fertilisers, and in-
creased yields. This indicates that farmers can use their
resources more efficiently, which is especially impor-
tant in the context of global climate change and the




growing need for food. The analysis showed that trac-
tors and combines with autopilot function not only re-
duced labour costs, but also minimised the influence of
the human factor, which increased the accuracy of op-
erations. Automation of processes allowed optimising
the allocation of resources and improving production
performance. The use of modern technologies, such as
artificial intelligence for diagnostics and monitoring,
has provided farmers with the opportunity to detect
malfunctions in a timely manner, which has helped
to increase the service life of machinery and reduce
maintenance costs. This, in turn, has improved over-
all productivity and reduced the risks associated with
unforeseen breakdowns. However, despite the results
achieved, the study also revealed gaps that require fur-
ther investigation. For example, insufficient integration
of various technologies limited their full use, especial-
ly in small and medium-sized agricultural enterprises
facing financial difficulties. These enterprises often do
not have the opportunity to invest in new technologies,
which makes it difficult for them to compete in the
market. Adapting old equipment to new requirements
also remained an urgent problem, as many farmers use
outdated machines, which hinders their development.
In general, the results obtained emphasise the
need for further implementation and development of
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innovative technologies in agriculture. These changes
not only contribute to increased productivity, but also
create a sustainable and competitive agricultural sector
that can effectively respond to modern challenges and
market demands. To achieve these goals, it is impor-
tant to continue studying emerging issues and support
farmers in the process of implementing new solutions,
which, in turn, will contribute to the creation of a more
efficient and environmentally sustainable agricultural
system. The limitation of the study is the lack of data
on the long-term effects of the introduction of innova-
tive technologies on the production processes and eco-
nomic performance of agricultural enterprises. It is nec-
essary to study the impact of innovative technologies
on small and medium-sized agricultural enterprises to
better understand how they can adapt to new condi-
tions and effectively use available resources.
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AHoTauia. [daHe [oOCNifKeHHS  CNpsAMOBAHE HA  aHani3  iHHOBALiMHMX  TEXHONMOrM Yy  BUPOOHMUTBI
CiNbCbKOroCcnoAapcbkoi TeXHIKM Ta iX BMAMBY HA NiABULLEHHS edeKTMBHOCTI poboTu arponignpuemMcTs. Y
[OCNiAKeHHI Byn0 3aCTOCOBAHO Pi3Hi HAyKOBi METOAM AN BCeBIYHOro aHanisy BMAMBY iHHOBALiMHWUX TEXHOOTIiH
Ha edeKTUBHICTb arponiANpUEMCTB y Cdhepi CinbCbKOrocnoaapcbKoro MawmHobynyBaHHs. [ig yac focniokKeHHs
BCTAHOBNEHO, WO 3aCTOCYBAaHHA iHHOBALIMHMX TEXHOMONA Y CiNlbCbKOroCnofapcbkoMy MalMHOOYAYBaHHI
3HaYHO NiaBuULYE eeKTUBHICTb pOBOTH arponiaAnpueMCTB. AHani3 3acBifumB, WO BMKOPUCTAHHS CUCTEM TOUYHOIO
3eM1epo6CTBa, OCHAWEHUX faTumkamu i GPS-TexHonoriaMu, 4a€e 3MOry OnNTUMI3yBaTU PO3MOLIN pecypciB, TakMX
SK BoAa i Ao6pMBa, WO NpM3BOAMTL A0 30iNblUEHHS BPOXAMHOCTI Ta 3HUXEHHS BMTpaT. ABTOMATU3aLis onepaLin
3a JOMOMOroK aBTOMINOTIB Ha TpakTopax i koMmbaiHax, sk y moaensax John Deere i Fendt, npogemMoHcTpyBana
3HWXKEHHS TPYAOBUTPAT | 3MEHLEHHS BNMBY NOACBKOr0 GaKTopa, L0 TAKOX CNPUSE NiABULLEHHIO MPOAYKTUBHOCTI.
Enektpudikauia Ta ribpuamsauis CinbCbkorocnoaapcbkoi TeXHiKM, akTUBHO BMPOBAaAXyBaHa B TakMX KpaiHax, sk
[aHig Ta HiMeyunHa, BUSBUANUCS €KOHOMIYHO BUFIAHUMU, CPUSOYM 3MEHLUEHHIO BUKMAIB BYINEKMCAOro rasy Ta
CKOPOYEHHIO eKCnayaTauitHMX BUTpaT. BnpoBaaXXeHHS LTYYHOro iHTENeKkTy AAS9 MOHITOPUMHIY Ta AiarHOCTUKM
obnafHaHHg [Jano 3MOry MiHiMi3yBaTW MpoCTid i 30iNblMTK TepMiH CNyXOM TexXHiKM 3aBASKM CBOEYACHOMY
BMSIBIEHHIO HECNPABHOCTEN. 3aranoM BCTAHOBMEHO, WO BUKOPUCTAHHS LUUX TEXHONOTIM CMPUSE CTaNOMYy PO3BUTKY
arponianpuveMCTB, OMTMMIi3aLii BMPOOHMUYMX MNPOLECIB | CKOPOYEHHH eKCnayaTauiiHux BuTpat. [lepexig Ha
6inbll ekonoriyHe BMPOOHULTBO CislbCbKOrOCMOAAPCHKOI TEXHIKM CNPUSE MOMIMWEHHIO eKOMoriYHoi 06CTaHOBKM
B perioHax i3 BMCOKMM CTyMeHeM MeXaHi3aLii CinbCbKOro rocnofapcrea. BnpoBamkeHHS CTIMKMX TEXHONOTIN y
MalUMHOOYAYBaHHI MOKA3an0 CBOK ePEKTUBHICTb Y CKOPOUYEHHI PECYPCOCMOXMBAHHS, WO pOobUTb arponignprueMCTBa
6iNbll KOHKYPEHTOCMPOMOXHUMU HA CBITOBOMY PUHKY
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poultry production increased by 135% (to 340,000 tonnes in 2023), beef production by 18% (to 567,000 tonnes),
whereas pork production declined by 45% due to epizootics. Kazakhstan was identified as the leading beef
producer in Central Asia (2.5 times more than Uzbekistan) but lagged behind Kyrgyzstan in lamb production.
The study revealed that agroholdings accounted for 55% of national production with a 18-22% profitability,
whereas small farms demonstrated only 5-8% profitability due to manual labour and high production costs.
Key issues identified included dependence on imported feed (70% of premixes), a deficit of modern processing
infrastructure (only 35% of enterprises met international standards), and high interest rates on farm loans (14-
18% per annum). The practical significance of this study lies in substantiating recommendations for reducing
import dependence, developing vertically integrated clusters (e.g., KazMeatCluster), expanding state support
for small farms, and investing in digital technologies. The findings may be used to develop strategies for the
advancement of Kazakhstan’s agricultural sector, enhance its competitiveness in international markets, and

attract foreign investment

Keywords: agriculture; livestock farming; agricultural clusters; regional specialisation; economic efficiency

INTRODUCTION

The meat market is a strategic sector of Kazakhstan’s
economy, playing a key role in ensuring food security
and shaping the country’s export potential. Since 2010,
there has been dynamic growth in the production of
certain types of meat, particularly poultry and beef, yet
the sector faces significant challenges. The main issues
include low productivity levels in traditional livestock
farming, dependence on imported feed, and limited
modern processing infrastructure. As Kazakhstan inte-
grates into global agri-food chains, there is a growing
need to improve farming models, increase economic
efficiency, and expand sales markets. Particular atten-
tion should be given to the competitiveness of Kazakh
meat products in the global market. Considering global
trends in changing dietary preferences and increasing
quality and sustainability requirements, it is crucial to
assess the country’s position relative to other region-
al and international producers. An analysis of global
trends suggests that competitive advantages can be
achieved through the adoption of a cluster approach,
the modernisation of agri-industrial enterprises, and
enhanced state support (Pavliuk et al., 2025).

Scientific literature highlights various aspects of
Kazakhstan’s meat sector development. Research by
G.K. Dambaulova et al. (2022) includes a meta-analy-
sis of the potential of Kazakh pork in the international
market and identifies key issues limiting the industry’s
development, such as epizootic risks and insufficient
state support. The economic assessment of the live-
stock sector and the prerequisites for establishing a
meat hub to strengthen the country’s export position
have been examined by researchers such as G. Abdiker-
imova et al. (2024). M. Jia and L. Zhen (2021) analysed
food production and consumption using the emergy
method, identifying key patterns of Kazakhstan's food
security and factors affecting the resource efficiency of
livestock farming. A. Ibyzhanova et al. (2022) explored
Kazakhstan’s food export potential, identifying oppor-
tunities for expanding meat product exports to interna-
tional markets while emphasising the need to improve

logistics and comply with international standards. Sim-
ilar conclusions have been drawn regarding the poten-
tial for meat exports to China, where Kazakhstan could
occupy a significant niche if production quality and effi-
ciency were enhanced (Ibyzhanova et al., 2024).

A global analysis of meat consumption was con-
ducted by C. Whitton et al. (2021), with findings indi-
cating that growth rates in developed countries are
slowing, highlighting the importance of expanding
Kazakhstan’s exports to emerging markets. A. Zielins-
ka-Chmielewska et al. (2021) investigated the impact
of the COVID-19 pandemic, which caused disruptions
in maintaining continuity in food supply chains in the
meat market, emphasising the need for producers to
adapt to new logistical challenges. The correlation be-
tween the use of digital technologies and the volume
of agricultural exports was identified by A.K. Wardhana
and R.T. Ratnasari (2022), confirming the advisability of
investing in the digitalisation of the agricultural sector.
The analysed studies indicate the need for a compre-
hensive approach to the development of Kazakhstan’s
meat sector. The key areas for improvement include
modernising production facilities, reducing depend-
ence on imported feed, developing export channels,
and implementing innovative production technologies
(Melnyk et al., 2024). State support plays a crucial role
in shaping the industry’s competitiveness; however, its
accessibility to small and medium-sized producers re-
mains limited (Mamenko et al., 2024).

The aim of this study was to assess the key trends
in the development of Kazakhstan's meat market, par-
ticularly in terms of production, consumption, and ex-
ports, as well as to identify the main factors limiting
the sector’s efficiency and potential opportunities for
its further development.

MATERIALS AND METHODS

The study was based on a comprehensive analysis
of meat production, consumption, and exports in Ka-
zakhstan from 2014 to 2025, focusing on the Almaty,
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Turkestan, and Karaganda regions. The selection of this
period was driven by significant structural changes in
the agricultural sector that began after 2014, particu-
larly due to the implementation of state programs for
modernisation and the development of agro-industrial
clusters. To assess the dynamics of changes in the meat
sector, statistical, economic, regional, and comparative
analyses were applied. The data sources included of-
ficial reports from the Ministry of Agriculture of the
Republic of Kazakhstan (2025), the Bureau of National
Statistics (2025), and international organisations such
as Food and Agriculture Organization (FAO) (2023), the
Organisation for Economic Co-operation and Develop-
ment (OECD) (2021), and the World Bank (2021).
Special attention was given to a comparative analy-
sis with Central Asian countries: Uzbekistan, Kyrgyzstan,
Turkmenistan, and Tajikistan. The comparison aspects
included the dynamics of meat production and con-
sumption,the level of infrastructure and logistics devel-
opment, the efficiency of state support for the agricul-
tural sector, and the specifics of meat product exports,
particularly to neighboring and global markets. The
selection of these countries was determined by their
geographical proximity, similar natural and climatic
conditions, and the structure of the agricultural sector.
This approach made it possible to assess Kazakhstan’s
competitiveness in the regional meat market and to
identify the strengths and weaknesses of the industry.
The business models of successful enterprises in
Kazakhstan’s meat sector were also studied separately.
The analysis covered three main types of production
structures: agroholdings, farms, and private producers.
The selection of these models was justified by their
significance in the national meat production structure.
Agroholdings were chosen due to their dominant role
in meat production and export, enabled by their scale
and vertical integration. Farms were included to as-
sess the average level of efficiency and the impact of
cooperative models on profitability. Private producers
were examined to understand the role of small-scale
production in supplying the domestic market and their
ability to adapt under limited resources and a lack of
large-scale state support. The first group consisted of
large vertically integrated agroholdings that carried out
the full production cycle - from feed cultivation to pro-
cessing and export of the finished product. Enterprises
such as Aitas KZ (poultry production) and KazMeatClus-
ter (beef) were considered, as they demonstrated high
efficiency due to automation, quality control, and state
support. The second group included medium-sized
farms specialising in beef and lamb production for the
domestic market. The experience of cooperative farms,
such as the Almaty Meat Union and Turkestan Agro,
was analysed, as they employed cooperative models to
enhance profitability and facilitate market access. The
third group comprised private producers with local spe-
cialisation operating in the traditional sheep and pig
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farming sectors. The study examined small farms in the
Zhambyl region, focusing on lamb production, which
ensured their competitiveness even in the absence of
significant state support. Additionally, the effectiveness
of state support programs for farmers and agro-en-
terprises in the meat industry was assessed, including
subsidies for feed procurement, preferential loans, tax
benefits, and investment grants.

The dynamics of meat production were analysed
using the compound annual growth rate (CAGR) (1):

CAGR=2_1, (1)
Vo

where V, - is the production volume in the final year of
the study period, V, - volume is the volume of produc-
tion in the initial year, t - is the duration of the period
in years.

This method made it possible to evaluate the
growth rate of the meat sector and identify the most
promising production areas. The economic analysis in-
cluded an assessment of the profitability level of differ-
ent types of meat using the formula (2):

R == x 100%, 2)

where P - is the average market price of the product,
C - is the production cost.

The economic efficiency of three main forms of
management - agroholdings, farms, and private house-
holds - was examined to evaluate their resilience to
market fluctuations. The regional analysis included an
assessment of the impact of climatic factors, feed avail-
ability, state support levels, and demographic charac-
teristics on meat production specialisation in different
regions of Kazakhstan. This was achieved by calculating
the average production costs of meat in various regions
and their impact on competitiveness. A comparative
analysis between Kazakhstan and Central Asian coun-
tries was conducted based on the evaluation of beef,
lamb, and poultry production volumes and export po-
tential. The revealed comparative advantage (RCA) co-
efficient was used, calculated as follows (3):

RCA = 3 /X
M; " Mg

©)

where X, - is the export volume of a specific type of meat
from Kazakhstan, X - is the total meat export volume
from the country,M. - is the import volume of the respec-
tive type of meat, M, - is the total meat import volume.

An RCA>1 indicated Kazakhstan’s competitive ad-
vantage in the production of a particular type of meat.
For beef, this meant that the country had a greater ex-
port capacity relative to imports, signifying a strong
position in the international market. For poultry, an
RCA>1 indicated high export competitiveness, particu-
larly due to the development of modern poultry farms
and state support programs. Conversely, for pork and




lamb, an RCA >1 showed that while Kazakhstan could
meet domestic demand, the export of these types of
meat remained limited due to epizootic risks and lower
production levels compared to other regional countries.
The analysis of state support examined the impact of
subsidies, tax benefits, and infrastructure projects on
industry development. The subsidy efficiency coeffi-
cient was calculated as follows (4):
AY

ES =—, 4)
where AY - represents the increase in production vol-
umes, S - is the amount of state support received.

This calculation determined how effectively budg-
etary funds were used to stimulate meat farming de-
velopment. Programs such as ‘Agrobusiness-2025”
(subsidies, loans) (World Bank, 2021), “Digital AIC” (loT
solutions) (Ministry of Agriculture of the Republic of
Kazakhstan, 2025), and clusters (KazMeatCluster) were
analysed. Data processing included assessing the im-
pact of budgetary funds on production growth, regional
dynamics, and the challenges faced by small farms in
accessing support. The level of dependence on import-
ed feed and its impact on meat production costs was
also studied. The share of imported feed in total feed
expenses was calculated using the formula (5):

I
Cl= o (5)
where |_- is the volume of imported feed, C, - is the
total feed expenditure.

The applied methods, including the use of software
tools such as SPSS (for descriptive statistics and cor-
relation analysis), Stata (for econometric modeling of
production dynamics), and Python (with Pandas and
NumPy libraries for automating RCA, ES, and CAGR
index calculations), enabled an objective assessment
of Kazakhstan’s meat sector development. Initial data
processing was performed in Excel, ensuring structured
information management. These tools allowed for a
comprehensive consideration of economic efficiency,
regional characteristics, and state support mechanisms.

600
500

400
300
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RESULTS

Meat production dynamics in Kazakhstan. Between
2014 and 2025, meat production in Kazakhstan under-
went significant changes due to structural reforms in
the agricultural sector, investments, and external risks.
According to the Ministry of Agriculture of the Repub-
lic of Kazakhstan (2025), beef production increased by
18% (from 480,000 tonnes in 2013 to 567,000 tonnes
in 2023), driven by expanded export agreements with
China and the development of clusters in the Turk-
istan region. Mutton production remained stable, with
an average annual output of 210,000-230,000 tonnes.
However, its share in the overall balance declined from
25% to 20% due to growing competition from poul-
try farming (Bureau of National Statistics, 2025). The
most dynamic segment is poultry production, which
increased by 135% (from 145,000 tonnes in 2013 to
340,000 tonnes in 2023). This growth is linked to the
establishment of large-scale poultry farms with closed
production cycles, such as “Astana Poultry” and “Food-
Master”, which received funding under the “Agrobusi-
ness-2025” programme (World Bank, 2021). In contrast,
pork production declined by 45% (from 95,000 tonnes
to 52,000 tonnes) due to recurrent outbreaks of Afri-
can swine fever between 2019 and 2021, leading to
the closure of 60% of small pig farms (Committee for
Veterinary Control and Supervision of the Ministry of
Agriculture of the Republic of Kazakhstan, 2023).

Compared to other Central Asian countries, Ka-
zakhstan leads in beef production, surpassing Uzbek-
istan by 2.5 times (227,000 tonnes) and Kyrgyzstan by
4 times (140,000 tonnes) (Food and Agriculture Organ-
ization, 2023). In the poultry sector, Kazakhstan also
outperforms neighbouring states: Uzbekistan produces
290,000 tonnes of chicken, while Turkmenistan produc-
es 80,000 tonnes (Organisation for Economic Co-oper-
ation and Development, 2021). However, Kazakhstan
lags behind Kyrgyzstan in mutton production, where
this type of meat accounts for 35% of the agro-balance
(Central Asia Regional Economic Cooperation, n.d.). Fig-
ure 1 illustrates the dynamics of changes in the produc-
tion of key meat types in Kazakhstan from 2014 to 2025.

Beef (thousand tons)
Chicken (thousand tons)

200
100

—Pork (thousand tons)
——Lamb (thousand tons)

0

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Figure 1. Meat production dynamics (2014-2025)

Source: compiled by the authors based on Ministry of Agriculture of the Republic of Kazakhstan (2025) and Bureau of

National Statistics (2025)

A key trend in recent years is the increasing export
orientation of the industry. Following an agreement with
China on beef supplies (2022), exports of this type of
meat increased by 40% (to 90,000 tonnes in 2023), while

domestic consumption remained stable (Ministry of Econ-
omy of the Republic of Kazakhstan, 2025). An analysis
of Revealed Comparative Advantage (RCA) confirms Ka-
zakhstan’s competitiveness in beef production (Table 1).
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Table 1. RCA comparison for meat in Central Asian countries (2023)

Country Beef (RCA) Mutton (RCA)
Kazakhstan 2.1 0.7
Uzbekistan 0.9 0.5
Kyrgyzstan 1.2 1.8

Tajikistan 0.4 1.1
Turkmenistan 0.6 0.9

Source: compiled by the authors

RCA calculations show that Kazakhstan has a com-  farming. Turkistan region specialises in cattle breeding,
parative advantage in beef production, while its com-  supported by state programmes for integrated clusters,
petitiveness in mutton production is lower than in oth-  which account for 22% of the country’s beef produc-
er Central Asian countries. At the same time, a shortage  tion. Regions with the highest productivity include Kar-
of domestic feed (70% of premixes are imported) and  aganda, which accounts for 25% of poultry production
droughts in 2022 limit profitability, increasing depend-  due to modern poultry farms such as the “Karaganda
ence on external markets. Thus, the dynamics of meat  Poultry Complex”. Northern regions (e.g., Akmola) show
production in Kazakhstan between 2014 and 2025 re-  increasing beef production (+12% in 2022-2023) due
flect structural shifts, including an increase in beef and  to investments in artificial insemination and feeding
poultry production, a decline in pork production, stable  technologies (Organisation for Economic Co-opera-
mutton production, and a shift towards export orienta-  tion and Development, 2021). Meanwhile, southern re-
tion. However, the industry remains dependent on im-  gions (Zhambyl, Turkistan) maintain traditional sheep
ported feed and climatic risks. farming, where manual labour accounts for 60%, lim-

Geographical structure and regional specialisation iting production scale (Food and Agriculture Organiza-

of meat production in Kazakhstan. Meat production in  tion, 2023).
Kazakhstan is characterised by significant regional dif- Meat production in Kazakhstan is shaped by natu-
ferentiation due to climatic conditions, feed resources, ral, economic, and social factors that vary significantly
and historical specialisation. According to Bureau of by region. Climatic conditions, infrastructure develop-
National Statistics (2025), Almaty, Turkistan, and Kar- ment, state support, and demographic factors deter-
aganda regions account for over 60% of the national mine the specialisation and efficiency of the sector. For
meat output. Almaty region contributes the most, pro-  instance, droughts in the south limit feed resources,
ducing 28% of the country’s beef and 35% of its mut-  while northern regions benefit from logistical advan-
ton, mainly due to developed pasture-based livestock tages for exports (Table 2).

Table 2. Factors of regional meat production dynamics

Factor Impact on Production

Droughts in Turkistan and Zhambyl (2022-2023) reduced forage crop yields by 25%,
increasing beef production costs.

Northern regions have better logistics for exports via border checkpoints with Russia;

Climatic conditions

Infrastructure the south lacks cold storage facilities
Economic support Turkistan and Karaganda receive 40% of feed subsidies, stimulating productivity growth
Demographics A high rural population in Almaty region (45%) provides a cheap labour force for small farms

Source: compiled by the authors based on World Bank (2021), Central Asia Regional Economic Cooperation (n.d.) and
Ministry of Economy of the Republic of Kazakhstan (2025)

The regional distribution of meat production in Ka-  farms.According to the Ministry of Agriculture of Kazakh-
zakhstan reflects the interaction of natural, economic, stan (2025), agroholdings account for 55% of national
and institutional factors. Future growth will require in-  meat production, private farms for 30%, and household
vestments in irrigation systems in the south, expanding  farms for 15%. This trend is driven by increased invest-
processing facilities in northern regions, and integrat- ment in large integrated clusters combining livestock
ing small-scale producers into value chains. breeding, processing, and logistics. Agroholdings (e.g.,

Structure of production enterprises and efficiency “Astana-Foods”, “KazAgro®) demonstrate the highest ef-
of farming models in Kazakhstan’s meat sector. Meat  ficiency due to production scale, modern feeding tech-
production in Kazakhstan is shaped by three main types  nologies, and automation. Their average profitability is
of farms: agroholdings, private farms, and household  18-22%, with beef production costs of 800-900 tenge
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per kg. In contrast, private farms have limited produc-
tivity due to financial constraints: only 20% receive
loans at 10% annual interest, while household farms
face rates of up to 15% (Bureau of National Statis-
tics, 2025). Household farms dominate mutton produc-
tion (40% of national output) and serve local markets.
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Their efficiency is limited by manual labour, high costs
(1,100-1,300 tenge/kg), and lack of processing facilities
(Food and Agriculture Organization, 2023). According
to Organisation for Economic Co-operation and Devel-
opment (2021), labour productivity in household farms
is three times lower than in agroholdings (Table 3).

Table 3. Efficiency of different farming models (2024)

Indicator Agroholdings Private Farms Household Farms
Profitability (%) 18-22 10-14 5-8
Feed costs (%) 45 60 70
Export share (%) 65 20 0

Source: compiled by the authors based on Bureau of National Statistics (2025)

The dominance of agroholdings highlights their
role in Kazakhstan'’s export potential. However, sustain-
able industry growth requires support for small-scale
producers through cooperatives and lower credit rates.
Innovative approaches to production organisation, such
as vertical integration, energy efficiency,and small farm

cooperation, play a key role in Kazakhstan’s meat indus-
try. These models help reduce production costs, increase
profitability, and integrate into global supply chains.
The most notable examples include large clusters,
high-tech poultry farms, and farmer cooperatives that
demonstrate adaptability to market challenges (Table 4).

Table 4. Successful business models in Kazakhstan’s meat industry

Company/Project Region Business model Key advantages
S - —
KazMeatCluster Turkistan Region  Vertically integrated cluster 25% cost reduction due to in hguse feed
bases and automated feeding.
o, H .
Aitas KZ Karaganda Region Full-cycle poultry farm 80% of poultry meat exported to China;

24% profitability.

Cooperative ‘Almaty Meat Union” Almaty Region

Small farmer cooperative

30% income growth through collective use
of infrastructure.

Source: compiled by the authors based on Ministry of Economy of the Republic of Kazakhstan (2025)

The structure of production enterprises in Kazakh-
stan’s meat sector exhibits significant differentiation in
efficiency and scale. Agroholdings, controlling over half
of national production, dominate due to technological
modernisation,vertical integration,and access to financ-
ing. Despite limited resources, smallholder and private
farms remain critical for supplying local markets and
maintaining social stability in rural regions. Successful
business models, such as full-cycle production clusters
or farmer cooperatives, highlight the potential of inno-
vation and collective solutions in overcoming structur-
al challenges. However, ensuring sustainable develop-
ment requires systematic support for small producers
through subsidies, affordable loans, and infrastruc-
ture projects. These measures will help balance eco-
nomic efficiency with social and environmental goals.

Economic efficiency of meat production: Costs, prof-
itability, and influencing factors. Meat production in

Kazakhstan is characterised by significant fluctuations
in cost and profitability due to the diversity of prod-
ucts, farm sizes, and external economic factors. The
highest costs are observed in pork production due to
epizootic risks, while poultry is the most economically
efficient thanks to intensive technologies and scalabil-
ity. Feed costs remain the primary expenditure compo-
nent, particularly for livestock with long growing cycles,
highlighting dependence on imported resources and
vulnerability to climate change. Large agroholdings
dominate the sector due to high profitability achieved
through automation, export operations, and govern-
ment subsidies. In contrast, medium-sized farms face
restrictions due to limited access to affordable credit
and a lack of infrastructure for deep processing. Small
producers focusing on local markets demonstrate the
lowest efficiency due to outdated methods and a high
share of manual labour (Table 5).

Table 5. Effectiveness of government support for different types of farms

Type of farm Production increase (AY, thousand tonnes) Subsidies (S, billion tenge) Efficiency score (ES=AY/S)
Large agroholdings 8 10 0.8
Medium-sized farms 2 15 1.3

Small producers 0.5 0 -

Source: compiled by the authors
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The economic stability of the sector is largely
dependent on external factors. Veterinary costs have
risen due to outbreaks of infectious diseases, par-
ticularly impacting pig farming. Rising energy prices
and a lack of cold storage infrastructure in southern

regions have further increased the burden on pro-
ducers. While government support programmes help
reduce costs for large enterprises, their inaccessibili-
ty to small farms exacerbates competitive imbalanc-
es (Table 6).

Table 6. Economic indicators of meat production (2023-2024)

Indicator Beef Mutton Poultry Pork
Cost (tenge/kg) 900-1,100 800-1,000 400-500 1,300-1,500
Profitability (%) 8-12 10-15 18-22 3-5
Feed Cost Share (%) 60-70 55-65 45-50 50-60

Source: compiled by the authors based on Ministry of Agriculture of the Republic of Kazakhstan (2025)

Thus, the main drivers for improving economic per-
formance are reducing dependence on imported feed,
investing in processing and logistics infrastructure, and
expanding support mechanisms for small and medi-
um-sized farms. The integration of innovative solutions
and the development of export channels can ensure
sustainable sector growth amid global challenges.

Key challenges and constraints in industry develop-
ment. Kazakhstan’s meat industry faces several system-
ic challenges limiting its competitiveness in domestic
and international markets. One of the main obstacles is
the lack of modern processing infrastructure and logis-
tics capacities. According to World Bank (2021), only
35% of meat processing enterprises in the country meet
international quality standards, while 60% of equip-
ment is outdated. The absence of cold storage facili-
ties in southern regions forces producers to lower raw
material prices to avoid spoilage, reducing profit mar-
gins. Feed shortages remain a critical issue affecting
livestock productivity. According to the Ministry of Ag-
riculture of the Republic of Kazakhstan (2025), 70% of
premixes and vitamin supplements are imported, while
droughts in 2022-2023 reduced forage crop yields by
25%. This has increased beef production costs by 18-
20% and slowed average daily weight gains in livestock
to 600 g compared to 1,200 g in the EU.

Limited financing complicates industry moderni-
sation. Small and medium-sized farms face high loan
interest rates (14-18% annually) and difficulties in se-
curing collateral. According to the Ministry of Economy
of the Republic of Kazakhstan (2025), only 22% of agri-
cultural producers receive development loans, whereas
in the EU, this figure reaches 65%. The lack of long-
term investment programmes restricts technology pur-
chases for productivity improvements. Low productivity
in traditional livestock farming significantly impacts
competitiveness. For instance, average milk yields are
3,200 litres per year compared to 8,500 litres per year
in the EU, while meat yield per animal is 15-20% lower
than global standards (Food and Agriculture Organiza-
tion, 2023). This is due to the prevalence of extensive
feeding methods, a lack of breeding programmes, and
limited veterinary services in remote areas.
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Government support for Kazakhstan’s meat indus-
try. State support for the meat industry in Kazakhstan
is implemented through funding programmes, includ-
ing “Agrobusiness-2025” and “Digital Agro-Industrial
Complex”. According to the Ministry of Agriculture of
the Republic of Kazakhstan (2025), over 120 billion
tenge was allocated for sector subsidies in 2023, with
65% directed towards feed supply and farm modern-
isation. The effectiveness of these programmes is re-
flected in the 12% increase in beef production and
18% increase in poultry production in 2022-2023
(World Bank, 2021). However, only 30% of farmers
received direct funding, highlighting unequal access
to resources between large agroholdings and small
farms (Organisation for Economic Co-operation and
Development, 2021).

Subsidies and grants significantly influence indus-
try development, particularly in regions with high pro-
duction concentrations. For example, in Turkistan Re-
gion, feed subsidies reduced beef production costs by
15-20%, while in Karaganda Region, equipment pur-
chase grants increased poultry farm productivity by
25% (Ministry of Economy of the Republic of Kazakh-
stan, 2025). However, small farms remain overlooked:
only 10% receive state support due to documentation
complexities and a lack of collateral. Government pol-
icy perspectives focus on diversifying support mech-
anisms. In 2024, pilot projects were introduced for
livestock insurance and interest rate compensation on
farmer loans. The expansion of the “Digital Agro-In-
dustrial Complex” programme, which includes loT
systems for monitoring feeding and animal health, is
planned. Forecasts suggest that this could increase
the profitability of small farms by 8-10% by 2025. A
key challenge remains integrating remote regions into
state programmes, as only 20% of farms have internet
access to use digital tools. Government support for
Kazakhstan’s meat industry contributes to production
growth and modernisation. However, its effectiveness
depends on financing accessibility for small farms, di-
versifying support mechanisms, and integrating digi-
tal technologies, which remain critical challenges for
further development.




DISCUSSION

The results of the study on Kazakhstan’s meat market
aligned with global trends in livestock development
and meat product exports. The experience of meat
product exports in Ethiopia demonstrated that the ef-
fectiveness of foreign trade depended on infrastructure
development, quality control, and access to internation-
al markets (Melkamworkassefa, 2024). Similar challeng-
es were observed in Kazakhstan, where infrastructure
constraints and insufficient international certification
of products created barriers to expanding exports.
The prospects for the development of cultivated meat
raised concerns in countries with advanced livestock
industries. Research by B.D. da Silva and C.A. Conte-Jun-
ior (2024) indicated that states economically depend-
ent on traditional livestock farming might face risks of
declining demand for natural meat. This confirmed the
necessity for Kazakhstan’s meat sector to diversify and
adapt to new consumer trends. Pork production in the
European Union transformed due to regulatory changes
and the introduction of environmental standards (Ma-
teos et al., 2024). A similar approach could be relevant
for Kazakhstan, as the country also aimed to implement
more sustainable agricultural models.

Green financing was becoming a key tool for im-
proving product quality and its export potential. China’s
experience showed that financial mechanisms stimu-
lating eco-friendly production contributed to better
meat product quality and international competitive-
ness (Ma et al., 2024). This confirmed the feasibility of
introducing similar approaches in Kazakhstan. Trade
models used in China’s seafood sector highlighted
the importance of a strategic export approach, which
involved optimising production processes and active-
ly utilising government support (N'Souvi et al., 2024).
Considering these factors could enhance Kazakhstan’s
export strategy in the meat sector. Protectionist poli-
cies and the introduction of new trade barriers had a
negative impact on global trade. K. Handley et al. (2024)
analysed the consequences of increased import tariffs
in the United States. For Kazakhstan, this underscored
the need to expand trade partnerships and seek new
export opportunities to reduce dependence on a limit-
ed number of markets. Macroeconomic factors also sig-
nificantly influenced the dynamics of the meat market.
A study of the U.S.red meat market showed that chang-
es in production, demand, and pricing policies shaped
long-term economic trends that could also affect other
countries (Melo et al., 2021). Kazakhstan needed to con-
sider these aspects when formulating its meat sector
development strategy.

One crucial factor affecting the efficiency of meat
production was greenhouse gas emissions and meas-
ures to reduce them. Implementing technologies aimed
at reducing the carbon footprint was one of the key
directions for global agricultural development (Skrib-
be et al., 2024). Such mechanisms could be beneficial
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for Kazakhstan, given its high import dependence on
feed and significant energy consumption in cattle farm-
ing, which made the industry vulnerable to global cli-
mate policy regulations. Kazakhstan’s export activities
faced challenges similar to those in Ethiopia, where key
obstacles included logistical constraints, high transpor-
tation costs, and inadequate infrastructure for interna-
tional trade (Wakaso et al., 2025). Similar challenges in
Kazakhstan required the implementation of specialised
programs to improve logistics and expand international
product certification. Turkey’s experience in exporting
water resources, particularly crustaceans, demonstrated
that expanding production required an effective mar-
keting strategy and adaptation to international market
standards (Mazlum et al., 2025). This approach could be
applied in Kazakhstan to stimulate meat product ex-
ports to new regional markets.

An analysis of export trade dynamics in China’s
aquaculture sector highlighted the importance of di-
versifying sales markets (Kong et al., 2025). This in-
sight could be useful for Kazakhstan, as dependence
on a limited number of trade partners posed risks to
the stability of meat exports. Environmental aspects
of meat production remained one of the industry’s key
challenges, as high resource consumption and signifi-
cant CO, emissions required technological process im-
provements (lakubchak et al., 2024). An analysis of the
production chain in Italy’s meat industry demonstrated
the effectiveness of measures aimed at waste reduc-
tion and resource optimisation (Ferronato et al., 2021).
Applying this experience could help reduce the envi-
ronmental impact of Kazakhstan’s meat sector. Changes
in demand structure and the influence of alternative
protein sources also affected the meat market (Dossyb-
ayev et al., 2024). An analysis of educational and labor
changes in Vietnam showed that workforce adaptation
to new economic conditions was critical for maintaining
the efficiency of the agricultural sector (Hang, 2021). A
similar approach could be implemented in Kazakhstan
to prepare specialists for the introduction of innovative
livestock technologies.

Research on the impact of plant-based alterna-
tives on the meat market indicated the potential de-
cline in demand for traditional meat products due to
the growing interest in eco-friendly substitutes (Lusk et
al., 2022) This trend could affect Kazakhstan’s meat
market, requiring strategic planning to mitigate the
risks of decreasing domestic consumption. Changing
consumer attitudes toward meat products influenced
market dynamics. A study conducted in Brazil demon-
strated that public perceptions of meat production’s
environmental impact had significantly transformed,
creating challenges for traditional producers (Hot-
zel & Vandresen, 2022). Similar trends could emerge
in Kazakhstan, as the global shift toward sustainable
production models required adaptation and the imple-
mentation of environmentally oriented technologies.
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Meat product safety remained a critical factor for ex-
port potential (Uazhanova et al., 2024). An analysis of
food incidents related to red meat confirmed that the
effectiveness of food safety control systems directly in-
fluenced consumer demand and trust in meat products
(Warmate & Onarinde, 2023). For Kazakhstan, this em-
phasised the need to strengthen safety standards and
improve quality control systems to expand access to
international markets.

Export diversification remained an essential fac-
tor for the stability of the agri-food sector. A study of
Céte d’lvoire’s agri-food industry confirmed that flexi-
bility in foreign trade policy and adaptation to demand
changes contributed to increased industry competitive-
ness (Coulibaly et al., 2021). Kazakhstan also needed
to consider these aspects and expand meat product
sales markets. The experience of Gulf countries showed
that diversifying export products could reduce eco-
nomic vulnerability to fluctuations in global markets
(Fatima et al., 2021). This reinforced the importance
of seeking new export opportunities for Kazakhstan’s
meat products, particularly through the development
of niche segments such as halal products. The produc-
tion of halal meat in Kazakhstan had significant export
potential, especially considering Pakistan’s experience,
where proper certification and adaptation to Islamic
market requirements contributed to expanded export
opportunities (Magsi et al., 2020). Considering these as-
pects could strengthen Kazakhstan’s position in inter-
national halal markets. An analysis of Indonesia’s policy
on nickel ore exports and battery industry development
showed that strategic export regulation and domestic
infrastructure development could significantly enhance
sector competitiveness (Pandyaswargo et al.,2021). This
confirmed the feasibility of applying a similar approach
in Kazakhstan's meat sector, particularly through sup-
porting domestic processing and expanding opportuni-
ties for producers.

Overall, the study results confirmed the necessity of
a comprehensive approach to Kazakhstan’s meat sec-
tor development, which included strengthening safety
standards, expanding export opportunities, adapting to
changes in consumer preferences, and integrating envi-
ronmentally sustainable practices.

CONCLUSIONS

The study of Kazakhstan’s meat market over the peri-
od 2013-2023 revealed significant structural chang-
es. Poultry production increased by 135% (from
145,000 tons to 340,000 tons) due to investments in
large poultry farms (e.g., “‘Astana Poultry”) and govern-
ment modernisation programs (‘Agrobusiness-2025").
Beef production grew by 18% (from 480,000 tons
to 567,000 tons) thanks to export agreements with
China signed in 2022. In contrast, pork production
declined by 45% (from 95,000 tons to 52,000 tons)
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due to African swine fever outbreaks in 2019-2021.
Kazakhstan became the leading beef producer in
Central Asia, surpassing Uzbekistan’s output by 2.5
times (227,000 tons) and Kyrgyzstan’s by four times
(140,000 tons). However, it lagged behind Kyrgyzstan
in lamb production, where lamb accounted for 35% of
the meat market. The economic efficiency of the sec-
tor varied by business model. Large agro-holdings like
“KazMeatCluster” demonstrated profitability of 18-
22% due to economies of scale, automation, and ex-
ports. In contrast, small farms had profitability of only
5-8% due to manual labor, high production costs, and
limited infrastructure access. A major issue remained
dependence on imported feed: 70% of premixes were
imported, making the industry vulnerable to glob-
al price fluctuations. A lack of modern infrastructure,
particularly refrigerated warehouses in the southern
regions (Turkistan, Zhambyl), restricted export poten-
tial, forcing producers to lower raw material prices.

Government support, such as feed subsidies un-
der “Agrobusiness-2025% improved the situation but
covered only 30% of farmers. For instance, in the Kar-
aganda region, subsidies boosted poultry farm produc-
tivity by 25%, but small farms remained underserved
due to complex documentation requirements. Future
development required reducing import dependence
by expanding domestic feed production, easing small
farms’ access to subsidies and loans (5-7% annually),
modernising infrastructure (cold storage, loT systems),
and expanding exports to the EU after obtaining qual-
ity certifications. The study’s limitations are related to
the lack of data on small farms due to the lack of cen-
tralised accounting, as well as the impact of external
factors such as the droughts of 2022-2023 and energy
price fluctuations. In the future, it is worth analysing
the effectiveness of vertically integrated clusters (e.g.,
“KazMeatCluster”), investigating the impact of digitali-
sation on small farms, and assessing the environmental
impact of livestock intensification. The findings em-
phasise that Kazakhstan has the potential to become
a key meat exporter in Central Asia, but this requires
overcoming structural imbalances, strengthening pub-
lic-private partnerships, and investing in innovation.
Success will depend on integrating small-scale produc-
ers into value chains, developing their own feed bas-
es, and adapting to global challenges such as climate
change and competition.
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AHoTauifn. MeTolo CTaTTi € aHani3 NOTOYHOrO CTaHy Ta TEHAEHLIM PO3BUTKY PUHKY M'sca B KaszaxcTaHi, 3 akLeHTOM
Ha BMPOOHMLUTBI, CMOXMBAHHI Ta EKCMOPTi, @ TAKOX BW3HAYEHHS K/IYOBMX Npobnem i mepcnekTuB ranysi.
[ocnipkeHHs I'PYHTYETbCA HA aHaNi3i CTaTUCTUYHUX AaHMX 33 2014-2025 poku, oTpuMaHuX 3 odiuinHux axepen,
NOPIBHANBHIN OUiHLI ePEeKTUBHOCTI Pi3HMUX CiNbCbKOroCnoAapCbKux CTPYKTYp (arpoxXonauHrie, GepMepcbkux Ta
0COBUCTUX CENSAHCBKMX FOCNOAAPCTB), @ TAKOX perioHanbHOMY aHanisi cneuianisawii BUpoOGHMLTBA B ATMATUHCBKIN,
TypkecTaHcbkin Ta KaparaHguHcbkin obnactax KasaxctaHy. byno BusBneHo, o BMPOOHMLTBO M'sica NTUL
3pocno Ha 135 % (o 340,000 ToHH y 2023 poui), BUpoOHMLTBO anoBMUMHM — Ha 18 % (Bo 567,000 TOHH), Toai 9K
BMPOBGHULITBO CBMHUHM CKOpOTUIOCS Ha 45 % uepes enizoorii. KazaxcraH 6yB BU3HaHWIA NPOBIAHWM BUPOGHUKOM
An0BUYMHM B LleHTpanbHin A3ii (B 2,5 pa3u 6inblue, HixX Y36ekucTtaH), ane BiacTae Big Knupruscrany y BUpobHMUTBI
6apaHuHu. [locnigkeHHs nokasano, WO Ha arpoOXOnAMHrM npunagae 55 % HauioHanbHoro BUMPOOHMLTBA 3
peHTabenbHicTio 18-22 %, Tomi sk Mani depmMepcbKi rocnogapcTBa AEMOHCTPYHOTh nnwwe 5-8 % peHTabenbHOCTI
yepes pyyHy Mpauto Ta BMCOKi BUPOOHMYI BuTpaTu. Cepep KIOYOBUX NpobneM — 3anexHicTb Bif iMNOPTHMX
kopMiB (70 % npemikciB), AediuuTt cyyacHoi nepepobHoi iHdpacTpyKkTypu (nmwe 35 % nignpuemcTs BiANoBiAa0TL
Mi>XKHapOAHWM CTaHAapTaM) Ta BMCOKiI BiACOTKOBI CTaBKWM 33 KpeauTaMu ania pepMepcbkux rocnopapcts (14-
18 % piuHmx). NpakTUyHE 3HAYEHHS OOCNILKEHHS MONArae B 06rpyHTyBaHHI peKOMEHAALiM LWO0A0 3HUXKEHHS
iMNOPTO3aNneXHOCTi, pO3BUTKY BEPTUKANIbHO-IHTEFPOBAHWUX KacTepiB (Hanpuknag, KazMeatCluster), po3wnpeHHs
[epXaBHOi NiATPUMKM Manux depmepcbKuMX rocnojapcTB Ta iHBECTYBaHHSA B UMPPOBI TexHonorii. Pesynbtatn
[OCNIMKEHHS MOXYTb OYTM BMKOPWUCTaHi Ans po3pobku cTpaTeriii po3BUTKY arpapHoro cektopy KasaxcTaHy,
NigBULLEHHS MOr0 KOHKYPEHTOCMPOMOXHOCTI Ha MiXKHAapOAHMX PUHKAX Ta 3a/ly4eHHS iIHO3EMHUX [HBECTULIN
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systems, as well as a case study based on the experience of the Kazakh company “Atameken-Agro”. In particular,
the analysis of publications allowed to identify trends and problems of digitalisation in the agricultural sector. The
political,economic,social,technological analysis helped to assess the political,economic,social,and technological
factors that influence the implementation of information systems. The results of the study confirmed that the
implementation of information systems has a significant positive impact on the productivity and management of
enterprises. In particular,at Atameken-Agro, digitalisation has reduced grain losses by 63%, reduced administrative
costs by 15%, and increased the transparency and accuracy of management decisions. The AgroStream system
has provided centralised access to real-time data, which has increased the efficiency of monitoring and planning.
In addition, the introduction of automated processes has contributed to the optimisation of resource use and
increased environmental responsibility. The study’s findings indicated that successful integration of information
systems in agriculture requires a comprehensive approach, including adaptation to local conditions, government
support, infrastructure expansion, and staff training

Keywords: digital transformation; technological infrastructure; agricultural enterprises; process optimisation;

resource utilisation

INTRODUCTION

Numerous issues confronting the modern agriculture
sector include resource scarcity, market volatility, cli-
mate change, and heightened competitiveness. In these
circumstances, process optimisation, productivity gains,
cost reduction, and the sustainable growth of business-
es all depend heavily on the deployment and efficient
use of management information systems. Even though
these systems have a lot of potential, not enough re-
search has been done on how beneficial they are in
many agricultural businesses. Adapting these technol-
ogies to business objectives, assessing the effect on fi-
nancial outcomes, and determining obstacles to their
adoption are all crucial concerns. Because it seeks to
evaluate the efficacy of management information sys-
tems, pinpoint the variables influencing their operation,
and formulate suggestions for enhancing their utilisa-
tion, this study is pertinent. The results obtained will
help to increase the competitiveness of the agricultural
sector and its resilience to modern challenges.

Insufficient use of management information sys-
tems in agricultural enterprises limits the efficiency of
processes and decision-making (Zelisko et al., 2024).
M. Melzer et al. (2023) studied this topic, determining
that the most popular functions of the systems are
quality assurance, inventory and financial management.
The results of the study showed that functions that au-
tomate processes and ensure compliance with legal re-
quirements are most in demand. At the same time, there
are gaps in the study of the impact of these systems on
the long-term economic efficiency of enterprises, which
requires further research. Among the key challenges
of the agricultural sector are improving management
efficiency and implementing innovative technologies
(Garcia-Juarez et al., 2024). Z.Y. Abdullahi et al. (2022)
studied the use of 10T in precision agriculture, demon-
strating its positive impact on monitoring, production
optimisation, and environmental sustainability. At
the same time, gaps have been identified, including
high implementation costs and insufficient technical

training of farmers, which requires the development of
affordable solutions for small farms.

Agricultural management faces challenges in
adopting information systems (AlS) to boost produc-
tivity. A.B. Santoso et al. (2023) studied AIS in Indone-
sia’s rice production, highlighting its role in optimising
farming and ensuring sustainability. Barriers include
poor rural infrastructure, limited farmer knowledge, and
low adoption rates, requiring strategies to improve ac-
cessibility, education, and infrastructure. The analysis of
digitalisation in agriculture has revealed that the adop-
tion of farm management information systems (FMIS)
plays a vital role in improving operational efficiency
and decision-making processes. C. Giua et al. (2021) fo-
cused on farm-level MIS adoption and highlighted the
drivers and barriers within this context. Their findings
emphasised that factors such as the size of farms, farm-
ers’ education levels, and the usability of the systems
significantly impact the adoption process. However,
challenges such as poor interoperability, insufficient
technical skills, and limited technological infrastruc-
ture remain unresolved. These gaps indicate the need
for further studies to enhance system compatibility and
foster better user engagement.

Insufficient integration of land management in-
formation systems limits the efficiency of agriculture.
N. Potapova and D. Lavrynchuk (2019) emphasised
the importance of geoinformation technologies and
automation for making informed decisions in land
management. The main gaps remain low informati-
sation of enterprises and poor integration of these
systems into practical activities, which requires fur-
ther research. The use of information management
systems in the agricultural sector faces challenges of
effective data management and energy conservation.
C. Li (2024) investigated the use of 5G technology in
building agricultural product and information man-
agement models, in particular in terms of load balanc-
ing and energy efficiency. The results emphasise that
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the use of 5G improves data access and processing
and reduces energy consumption. However, the study
identified gaps, including insufficient consideration of
system scalability and integration of multi-level man-
agement, which requires further development to en-
sure full implementation.

Integration of information systems in agriculture is
a relevant area of research. V. Vakulenko and L. Xiao-
wei (2021) analysed the experience of implementing
integrated systems in agricultural enterprises, which
provides a reduction in costs by 7-30% and an increase
in labor productivity by up to 50%. At the same time,
insufficient attention has been paid to the adaptation
of such systems for small farms. The problem of insuf-
ficient integration of digital technologies in agriculture
remains relevant. R. Gabdualiyeva et al. (2024) exam-
ined the digitalisation of the agricultural sector in Ka-
zakhstan, emphasising its benefits, including the use of
global positioning system (GPS), drones, and artificial
intelligence to improve productivity and quality. They
identified gaps, such as low digital literacy, lack of in-
frastructure and funding, that need to be addressed for
effective technology adoption.

The purpose of this study was to determine the ef-
fectiveness of information systems implementation in
agricultural enterprises and their impact on optimisa-
tion of management processes and productivity.

MATERIALS AND METHODS

The study used a comprehensive approach, which in-
cluded an analysis of scientific publications, conducting
a political, economic, social, technological (PEST) anal-
ysis, compiling a comparative table of efficiency before
and after the implementation of information systems,
as well as a case study based on the experience of the
Kazakh company ‘Atameken-Agro” (Agricultural holding
JSC “Atameken-Agro”..., 2023). The analysis of publica-
tions became the basis for identifying the main trends,
advantages and problems of implementing information
systems in agriculture. Particular attention was paid
to the analysis of literature, with a focus on sources
addressing the optimisation of processes, increasing
productivity, reducing costs and introducing innova-
tive technologies in the industry (Beese et al, 2023;
Sharma, 2023; Chesang’, 2024). Based on the informa-
tion collected, a PEST analysis was conducted, which
allowed assessing the political, economic, social and
technological factors influencing the implementation
of information systems in agricultural enterprises. For
comparative analysis, a table was created that reflects
the key performance indicators of enterprises before
and after the implementation of information systems.
In particular, aspects related to the accuracy of deci-
sion-making, costs of management and operational
processes, labor productivity, data transparency and
scalability of operations were considered (Mokhtar et
al., 2022; Ordonez et al., 2024).
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Particular attention was paid to the case study
of the company “Atameken-Agro”, which is one of the
leading agricultural enterprises in Kazakhstan. Within
the, interviews with management, framework of this
case, official company reports, as well as data on the
implementation of the AgroStream system adapted to
the specifics of the Kazakhstani market were analysed
(Features of digitalization..., 2018; Lysenko, 2019; Dig-
italization of the..., 2023). Based on the data obtained,
recommendations were developed for further improve-
ment of the company’s information systems, including
the integration of modules based on artificial intelli-
gence, the use of drones and satellite images for field
monitoring, as well as the implementation of block-
chain-based systems to increase the transparency of
operations. This approach allowed not only to assess
the effectiveness of already implemented solutions, but
also to identify strategic directions for further develop-
ment of the company and adaptation of the industry to
modern challenges.

RESULTS

Assessment of the impact of information systems on the
efficiency of enterprise management. Businesses’ inter-
nal information environments are greatly enhanced by
information systems, which promote improved forecast-
ing and decision-making. By ensuring that precise and
up-to-date data is easily accessible, these technologies
empower management to make risk-averse decisions.
According to research, the use of enterprise systems
improves management profits projections’ frequency
and accuracy, demonstrating better access to data that
is important for making decisions. Additionally, by cen-
tralising and streamlining data operations, these sys-
tems eliminate redundancies and facilitate a smooth
information flow across departments. Enhancing the
internal information environment gives management
the resources they need to make wise strategic and
operational choices, which promotes organisational
coherence and overall efficiency. Modern information
systems’ predictive capabilities can help businesses an-
ticipate market developments and proactively address
possible obstacles. Before making important decisions,
businesses can, for example, simulate many scenarios
and assess the results thanks to enhanced analytics
included into these platforms. In addition to improv-
ing operational agility, this skill puts businesses in a
position to take advantage of new opportunities in a
cutthroat industry. Better data reporting and visualis-
ation enable leaders to convey insights more success-
fully, guaranteeing departmental and team alignment
(Kasianiuk & Kasianiuk, 2024).

In medium-sized and large businesses, modern in-
formation systems are essential tools for cutting op-
erating expenses and increasing profitability. Through
the provision of a centralised platform for information
gathering, retrieval, processing, and transmission, these




systems facilitate data-driven management decisions
and streamline company procedures. This simplified
method guarantees that resources are distributed ef-
fectively, avoids human mistake, and eliminates du-
plication of work. For example, real-time stock level
monitoring using automated inventory management
systems can cut waste and guarantee prompt restock-
ing. Higher profitability and reduced operating ex-
penses are the results of such efficiency. Information
systems’ cost-effectiveness is further improved by
their modular design. Businesses can scale operations
gradually by breaking the system up into subsystems
that are suited to particular tasks, such supply chain
management, finance, and human resources. Because of
this flexibility, businesses can increase their technology
capabilities without having to pay hefty upfront fees.
Additionally, by doing away with the requirement for
substantial on-premise infrastructure, cloud-based in-
formation systems save money by guaranteeing scal-
ability and lowering maintenance costs. Businesses
can concentrate their financial resources on strategic
initiatives that generate greater returns by using such
cost-effective strategies (Fatieieva, 2020).

By supplying timely, pertinent,and reliable informa-
tion, management information systems (MIS) are essen-
tial in giving businesses a competitive advantage. The
ability to effectively use resources while accomplishing
organisational goals is crucial in today’s dynamic and
competitive global market. By coordinating technolo-
gy capabilities with corporate strategy, MIS maximises
resource use and boosts productivity. Advanced deci-
sion-support systems, for instance, examine enormous
datasets to find patterns and insights that help busi-
nesses develop strategies that meet consumer needs
(Chernetska & Chernetskyi, 2023). By encouraging
cooperation and knowledge exchange across organi-
sational boundaries, the strategic application of MIS
also stimulates innovation. Businesses that successfully
use MIS can enhance performance indicators like mar-
ket response, operational effectiveness, and customer
happiness. These technologies also give businesses the
ability to track key performance indicators (KPIs) and
make real-time strategy adjustments to stay ahead of
the competition. By incorporating MIS into essential
business operations, a robust framework that facilitates
long-term expansion and market adaption is produced
(Yamoah et al., 2024).

An organisation’s efficiency and creativity are in-
creased when its Knowledge Management (KM) and
Enterprise Resource Planning (ERP) systems are inte-
grated. Together, these platforms facilitate the smooth
flow of information across departments, remove
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organisational silos, and optimise workflows. While KM
systems make sure that decision-makers have access
to important insights and knowledge, ERP systems
consolidate vital operational data. When combined,
they create an atmosphere where adaptability and ef-
fectiveness coexist, allowing businesses to react quick-
ly to changes in the market (Chesang, 2024). Through
the reduction of redundancies and the rationalisation
of information flows, this integration also enhances
strategic performance. For instance, a company can
optimise inventory levels, cut lead times, and enhance
customer service by integrating its ERP and supply
chain management system. Additionally, businesses
can leverage collaborative knowledge by combining
ERP and KM systems, which promotes innovation and
continual improvement. Organisations can improve
their flexibility and competitiveness in quickly chang-
ing industries by coordinating technology tools with
strategic objectives.

Notwithstanding the many advantages, enterprises
must overcome the difficulties posed by the complex-
ity of contemporary information systems architecture
in order to optimise productivity. Operational flexibil-
ity, transparency, and decision-making predictability
can all be adversely affected by high system complex-
ity. Inadequate system integration, for instance, might
result in inconsistent data, delays in operations, and
higher expenses. These difficulties highlight the value
of strong enterprise architecture management (EAM),
which guarantees that technology solutions comple-
ment corporate goals. By controlling the interactions
between organisational and technical elements, an
effective EAM reduces the risks related to complex-
ity. EAM improves system performance and reliability
through standardisation, system integration, and pro-
cess optimisation. Furthermore, frequent system archi-
tecture changes and audits guarantee that new issues
are dealt with as soon as they arise. Businesses can
attain strategic and operational excellence by utilising
the full potential of their information systems through
proactive complexity management (Beese et al., 2023).

The implementation of modern information sys-
tems in enterprises leads to significant improvements
across various aspects of management, including deci-
sion-making, forecasting accuracy, cost reduction, and
operational efficiency. These systems provide central-
ised access to real-time data, streamline workflows, and
enhance integration between departments. To better
understand the impact of information systems, the Ta-
ble 1 compares key metrics before and after their im-
plementation, illustrating the improvements achieved
through digital transformation.

Table 1. Impact of information systems on key enterprise metrics

Aspect Before implementation

After implementation Key improvements

Relies on fragmented, outdated

Decision-making information

Access to real-time, centralised

Enhanced accuracy and faster

data decision-making
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Table 1. Continued

Aspect Before implementation

After implementation Key improvements

Forecasting accuracy Limited due to inconsistent data

Improved with automated Higher precision in forecasting

analytics
. High due to inefficiencies and Reduced through process Decrease in duplication and
Operational costs g
manual processes automation waste
P L Lower due to manual processes Increased with workflow Time saved, allowing focus on
roductivity . e

and delays automation value-added activities

- Difficult due to rigid, isolated Enabled by modular and cloud- Easier adaptation to growing

Scalability . N

systems based solutions organisational needs

Integration and flexibility Siloed systems with limited

Integrated ERP and KM systems

Improved collaboration and

information sharing innovation
. High due to unstandardised Enterprise architecture Increased transparency and
Complexity management . .
systems management implemented efficiency

Source: compiled by the authors based on J. Beese et al. (2023); L.E. Yamoah et al. (2024); A. Chesang’ (2024)

Information systems have a significant impact on
enterprise performance, as demonstrated by the data
in the Table 1. These technologies help firms increase
forecasting accuracy, save operating expenses, and
boost production by resolving inefficiencies and im-
proving decision-making skills. Additionally, improved
cooperation and creativity are encouraged by the inte-
gration of ERP and KM systems, and long-term sustain-
ability is guaranteed by efficient complexity manage-
ment. These enhancements show how important digital
transformation is to attaining organisational success
and preserving competitive advantage in ever-chang-
ing marketplaces.

Analysis of the main advantages and disadvantages
of using information systems in agriculture. The inte-
gration of information systems (IS) is causing a revolu-
tionary change in the agricultural industry. By improv-
ing resource management, encouraging sustainability,
and increasing output, these technologies have the
potential to completely transform agricultural meth-
ods. Adoption and application of IS in agriculture are
not without difficulties, though. Regulatory barriers,
poor infrastructure, and low levels of digital literacy are
some of the problems that frequently prevent their full
potential. This review looks at the benefits and draw-
backs of IS in agriculture, giving a thorough picture
of how they affect the industry and pointing out areas
that need more focus to reach their full potential. By
increasing operational effectiveness and productivity,
information technology has completely changed agri-
cultural practices. Farmers can apply resources like wa-
ter, fertiliser, and pesticides with remarkable accuracy
thanks to precision agriculture, which mostly depends
on IS. With studies demonstrating productivity benefits
of up to 30%, this focused approach not only reduces
waste but also dramatically boosts crop yields. Farmers
can concentrate on more strategic facets of farming by
automating repetitive operations like inventory man-
agement and soil moisture monitoring, which increases
overall farming efficiency (Sharma, 2023).

Sustainability is also another important benefit
that IS offers. In order to lessen the influence on the
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environment and encourage eco-friendly behaviors,
technologies like blockchain and machine learning are
essential (Pushak et al., 2021). Blockchain promotes
confidence among stakeholders and supports fair trade
initiatives by guaranteeing supply chain transparency
and traceability. To maximise resource utilisation, en-
courage climate-resilient farming, and lower green-
house gas emissions, machine learning algorithms
examine climate, soil, and crop data. With the use of
these technologies, farmers may ensure long-term en-
vironmental stability by coordinating their operations
with the objectives of sustainable development (Or-
donez et al., 2024).

IS’s capacity to promote the use of contemporary
agricultural technologies, especially among small-
holder farmers, is another important benefit. Farmers
are empowered to make prompt and well-informed
decisions when they have access to real-time infor-
mation on weather patterns, soil conditions, and pest
outbreaks (Zuo et al., 2024). By bridging the informa-
tion gap, IS promotes technology adoption and boosts
productivity in emerging nations. Additionally, IS makes
it possible to manage land resources more effective-
ly by using tools like remote sensing and Geographic
Information Systems (GIS), which offer in-depth knowl-
edge about the state of the land. In order to maximise
production and resource efficiency, this data aids in the
optimisation of land usage, irrigation systems, and crop
rotations. Information systems in agriculture encounter
many obstacles that restrict their use and efficacy, de-
spite their many benefits. The high cost of implemen-
tation and upkeep is one of the main obstacles. Small-
holder farmers frequently lack the financial resources
to invest in advanced technology like GIS, blockchain,
and precision agriculture instruments. Larger business-
es profit from IS, while smaller farmers find it difficult
to access these technologies, resulting in a digital gap.

Another significant issue is low levels of digital lit-
eracy. Many farmers, especially those in rural areas, lack
the abilities and know-how required to successfully
manage complicated IS. This problem is made worse by
inadequate training programs and a dearth of technical




assistance, which keeps farmers from taking full advan-
tage of IS. The efficient application of IS in agriculture
is further hampered by inadequate infrastructure. For
IS to be implemented successfully, access to contempo-
rary hardware, dependable electricity, and stable inter-
net connectivity are necessary. But in rural and isolat-
ed places, these resources are frequently scarce, which
lessens the possible impact of IS (Mokhtar et al.,, 2022).
The integration of IS in agriculture is further complicat-
ed by issues with data management. To extract useful
insights, the massive volumes of data produced by IS
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must be saved, examined, and interpreted. The practical
use of IS is restricted by problems like inadequate data
quality, a lack of standardisation, and challenges with
model interpretation. Farmers and agribusinesses face
additional challenges due to regulatory and legal am-
biguities around digital technologies like blockchain
and unmanned aerial vehicles (UAVs). These difficulties
slow down the adoption of IS and deter investment in
it. To better understand the external factors influencing
the adoption and effectiveness of IS in agriculture, a
detailed PEST analysis is presented in Table 2.

Table 2. PEST Analysis of information systems in agriculture

Factor Positive Impacts Negative Impacts
-, Supportive government policies promoting digital Regulatory uncertainties, especially regarding UAVs and
Political . .
transformation blockchain
Economic Increased profitability through resource optimisation High implementation and maintenance costs
Social Improved access to agricultural information for Limited digital literacy and lack of technical training

smallholder farmers

Technological tools

Advancements in machine learning, blockchain, and GIS

Dependence on robust infrastructure, often unavailable
in rural areas

Source: compiled by the authors

With major advantages including increased pro-
duction, sustainability, and resource management, the
analysis emphasises the revolutionary potential of in-
formation systems in agriculture. To fully utilise IS’s
promise, however, obstacles including exorbitant prices,
low levels of digital literacy, inadequate infrastructure,
and regulatory concerns must be resolved. The adoption
of IS is driven by external factors including technical
improvements and supportive government legislation,
as seen in Table 1, although there are still infrastruc-
ture and economic constraints. Coordination between
the agricultural community, technological developers,
and legislators is crucial to overcoming these obsta-
cles. IS can be successfully incorporated into agricul-
tural processes by making infrastructural investments,
encouraging digital literacy, and creating transparent
regulatory frameworks. This will support the industry’s
innovation and sustainable growth.

Analysis of information systems implementation
in the company. Atameken-Agro is one of the leading
agricultural companies in Kazakhstan, which is actively
engaged in the cultivation of grain and oilseeds. Since
its foundation in 2003, the company has been focused
on achieving high results through the use of modern
technologies, effective management and sustainable
development. ‘Atameken-Agro” operates on large agri-
cultural areas and is one of the flagships in the imple-
mentation of innovative approaches in the agricultural
sector of Kazakhstan (Agricultural holding JSC "Atame-
ken-Agro’v..., 2023). One of the most important steps
in the company’s development was the introduction of
IS, which allowed to automate a significant part of op-
erational and management processes. Since 2014, the
company’s management has been actively looking for

digitalisation solutions to reduce costs, increase pro-
ductivity and optimise resource utilisation. In 2016, the
company entered into a partnership with AgroStream,
an IT company that offered to develop a module for
planning flow charts (Features of digitalization...,2018).
This module was subsequently transformed into a full-
fledged information system adapted to the needs of the
Kazakhstani agricultural market.

The installation of specialised equipment, includ-
ing barriers, electronic scales, and cameras in the fields,
was necessary for the AgroStream system’s execution.
Nonetheless, the system’s efficacy is demonstrat-
ed by the decrease in a number of production losses
and costs. For example, in the first season of adopting
AgroStream, one of Atameken-Agro’s farms was able to
reduce grain refraction, a major expense issue, by 63%.
Overall, the digitised control over production process-
es enables the management of the agroholding to ac-
cess real-time data from anywhere in the world about
the quantity, location, and quality of stored grain. This
data is updated every five minutes, ensuring continu-
ous monitoring. Since the movement of grain operates
24/7, controlling this complex technological process
would be nearly impossible without such a program.
The system’s capabilities highlight its essential role in
streamlining operations and enhancing transparency in
agricultural production, setting a new standard for effi-
ciency in the sector (Digitalization of the.., 2023).

In addition to economic efficiency, the implementa-
tion of IS has helped to improve sowing planning, mon-
itoring of crop cultivation technologies, and resource
optimisation. The collected data allowed the company
to analyse the effectiveness of different technologies,
varieties, and crops. For example, it became possible
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to identify the most profitable crops that provide high
yields in the climate and soil conditions of Kazakh-
stan. This, in turn, made it possible to implement the
principles of precision farming, which is one of the key
areas of development of the modern agricultural sec-
tor. An important achievement was the automation of
accounting processes, which reduced administrative
costs by 15%. In addition, the system provided integra-
tion with government agencies, simplifying the process
of obtaining subsidies, certification and reporting. This
has significantly increased the transparency of the com-
pany’s operations and ensured the trust of partners and
government agencies (Lysenko, 2019).

Despite the successes achieved, the implemen-
tation of information systems was accompanied by a
number of challenges. One of the biggest barriers was
staff training. At the initial stages, many employees did
not understand the importance of digitalisation and
resisted change. Implementing IS required not only
technical training, but also a change in the mindset of
employees. To overcome this challenge, the company’s
management organised a series of training programs,
regular consulting, and technical support. Thanks to a
corporate culture that fosters collective decision-mak-
ing, they managed to engage employees in the change
process, increase their motivation, and ensure the
effectiveness of the strategy (Features of digitaliza-
tion..., 2018). Another significant challenge was the
limited infrastructure. The lack of stable Internet access
in many rural areas of Kazakhstan made it difficult to
fully utilise IS. This required additional investments
in the development of technological infrastructure. In
addition, the high costs of purchasing equipment, de-
veloping software, and maintaining the system posed
financial challenges to the company. However, the
company was able to partially compensate for these
costs by improving its efficiency. The results of the in-
formation systems implementation at Atameken-Agro
have shown that digitalisation is not just a trend, but
a necessity for modern agriculture. Thanks to this, the
company was able to achieve a significant increase in
productivity and profitability, optimise resource use and
ensure sustainable development (Lysenko, 2019).

The company’s economic performance demon-
strates the effectiveness of the implemented solutions.
According to the reports, the company’s profitability in-
creased by 30%, which was made possible by reducing
costs and optimising processes. In particular, the com-
pany has reduced losses of grain, fertilisers and fuel,
which has not only reduced costs but also increased
the company’s environmental responsibility (Lysen-
ko, 2019). The experience of “Atameken-Agro” demon-
strates that a major element in raising the agriculture
sector’s level of competitiveness is digitisation. When
putting their own digital strategy into practice, other
businesses might utilise this example as a guide. But
it's crucial to remember that a number of variables,
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such as government support, infrastructure, and em-
ployee training, affect how well digitisation goes. The
business is still working to improve its information sys-
tems in spite of the outcomes.The business intends to
launch artificial intelligence-powered modules soon
that will forecast yields, track illnesses, and maximise
resource utilisation. By providing its digital solutions to
other nations, the corporation also hopes to increase
its market share abroad. The digitalisation of Atamek-
en-Agro is an illustration of Kazakhstan’s agricultural
industry’s effective transition. The main advantages of
this system are its simplicity, intuitive interface and the
ability to generate comprehensive reports.

Atameken-Agro can take a variety of actions to
enhance company operations, including enhancing
information systems and streamlining procedures. In-
creasing the functionality of information systems is one
of the main goals. A more precise evaluation of future
performance will be possible with the integration of
new modules, such as Al-based yield forecasting, which
takes previous data, soil characteristics, and weather
variables into account. Better resource planning and in-
creased overall efficiency will result from this. It is also
worthwhile to implement drones and satellite imagery
for plant health monitoring, as this will enable prompt
reaction to possible threats and early disease or pest
detection. Another important aspect is the creation of
modules for analysing the costs and profitability of in-
dividual crops, which will allow the company to assess
the economic feasibility of growing certain crops and
choose the most profitable options.

Precision farming could advance significantly with
additional advancements. More economical and en-
vironmentally friendly crop, irrigation, and fertilisa-
tion planning will be possible with the application of
geo-analytics. These procedures can be automated to
help save money and guarantee more consistent out-
comes. Furthermore, the implementation of water man-
agement systems will improve water utilisation and
prevent over-irrigation. The business can think about
funding the creation of blockchain-based solutions in
order to raise the degree of digitisation. This will guar-
antee the accuracy and transparency of data pertaining
to supply, logistics, and the value chain. Additionally,
blockchain will contribute to a rise in consumer and
partner trust, which is a critical component of grow-
ing markets. Enhancing staff training is another crucial
area.To help staff members better comprehend and use
the newest technologies, the organisation should rou-
tinely host training sessions and educational initiatives.
It is crucial to foster a digital culture among staff mem-
bers in addition to teaching them how to utilise the
tools, as this will speed up the acceptance of new ideas.

Increasing the extent of Internet coverage in remote
areas is also something worth considering. The business
can accomplish this by working with suppliers and gov-
ernment organisations to guarantee reliable access to




information systems, even on the most isolated farms.
The business should also enhance its internal technical
support procedures to guarantee the seamless opera-
tion of information systems and quickly address techni-
cal problems. Therefore, putting these suggestions into
practice will enable Atameken-Agro to boost manageri-
al effectiveness and productivity while also enhancing
its competitiveness in both local and foreign markets.
Utilising contemporary information technologies will
support the company’s long-term growth by foster-
ing environmental responsibility and financial gains.

DISCUSSION

Information systems play a key role in the transforma-
tion of the agricultural sector, contributing to increased
productivity, optimisation of operational processes and
ensuring transparency of management decisions. Mod-
ern research emphasises the importance of implement-
ing digital technologies in agriculture both at the level
of individual enterprises and within the framework of
national strategies. The use of innovative solutions,
such as resource planning systems, information flow
management and big data analysis, allows not only to
reduce costs, but also to expand opportunities for sus-
tainable development and adaptation to global chal-
lenges (Potryvaieva et al., 2024). The study by V. Zhuk et
al. (2023) focuses on the importance of information
support for the agricultural sector through the intro-
duction of modern accounting and reporting standards
that meet international requirements. The main focus
is on the problems of asymmetry of information, im-
perfections of existing accounting systems and lack
of integration with global standards such as the Farm
Accountancy Data Network (FADN). The authors em-
phasise that for the sustainable development of the
agricultural sector, it is necessary to create a unified
national accounting system that will ensure transpar-
ency, efficiency and validity of management decisions.
Both studies emphasise the importance of improving
information systems, but V. Zhuk et al. focus more on
integration with international standards and improving
government policy, while this study demonstrates the
effectiveness of implementing digital solutions at the
level of a particular enterprise. The key difference is that
V.Zhuk et al. study emphasises the need for institution-
al frameworks and national strategies, while this study
looks at the implementation of information systems as
a means of solving specific production problems, such
as reducing resource waste, increasing yields, and opti-
mising processes.

A. Tarasiyk et al. (2023) explored the potential of
intelligent management systems for agricultural enter-
prises, focusing on cutting-edge technologies such as
artificial intelligence, neural networks, and digital twins
for forecasting and optimising activities. Their research
highlights technical advancements, including big data
analysis, process automation, and cloud solutions for
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resource management. Unlike this study, which em-
phasises practical applications of existing systems in
real-world scenarios, A. Tarasiuk et al. prioritise con-
ceptual development and the integration of innovative
global technologies. Despite these differences, both
studies underscore the transformative role of digitali-
sation in agriculture, aiming to enhance efficiency and
optimise processes.

This study and A. Hutorov (2024) study have differ-
ent emphases in their approaches, although both focus
on the importance of information systems in the agri-
cultural sector. A. Hutorov study develops a comprehen-
sive methodology for macroeconomic assessment of
the effectiveness of agricultural science development
based on the analysis of inter-sectoral balances, inte-
gration of scientific data into the national economy,and
inter-sectoral linkages. Important aspects of this ap-
proach are the assessment of the social, economic, and
geo-economic impact of research, which allow for the
assessment of the overall effectiveness of agricultural
science at the macro level. A. Hutorov research is aimed
at strategic macroeconomic planning, emphasising the
need to take into account national and international in-
dicators, and illustrates the practical effectiveness of
implementing information systems in real-world con-
ditions. For example, A. Hutorov emphasises the impor-
tance of science’s impact on overall economic devel-
opment, while this study focuses on the application of
innovations to achieve short-term goals and optimise
the activities of a particular agricultural holding.

S.0. Koberniuk (2023). highlights the role of digi-
tal platforms - social media, e-commerce, and mobile
applications - in enhancing marketing strategies in
agriculture. The study emphasises modern marketing
concepts like Marketing 4.0 and 5.0, which support ef-
fective communication, improve customer engagement,
and broaden market reach. Additionally, S.0. Koberniuk
analyses global trends, including Al, robotics, sensors,
and drones, demonstrating their potential to transform
the agricultural sector. While both studies address digi-
talisation’s capacity to enhance efficiency and optimise
costs, S.0. Koberniuk work adopts a strategic perspec-
tive, focusing on marketing and competitiveness. In
contrast, this study prioritises practical applications at
the enterprise level, such as resource management and
productivity improvement.

The study of S. Bashlai et al. (2023) focuses on the
introduction of digital tools into the strategic manage-
ment systems of agricultural companies, emphasising
the importance of digitalisation for improving manage-
ment efficiency. The main focus is on such aspects as
automation of financial and investment planning, use
of big data processing technologies, and introduction
of artificial intelligence for analysing and forecasting
business processes. The authors emphasise that digi-
tal technologies are the key to ensuring the compet-
itiveness of agricultural business, helping to increase
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productivity, reduce costs and improve decision-mak-
ing. Both studies emphasise the importance of digital
technologies in improving the efficiency of agricultur-
al business, but differ in their approaches. S. Bashlai et
al. study focuses on the strategic aspects of digitalisa-
tion and its integration into the overall management
system, including the use of artificial intelligence,
blockchain, and cloud technologies. Atameken-Agro’s
study is more applied and demonstrates specific results
achieved through the implementation of digital solu-
tions within one company. The difference also lies in
the scope of the research: S. Bashlai et al. focus on glob-
al trends and the development of digitalisation strat-
egies for the Ukrainian agricultural sector as a whole,
while this study focuses on the practical application of
digital technologies in a specific organisation.

L. Berezina and N. Bahan (2023) analyse the effi-
ciency of resource use in agricultural enterprises, fo-
cusing on the evaluation of information and time re-
sources. Their research introduces universal indicators
for assessing resource efficiency and highlights the im-
portance of creating effective databases to support the
adoption of innovative technologies. Both studies share
a common emphasis on digitalisation and the role of
information systems in enhancing management effi-
ciency. However, L. Berezina and N. Bahan work adopts
a broader perspective, focusing on general measures
for improving agricultural enterprise management. Us-
ing cutting-edge information technologies to optimise
transportation, warehousing, and customer service, L.B.
Hnatyshyn and N.V. Trushkina (2021) investigate the
digital transformation of logistics management in ag-
ricultural firms. While addressing obstacles including
organisational and financial limitations, the authors
emphasise the possibility for attaining economic, social,
and environmental benefits using digital platforms. L.B.
Hnatyshyn and N.V. Trushkina offer a more comprehen-
sive theoretical framework and suggest methods for
the agricultural industry as a whole, in contrast to this
study, which concentrates on the actual application of
digital technologies inside a particular firm.

L. Tereshchenko (2021) research on assessing the
economic effect of implementing MIS.Both studies point
to the key role of introducing modern technologies to
achieve economic benefits and increase transparency
and quality of governance. L. Tereshchenko emphasises
the need to develop a balanced scorecard that includes
goals, critical success factors, and key performance in-
dicators. This allows to evaluate not only financial but
also non-financial results of the Operations Integrity
Management System (OIMS) implementation. It uses
the Balanced Scorecard methodology as a strategic
management tool covering various aspects of the com-
pany’s activities, including customer relations, finance,
internal business processes, and innovation. The focus
is on a comprehensive approach to assessing the effec-
tiveness of the PIM, taking into account both financial
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and non-financial aspects. The differences between the
studies lie in the methodological approach and scope.
L. Tereshchenko’s study focuses on a general methodol-
ogy for assessing the effectiveness of the IMS, while this
study presents specific cases of successful implemen-
tation. L. Tereshchenko also emphasises the strategic
importance of implementing OIMS for achieving long-
term goals, while this study shows short-term results.

V. Pestsov (2024) study focuses on ERP systems as
a tool for optimising resource management. The au-
thor highlights ERP functions such as inventory man-
agement, finance, personnel and quality control, and
also emphasises the importance of SaaS solutions for
enterprises with limited financial resources. V. Pestsov
focuses on the technological capabilities of ERP, trans-
parency of business processes and sound management
decisions supported by real-time data analysis. In terms
of convergence, both studies recognise the need for dig-
italisation in the agricultural sector and emphasise the
economic benefits of automation, such as cost reduc-
tion, increased efficiency and transparency. They also
share the conclusion that it is important to adapt tech-
nologies to the needs of small and medium-sized en-
terprises to ensure their competitiveness. An important
difference is that V. Pestsov’s study pays more attention
to the integration of ERP systems with cloud technolo-
gies and the scalability of functionality, which is espe-
cially useful for enterprises that need flexible solutions.
This study focuses on adapting information systems to
the specifics of the local agricultural market, empha-
sising individual solutions for individual enterprises.

0.Zelinska and V.Hovorukha (2019) focus on the ef-
fectiveness of implementing ERP systems in small and
medium-sized agricultural enterprises. Their research
highlights the integration of business processes, auto-
mation of routine tasks, and improved access to ana-
lytical data as key benefits of such systems. While both
studies emphasise the role of digital technologies in en-
hancing resource management and productivity, O. Ze-
linska and V. Hovorukha concentrate on tailoring ERP
systems to meet specific enterprise needs. In contrast,
this study examines a large agricultural holding, show-
casing a comprehensive digitalisation initiative that in-
cludes monitoring,data management,and planning sys-
tems. The study by S. IThnatenko and |. Tomashuk (2024)
focuse on the automation of management accounting
in agricultural enterprises through the use of modern
digital tools. They emphasise the importance of imple-
menting technologies such as ERP systems, Internet
of Things (loT), Big Data, blockchain and cloud com-
puting, which allow optimising management process-
es, increasing accounting accuracy, reducing costs and
improving the competitiveness of enterprises. The re-
searchers note that accounting automation, big data
analytics and the use of robotic systems are key factors
in the development of the agricultural sector. Both stud-
ies emphasise the importance of digitalisation in the




agricultural sector as a means of increasing the efficien-
cy and competitiveness of enterprises. As in Ignatenko’s
study, this study recognises that the implementation of
digital solutions requires significant investments and
staff training. Both approaches also emphasise the im-
portance of integrating digital systems into operational
processes. The main difference between the studies is
the level of focus. Ignatenko and his co-authors ana-
lyse a wide range of digital technologies, including
their strategic integration and potential benefits at the
industry level. At the same time, this study focuses on
the practical impact of implementing a specific infor-
mation system at the level of an individual enterprise.

O. Sumets et al. (2023) emphasise the develop-
ment of integrated information systems for agricul-
tural enterprises, utilising methods like clustering and
forecasting to optimise resource use and automate
management processes. Both studies highlight the
critical role of digitalisation in enabling data-driven
decision-making. However, while O. Sumets et al. focus
on the theoretical foundations and industry-wide pros-
pects of information systems, this study examines their
practical implementation at the enterprise level, spe-
cifically in “Atameken-Agro”. This dual perspective pro-
vides insights into both local applications and broader
strategic opportunities for the agricultural sector’s dig-
ital transformation.

AlIS and their potential to boost efficiency and pro-
ductivity, especially in developing nations, are exam-
ined by N.R. Vajjhala (2021). Precision farming, e-agri-
culture technology, and FMIS are important subjects.
While addressing issues including technical complex-
ity, insufficient infrastructure, and the requirement for
farmer training, the study emphasises AlS’s potential
to reduce poverty, optimise agricultural processes,
and enhance information availability. In addition to
stressing the value of training and removing techno-
logical obstacles, both studies highlight how AIS may
increase management efficiency and transparency. But
whereas this study takes an applied method, examining
particular implementation outcomes in a single firm,
N.R. Vajjhala research uses a global and theoretical
perspective, concentrating on AlS’s wider implications.
A. LatecCkova et al. (2018) examine the role of ERP sys-
tems in Slovak agricultural enterprises, emphasising
their potential to integrate business processes, provide
real-time data access, and optimise operations. Their
work highlights challenges like insufficient comput-
erisation, employee training, and information security,
as well as the need to modernise existing systems for
medium-sized and small enterprises. In contrast, this
study focuses on practical digitalisation efforts in Ka-
zakhstan, showcasing examples such as machinery con-
trol systems, resource monitoring, and reducing grain
and fuel losses. While both studies underline the im-
portance of information systems for competitiveness,
A. LateCkova et al. prioritise general strategies for ERP
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implementation, whereas this research highlights the
adaptation of digital solutions to local conditions for
cost-effective results.

The analysis of scientific works indicates a com-
mon understanding of the importance of information
systems in the modernisation of the agricultural sector.
Despite differences in approaches - from global strat-
egies and the development of conceptual models to
the practical implementation of digital solutions at the
level of individual enterprises, all studies confirm the
effectiveness of digitalisation as a means of increas-
ing competitiveness, optimising resources and ensuring
sustainable development. The difference in the scale of
analysis, methodology and emphasis allows for a com-
prehensive assessment of the potential of information
systems and the identification of priority areas for their
implementation.

CONCLUSIONS

According to the research, the implementation of infor-
mation systems in agricultural enterprises has signifi-
cant potential for optimising management processes,
increasing productivity and ensuring sustainable de-
velopment of the industry. The results of the analysis
indicate that the effective use of such systems can
contribute to reducing operating costs, increasing the
accuracy of decision-making and improving the trans-
parency of operational processes. At the same time,
there are a number of challenges, such as insufficient
technical training of employees, high implementation
costs and limited infrastructure, which slow down the
pace of digitalisation. In particular, the experience of
the company “Atameken-Agro” demonstrates that dig-
ital technologies can radically change the approach
to managing resources and processes in agribusiness.
Thanks to the integration of specialised systems, the
company was able to reduce grain losses by 63% during
the first season of implementation, as well as reduce
administrative costs by 15%. These achievements em-
phasise the importance of individualising systems to
the needs of the local market and adapting them to the
specifics of enterprises. At the same time, it is important
to note that the implementation required significant
investments in staff training, infrastructure modernisa-
tion and corporate culture changes, which are critical
factors for the success of digitalisation.

A key advantage of information systems is their
ability to ensure integration between different divisions
of the enterprise, increase forecasting accuracy and fa-
cilitate the implementation of advanced approaches,
such as precision agriculture. For example, the analysis
of data on climate, soils and crop condition allows en-
terprises to respond to possible risks in a timely man-
ner, optimise the use of fertilisers and water resources,
which contributes to increasing the environmental sus-
tainability of production. The overall analysis confirms
that the successful integration of information systems
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into agriculture requires a comprehensive approach,
including staff training, infrastructure development,
adaptation to local conditions and support from the
state. Cooperation between technology manufacturers,

are also significant limitations. Among them are the
high initial cost of implementing technologies, the lack
of a sufficient number of qualified personnel and insuf-
ficient Internet coverage in rural areas.

agricultural enterprises and government organisations
also plays an important role. Such an approach allows
not only to increase management efficiency, but also
to strengthen the competitiveness of enterprises in in-
ternational markets. In summary, the implementation
of information systems is a key factor in the modern-
isation of the agricultural sector, contributing to sus-
tainable development, efficient use of resources and
increased environmental responsibility. However, there
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AHoTauis. MeToto JaHOro AOCNIAKEHHS 6YN0 BU3HAUYEHHS eeKTUBHOCTI BMPOBAAXKEHHS iHDOpPMaLiMHUX cUCTEM B
CiNbCbKOrocnoaapcbkMx NiANPUEMCTBAX Ta IX BMAMBY Ha ONTUMI3aLLil0 YNPaBAiHCbKMX MPOLECiB | NPOAYKTUBHICTb.
OcHOBHMMM 3aBAaHHAMM Byno NpoaHanisyBaTy, SK LMQPOBi TEXHONOTiT BMIMBAKOTb HA MPUAHATTS pilleHb, 3HUXKEHHS
BMTPAT, NiABULLEHHS NPOAYKTUBHOCTI, @ TaKOX BUSABUTM Bap’epu Ha Wwnsaxy ix iHTerpauii. Metogonorisa Bkaoyana
aHani3 HaykoBMxX Nybnikauin, MONITUYHWUIA, EKOHOMIYHUIA, COLiaNbHUIA, TEXHONOTIYHMIA aHANI3, MOPIBHSANbHY OLiHKY
K/II0YOBMX NOKA3HMKIB eheKTUBHOCTI 40 i MiCNN BNPOBaAXXEHHS CUCTEM, @ TAKOXK TEMATUYHE AOCNIAXKEHHS HA OCHOBI
[OCBIfY Ka3aXCTAaHCbKOi KOMMNaHii «ATamekeH-Arpo». 3o0KpeMa, aHanis nyonikauii f03BONMB BUSIBUTU TeHAEHLIT
Ta npobnemu uMdpoBizaLii B arpapHoMy cekTopi. MoniTMYHUI, eKOHOMIYHMIA, COLLianbHWUIA, TEXHONMOTYHUI aHani3
[OMOMIr OLiHMTM NOAITUYHI, EKOHOMIYHI, CoLianbHi Ta TEXHONOTIYHI QakTopw, SKi BNAMBAKOTb HA BNPOBAOXKEHHS
iHbopMauUiiHKMX cnucteM. PesynbTati JOCNIAKEHHS NIATBEPAMAU, WO BNPOBALXKEHHS iHDOPMALIMHUX CUCTEM MAE
3HaYHMM NO3UTUBHMI BNAMB Ha NPOAYKTUBHICTb Ta YNPaBAiHHA NiANPUEMCTBAMU. 30KpeMa, B KOMNaHIT «KATaMeKeH-
Arpo» pimkuTanisauis 403BOAMNA 3MEHLUUTU BTPATH 3epHa Ha 63 %, CKOPOTUTU afiMiHICTPaTMBHI BUTPATK Ha 15 %,
NiZABULWMTU NPO30PICTb i TOYHICTb YNPaBAiHCbKMX pieHb. CuctemMa AgroStream 3abesneymna LeHTpanizoBaHUM
[OCTYN 00 OaHWX Y PEXMMI peanbHOro yacy, Wo niABUWKMN0 ePEeKTUBHICTb MOHITOPUHIY Ta NnaHyBaHHS. Kpim
TOro, BNPOBaAXXeHHS aBTOMATM30BaAHMX NPOLECIB CPUINO0 ONTUMI3aLii BUKOPUCTAHHS pecypciB Ta MiABULLEHHIO
€KO0/NoriyHOoI BiANoBiAaNbHOCTI. Pe3ynbTatv AoCnioKeHHS CBiAYaTh, WO yCNiWHa iHTerpauia iHpopmMaLlinHUX CUCTEM
Y CiIbCbKOMY roCcnoaapcTBi BUMAarae KOMMNAEKCHOro Nigxoay, Wo BKAYAE aganTaLito 40 MiCLLEeBUX YMOB, AePXABHY
NiATPUMKY, PO3LWMPEHHS iHDPACTPYKTYPU Ta HABYAHHS NepcoHany

Kntouosi cnoBa: undposa TpaHchopmaLis; TEXHONOrIYHA iHPPACTPYKTYpa; CiNbCbKOrOCNOAapChbKi MiANPUEMCTBA;
ONTMMIi3aLis NpoLeciB; BUKOPUCTAHHS pecypciB
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farmers with access to credit and leasing for production modernisation and export development. The influence of
infrastructure, particularly transport and logistics corridors, on the cost and timeliness of agricultural deliveries
was also considered. Technological advancement in the agro-industrial sector was identified as a critical factor in
export growth. In addition, the importance of government policies aimed at improving macroeconomic stability,
managing currency risks, and developing financial institutions is emphasised. The study presented data on the
dynamics of Kazakhstan’s agricultural exports, which grew from USD 2.1 billion in 2015 to USD 5.1 billion in
2024. Despite positive trends, challenges remain, including yield instability, limited processing capacity, and
high transportation costs. Particular attention is given to exports to China, which rose from USD 351 million in
2019 to USD 954 million in 2023. The key findings underlined the necessity of expanding financial support tools,
such as concessional loans, export risk insurance, and subsidies for transportation costs. Strategic investments in
agricultural processing, new export corridors, and the digitalisation of certification procedures will further enhance
Kazakhstan’s competitiveness in global markets and support continued export growth in the agricultural sector

Keywords: international trade; food security; trade barriers; subsidies and grants; currency risks

INTRODUCTION

In the context of globalisation and the expansion of
international trade, agricultural exports play a piv-
otal role in the development of national economies.
For many countries with well-developed agricultural
sectors, such exports serve as a vital source of foreign
exchange earnings, contribute to economic diversifica-
tion, and stimulate investment activity. However, the
effectiveness of this process is largely contingent on
financial factors, including access to credit resources,
subsidy schemes, taxation policies, risk insurance, and
international settlement mechanisms. The relevance of
this study lies in the pressing need to enhance the com-
petitiveness of domestic agricultural products in global
markets. Contemporary challenges - such as price vol-
atility in commodity markets, sanctions-related restric-
tions, shifts in global trade policies, and macroeconom-
ic instability - necessitate the development of robust
financial strategies to support the export potential of
the agricultural sector. Furthermore, the integration of
new technologies, the digitalisation of financial trans-
actions, and the use of risk hedging instruments are in-
creasingly essential for the successful performance of
agricultural exporters.

Despite the sector’s high export orientation, sev-
eral issues hinder its sustainable development. Chief
among these is insufficient financial support for pro-
ducers, limited access to long-term and preferential
credit, and barriers to securing export subsidies. In
addition, exchange rate volatility and elevated logis-
tics costs introduce further financial risks for exporters
(Kryvovyazyuk et al., 2024). Customs barriers and the
need to comply with international standards for prod-
uct quality and safety also exert a considerable influ-
ence on the sector’s performance. The export poten-
tial of agricultural products can be examined through
the lens of key economic categories such as compet-
itiveness, financial stability, and international trade
relations. Within the framework of financial analysis
of export activities, financing instruments play a cru-
cial role. These include bank loans, leasing, factoring,
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government subsidies, and export risk insurance. Con-
temporary models of international trade highlight the
significance of financial mechanisms in ensuring the
sustainable growth of agricultural exports, as well as
the necessity of active government involvement in cre-
ating a favourable environment for agribusiness devel-
opment (Bekmuratov et al., 2024).

Numerous studies focused on the financial dimen-
sions of agricultural exports underscore the importance
of various financial support tools in enhancing the
competitiveness of domestic producers. For instance,
E.J. Kane (2021) found that the availability of conces-
sional lending and subsidies has a direct impact on the
volume of agricultural exports, as it lowers production
costs and promotes the modernisation of the agricul-
tural sector. Similarly, A. Baubekova et al. (2020), in their
analysis of government financing programmes in Ka-
zakhstan, concluded that the presence of a well-devel-
oped financial support system for agricultural exports
enables the country to achieve more stable growth in
foreign trade performance. A. Ibyzhanova et al. (2024)
examined the impact of currency fluctuations on the
export revenues of agricultural enterprises and con-
cluded that effective currency risk hedging strategies
can mitigate the adverse effects of exchange rate in-
stability. Their findings align with those of I.A. Raifu
and A. Aminu (2020), who investigated the application
of derivative financial instruments in agricultural ex-
ports and demonstrated that hedging through futures
and options contributes to stabilising the incomes of
export-oriented farms.

The issue of high logistics costs was explored
by M. Rahman et al. (2022), who, through a compar-
ative analysis of national logistics financing models,
showed that optimising transport costs and investing
in infrastructure significantly enhance export poten-
tial. J. Salimova-Tekay (2022) focused on export risk
insurance and demonstrated that the availability of
effective supply insurance mechanisms reduces the fi-
nancial losses incurred by enterprises in force majeure




situations. D.D.D. Fiankor et al. (2021) investigated the
impact of international quality standards on the finan-
cial sustainability of agricultural exporters and found
that the costs associated with product certification are
offset by increased trust from foreign buyers. Concur-
rently, research by K.M.Mang'ana et al. (2023) revealed
that targeted support for small and medium-sized
agricultural enterprises by specialised financial insti-
tutions contributes to expanding their share in total
agricultural exports.

In analysing government support measures,
E. Ohrn (2023) concluded that tax incentives for agri-
cultural exporters can serve as an effective instrument
for stimulating foreign trade, though their efficacy de-
pends significantly on the transparency of preference
distribution mechanisms. AW. Al-Khatib (2024) exam-
ined the impact of the digitalisation of financial trans-
actions in export activities and demonstrated that the
adoption of electronic payment systems and block-
chain technologies can accelerate and secure settle-
ments between exporters and importers. Collectively,
these studies highlight the wide range of financial
factors influencing the export potential of agricul-
tural products. Nevertheless, despite the substantial
body of research, several aspects of financial sup-
port for agricultural exports remain underexplored.
In particular, the effectiveness of integrated financial
strategies that combine government support, private
investment, and international financial instruments
requires further investigation. Moreover, the impact of
digital technologies on access to credit for agricultur-
al exporters remains insufficiently assessed, as do the
mechanisms for insuring export risks in an increasing-
ly unstable global market.

The aim of this study was to examine effective fi-
nancial mechanisms that foster the sustainable devel-
opment of the export potential of agricultural prod-
ucts, with due regard for current challenges and global
market trends. The objectives of the research were: to
analyse existing financial instruments for supporting
the export of agricultural products and identify their
advantages and limitations; to assess the impact of
digitalisation on the accessibility and efficiency of fi-
nancing agricultural exports; and to develop recom-
mendations for improving public and private financial
support mechanisms for agricultural exporters.

MATERIALS AND METHODS

The study employed a set of methods aimed at assess-
ing the export potential of Kazakhstan’s agricultural
sector. The research involved an analysis of regulatory
documents, strategic programmes, and government in-
itiatives governing the development of the agro-indus-
trial complex and its export capacity. Key factors influ-
encing the competitiveness of agricultural products in
the global market were examined, including financial
mechanisms, infrastructure development, government
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support measures, and international trade relations.
Statistical data were sourced from official institutions
such as the Bureau of National Statistics (n.d.), the In-
ternational Trade Centre (n.d.), and the Ministry of Ag-
riculture of the Republic of Kazakhstan (n.d.). To eval-
uate export dynamics, data on the value and volume
of agricultural exports during the period 2015-2024
were analysed. Statistical methods used included the
calculation of growth rates, dynamic indices, and com-
parative analysis of key indicators across major product
categories, including crop production, livestock, and
processed agricultural goods.

The study further assessed the role of financial
instruments in stimulating agricultural exports. It
examined mechanisms such as lending, subsidies,
tax incentives, export risk insurance, and digital fi-
nancial solutions currently applied in Kazakhstan to
support exporters. Particular emphasis was placed
on the activities and programmes of Agrarian Credit
Corporation JSC (n.d.), KazAgroFinance JSC (n.d.), and
the Export Credit Agency of Kazakhstan JSC (n.d.). To
evaluate the effectiveness of financial mechanisms,
the analysis incorporated data on the volume of loans
issued, subsidies allocated, insurance pay-outs made,
and the dynamics of export financing uptake. These
indicators provided insight into how various financial
tools contribute to enhancing the export performance
of Kazakhstan’s agricultural sector Additionally, the
study examined the influence of infrastructure-re-
lated factors on the export potential of Kazakhstan’s
agricultural sector. The condition of logistics systems,
transport corridors, warehouse capacities, and export
terminals was assessed. Public and private invest-
ments in the modernisation of transport infrastruc-
ture were analysed, including initiatives implement-
ed under the One Belt, One Road programme (World
Bank, 2020). The logistics costs borne by Kazakhstan’s
agricultural exporters and their effect on the final cost
of products were also considered.

One of the key components of the study was the
analysis of Kazakhstan’s international trade relations.
Export flows and the country’s main trading partners
were examined, including China, Central Asian coun-
tries, the European Union, and the Middle East. Data on
export structure, supply volumes, and changes in trade
policy were utilised. Particular attention was given to
the dynamics of exports to China, based on data from
the International Trade Centre (n.d.). The study also ex-
plored digital tools and financial mechanisms that in-
fluence the development of the agricultural sector. The
Agricultural Animal Identification System (AllS) was
analysed as a means of tracking livestock and mon-
itoring product movement. Additionally, the Informa-
tion System for the Traceability of Crop Production was
studied for its role in controlling supply chains and en-
suring compliance with international standards (Mod-
ern digital solutions..., 2025). The financial aspects of
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agricultural exports were further analysed using the
example of the Baiterek Venture Fund (n.d.), which
supports enterprises in the sector through credit and
investment instruments. Based on these analyses, the
study identified areas for improving the export strate-
gy, financial mechanisms, and logistics infrastructure,
all of which are critical to enhancing the efficiency and
international competitiveness of Kazakhstan’s agricul-
tural products.

RESULTS

The export potential of the agricultural sector plays
a vital role in the economic development of countries
with well-established agricultural industries. It not only
ensures the inflow of foreign currency revenues but also
enhances the competitiveness of national products in
global markets. In the context of globalisation, popu-
lation growth, and increasing global demand for food,
agricultural exports are becoming a key driver of sus-
tainable economic growth. However, the development
of this potential depends on numerous factors, includ-
ing financial mechanisms, infrastructure, government
support,and international trade relations. For many na-
tions, the agricultural sector is of strategic importance,
contributing significantly not only to food security but
also to gross domestic product (GDP). Agricultural ex-
ports provide states with foreign exchange earnings,
improve the trade balance, and stimulate the devel-
opment of related industries such as transport, logis-
tics, and raw material processing. Moreover, successful
agricultural exports contribute to the technological
advancement of the sector (Friedmann, 2021). Compet-
ing in global markets necessitates the modernisation
of production, the adoption of advanced agricultural
technologies, the enhancement of quality control sys-
tems, and the implementation of standards that comply
with international requirements. These improvements,
in turn, drive productivity and support the sustainable
development of agriculture.

Despite the critical role of agricultural exports, their
development is confronted by a number of challenges
and factors affecting the competitiveness of products
in international markets. Chief among these is access to
financial resources. It is essential for agricultural enter-
prises to secure financing for production development,
equipment modernisation, and the expansion of export
operations. Countries with well-developed financial
support systems for farmers tend to experience higher
growth in export potential (Al-Ababneh et al., 2022). In
Kazakhstan, for instance, government programmes such
as loan subsidies and tax incentives for the agricultur-
al sector support export expansion, although further
improvements to these mechanisms remain necessary.
Secondly, infrastructure exerts a significant influence
on export potential. Access to modern logistics sys-
tems, efficient transport corridors, adequate warehouse
facilities, and well-functioning export terminals all

Scientific Horizons, 2025, Vol. 28, No. 5

determine the cost and speed of product delivery. Al-
though Kazakhstan benefits from a unique geographi-
cal position between Europe and Asia, underdeveloped
infrastructure and high transport costs continue to con-
strain the export potential of its agricultural sector.

Thirdly, international trade relations and national
economic policy play a critical role. Trade barriers, tariff
restrictions,sanctions,and product quality requirements
can either facilitate or hinder export development. Ka-
zakhstan is actively engaged in integration processes
within the Eurasian Economic Union (EAEU) and is ex-
panding cooperation with China, the Middle East, and
the European Union, thereby opening new opportuni-
ties for market diversification (Manatovna et al., 2023).
Another key factor is technological development and
innovation in the agro-industrial complex. The adop-
tion of precision farming techniques, advanced irriga-
tion systems, genetic research, and biotechnology can
significantly improve yields and product quality, thereby
enhancing competitiveness in global markets (Goel et
al., 2021). Environmental and climatic conditions also
influence export potential. In Kazakhstan, agricultural
output is highly dependent on weather variability, ne-
cessitating the adoption of adaptive technologies and
risk management strategies. The implementation of ag-
ricultural risk insurance schemes and the development
of irrigation infrastructure can greatly enhance produc-
tion resilience and, in turn, boost export potential (Ba-
logh & Jambor, 2020).

The development of the export potential of the
agricultural sector is unattainable without an effective
system of financial support that enables enterprises
to minimise risks, enhance productivity, and compete
successfully in international markets. Financial instru-
ments utilised in export activities include various lend-
ing mechanisms, government subsidies, tax incentives,
risk insurance, and innovative digital solutions. When
used competently, these instruments strengthen the
resilience of the agricultural sector and encourage
export expansion. One of the most critical tools for
supporting agricultural exports is access to financial
resources through lending and leasing. For enterpris-
es targeting foreign markets, long-term loans with low
interest rates are particularly important, as they ena-
ble investment in production modernisation, equip-
ment procurement, and the development of logistics
infrastructure (Ehlers et al., 2021). In Kazakhstan, this
role is performed by specialised financial institutions
such as the Agrarian Credit Corporation and KazAgroF-
inance, which offer affordable credit to farmers aiming
to enhance their export capacity. Leasing programmes
also play a significant role in supporting agricultural
exports by allowing enterprises to upgrade their fleet
of agricultural machinery without requiring substantial
upfront investment. This is particularly beneficial for
small and medium-sized farms, which often face diffi-
culties in securing large-scale loans.




To further stimulate agricultural exports, the gov-
ernment employs a range of financial support mech-
anisms, including subsidies for production and trans-
portation costs, as well as risk insurance (Erten &
Leight, 2021). In Kazakhstan, programmes that reim-
burse a portion of transport costs help exporters re-
duce the final price of their products, thereby improving
their competitiveness in foreign markets. Additionally,
tax incentives for agricultural exporters serve as a
strong motivator for expanding foreign trade activities.
For instance, reducing the tax burden on export trans-
actions or exempting agricultural exports from val-
ue-added tax (VAT) enables enterprises to retain more
capital for reinvestment in production and operational
development.Agricultural exports are subject to a wide
range of financial risks, including exchange rate vola-
tility, fluctuations in global commaodity prices, demand
instability, and political restrictions. In this context,
export risk insurance plays a crucial role. In Kazakh-
stan, agricultural enterprises can utilise the services
of insurance providers such as KazakhExport, which
offer guarantees for export contracts and protect pro-
ducers against financial losses. Hedging against price
and currency risks is another effective mechanism for
safeguarding export revenues. The use of futures con-
tracts and options allows agricultural exporters to lock
in favourable prices for their products, thereby mitigat-
ing the impact of abrupt market fluctuations (Oglend
& Straume, 2020). However, this tool remains under-
developed in Kazakhstan and requires further integra-
tion into the agricultural sector’s financial practices.

Modern technologies have a profound influence
on the financial infrastructure supporting exports. The
adoption of digital platforms for processing export
contracts, the implementation of blockchain technolo-
gies for international settlements, and the use of auto-
mated financial management systems can streamline
trade operations and enhance transaction transparency
(Edeh et al., 2020). Kazakhstan has already begun dig-
italising financial transactions through initiatives such
as electronic agricultural receipts, which enable pro-
ducers to secure financing against future harvests. The
state plays a central role in creating the conditions nec-
essary for the sustainable development of agricultural
exports. Government intervention is essential not only
to correct market imbalances but also to mitigate the
financial risks faced by agricultural producers operat-
ing in foreign markets. The establishment of a favour-
able financial environment requires comprehensive
measures encompassing export policy regulation, the
development of financial institutions, infrastructure im-
provement, and the promotion of innovation within the
agribusiness sector (Lin & Zhang, 2020).

One of the most important areas of state support
for agricultural exports is the establishment of a pre-
dictable and sustainable macroeconomic policy. Fluc-
tuations in exchange rates, inflation risks, and changes
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in tax legislation directly impact the financial stability
of agricultural exporters. By regulating tax and cus-
toms policies, government agencies can create favour-
able conditions for agricultural enterprises, reducing
administrative barriers and offering preferential tax re-
gimes for export-oriented businesses. A key instrument
of state policy is the control of inflation and currency
risks, as rising domestic prices or sharp exchange rate
fluctuations can render agricultural exports less profit-
able (Andrei et al., 2020). In Kazakhstan, state financial
institutions such as the National Bank and the Ministry
of Finance are capable of taking measures to stabilise
the national currency, thereby facilitating long-term
export planning.

The state also plays an active role in the devel-
opment of institutions that offer targeted financing
for agricultural exports. In Kazakhstan, organisations
such as KazAgroFinance, the Agrarian Credit Corpo-
ration, and the Export Credit Agency of Kazakhstan
provide preferential loans, export risk insurance, and
guarantees for international contracts. Additionally,
public funds dedicated to export support are used to
attract private investment into the agricultural sector
and to subsidise interest rates on export-related loans.
These mechanisms enable agricultural enterprises to
expand their export geography, modernise production
facilities, and minimise financial losses. The success of
agricultural exports is also closely linked to the de-
velopment of logistics and transport infrastructure
(Chukurna et al., 2022). The state has a critical role in
the modernisation of warehouse facilities, transport
corridors, ports, and terminals that support the unin-
terrupted export of agricultural goods. In Kazakhstan,
the government is actively investing in transport in-
frastructure under the One Belt, One Road initiative,
which broadens the export potential of the agricultur-
al sector. Programmes aimed at constructing logistics
centres, such as dry ports and multimodal transport
hubs, help to reduce transportation costs and increase
the volume of exported goods.

Moreover, the digitalisation of financial processes,
the automation of export contract management, and
the development of electronic trading systems con-
tribute to reducing the bureaucratic burden on agri-
cultural exporters. Kazakhstan is implementing block-
chain-based technologies in the agricultural export
system to enhance the transparency of transactions
between exporters and foreign buyers. State digitalisa-
tion programmes in the agricultural sector also facil-
itate access to financial resources, accelerate product
certification procedures, and increase the efficiency of
export operations. With its vast agricultural land and
favourable climatic conditions for cultivating a varie-
ty of crops, Kazakhstan possesses significant potential
in agricultural exports. Table 1 presents the volume of
agricultural exports, illustrating the growth trajectory
of the sector.

Scientific Horizons, 2025, Vol. 28, No. 5

119



Export potential of agricultural products...

Table 1. Volume of agricultural exports of Kazakhstan for 2015-2024, million USD

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Plant growing 1,102.7  1,106.8 1,290.3 1,850.0 1,994.5 1,950.0 2,236.8 3,070.2 2,910.7  2,2229
Cattle breeding 39.9 39.0 52.4 108.1 180.2 81.8 154.0 176.0 175.4 226.5
Processed
agricultural 945.1 978.2 1,087.2 1,133.5 1,115.0 1,348.7 1,4284 2,346.3  2,311.5 2,655.0
products
Total for
agricultural 2,087.7 2,1239  2,429.8 3,091.6  3,289.6 3,380.6  3,819.2 5,592.6 5,397.6 5,104.4
products

Source: created by the authors Bureau of National Statistics (n.d.)

The analysis of the Table 1 indicates a generally
positive trajectory in Kazakhstan’s agricultural exports,
despite certain periods of decline. The most notable
growth has occurred in the crop production catego-
ry, where export volumes nearly tripled - from USD
1,102.7 million in 2015 to a peak of USD 3,070.2 mil-
lion in 2022 - before declining in 2023-2024. The live-
stock sector also demonstrates export growth, though
with more pronounced fluctuations, including a dip in
2020 and a subsequent recovery to USD 226.5 million
in 2024. The most consistent growth has been ob-
served in the export of processed agricultural products,
which reached USD 2,655.0 million in 2024, reflecting
increased global demand for value-added agricultural
goods. Overall, the total volume of Kazakhstan’s agri-
cultural exports increased by more than 2.4 times over
the review period, peaking at USD 5,592.6 million in
2022, followed by a modest decline in the subsequent
years. This decrease may be attributed to shifting exter-
nal market conditions, logistical challenges, or fluctua-
tions in international demand.

Kazakhstan’s agricultural exports are primarily
composed of grain crops, oilseeds, flour products, meat,
and dairy. Wheat and flour continue to account for the
largest share of exports, reflecting Kazakhstan’s long-
standing strength in grain production. The primary im-
porters of Kazakhstani wheat and flour include neigh-
bouring Central Asian countries — Uzbekistan, Tajikistan,
Kyrgyzstan, and Turkmenistan — as well as Afghanistan,
Iran, and China. In addition to grains, the export of oil-
seeds such as rapeseed, sunflower, and flax is expand-
ing, with Kazakhstani producers increasingly accessing
new markets in Europe and Southeast Asia, where de-
mand for high-quality vegetable oils and oilseeds is
high. Meat exports, particularly of beef and lamb, are
also on the rise. Kazakhstan is strengthening its posi-
tion in markets such as China, Russia, and the Middle
East, including Iran, Saudi Arabia, and the United Arab
Emirates (Ministry of Agriculture..., n.d.). However, de-
spite these positive developments, the export poten-
tial of the meat sector remains partially underutilised.
This is largely due to challenges related to product
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certification, veterinary and sanitary standards, and lim-
ited domestic processing capacity.

Trends in the development of agricultural exports
in Kazakhstan reveal a positive trajectory, character-
ised by product diversification, the expansion of export
destinations, the adoption of digital technologies, and
active government support. Nonetheless, despite these
advancements, the sector continues to face a number
of challenges that require comprehensive and coor-
dinated solutions. A key trend is the diversification of
export products. While Kazakhstan has traditionally
maintained a strong position in grain and flour exports,
recent years have witnessed a growing focus on high-
er value-added products. The country is actively devel-
oping exports of processed agricultural goods such as
vegetable oils, dairy products, meat,and honey. One par-
ticularly promising area is the export of organic prod-
ucts, for which demand is increasing in international
markets. The growth of this segment not only enhances
the competitiveness of Kazakhstan’s exports but also
reduces reliance on volatile global commodity prices.

Kazakhstan has also significantly broadened the
geographic scope of its agricultural exports, moving
beyond traditional markets such as Central Asia, Rus-
sia, and Afghanistan. Particular emphasis is now placed
on strengthening trade relations with China, the Gulf
countries, the European Union, and Southeast Asia.
China has emerged as a key strategic partner for Ka-
zakhstan’s agricultural sector. In 2023, agricultural ex-
ports to China reached USD 1 billion - almost double
the value recorded in the same period of the previous
year. Currently, 1,718 Kazakhstani enterprises export to
China, including 1,629 engaged in crop production and
86 in livestock farming. The principal exported goods
include grain crops, meat products, and oilseeds. To
further increase export volumes, Kazakhstan plans to
align its agricultural products with Chinese standards
and regulatory requirements, thereby responding to the
growing demand for high-quality agricultural goods
(EastFruit,2024).Table 2 presents the volume of agricul-
tural exports to China, illustrating the country’s growing
role as a strategic export destination for Kazakhstan.
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Table 2. Volume of exports of main agricultural products from Kazakhstan to China in 2019-2023, thousand USD

2019 2020 2021 2022 2023
Livestock 44 0 0 0 43
Meat and edible meat by-products 13,581 3,910 977 28 0
Fish and crustaceans, 4,085 502 115 475 2,910
molluscs, aquatic invertebrates
Dairy products; bird eggs; natur:?\l.honey; 94 4726 2,215 2,259 2,337
food products of animal origin
Other products of animal origin 3,307 942 2,037 2,476 4521
Vegetables and edible roots and tubers 10 16 0 27 6
Cocoa and cocoa products 846 1,571 1,700 5,562 10,633
Tobacco and manufactured tobacco substitutes 4,377 11,915 14,237 5,987 13,971
Grains 98,210 95,558 42,736 7,1218 335,208
Oil seeds and f.rwts; vgnous grallng, seeds, and fruits; 95,583 130,923 76,893 214,130 283,035
industrial or medicinal
Fats and oils of animal, vegetable, or microbial origin,
and their cleavage products; finished edible fats 99,684 92,765 40,374 165,700 172,283
Residues and waste from the food industry; 30,905 45,436 12,793 73,614 128,899
prepared animal feed
Total 350,726 388,264 194,077 541,476 953,846

Source: created by the authors International Trade Centre (n.d.)

The growth in exports of grain = from USD 98.2 mil-
lion in 2019 to USD 335.2 million in 2023 - and oil-
seeds - from USD 95.6 million to USD 283 million - is
particularly noteworthy, reflecting China’s strong de-
mand for these product categories. In contrast, exports
of meat and edible meat by-products have declined to
nearly zero, which may be attributed to sanitary restric-
tions or shifts in market demand. At the same time, ex-
ports of processed products, such as cocoa derivatives
and residues from the food industry, have increased sig-
nificantly, reinforcing the trend towards diversification
in Kazakhstan’s agricultural export structure. Overall,
the data reflect positive dynamics and signal consider-
able potential for further growth in Kazakhstan’s agri-
cultural exports to China, particularly in segments such
as vegetable oils, grains, and value-added processed
products. Modern agriculture in Kazakhstan is increas-
ingly integrating digital technologies to enhance the
efficiency and transparency of export operations. The
Ministry of Agriculture has introduced the Unified State
Information System of Subsidies (GISS), which encom-
passes all areas of subsidies within the agro-industrial
complex. This system ensures transparency in the sub-
sidy allocation process, reduces corruption risks,and al-
lows farmers to track the status of their applications in
real time. Since its launch in 2023, GISS has processed
over 240,000 applications, with more than 177,500 ap-
proved (Modern digital solutions..., 2025).

In the livestock sector, an automated Integrated
Livestock System (ILS) has been implemented to en-
able accurate livestock accounting, monitor animal
health, and control product movement. This contributes
to enhanced biosecurity and improved product quali-

ty — critical factors for accessing international markets.

Additionally, mobile applications such as VETMOBILE

for veterinary professionals and TORTTULIK for live-
stock owners have been developed to facilitate the
registration, monitoring, and management of livestock
farms. To ensure full traceability of agricultural prod-
ucts from farm to consumer, the Ministry of Agriculture
has initiated the development of the Plant Production
Traceability Information System (PPIS). This system
aims to monitor the entire production and distribution
cycle of plant-based agricultural products, ensure com-
pliance with international standards, and foster greater
trust from foreign trade partners (Modern digital solu-
tions..., 2025). State support remains a key factor in the
development of agricultural exports. As a member of
the Eurasian Economic Union (EAEU), Kazakhstan ben-
efits from simplified trade procedures and reduced tar-
iffs on exports to other member states. In addition, the
government is actively engaged in negotiations to es-
tablish new trade corridors and free trade agreements,
thereby improving conditions for agricultural exports.
One of the government’s priority areas is the enhance-
ment of financial support mechanisms for exporters,
including subsidies, export risk insurance, and the pro-
vision of preferential loans.

Despite these positive developments, Kazakhstan'’s
agricultural exports continue to face several challenges.
A high dependence on natural conditions contributes to
unstable crop yields, which in turn affects export vol-
umes. Furthermore, the issue of underdeveloped pro-
cessing capacity remains unresolved: the lack of mod-
ern production facilities limits the ability to increase
exports of higher value-added products. Logistics and
infrastructure constraints also pose ongoing barriers,
particularly in transporting goods to distant foreign
markets. Another critical factor is the need to meet
international standards of product quality and safety,
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which requires sustained investment in the modernisa-
tion of production processes and certification systems.
Addressing these challenges calls for a comprehensive
approach, including strengthened financial support, the
introduction of modern risk management tools, and ex-
panded access to international capital markets.

The financial stability of Kazakhstan’s agricultur-
al exporters is a cornerstone of the sector’s successful
development. It influences not only the global com-
petitiveness of domestic agricultural products but also
contributes to broader economic growth. In the con-
text of global instability, exchange rate fluctuations,
trade barriers, and high transport costs, exporters must
employ a diverse range of financial instruments and
strategies to minimise risks and enhance profitability.
This requires improvements to preferential lending
systems, the development of export risk insurance
mechanisms, diversification of export products, bet-
ter logistics infrastructure, reduced transport costs,
and the continued digitalisation of export operations.
State support programmes, such as financing through
the Agrarian Credit Corporation and the Baiterek Ven-
ture Fund (n.d.), should be expanded. Increasing the
availability of long-term loans - ranging from 7 to 10
years — with reduced interest rates would enable ex-
port-oriented enterprises to plan their activities more
effectively. The introduction of a system of state guar-
antees and subsidies for export loans would reduce
the lending risks faced by banks, thereby improving
access to credit for farmers. It is also essential to en-
hance leasing mechanisms for the acquisition of mod-
ern agricultural machinery and equipment, supported
by state-subsidised interest rates.

The establishment of a specialised fund to support
agricultural exports — providing preferential loans for
the modernisation of processing facilities and logistics
infrastructure - would allow Kazakhstani agricultural
exporters to access cheaper and longer-term finan-
cial resources. This is particularly important in light of
growing competition in the global market. A dedicated
agency for export risk insurance should be created to
protect exporters from potential losses arising from the
insolvency of foreign counterparties. The introduction
of a state programme to subsidise insurance premiums
for agricultural exporters would reduce the financial
burden on companies and increase the accessibility
of insurance services. Additionally, the development
of mechanisms for hedging currency risks would help
minimise losses resulting from sharp fluctuations in
the tenge’s exchange rate against major world curren-
cies. The active development of insurance infrastruc-
ture would enable agricultural exporters to operate in
foreign markets with reduced risks and greater confi-
dence in the financial stability of their operations.

A key factor in ensuring financial stability is re-
ducing dependency on a single product type or sales
market. Kazakhstan’s current export portfolio is largely
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composed of raw materials, such as grain and oilseeds,
making it vulnerable to global price volatility. Prod-
uct diversification and increased exports of processed
goods would help mitigate these risks. Expanding do-
mestic processing capacities - for products such as
flour, vegetable oils, canned meat, powdered milk, and
other high value-added goods - is essential. Promot-
ing organic products in export markets also presents
a promising opportunity, as there is rising demand in
the European Union, China, and the Middle East for or-
ganic grain, honey, meat, and dairy products (Faichuk et
al.,2022). Another important step in strengthening Ka-
zakhstan’s export position involves the development
of finished food exports and the promotion of Kazakh-
stani brands in international markets. Participation in
trade exhibitions and marketing programmes will be
crucial to raising brand visibility and enhancing com-
petitiveness abroad.

Kazakhstan’s landlocked geography presents signif-
icant challenges for export logistics. In this context, the
development of transport and logistics centres in key
regions of the country is essential. Such infrastructure
would reduce transportation time and lower logistics
costs for exporters. In addition, subsidising railway tar-
iffs for agricultural exporters — particularly for ship-
ments to China, Europe, and the Gulf countries - would
enhance cost-efficiency. The expansion of international
transport corridors, including the One Belt - One Road
initiative, will facilitate Kazakhstan’s deeper integra-
tion into global supply chains. Optimising logistics will
improve the competitiveness of Kazakhstani agricul-
tural products by reducing delivery costs. The develop-
ment of electronic platforms for product certification
is equally important, as it will help minimise bureau-
cratic delays and accelerate market entry for exporters.
The application of blockchain technologies for supply
chain traceability will build trust among foreign buy-
ers by ensuring product authenticity and compliance
with international quality standards. Furthermore, the
introduction of digital marketplaces for agricultural
trade will enable exporters to access new partners di-
rectly, expanding market reach while lowering transac-
tion costs. Digitalisation will streamline administrative
procedures, reduce operational expenses, and improve
oversight of logistics and financial transactions.

In summary, the financial sustainability of Kazakh-
stan’s agricultural exporters depends on a complex set
of factors, including access to financing, effective risk
mitigation, product diversification, logistics develop-
ment, and the digitalisation of operations. Comprehen-
sive measures - such as affordable long-term lending,
export risk insurance, support for value-added process-
ing, reduced transportation costs, and the integration
of digital technologies - are essential to strengthening
the global competitiveness of Kazakhstani agricultural
companies and ensuring the long-term, stable growth
of agricultural exports.




DISCUSSION

The results of the study demonstrate that Kazakhstan’s
agricultural sector possesses substantial untapped ex-
port potential, although it faces a number of structural
and operational limitations. Analysis of statistical data
reveals that, in recent years, the volume of agricultural
exports has shown steady growth; however, the export
structure remains insufficiently diversified. The princi-
pal export commodities continue to be grain crops, sun-
flower oil, and meat products, while high value-added
goods are represented in relatively small volumes. This
highlights the urgent need to expand deep processing
of agricultural raw materials, which would not only in-
crease export revenues but also enhance the competi-
tiveness of Kazakhstan’s products in international mar-
kets. Climatic factors exert a significant influence on the
stability of agricultural exports. Extreme temperature
fluctuations, uneven precipitation distribution, and se-
vere weather events introduce considerable uncertain-
ty for producers, complicating the planning of export
deliveries. W. Xie et al. (2020), in a study based on long-
term meteorological and trade data, demonstrated that
global warming is causing shifts in agricultural produc-
tion zones, which will ultimately alter the structure of
agricultural exports. While W. Xie et al. study focuses
on long-term climate zone shifts and their implications
for global trade, the present research centres on short-
term climate risks. Sudden weather anomalies, such as
unexpected droughts or frosts, can sharply reduce crop
yields and disrupt export schedules, thereby contribut-
ing to increased volatility in agricultural markets.

Infrastructure constraints also represent a major
limiting factor in the development of Kazakhstan's ex-
port potential. Analysis of the country’s transport and
logistics systems indicates that high transportation
costs, insufficient warehouse and export infrastruc-
ture, and dependency on transit routes through neigh-
bouring countries pose serious challenges to export-
ers. Although several investment projects have been
launched to modernise logistics — such as the devel-
opment of international transport corridors and the es-
tablishment of logistics hubs - current data show that
transport costs in Kazakhstan remain higher than those
in competing export-oriented economies. This under-
scores the need for continued investment in infrastruc-
ture, the development of multimodal transport systems,
and improvements in logistics efficiency. H.H. Park and
S.J. Cho (2021) examined the influence of logistics-re-
lated factors on agricultural exports, focusing on trans-
portation costs, infrastructure limitations, and disrup-
tions in global supply chains. Their study concluded that
inadequate transport networks, the absence of modern
ports,and a lack of cold chain infrastructure are among
the principal barriers to exporting perishable agricul-
tural goods. The findings of the present study align
with these conclusions, particularly with regard to the
cost of logistics. However, unlike H.H. Park and S.J. Cho
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global analysis, this study identifies Kazakhstan-spe-
cific, seasonal challenges, such as peak logistical pres-
sures during harvest seasons, limited storage capacity,
and border delays linked to customs procedures.
Financial mechanisms to support exports also play
a critical role in the development of the agricultural
sector (Mamasydykov et al., 2019). The findings of this
study indicate that existing programmes providing sub-
sidies and loans to exporters have had a positive effect
on industry growth; however, the scale of support re-
mains insufficient. Kazakhstani farmers and processing
enterprises continue to face limited access to affordable
credit, which restricts their ability to expand production
and enter foreign markets. A comparison with govern-
ment support frameworks in other countries suggests
that Kazakhstan must enhance its incentive structures
for exporters by expanding preferential financing
schemes and developing comprehensive export risk in-
surance mechanisms. R. Zhang et al. (2021) examined
the influence of government subsidies and agricultur-
al support programmes on export performance. His
study considered a range of models, including produc-
tion-based subsidies, compensation for transport costs,
and the provision of export loans. Similarly, M. Spring-
mann and F. Freund (2022) found that countries which
actively subsidise their agricultural sectors tend to re-
cord higher export volumes than those with minimal
government support. Programmes targeting small-
scale farms were found to be especially important, as
they enable these producers to compete with large ag-
ricultural holdings. The current study also confirms the
importance of state support but highlights the issue of
unequal resource distribution. Subsidy programmes in
Kazakhstan are predominantly directed toward large
agribusinesses, whereas small and medium-sized farms
often struggle to access financial assistance. Addressing
this imbalance is essential to achieving more inclusive
and sustainable growth in agricultural exports.
Another key issue is the influence of international
trade agreements on agricultural export performance.
The data show that Kazakhstan is actively cultivating
trade relations with China, Central Asian countries, and
the European Union. However, the country’s export
policy still requires further adaptation to meet evolv-
ing international requirements. Major barriers include
challenges with product certification, compliance with
phytosanitary and veterinary standards, and restricted
access to new markets. In this context, it is necessary
to enhance state support in the areas of certification
and quality control, including the establishment of lab-
oratory centres and the simplification of procedures
for entering foreign markets (Tyukhtenko et al., 2024).
J.H. Grant et al. (2021) analysed the impact of trade
barriers on agricultural exports, showing that even mi-
nor changes in customs tariffs and quotas can signifi-
cantly affect export volumes. The findings of L. Zhai et
al. (2022) similarly demonstrate that countries facing
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trade restrictions experience an average 15-20% de-
cline in agricultural exports due to reduced competi-
tiveness. This study also explored the effects of trade
barriers, though with a particular focus on sanitary and
veterinary regulations rather than tariff-based meas-
ures. It is the difficulty in meeting international food
safety standards that most significantly constrains the
export potential of Kazakhstan’s agricultural sector.

E.M. Meemken et al. (2021) investigated the im-
pact of certification and compliance with international
standards on agricultural exports. Their study demon-
strated that certified products gain access to premium
market segments, enabling exporters to achieve higher
prices. They also observed that consumers in developed
countries show a strong preference for products with
verified quality and environmental safety assurances.
The present study confirms the critical importance of
certification but also highlights additional challenges,
particularly the high cost of obtaining international
certification. This factor presents a dual effect: while
certification enhances competitiveness, it simultane-
ously limits opportunities for small-scale producers
lacking the financial capacity to undertake complex
certification procedures.

In addition, the study revealed that modern agri-
cultural technologies can significantly increase Ka-
zakhstan’s export potential. The adoption of precision
farming, digital trading platforms, and blockchain tech-
nologies for product traceability can enhance the com-
petitiveness of Kazakhstani agricultural goods. Howev-
er, the current level of technological implementation
remains insufficient, indicating the need for stronger
state support. This should include measures aimed at
digitalising the agricultural sector, fostering agricultur-
al start-ups, and facilitating the adoption of advanced
production techniques.)J. Liu and J. Xie (2020) explored
the role of technological innovation in strengthen-
ing the competitiveness of agricultural exports. Their
research examined the implementation of automat-
ed production management systems, digital trading
platforms, and traceability technologies. Similarly,
M. Matthess and S. Kunkel (2020) found that countries
investing heavily in the digitalisation of the agro-in-
dustrial sector tend to outperform those that rely on
traditional production methods. The findings of the
present study confirm the importance of technologi-
cal progress, while also pointing to disparities in its
adoption. Large-scale producers derive tangible bene-
fits from digitalisation, but for small and medium-sized
farms, the high cost of advanced technologies remains
a major barrier to entry.

Overall, the analysis revealed that logistics, dig-
italisation, and compliance with environmental and
quality standards are among the key determinants of
agricultural export performance. While the study aligns
with broader international trends, it also identifies spe-
cific barriers, including logistical bottlenecks, financial
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constraints, and the challenges producers face in
adapting to evolving trade conditions. These findings
underline the necessity of a comprehensive strategy for
enhancing Kazakhstan’s export potential — one that con-
siders both macroeconomic factors and the real-world
challenges encountered by producers at the micro level.

CONCLUSIONS

Developing the export potential of the agricultural sec-
tor plays a vital role in Kazakhstan’s economic growth
by generating foreign exchange earnings, improving
the trade balance, and stimulating the development
of related industries. In recent years, Kazakhstan has
demonstrated positive trends in agricultural exports,
particularly in the segments of grains, oilseeds, and
processed goods. Access to financial resources remains
a key success factor for agricultural enterprises. State
support programmes - such as loan subsidies, tax in-
centives, and export risk insurance - contribute to ex-
port growth, but require further refinement. Long-term
loans with low interest rates, offered by specialised
financial institutions such as the Agrarian Credit Cor-
poration and KazAgroFinance, are particularly impor-
tant for enabling export-oriented investment. Never-
theless, infrastructure development continues to pose
a significant challenge. Despite Kazakhstan’s strategic
geographical location between Europe and Asia, high
transportation costs and underdeveloped logistics in-
frastructure hinder the full realisation of export po-
tential. International trade relations also have a major
influence on export performance. Kazakhstan actively
participates in regional integration through the Eura-
sian Economic Union (EAEU) and is strengthening trade
ties with China, the Middle East, and Europe. However,
successful expansion into these markets requires prod-
uct adaptation to international quality standards, ne-
cessitating greater investment in certification, quality
assurance, and biosafety systems.

Technological development, including the intro-
duction of digital platforms and innovative solutions,
enhances the competitiveness of Kazakhstan’s agricul-
tural exports. The implementation of automated ac-
counting systems — such as IFA for livestock and GISS
for subsidies - has improved transparency and admin-
istrative efficiency in the sector.In 2023 alone, 240,000
applications for subsidies were submitted via the GISS
platform, with over 177,500 approved, demonstrating
strong farmer engagement with state support mecha-
nisms. An analysis of Kazakhstan’s agricultural export
potential confirms its strategic importance to the na-
tional economy. Between 2019 and 2024, agricultural
export volumes exhibited a generally positive trajec-
tory, despite isolated periods of decline. Notably, crop
exports nearly tripled, rising from USD 1,102.7 million
in 2015 to a peak of USD 3,070.2 million in 2022, fol-
lowed by a modest decrease in 2023-2024. Livestock
exports also expanded, reaching USD 226.5 million




in 2024. Processed agricultural products showed the
most stable growth, increasing to USD 2,655.0 million
in 2024. Overall, the total volume of agricultural ex-
ports more than doubled - growing by over 2.4 times
during the review period - indicating strong and grow-
ing international demand for Kazakhstani agricultural
products. Kazakhstan’s main agricultural export items
include grain crops, flour and cereal products, oilseeds,
meat, and dairy products. Wheat and flour constitute
the largest share of these exports, with the primary
importers being countries in Central Asia — Uzbekistan,
Tajikistan, Kyrgyzstan,and Turkmenistan - as well as Af-
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state support, infrastructure quality, and internation-
al trade relations. A limitation of this study lies in the
limited availability of comprehensive statistical data,
which may not fully capture the current situation due
to the volatility of external markets and the influence
of broader macroeconomic conditions. Promising direc-
tions for future research include the development of
strategies to diversify agricultural exports, analysis of
the effects of climate change on agricultural productiv-
ity, evaluation of government support mechanisms, and
the implementation of digital technologies to optimise
export processes.

ghanistan, Iran,and China. Exports to China have shown

particularly strong growth, rising from USD 351 million ACKNOWLEDGEMENTS
in 2019 to USD 954 million in 2023. None.

Thus, the export potential of Kazakhstan’s agricul-
tural sector plays a vital role in the country’s economic FUNDING
development by enhancing the global competitiveness  None.
of its products and supporting sustainable growth. The
development of agricultural exports is influenced by a CONFLICT OF INTEREST
wide range of factors, including financial mechanisms, None.
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AHoTauif. PoboTa cnpsMoBaHa Ha aHanisa @iHAHCOBMX MEXaHi3MiB, WO CTUMYJOKTb PO3BWUTOK E€KCMOPTHOMO
noTeHLiany arpapHoi NpoAayKuii, Ang 3MiLHEHHS NO3WLIM KpaiHM Ha CBIiTOBMX pUHKax. Y poboTi focnigkyBaBCs
eKCMOopTHMI noTeHuian arpapHoro cektopy KasaxcraHy, Moro ponb B €KOHOMIYHOMY PO3BMTKY KpaiHM Ta
dakTopu, WO BMIMBAKOTb HA MOro KOHKYPEHTOCMNPOMOXHICTb Ha MIDKHAapPOAHMX pUHKaX. [ns OUiHKM eKCnopTHOro
NOTeHLiaNy arpapHOro CeKTopy po3rfisHyTO KN0YOBi hiHAHCOBI MeXaHi3Mu, BKJIOYHO 3 JepXXaBHUMK NporpamMamu
cybcuayBaHHS, NOLATKOBMMM MiNlbraMu Ta MexaHi3MaMu CTpaxyBaHHS E€KCMOPTHWUX pu3uKiB. byno BuokpemneHo
ponb crnewianizoBaHMx (iHAHCOBMX OpraHisauii, Takmx sK ArpokpefauTHa kopropauis Ta KasArpo®iHaHc, ski
3abe3neyytoTb arpapiie LOCTYNOM A0 KpeAUTYBAHHS Ta Ni3UHTY AJ19 MOLEpHi3aL,ii BUpOOHMLTB i pO3BUTKY EKCMOPTHUX
MOXNMBOCTEN. PO3rnaaaBcs BAAMB iHOPACTPYKTYPU, BKIIKOYHO 3 TPAHCMOPTHUMM Ta NOTiCTUYHUMM KOPUAOPAMU, Ha
BAPTICTb i TEPMiHM MOCTABOK CislbCbKOroCnoAapCbkoi npoaykuii. O4HUM i3 BaX/IMBMX YMHHUKIB, LLO BM3HAYAKOTb
PO3BUTOK €KCMOPTY, € TEXHONOFYHMI NpOrpec B arponpoMUCIOBOMY KOMMIEKCi. TaKoX NiAKPEeCI0ETbCS 3HAUYLLiCTb
[lep>XaBHUX NpoOrpaM, CNpsSIMOBaHMX Ha NONINWeHHS MaKpPOEKOHOMIYHOT MONITUKM, CTabinizaLito BaNtOTHUX PU3MKIB
i pOo3BMTOK (DiHAHCOBMX IHCTUTYTIB. Po3rngpanuca faHi npo AMHAMiKy 06csary CinbCbKOrocnoAapcbKoro eKCcnopry
Kazaxcrany. Obcar ekcnopTy BCi€i npoAykuii CinbCbkoro rocnogapcrea 36inbwmecsa 3 2,1 mapa ponapis y 2015
poui oo 5,1 mnpa nonapie y 2024 poui. He3Baxawum Ha NMO3UTUBHI TeHAEHLUII, Bia3HAYanucb npobnemu, Taki gk
HecTabiNbHICTb YPOXKANHOCTI, AediumT nepepobHUX NOTYKHOCTEW i BUCOKI TpaHCMOpPTHI BUTpath. Ocobnumey yBary
NpUAINEeHo eKCNopTy CiNbCbKOroCNoAapcbkoi npoaykuii 8o Kutato, kuia 36inbwmneces 3 351 maH gonapis 'y 2019 poui
1o 954 mnH ponapis y 2023 poui. OCHOBHI BUCHOBKM pobOTH BKAKOYANM HEOOXiAHICTb PO3LUMPEHHS QiHAHCOBUX
iHCTPYMEHTIB MiATPUMKM, TaKMX K MiNbroBe KpeauTyBaHHS, CTPaxXyBaHHS eKCMOPTHUX PU3MKIB Ta CybCcMAyBaHHS
TPaHCMOPTHWX BUTPaT. IHBECTULIiI B nMepepobKy CibCbKOrocnoAapCbKoi NPoAyKLii, pO3BUTOK HOBMX €KCMOPTHUX
MapLpyTiB i undposisauia npouenyp ceptudikaLii AONOMOXYTb 3MILHWUTM NO3uMLiT Ka3zaxcTaHy Ha MiXXHapOOHMX
PpUHKax i 36inbWwWnTK 06CArmM arpapHoOro ekcnopTy

KniouoBi cnoBa: MixxHapofHa Toprieng; npoaoBonbya 6e3neka; ToprosesbHi 6apepw; cybcuaii Ta foTauii; BantoTHi
pU3UKK
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using biodegradable packaging and installing solar panels. In general, the results of the analysis confirmed the
importance of integrating bioeconomic and ESG principles for the sustainable development of the agro-industrial

complex and increasing its social significance

Keywords: ecological footprint; precision agriculture; circular economy; biofermentation; ESG strategies

INTRODUCTION

The bioeconomy is becoming increasingly strategic for
the sustainable development of the agricultural sector.
Itis centralin ensuring food security, increasing agricul-
tural productivity and minimising the negative impact
on the environment. In the context of global climate
change, growing demand for food and limited natural
resources, the transition to a bioeconomic model of
production and consumption is not just relevant, but
vital. The bioeconomy is based on the rational use of
renewable bioresources, the introduction of advanced
biotechnologies and the application of closed (circu-
lar) cycle principles, which provides environmentally
friendly and more efficient production. Integration of
Environmental, Social, Governance (ESG) approaches
(environmental, social and governance aspects) is also
important, as they help to reduce the carbon footprint,
improve working conditions and ensure transparency of
management in the agricultural sector.

In the context of climate change and the need to
move to a bioeconomic model, the problem of sus-
tainable development of the agricultural sector is rel-
evant. N.Khan et al. (2021) emphasised that the use of
innovative agricultural technologies has significantly
increased the sustainability of crops and reduced de-
pendence on chemical fertilisers. The study demon-
strated how modern technologies not only increase
yields but also reduce the environmental impact of
agricultural production. J. de Carvalho et al. (2022)
addressed the use of renewable bioresources, such as
biofuels and biopolymers in the agricultural sector,
defining them as substantial for the reduction of the
carbon footprint and strengthening the sustainability
of production systems. A similar was highlighted by
N. Patel et al. (2022), emphasising the role of biotech-
nology in shaping sustainable agricultural production
models. The authors emphasised the importance of
using biopolymers and biofuels to reduce pressure
on the ecosystem and increase economic profitabili-
ty. B. Koul et al. (2022) consider the principles of the
circular economy as strategically important for ag-
ricultural waste management. The study suggested
ways to recycle agricultural waste, such as biogas and
compost, to create closed production cycles and min-
imise losses. P. Singh and A. Sharma (2022) analysed
the introduction of precision farming technologies, in-
cluding drones and Internet of Things (IoT) systems.
Following the study, such solutions can significantly
increase the efficiency of the agricultural sector and
reduce its environmental impact.
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A. Gamage et al. (2023) highlighted the important
role of organic farming in improving soil condition
and reducing chemical pollution. The study empha-
sised the resilience of organic practices to changing
climatic conditions. U. Hafeez et al. (2023) analysed
the use of genetic engineering to develop plant varie-
ties that are resistant to climate stress. Following the
study, such varieties can significantly increase crop
yields and the adaptability of agricultural production
to adverse conditions. R. Azis et al. (2024) considered
biofermentation as a potential method for produc-
ing environmentally friendly feed and fertilisers. The
study demonstrated that these technologies reduce
the need for chemical additives and improve the
quality of agricultural products. J. Ramos-Teodoro et
al. (2021) emphasised the importance of introducing
solar panels and other renewable energy sources in
the agro-industry, demonstrating how such solutions
contribute to reducing energy consumption and car-
bon emissions. K. Refsgaard et al. (2021) studied the
social dimension of the bioeconomy, particularly its
impact on job creation and improving working condi-
tions in rural areas. The study highlighted the role of
the bioeconomy in strengthening social stability and
rural development. However, there are still unresolved
issues related to the limited attention paid to the so-
cial aspects of the bioeconomy, including employment
and the improvement of working conditions in rural
areas. In addition, specific mechanisms for integrating
biotechnology into various agricultural systems have
not been well developed, indicating a need for further
scientific research in this area.

The study aimed to analyse the application of bi-
oeconomy principles in agribusiness, identify success-
ful examples of their implementation and assess the
impact of these approaches on sustainable agricultural
development.

MATERIALS AND METHODS

The study analysed and evaluated the main compo-
nents of the bioeconomy and sustainable development
of the agro-industrial complex in the context of the
introduction of innovative technologies and principles
of sustainable agriculture, based on data covering the
period from 2021 to 2024. The study addressed the ef-
ficient use of bioresources to improve crop sustaina-
bility and yields. The research analysed innovative ag-
ricultural technologies, including new biotechnologies
and environmentally friendly fertilisers, which improve




product quality and reduce negative environmental
impact. The study also analysed ways to use biodegrad-
able fertilisers and biological products to reduce soil
and water pollution. Data on the area under sustainable
agriculture, the share of organic fertilisers, the use of
drip irrigation, levels of food losses and water efficiency
were studied (according to the Bureau of National Sta-
tistics Agency for Strategic planning and reforms of the
Republic of Kazakhstan (n.d.)).

The study also analysed the principles of circular
economy and waste-free production in the agro-indus-
trial complex. The processes of recycling agricultural
waste, such as biogas and compost, as well as the use
of agricultural by-products to produce biofuels and
biopolymers, were considered. Data were analysed on
the share of recycled waste, the volume of recycled
organic materials, the number of enterprises that have
implemented circular technologies, as well as the use
of by-products and emission reductions in the agricul-
tural sector (Ministry of Industry and Construction of
the Republic of Kazakhstan, 2024). The study exam-
ined biotechnologies, including genetic engineering
methods for creating resistant plant varieties, as well
as biofermentation and biocatalysis for developing
new feeds, fertilisers and food additives. Data on the
share of genetically modified crops, the production of
biotechnology products, the reduction of the carbon
footprint in agricultural production, and the use of
biotechnology to increase yields and reduce depend-
ence on chemical fertilisers were analysed (Ministry of
Ecology, Geology and Natural Resources of the Repub-
lic of Kazakhstan, 2021).

The study analysed the reduction of the carbon
footprint. Precision farming technologies, such as
drones, lot and Big Data, which optimise the use of
resources in agriculture and reduce carbon emissions,
were addressed. The growth of organic farming and
the use of alternative energy sources, such as bio-
gas and solar panels, to reduce carbon emissions and
minimise the climate impact of the agricultural sec-
tor were also analysed. As part of the analysis, exam-
ples of Kazakhstani companies Olzha Agro (n.d.) and
EcoMilk (n.d.) were considered, which demonstrate
the introduction of precision farming technologies,
increased yields, reduced use of agrochemicals, re-
duced CO, emissions and the use of renewable energy
sources. Foreign cases were also studied: the German
company BioEconomy Cluster (n.d.) and the Dutch
company Van der Knaap (Reiley, 2023). Additionally,
examples of other Kazakhstani enterprises involved in
the development of the bioeconomy were analysed.
In particular, the activities of Zharkent Starch Packing
Plant (n.d.), which processes agricultural raw materials
into feed additives, Biofert (n.d.), a producer of bio-or-
ganic fertilisers, and Agrofarm (n.d.), an agricultural
enterprise that implements sustainable agricultural
technologies.

Samen and Kaldiyarov

The projects in the field of bioenergy implemented
by Partner-Agro (n.d.) and Zorg Biogas (n.d.), the activi-
ties of KazAgro Green (n.d.) in the field of environmen-
tal innovation, as well as eco-packaging solutions from
GreenPack (n.d.) were studied. The role of the KazAgro-
Expo exhibition (n.d.) as a platform for agricultural in-
novation,fermentation of feed in Kostanay region (Agro-
Bio-Auliekol, n.d.), development of enzyme complexes
at the National Centre for Biotechnology (n.d.), digital-
isation of rural areas (Digital Villages of..., 2020), and
renewable energy projects by Farmers of Chilik (n.d.)
were analysed. The analysis included official data from
the Ministry of Agriculture of the Republic of Kazakh-
stan (n.d.) on the growth of organic land, research on
the use of Trichoderma as a biofungicide (Yerpasheva et
al., 2022), and social aspects of the bioeconomy pre-
sented in Astana TV reports (Under the “Green..., 2019).
These companies were selected for their successful ap-
plication of bioeconomic technologies, such as agricul-
tural waste recycling and vertical farming, which have
significantly improved the environmental and econom-
ic efficiency of their farms. Their selection was based on
their leading positions in agricultural innovation and
sustainable environmental approaches.

RESULTS

The bioeconomy is a system of economic activity based
on the use of renewable biological resources, advanced
biotechnologies and circular production principles. In
the agro-industrial complex, it plays a key role in ensur-
ing food security, improving agricultural efficiency and
reducing environmental impact. At the end of 2022, the
permanent rural population in the Eurasian Economic
Union countries was about 52 million people, account-
ing for 28% of the total population of the region. The
total area of agricultural land in the same year was
112.7 million hectares, of which 59.4% was occupied by
cereals and legumes. Agricultural production in 2022
grew by 10.4% compared to 2021, reaching USD 166
billion (Fernandez-Puratich et al., 2021).
Implementation of ESG principles in the agricultur-
al sector contributes to the sustainable development
of the industry, reduction of negative environmental
impact, improvement of social conditions and increase
of management transparency. 70% of companies in the
agricultural sector recognise the importance of the en-
vironmental component, of which 80% implement pro-
jects for waste recycling and reduction, and 77% focus
on energy efficiency. Social aspects of ESG are covered
by 74% of companies, of which 96% develop the skills
and competences of their employees, and 92% provide
decent remuneration for labour. The managerial part
of ESG is covered by 72% of companies, of which 90%
are devoted to the reduction of business risks and 80%
monitor compliance with ethical standards. This data
confirms that the integration of ESG principles into
corporate strategies contributes to their sustainable
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development and increased competitiveness in the ag-
ricultural sector (Leite de Almeida et al., 2024). In the
context of global challenges such as climate change,
depletion of natural resources and the need to ensure
food security for a growing population, the effective
use of biological resources is becoming one of the
key tasks for the agro-industrial complex (Akanmu et

al., 2023). Modern agricultural technologies are the
foundation of sustainable agriculture, as they not only
increase crop yields but also contribute to improving
crop resilience. These innovations support the agri-
cultural sector in adapting to changing environmen-
tal conditions while reducing negative impacts on the
ecosystem (Table 1).

Table 1. Rational use of biological resources in the agricultural sector of Kazakhstan

Metric 2021 2022 2023 2024
Area of agricultural land used for sustainable farming (million hectares) 43 44 45 47
Share of organic fertilisers in total volume (in %) 5% 5.5% 6% 7%
Application of drip irrigation technologies (million hectares) 1.5 2 2 3
Level of food losses in agricultural sectors (in %) 16% 15% 15% 13%
Water use efficiency (km?) 35 3.6 3.8 4

Source: compiled by the authors based on the Bureau of National Statistics Agency for Strategic Planning and Reforms

of the Republic of Kazakhstan (n.d.)

The agro-industrial complex is showing positive
dynamics in various aspects of sustainable develop-
ment. The area of agricultural land used for sustainable
farming is increasing, reflecting the growing interest in
environmentally friendly farming methods. The share
of organic fertilisers is also growing, reflecting a de-
sire to reduce dependence on chemicals. At the same
time, drip irrigation technologies, which contribute to
more efficient use of water resources, are becoming
increasingly popular. Food waste is decreasing, which
may indicate improvements in logistics and processing.
All of these changes are aimed at increasing environ-
mental sustainability and more efficient use of natural
resources in agricultural production. In Kazakhstan’s
agricultural sector, the development of new agricultur-
al technologies is manifested through the introduction
of loT-based soil moisture monitoring systems, the use
of Netafim precision irrigation systems, and the use of
DJI AGRAS drones for the precise application of fertil-
isers and plant protection products. These technologies
reduce water consumption by 25-40%, and the dosage
of agrochemicals is optimised depending on the actual
soil conditions and phytosanitary status of the fields.
For instance, Zharkent Starch Packing Plant (n.d.) re-
corded an 18% reduction in mineral fertiliser costs and
a 12% increase in corn yields after implementing drone
monitoring and spot fertilisation.

As part of the transition to the sustainable use of
bioresources, the practice of using biodegradable fertil-
isers based on sapropel, peat and fermented plant res-
idues is actively developing. For example, BioFert (n.d.)
produces liquid organo-mineral fertilisers obtained
using anaerobic fermentation products, which not only
improve the physical and chemical characteristics of
the soil but also contribute to an increase in humus
levels. After two seasons of applying such fertilisers,
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Agrofarm (n.d.) increased the organic matter content of
the soil by 0.3-0.5%,which stabilised winter wheat yields
at over 42 c¢/ha.In addition to fertilisers, biological prod-
ucts based on Bacillus subtilis, Trichoderma harzianum
and Streptomyces spp. are actively used as substitutes
for chemical fungicides and pesticides in vegetable cul-
tivation. Research by the Institute of Soil Science and
Agrochemistry has shown that the use of these biolog-
ical products in greenhouse farms in the Almaty region
reduces tomato blight by 60% and increases the dry
matter content of fruits by 8-10%, which improves their
market quality. The use of organic fertilisers such as bi-
ohumus, compost from agricultural waste and ferment-
ed manure shows high carbon efficiency. For example,
at the Partner-Agro farm (n.d.), the use of compost from
plant residues reduced the carbon footprint per hectare
by 1.2 tonnes of CO, per season compared to tradition-
al nitrate fertiliser application. This approach not only
increases soil productivity but also contributes to the
environmental sustainability of agricultural landscapes.

The circular economy, or closed-loop economy, is
a model in which waste is recycled into resources, and
the production process becomes as sustainable and ef-
ficient as possible (Barros et al., 2023). This concept is
becoming increasingly relevant in the agro-industrial
complex, where traditional production methods often
lead to the generation of significant amounts of waste,
such as agricultural residues, packaging and chemical
emissions. The implementation of circular economy
principles in the agricultural sector contributes to a
significant improvement in the environmental situa-
tion, a reduction in losses and an increase in resource
efficiency. This not only minimises the negative impact
on the environment but also opens new prospects for
creating added value and sustainable growth in the in-
dustry (Table 2).
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Table 2. Circular economy and waste-free production in the agricultural sector of Kazakhstan

Metric 2021 2022 2023 2024

Share of recycled agricultural waste in agricultural production (%) 22% 23% 25% 30%
Volume of organic waste processed (million tonnes) 1.0 1.2 1.5 2.0

Number of enterprises that have implemented circular technologies 90 100 120 150
Level of utilisation of agricultural by-products (%) 55% 58% 60% 65%

Reduction of waste emissions in the agricultural sector (thousand tonnes) 250 270 300 350

Source: compiled by the authors based on the Ministry of Industry and Construction of the Republic of Kazakhstan (2024)

Improvement in the recycling and utilisation of ag-
ricultural waste is notable. The share of recycled waste
in agricultural production and the volume of organic
materials recycled have been steadily increasing, re-
flecting improved sustainable production and process-
ing practices in the agricultural sector. The growing
number of companies adopting circular technologies
also confirms the growing interest in closed production
cycles, which contributes to more efficient use of re-
sources and reduced waste. The increased use of ag-
ricultural by-products and reduced waste emissions in
the agricultural sector indicates improved environmen-
tal policies and the introduction of new technologies to
minimise environmental impact. These trends support
the transition of agricultural production to more sus-
tainable and environmentally friendly models.

One example of the implementation of circular
economy principles in Kazakhstan’s agro-industrial
sector is the construction of local biogas plants for the
processing of organic livestock waste. For instance, on
farms in the South Kazakhstan region, the company Zorg
Biogas (n.d.) has installed bioreactors with a capacity of
up to 300 m3, which use cattle manure and silage resi-
dues to produce methane. The biogas produced is used
to heat greenhouses and generate electricity, which has
reduced coal consumption by 40% during the heating
season. At the same time, methane emissions into the
atmosphere have been reduced, and energy costs have
been cut. Composting of organic residues is actively
used in agricultural enterprises in Central Kazakhstan.
For instance, KazAgro Green (n.d.) has implemented a

multi-stage system of crop residue processing, includ-
ing shredding, fermentation and maturation of compost
with the addition of EM crops. The resulting compost is
used on the fields as an organic fertiliser, which has re-
duced dependence on mineral fertilisers by 25% and in-
creased humus content by 0.4% over two years. This im-
proves the water-holding capacity of the soil and helps
to stabilise yields under changing climatic conditions.

Another important area is the production of biopol-
ymers from plant materials. In collaboration with sci-
entists from Nazarbayev University, the start-up Green-
Pack (n.d.) has developed biodegradable packaging
made from corn starch and sunflower husks, which is
used to pack seeds and vegetables. This material com-
pletely decomposes within 90 days in the soil, leaving
no toxic residues. Thanks to such projects, agribusiness-
es can simultaneously reduce dependence on plastic
packaging and their environmental footprint. Modern
biotechnologies are substantial in the transformation
of the agro-industrial complex, creating new oppor-
tunities to improve the quality of agricultural produc-
tion and increase its sustainability (Rosero-Delgado et
al., 2021). Genetic engineering, bio-fermentation, and
biocatalysis technologies significantly increase the
efficiency of the agricultural sector, making it more
adaptable to changing climate conditions, improving
product quality and reducing environmental impact.
These innovative approaches ensure the sustainability
of agriculture in response to global challenges such as
climate change, soil degradation and growing food de-
mand (Table 3).

Table 3. Application of biotechnology and reduction of carbon footprint in the agricultural sector of Kazakhstan

Metric 2021 2022 2023 2024
Share of genetically modified (GM) crops (in %) 5% 6% 7% 9%
Production of biotechnology products (million tonnes) 1.0 1.1 1.2 1.5
Reduced carbon footprint in agricultural production (million tonnes of CO,) 3 3.5 4 5
Use of biotechnology to increase yields (in %) 4% 5% 5% 6%
Reduced use of chemical fertilisers (in %) 3% 4% 4% 6%

Source: compiled by the authors based on the Ministry of Ecology, Geology and Natural Resources of the Republic of

Kazakhstan (2021)

There is a gradual increase in the use of biotech-
nology in agricultural production, which is reflected in
the growing share of genetically modified crops and
the production of biotechnology products. This not only

increases yields but also reduces the carbon footprint
of the agricultural sector, which has a positive impact
on environmental sustainability. The use of biotechnol-
ogy to increase yields and reduce the use of chemical

Scientific Horizons, 2025, Vol. 28, No. 5

133



134

Bioeconomy as a strategic direction...

fertilisers reflects the desire for more efficient and en-
vironmentally friendly agriculture. The introduction of
these technologies optimises production processes and
minimises the negative impact on the environment,
which is substantial in the sustainable development of
the agricultural sector. One of the most promising areas
of biotechnology in Kazakhstan’s agriculture is genetic
engineering aimed at creating stress-resistant crop va-
rieties. Since 2021, the KazAgroExpro project (n.d.) has
been developing drought-resistant maize and wheat
hybrids with integrated DREB1 and CBF genes that ac-
tivate plant defence mechanisms in the face of water
shortages and temperature changes. Field trials in the
Zhambyl region have shown that yields of these crops
remain at 45-48 cwt/ha at moisture levels below 60%
of the long-term norm. This minimises crop losses in
the context of climate change and reduces the need for
irrigation by 30-35%.

At the same time, the area of biofermentation is
developing, especially in livestock production. The
Agro-Bio-Auliekol feed mill (n.d.) in Kostanay region
has introduced technologies for the microbiological
conversion of grain processing waste into high-protein
feed additives with a crude protein content of up to
32%.The technology is based on microorganisms of the
genera Lactobacillus and Bacillus subtilis, which ferment
straw, molasses and meal. Thanks to these technolo-
gies, the company has reduced the purchase of soybean
meal by 22%, which has reduced total feed costs by 18%
per year. At the same time, biocatalysis is widely used
in the production of fermented premixes for ruminants.
The National Centre for Biotechnology (n.d.) in Astana
has developed enzyme complexes that promote the
breakdown of fibre in feed, increasing the digestibility
coefficient by 12-15%. This reduces concentrate con-
sumption, lowers methane emissions from the rumen
and improves feed conversion, which is important from
both an environmental and economic point of view.

The reduction of the carbon footprint is a key as-
pect of sustainable agricultural production, especially

considering that Kazakhstan’s agriculture generates
more than 15 million tonnes of CO, equivalents annual-
ly. Precision farming technologies play a significant role
in this context. In 2023, as part of the Digital Villages of
Kazakhstan programme, around 120 farms in the Pav-
lodar and Akmola regions gained access to Trimble GPS
navigation and loT sensors for measuring soil moisture
and composition. This has reduced the use of mineral
fertilisers by 20-25% and water consumption for irriga-
tion by 30%, which in turn has contributed to a reduc-
tion in greenhouse gas emissions of 1.7 million tonnes
of CO, equivalent per year (Digital Villages of..., 2020).
Alternative energy sources, including biogas plants and
solar panels, are also being actively introduced in the
agricultural sector. For example, Farmers of Chilik (n.d.)
in southern Kazakhstan use up to 40% of its electricity
from biogas plants powered by cattle manure. This re-
duced diesel fuel consumption by 9.2 tonnes per year
and CO, emissions by 110 tonnes. Solar panels installed
on the roofs of farm buildings generate an additional
22-25 kW of energy per day, which fully covers the en-
ergy needs for cooling and lighting systems.

In Western Kazakhstan, especially in the Ural and
Atyrau regions, organic farming based on the use of
green manure, manure, compost and crop rotation is
actively developing. According to the Ministry of Agri-
culture of the Republic of Kazakhstan (n.d.), the area
of certified organic land increased from 35,000 ha in
2020 to 58,000 ha in 2024, while the overall carbon
balance in these areas remains positive. The applica-
tion of ESG principles in the agricultural sector is be-
coming increasingly popular as companies and farms
realise that sustainable development contributes to
competitiveness and long-term stability. Examples of
ESG strategies implemented both in Kazakhstan and
abroad demonstrate marked improvements in environ-
mental sustainability,economic efficiency and social re-
sponsibility. These examples demonstrate how innova-
tion and responsible business practices can transform
the agricultural sector (Table 4).

Table 4. Successful cases of implementing ESG strategies in the agricultural sector

Case Technologies used Increa§ ein Savings Reduct.lor.I of Reducec! use Additional information
crop yields (percentage) €O, emissions  of chemicals
. o,
Kazakhstan: Precision farming, o 1.2/’ on o Reduced use of chemical
Olzha Agro S . 18% agricultural 20% s o
. minimal tillage . fertilisers by 20%
Holding chemicals
. Biodegradable o
Kazakhstan: ackaging. solar 30% on energy 259% 500 solar panels on 20
EcoMilk LLP packaging, costs ? farms
panels
Germany BASF Renewable energy 35.50% on . Processing of SQ thousand
sources, biogas L. 40% - tonnes of agricultural
programme electricity
plants waste per year
V,:itgsrrllizg:: a:rﬁd?r?i?:llcsigris 60% on >aves up to 95% of
. ap P y 20% > 30% water, reduces chemical
vertical farming for growing pesticides - o
consumption by 30%
technology vegetables

Source: compiled by the authors based on Olzha Agro (n.d.), EcoMilk (n.d.), BioEconomy Cluster (n.d.), L. Reiley (2023)
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An example of the implementation of ESG strat-
egies in Kazakhstan is the agricultural holding Olzha
Agro (n.d.), which in 2023 began using precision farm-
ing and minimum tillage systems. These innovations
have significantly reduced the use of chemical fertil-
isers and pesticides, which has contributed to an 18%
increase in yields. Thanks to the use of modern tech-
nologies, the agricultural holding saved 12% on agro-
chemicals, which not only reduced the environmental
burden but also improved the company’s financial per-
formance. This approach contributes to the sustainable
development of agriculture and reduces the negative
impact on the environment, in line with ESG principles.
Another successful example is EcoMilk (n.d.), an organ-
ic dairy producer that actively integrates sustainability
principles into its operations. The use of biodegrada-
ble packaging and solar panels on its farms has signif-
icantly reduced the company’s environmental footprint.
Thanks to these measures, the company has reduced
CO, emissions by 25% and cut energy costs by 30%.
These steps not only contribute to environmental pro-
tection but also reduce operating costs, which increas-
es the company’s competitiveness in the market.

International experience also demonstrates the
successful application of ESG strategies in the agri-
cultural sector. In Germany, the Bioeconomy Strategy
programme actively uses renewable energy sources
and biogas plants to process agricultural waste. These
innovations can significantly reduce energy costs by 35-
50%. In addition, the use of such technologies leads to
a 40% reduction in CO, emissions. This approach not
only reduces the carbon footprint but also increases
the energy independence of farmers, which contributes
to their economic sustainability. A vivid example of the
successful implementation of such technologies is the
BioEconomy Cluster (n.d.). The Netherlands is a leader in
the introduction of innovative technologies in agricul-
ture, and vertical farming is one of the most prominent
examples. Dutch farmers are actively using hydroponic
and aeroponic systems to grow vegetables, which saves
up to 95% of water, a critical resource in the context of
climate change and water shortages. The use of vertical
farms contributes to sustainable food production, reduc-
es water and fertiliser costs, and enables indoor vege-
table growth, minimising the need for pesticides and
chemicals. An example of the successful implementa-
tion of such technologies is Van der Knaap (Reiley, 2023).

Examples from Kazakhstan, Germany and the Neth-
erlands demonstrate how the implementation of ESG
principles in the agricultural sector not only increases
environmental sustainability but also improves eco-
nomic efficiency. The use of innovative technologies
such as precision farming systems, renewable energy
sources and the development of organic agriculture
ensures significant progress in reducing their carbon
footprint, increasing yields and reducing operating
costs. These examples are an important benchmark for
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other countries and companies seeking sustainable de-
velopment and innovative solutions in the agricultural
sector. The bioeconomy is a model of sustainable devel-
opment based on the efficient and rational use of re-
newable biological resources. The agro-industrial com-
plex offers many advantages, helping to balance the
environmental, economic and social aspects of agricul-
ture.The implementation of bioeconomic principles not
only reduces the negative impact on nature, but also
improves companies’ financial results, creates jobs and
develops rural areas. According to forecasts, by 2030,
the value of the closed-loop bioeconomy could reach
USD 7.7 trillion. At the same time, the World Bioecono-
my Forum estimates the value of the global bioecono-
my at USD 4 trillion, with a forecast of growth to USD
30 trillion or more by 2050 (Cano-Gomez et al., 2024).

One of the important aspects of the bioeconomy
in Kazakhstan’s agro-industrial sector is achieving envi-
ronmental sustainability by reducing the chemical load
on soil, water bodies and the atmosphere. For instance,
using biological products based on Trichoderma viri-
de and Bacillus subtilis on farms in the Akmola region
helped cut down on fungicide use by 30%, which led
to a 45% drop in wheat disease compared to control
plots. At the same time, the use of biodegradable or-
gano-mineral fertilisers produced from sapropel and
chicken manure on farms in the Karaganda region has
reduced nitrate content in the soil by 17% and im-
proved the phytosanitary condition of rapeseed crops
(Yerpasheva et al., 2022).

From a social perspective, the bioeconomy is sub-
stantial in the development of rural areas and the cre-
ation of new jobs. In 2023, 260 new jobs were created
in the fields of bioengineering, compost production
and organic fertilisers as part of the state programme
“Kacbin aybin”. A biogas plant using livestock manure
began operating in the Talas district, providing ener-
gy for 14 greenhouse farms and creating more than
40 jobs. At the same time, the development of organic
farming has encouraged young people to return to rural
areas, and in 2022-2024, 18% of agronomy graduates
started small farms using bioeconomic practices (Under
the “Green..., 2019). Thus, bioeconomy in the agricul-
tural sector of Kazakhstan emphasises the relationship
between environmental sustainability, economic bene-
fits and social integration of rural residents. Its imple-
mentation contributes to the creation of an adaptive
and efficient model of agricultural production that not
only reduces the burden on natural ecosystems but also
stimulates economic growth in the regions, improving
the quality of life in rural areas.

DISCUSSION

Bioeconomy, as a key area of sustainable development
in the agricultural sector, has become increasingly im-
portant. The study demonstrated that ESG principles
focusing on environmental, social and governance sus-
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tainability significantly affect the development of the
agricultural sector. Environmental practices, such as re-
ducing carbon footprint and rational use of natural re-
sources, improving the ecological situation and reduc-
ing environmental impact. Social initiatives, including
improving working conditions and creating new jobs,
are becoming the basis for social progress and improv-
ing the quality of life of rural residents. In addition, the
introduction of transparent management approach-
es improves trust between producers and consumers,
which has a positive impact on the economic situation
in the industry. This issue was also studied by B.Wang et
al. (2024), whose results confirmed that ESG strategies
play a key role in the development of the agro-industri-
al complex. They reduce the negative impact on the en-
vironment by introducing energy-efficient technologies
and reducing greenhouse gas emissions. In addition,
ESG-oriented companies have more opportunities to
attract investment and receive government subsidies.

P. Vrabcova and H. Urbancova (2023) also demon-
strated that sustainable business practices in agricul-
ture include the rational use of natural resources and
the use of precision farming technologies. The social
component of ESG aims to improve the working con-
ditions of farmers and support local communities. Ef-
fective ESG management increases the transparency
of supply chains and reduces the risks associated with
climate change. Notably, the implementation of ESG
strategies in the agricultural sector requires significant
investments and reworking of business models, which
can be difficult for small and medium-sized agricultur-
al enterprises (Hopka & Kovtun, 2024). However, in the
long run, such changes contribute to the sustainabil-
ity of agriculture by reducing dependence on climate
risks and fluctuations in resource prices. Furthermore,
consumers and investors increasingly prefer companies
that adhere to the principles of sustainable develop-
ment, making the ESG approach not only ethically jus-
tified but also economically beneficial.

The rational use of biological resources has be-
come a key factor in ensuring sustainability and in-
creasing crop yields (Khrystenko et al., 2025). The study
analysed new agricultural technologies, such as the use
of biodegradable fertilisers and biopreparations, which
contribute to improving plant resilience and protecting
them from disease. These innovative methods, includ-
ing environmentally friendly fertilisers, reduce the neg-
ative impact on the environment while increasing ag-
ricultural efficiency. Such practices are fully consistent
with the principles of sustainable development, provid-
ing long-term environmental and economic benefits.
D.Wang et al. (2023) concluded that the efficient use of
bioresources in agriculture is aimed at preserving eco-
systems and increasing productivity without depleting
natural resources. This includes crop rotation, organ-
ic farming and the use of biological plant protection
methods. These approaches help restore soil fertility
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and reduce the negative environmental impact of the
agricultural sector.

E. Duncan et al. (2021) determined that innovative
agricultural technologies, including precision farming,
biotechnology and automation, contribute to more effi-
cient use of resources. Drones and sensors can be used
to monitor the condition of crops and optimise irriga-
tion and fertiliser management. The introduction of
digital solutions reduced costs, increased yields and im-
proved the resilience of agriculture to climate change.
The findings confirm the results of previous studies,
showing that innovative agricultural technologies do
indeed contribute to more efficient use of biological
resources. Precision farming and biological plant pro-
tection methods help minimise losses and reduce en-
vironmental impact. As a result, agricultural enterprises
not only gain economic benefits but also achieve long-
term environmental sustainability, which correlates
with the principles of rational use of natural resources.

The circular economy and zero-waste production
have become key trends in the agricultural sector (Ci-
uta et al., 2024). Recycling of agricultural waste, such as
biogas, composting and feed additives, contributes to
the efficient use of resources, reducing waste and the
negative impact on the environment. The use of agri-
cultural by-products in the production of biofuels and
biopolymers also reduces dependence on fossil ener-
gy sources and promotes the development of environ-
mentally friendly technologies (Shumka et al., 2021).
Such approaches not only increase economic efficien-
cy but also significantly strengthen the environmental
sustainability of agribusiness. The study by L. Rojas et
al. (2022), emphasising that the circular economy in
the agro-industrial complex prioritises minimisation of
waste and maximising the use of by-products, is note-
worthy. In agriculture, this is manifested in the process-
ing of organic waste into biochar, biogas or compost,
which helps to reduce the environmental impact. This
approach not only helps farmers reduce costs but also
contributes to the creation of closed production cycles,
increasing the sustainability of the agricultural sector.

A.Taghizadeh-Alisaraei et al. (2023) concluded that
zero-waste production in agriculture is based on the
full use of resources and the recycling of by-products.
For instance, straw is used to produce feed, fertiliser
or biofuel, and food waste is processed into feed or
organic fertiliser. The introduction of such technolo-
gies reduces the negative impact on the environment
and increases the profitability of agricultural produc-
tion. These results confirm the conclusions outlined in
the previous section, as the circular economy and zero
waste production not only reduce resource waste but
also increase the efficiency of the agricultural sector.
Examples of successful use of by-products show that
closed production cycles can reduce costs and improve
the environmental sustainability of agriculture (She-
banin et al., 2024). Thus, the introduction of circular




economy principles in the agricultural sector is a key
factor for increasing the competitiveness and sustaina-
ble development of the industry.

The use of biotechnology, such as genetic engi-
neering and biofermentation, has proven to be a crucial
factor in increasing the resilience of crops to various
stresses, including drought and disease. Studies have
shown that the introduction of new plant varieties
adapted to adverse conditions, as well as the devel-
opment of new types of feed, fertilisers and food ad-
ditives using biocatalysis, improves production results
and contributes to the sustainability of the agricultural
sector. These biotechnological innovations have signif-
icantly increased both agricultural efficiency and food
security. A. Tyczewska et al. (2023) confirmed that bi-
otechnology in the agricultural sector contributes to
increased yields, improved plant resistance to stressful
conditions and reduced need for chemical fertilisers.
Modern methods, such as biofermentation and the use
of beneficial microorganisms, help to improve soil con-
ditions and protect crops from diseases. These technol-
ogies not only increase agricultural productivity but
also contribute to its environmental sustainability.

R.Govindasamy et al.(2022) also concluded that ge-
netic engineering and biofermentation are key in creat-
ing new plant varieties with improved characteristics,
as well as in developing more efficient methods of bio-
mass processing. Genetic modification makes it possible
to create crops that are resistant to drought, pests and
diseases, which helps to reduce crop losses. Biofermen-
tation, in turn, is used to produce biofertilisers, biofuels
and fermented feed, which contributes to more efficient
use of resources in agriculture. Comparing the data ob-
tained during the research, it can be noted that biotech-
nology is an important factor in improving the efficien-
cy and sustainability of the agricultural sector. Genetic
engineering and biofermentation not only improve the
characteristics of crops but also help reduce the use of
chemical fertilisers and pesticides. This improves pro-
ductivity while reducing the environmental footprint.

Reduction of the carbon footprint has become a key
aspect of the sustainable development of the agricul-
tural sector. The introduction of precision farming tech-
nologies, including the use of drones, loT and Big Data,
has significantly reduced the consumption of resources
such as water, fertilisers and energy. This has not only
reduced carbon emissions but also increased economic
efficiency by cutting costs. The development of organic
farming and the use of alternative energy sources, such
as solar panels and biogas plants, have become addi-
tional measures to reduce carbon emissions and mit-
igate climate impact. J. Rajakal et al. (2021) concluded
that reducing the carbon footprint in the agricultural
sector is achieved by optimising production processes,
using renewable energy sources and reducing green-
house gas emissions. The introduction of precision
farming technologies, the use of biological fertilisers
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and energy-saving equipment helps to reduce the neg-
ative impact on the environment. In addition, carbon
farming practices, such as green manure and minimum
tillage, improve CO, sequestration.

U. Bhatti et al. (2024) noted that the greening of
agriculture is aimed at creating a balance between
agro-industrial processes and natural ecosystems. This
includes the use of organic fertilisers, the reduction of
chemicals and the introduction of conservation tech-
nologies. Such approaches not only preserve biodiver-
sity but also increase the resilience of the agricultur-
al sector to climate change. The analysis of the study
results demonstrated that the reduction of the carbon
footprint and greening agriculture are important com-
ponents of the sustainable development of the agro-in-
dustrial complex. The introduction of environmentally
friendly technologies and the use of alternative energy
sources leads to a significant reduction in greenhouse
gas emissions and improved soil conditions (Parkhom-
ets et al., 2023). Thus, the transition to more environ-
mentally friendly agricultural practices not only reduc-
es the negative impact on the environment but also
contributes to improving the economic efficiency of the
agricultural sector.

The benefits of the bioeconomy for the agricultural
sector include improved environmental sustainability,
increased economic efficiency and social relevance. En-
vironmental benefits, such as reduced soil, water and
air pollution, contribute to improving the environment
and preserving natural resources. Economic efficiency is
achieved by reducing the cost of raw materials and en-
ergy resources, which strengthens the competitiveness
of enterprises. The social significance of the bioecon-
omy is manifested in the creation of new jobs and the
improvement of the lives of rural residents, which is a
key element of sustainable development and social sta-
bilisation. All these factors underline the role of the bi-
oeconomy as a strategic direction for the long-term sus-
tainable development of the agro-industrial complex.

CONCLUSIONS

The results of the study demonstrated that the bioecon-
omy is an important aspect of the sustainable develop-
ment of the agricultural sector. Implementation of ESG
strategies in the agricultural sector helps to reduce the
carbon footprint, efficiently use natural resources and
improve the social responsibility of business. By follow-
ing ESG principles, companies gain competitive advan-
tages, strengthen investor and consumer confidence,
and increase their economic sustainability. The ration-
al use of biological resources contributes to increased
agricultural productivity while reducing environmental
impact. The use of biodegradable fertilisers and bio-
preparations improves soil quality and reduces water
and air pollution. The circular economy and waste-free
technologies for processing agricultural waste create
added value, including biogas, biofuels and organic
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fertilisers. The use of biotechnology, such as genetic
engineering and biofermentation, contributes to the
creation of plant varieties that are resistant to stress
factors and to the development of innovative feeds and
fertilisers. These technologies increase yields, reduce
the need for chemicals and reduce the cost of agro-
chemicals. The use of precision farming, drones and loT
technologies helps to use resources efficiently, and the
transition to renewable energy sources reduces the en-
vironmental impact of agriculture on the climate.

In Kazakhstan, the area of agricultural land desig-
nated for sustainable farming increased from 43 million
hectares to 47 million hectares, and the use of organic
fertilisers increased from 5% to 7%. The area covered
by drip irrigation increased from 1.5 million hectares
to 3 million hectares. Food losses decreased from 16%
to 13%. The share of recycled waste in agricultural pro-
duction increased from 22% to 30%, and the volume of
recycled organic waste increased from 1 to 2 million
tonnes. In the biotechnology sector, the share of genet-
ically modified crops increased from 5% to 9%, and the
carbon footprint decreased by 5 million tonnes of CO,.
Examples from Kazakhstan, Germany and the Nether-
lands show that the bioeconomy increases the efficiency

of agriculture and reduces its environmental footprint.
Olzha Agro reduced chemical use and increased yields
by 18%, while EcoMilk reduced CO, emissions by 25%.
In Germany, biogas plants have reduced energy costs
by 50%, and in the Netherlands, vertical farms have re-
duced water consumption by 95%. These technologies
make the agricultural sector sustainable and competi-
tive. The long-term impacts of biotechnology on agro-
ecosystems and socio-economic development in rural
areas are not well understood, which is a limitation of
this study. To determine the economic efficiency of bio-
economic technologies, additional research is required
in different climatic and geographical conditions.
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AHoTauif. [locnifKeHHs CNpsMOBaHe Ha BUSIBNEHHS K/IOYOBUX MPUHLMMIB BIOEKOHOMIKM Ta iXHbOro BMAMBY
Ha eKOJOriYHy, eKOHOMIYHY Ta CoUiaNbHY CTiVKiCTb arponpoMMCIOBOro Komnaekcy. Iig vyac pocnigpxkeHHs 6yno
npoBefeHO KOMMIEKCHUIM aHani3 HasBHMX MNPaKTMK 3acTocyBaHHa Environmental, Social, Governance (ESG)-
cTparTeriv i 6i0eKOHOMIKM B arponpoMMUCI0BOMY KOMMIEKCH, BKTHOYHO 3 BUBYEHHAM YCMiLUHUX KEMCiB | NOPIBHANbHUM
aHaNi3oM ePeKTUBHOCTI BMPOBALXKEHHS iHHOBALIMHUX TexHonorii. [ig yac npoBefeHOro LOCNIgXKEHHS 6yno
BCTAQHOBMEHO, WO BMPOBAMXEHHS MPUHLMMNIB Oi0EKOHOMIKM B arponpoMMCIOBMIA KOMMAEKC iCTOTHO CMpUSE
3MiLLHEHHIO CTIMKOCTI Ta NiABULLEHHIO edeKTUBHOCTI CiNbCbKorocnoaapcbkoro cektopy. Y nepiog 3 2021 no 2024
piK CnocTepiranocs 3poCTaHHA NAOLL, L0 BUKOPUCTOBYHOTLCA ANS CTaNoro 3eMnepobcrea - 3 43 0o 47 MAH rektapis,
a TaKoX 36iNblUEHHS YacTKM OpraHiyHux 0o6puMB y 3aranbHoMy 06cs3i — 3 5 % o 7%. BukopucraHHs kpanenbHOro
3pOLLIEHHS TakoX 3pocno - 3 1,5 1o 3 MaH rektapis. [lapanensHo 3 UMM BiabYN0Csa 3HUXKEHHS NPOLOBOAbYMX BTPAT B
arpocekTopi 316 % no 13 %, a echekTUBHICTb BUKOPUCTAHHSI BOGHMX pecypciB 36inblumnnacs 3 3,5 go 4 km3. Po3sutok
LMPKYNSPHUX TEXHONOTiM NPUHIC MOMITHI pe3ynbTaTi: YacTka nepepobneHnx BiAXOAIB B arpoBMpoOHUUTBI 3pocna
322 % no 30 %, a KinbKicTb NiANPUEMCTB, LLLO 3aCTOCOBYHOTb TaKi pilleHHs, 36inbwmnaca 3 90 go 150. 3acTocyBaHHS
6i0TEXHONOTIM TAaKOX CMPaBWIO MO3UTUBHMI BNAMB — YacTka TM-kynbTyp 3pocna 3 5 % no 9 %, a Byrneuesui
cnig 6yno ckopoyeHo 3 5 0o 3 mMnH ToHH CO,. BuBYeHHA ycniwHoro BnposamxeHHsa ESG-niaxonis B arpobisHeci,
30kpeMa B KasaxcTaHi, HiMeuunHi Ta HigepnaHgax, 3acBigumno 3HMXKEHHS 3aCTOCYBaHHA XiMiuHMX [06pUB,
NoNIMLWeHHs AKOCTI NPOAYKLIT Ta 3MEHLEHHS BUKUAIB MapHUKOBMX rasis. Hanpuknaa, arpoxonguur «Omka Arpo»
3HM3MB BUKOPWUCTAHHS arpoxiMikaTiB Ha 12%, [OMIrLMCE NPU LLbOMY 3pOCTaHHS BpOXanHOCTI Ha 18 %. A koMnaHis
«EcoMilk» 3aBAsKM BUKOPUCTaHHIO BIOPO3KNAAHOr0 MAaKOBAHHA Ta BCTAHOBIEHHIO COHAYHMX NaHenen ckopoTuna
Buknan CO, Ha 25 %. 3aranoMm, pesynbtaTi aHanisy NiaTBepAMAM 3HAYYWICTb iHTerpauii 6ioekoHoMiuHux Ta ESG-
NPUHLMNIB ANS CTaNOro po3BUTKY arponpoOMMCIOBOro KOMMAEKCY Ta MiABULLLEHHS MOro COLianbHOI 3HAYYLLOCTI

KniouoBi cnoBa: ekonoriyHuii cnif; TouHe 3eMnepobCTBO; LMPKYNSpHA eKOHOMIKa; biodepmeHTauia; ESG-cTparerii
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tonnes of corn, 149 million tonnes of barley and 57 million tonnes of sunflower seeds, led by China, the US, the EU
and Ukraine.The study determined that in Ukraine, the war reduced the area under crops from 15.4 million hectares
in 2021 to 9.1-10.2 million hectares in 2024, while yields reduced from 47.8 hwt/ha in 2021 to 38.3 hwt/ha in
2022, before recovering to 43.8 hwt/ha in 2023. The study also determined that exports decreased from 85 million
tonnes (in the 2021/22 marketing year) to 46-50 million tonnes (2022/23) but increased to 67.4 million tonnes
(2023/24) thanks to the Solidarity Roads and the humanitarian corridor. Analysis of wheat prices determined that
the price ranged from 6000-6500 UAH/t (USD 210-230/t FOB) in 2020/21 to 5500-6000 UAH/t (USD 200-220/t) in
2022/2% and 8191-9500 UAH/t (USD 220-250/t) in 2024. The sector's losses included machinery (4.7 billion USD)
and irrigation (225 million USD), while logistics costs increased by 30-50%, affecting global prices (12-13 USD per
bushel for wheat in 2022, 8-9 USD in 2024). The analysis of the prospects for the development of the Ukrainian
grain market after the war found that the restoration of infrastructure worth 29 billion USD, modernisation of
elevators, expansion of markets to the EU, Africa and Asia, as well as investments supported by international
organisations and the World Bank will return exports to 85 million tonnes and potentially reach 100 million
tonnes annually, strengthening Ukraine's role in global food security
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sector

INTRODUCTION

Agriculture, in particular the grain sector, is the back-
bone of Ukraine’s economy and is key in ensuring glob-
al food security, which determines the relevance of an
analysis of its state and prospects in the context of a
full-scale Russian invasion that began in 2022. The war
caused significant losses in agricultural infrastructure,
a reduction in acreage, disruption of supply chains, and
a drop in exports, which not only weakened Ukraine’s
position on the global market but also exacerbated
the problem of access to grain in countries in Africa,
Asia, and the Middle East that depend on its supplies
(Panfilova et al., 2025). At the same time, the resilience
of Ukraine’s agricultural sector, adaptation to wartime
conditions, and support from international organisa-
tions open up prospects for recovery and modernisa-
tion after the war, which requires a detailed study of the
current state, assessment of losses, and forecasting of
future development to identify strategies that could re-
turn Ukraine to its pre-war status as one of the world’s
leading grain exporters.

One of the main challenges is the lack of studies
that comprehensively cover the impact of the war on
the grain market and offer specific recovery scenarios.
L. Osipova (2022) noted that the war caused a signif-
icant reduction in grain exports, but the analysis was
limited to general data, without a detailed consideration
of logistical changes and their impact on pricing, and
forecasts for post-war development. I. Lynnyk (2024) as-
sessed the loss of infrastructure, such as elevators and
ports, noting their importance to the sector, but with-
out the potential of alternative routes and the role of
international support, which reduces its practical val-
ue. L. Pobochenko et al. (2023) highlighted changes in
global grain trade due to the war, noting the critical
importance of Ukraine in these processes, but ignoring
the impact on domestic prices and prospects for market
expansion, leaving gaps in the analysis of local factors.

Another important aspect of highlighting the im-
pact of the war in Ukraine on food security in the world,
as well as determining its investment potential and
the role of international organisations in the recovery
of the agricultural sector, requires additional research
to fully understand the prospects. X. Wang et al. (2023)
analysed global grain trends, which traced the impact
of external market factors on trade, but without consid-
ering the specifics of the war in Ukraine, in particular its
impact on the processing industry and domestic logis-
tics, which reduces the relevance to the local context.
A.Abu Hatab (2022) analysed in detail the impact of the
war on food security in Africa, highlighting the glob-
al consequences of the decline in Ukrainian exports,
but not the prospects for the recovery of these exports
and adaptation to new conditions, leaving gaps in the
analysis of future development.T. Ben Hassen and H. EL
Bilali (2022) assessed the impact of the war on glob-
al food security in detail, providing a valuable basis
for analysis, but without a detailed analysis of global
trends in world trade, leaving the overview incomplete
for assessing post-war prospects.

Another important aspect is the insufficient cov-
erage of global trends in the grain sector related to
geopolitical factors and their impact on trade flows
(Cheremisina et al., 2025). A. Lukyanova and A. Zeynal-
ov (2022) discussed in detail the redistribution of grain
markets due to sanctions against Russia, assessing new
opportunities for other exporters, but they do not ad-
dress the long-term consequences of these changes
for importing countries, which limits their predictive
depth. S. Nate et al. (2024) analysed the impact of ge-
opolitical tensions on logistics in the Black Sea region,
emphasising its importance for global supply, but not
considering the potential of alternative logistics cor-
ridors outside the region, which narrows the scope of
the results. L. Liu et al. (2023) analysed the growth of
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competition between key grain exporters such as Ar-
gentina and Brazil during the crises, but did not address
the role of developing countries as new players in the
market, which reduces the completeness of the findings.

The study aimed to provide a comprehensive analy-
sis of the Ukrainian grain market, incorporating chang-
es in the global grain sector in 2020-2024. To achieve
this goal, several key tasks were set, including: study-
ing the dynamics of production, exports and prices for
major grains (wheat, corn, barley) and sunflower seeds
in the world and Ukraine, analysing the impact of the
war on these indicators; assessing direct losses of the
Ukrainian agricultural sector and changes in global
grain logistics caused by the conflict; developing sce-
narios for the post-war recovery of the Ukrainian mar-
ket, addressing the role of infrastructure, investment
and international support, as well as the state of the
industry and its potential in the future.

MATERIALS AND METHODS

The methodology of this study was based on a com-
prehensive approach to the analysis of the Ukrainian
and global grain market for the period of 2020-2024,
emphasising the impact of the war on the Ukrainian
agricultural sector and its development prospects. To
achieve these goals, various sources of information,
methods of data collection, data processing and analy-
sis were used, ensuring the objectivity and reliability of
the findings. The main principles of the study were sys-
tematic, comparative analysis and synthesis of quanti-
tative and qualitative data, adapted to the specifics of
the subject of the study - grain production, logistics,
prices and trade relations.

The information base is based on official reports
of international organisations, in particular the Food
and Agriculture Organisation (n.d.a; n.d.b; 2024; 2025),
as well as data from the U.S. Department of Agricul-
ture (2025a; 2025b) and FAOSTAT statistical databas-
es (n.d.). For the analysis of the Ukrainian market, it was
used the materials of the Ministry of Agrarian Policy
and Food of Ukraine (n.d.), as well as estimates of loss-
es in the agricultural sector by the Kyiv School of Eco-
nomics (Neyter et al., 2024) and the World Bank (2025).
Additionally, analytical reports from private agricul-
tural companies such as UkrAgroConsult (n.d.) and Su-
perAgronom (n.d.) were used to provide data on prices,
yields and logistics on the domestic market. Primary
data was supplemented with information from open
sources - press publications, and regulatory docu-
ments, such as Communication from the Commission
to the European Parliament, the Council, the European
Economic and Social Committee and the Committee of
the Regions No. COM/2022/217 “An Action Plan for EU-
Ukraine Solidarity Lanes to Facilitate Ukraine’s Agricul-
tural Exports and Bilateral Trade with the EU” (2022).
To update the information for 2024, preliminary fore-
casts and press releases from the Ukrainian Grain

Scientific Horizons, 2025, Vol. 28, No. 5

Association and the U.S. Department of Agriculture
were used, given that full annual reports were not yet
available as of February 2025.

Data was collected through a systematic review of
statistical reports and databases available online, fol-
lowed by verification through cross-checking sources.
Forexample,global grain production figures for 2022/23
and 2023/24 were taken from the Food and Agriculture
Organisation and the U.S. Department of Agriculture
and then updated through FAOSTAT to ensure con-
sistency of figures. For Ukraine, data on planted areas,
yields, and exports for 2020-2024 were collected from
official reports of the Ministry of Agrarian Policy and the
Ukrainian Grain Association,supplemented by estimates
of war losses by the Kyiv School of Economics (Neyter et
al., 2024). Prices for cereals and sunflower seeds were
based on weighted averages from UkrAgroConsult and
SuperAgronom reports, incorporating the exchange
rate (27-40 UAH/USD for the period) and logistics costs
obtained from the Grain Corridor and Solidarity Roads
publications. In cases of discrepancies (for example,
between the export estimates of the U.S. Department
of Agriculture and the Ukrainian Grain Association for
2023/24), the average value was preferred. For the
qualitative analysis of the prospects, the method of ex-
pert estimates based on the forecasts of the World Bank
and the Food and Agriculture Organisation was used.

Data processing included quantitative and quali-
tative analysis. Quantitative indicators, including pro-
duction volumes, planted areas, yields, exports, and
prices, were systematised in tables and converted into
percentages to compare the contribution of individual
countries (e.g. Ukraine’s share of global corn exports)
or dynamics over the years. For this purpose, statistical
processing methods were used: calculation of averag-
es, determination of price ranges and trend-based fore-
casting. Currency conversions were made based on the
official exchange rate of the National Bank of Ukraine
for the respective years (27-28 UAH/USD in 2020-2021,
36-38 UAH/USD in 2022-2023, 38-40 UAH/USD in
2024). The qualitative analysis included an assessment
of logistical changes, infrastructure losses (machin-
ery, irrigation), and development prospects, for which
a synthesis and summary of information from various
sources were used. Data on prices on global markets
were taken from the Chicago Mercantile Exchange and
correlated with Ukrainian conditions.

The analysis was conducted in several areas. The
comparative method was used to compare Ukraine’s
performance with that of global leaders (China, the
US, and the EU). Historical analysis traced the dynam-
ics of sown areas and prices. A systematic approach
was used to assess the relationship between logistics,
prices and markets. The forecasting method was based
on data extrapolation and estimates of internation-
al organisations. Scenario analysis was used to draw
qualitative conclusions about development prospects:




infrastructure rehabilitation, market expansion and the
role of the Food and Agriculture Organisation were as-
sessed through potential development scenarios. All
methods were combined to create a holistic picture
adapted to the conditions of war and post-war recovery.

RESULTS

The global grain trade is a strategically important seg-
ment of the agricultural economy that determines food
security, influences macroeconomic indicators of coun-
tries and shapes the balance of power in international
trade relations. In 2020-2024, the global grain market
will show steady growth driven by several factors. First-
ly, there is a steady increase in the global population,
which stimulates the growth of demand for food. In
addition, changes in consumption patterns in many
countries, including increased demand for meat and
dairy products, have increased the need for feed grains.
The dynamics of global grain production in 2020-2024
were characterised by overall growth, although there
were periodic declines due to adverse weather con-
ditions, political factors and logistical problems. The
total grain production in the 2023/24 marketing year
reached 2.854 billion tonnes, slightly higher than the
average for the last five years (2.7 billion tonnes) and
the previous year (2.8 billion tonnes). One of the key
trends is the strengthening of the position of major
producers such as the US, China, Brazil, India and the
EU, which together account for about 70% of global
production of major grains (Fig. 1).

China
USA
mEU
M India
M Brasil
Ukraine
H Other countries

27.30%

15.70%

Figure 1. Leading countries
in grain production (2023/24 marketing year)
Source: compiled by the authors

Wheat remains one of the most important crops in
the world, key in meeting the food needs of billions of
people, through its use in the production of bread, flour
products and other staple foods (Panfilova et al., 2023).
In the 2023/24 marketing year, global wheat produc-
tion reached 789.8 million tonnes, one of the highest
levels on record, reflecting sustained growth driven
by improved agricultural technologies and favourable
weather conditions in several regions (Fig. 2).

China remains the leading producer, annually sup-
plying around 135 million tonnes of wheat, which ac-
counts for a significant portion of its domestic food

Panfilova et al.

market, although the country is rarely a major exporter.
The EU, with 125 million tonnes of wheat, is second,
being substantial in both domestic supply and exports,
particularly to North Africa and the Middle East. In-
dia, with 108 million tonnes, ranks third, demonstrat-
ing steady production growth to meet the needs of its
huge population and build up strategic reserves. This
trend is affecting traditional trade routes, forcing pro-
ducers to adapt to new market conditions that include
both logistical challenges and price fluctuations due
to geopolitical factors and climate change. Corn also
remains one of the most important cereals, playing an
indispensable role in both the food and feed industries,
where it serves as the main source of energy for live-
stock and poultry, as well as a feedstock for bioethanol
and other industrial products (Bulgakov et al., 2020).
In the 2023/24 marketing year, global corn production
reached an impressive 1.22 billion tonnes, reflecting
steady growth driven by both higher yields thanks to
modern technologies and expanding acreage in key re-
gions (Fig. 3).

China
EU

M India

m USA

H Canada
Australia

m Pakistan
Ukraine

H Other countries

17.10%

2.60%

3.40%

4.10%
4.30%

Figure 2. World leaders
in wheat production (2023/24 marketing year)
Source: compiled by the authors
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Figure 3. World leaders
in corn production (2023/24 marketing year)
Source: compiled by the authors

The United States remains the undisputed lead-
er in this area, with an annual corn harvest of more
than 383 million tonnes, accounting for almost a third
of global production; a significant portion of this vol-
ume is used for domestic consumption, particularly
in the livestock and biofuel industries, and the rest is

Scientific Horizons, 2025, Vol. 28, No. 5

145



146

Trends in global grain and seed trade...

exported, strengthening the US position in the global
market. China, with 279 million tonnes, is the second
largest producer, but its production is mainly focused
on domestic needs, particularly the rapidly growing
livestock industry, which supports demand for feed, as
well as food and industrial purposes, and therefore the
country exports only a small part of the harvest (Ku-
lazhanov et al., 2024). Brazil, with 137 million tonnes,
and Argentina, with 55 million tonnes, have seen signif-
icant production increases, thanks to the expansion of
cultivated areas in favourable climates, the introduction
of advanced agricultural technologies such as precision
farming and drought-resistant hybrids, and improved
infrastructure for grain storage and transportation.
These South American countries are not only meeting
their demand, but are also increasingly competing on
the international market, supplying corn to Asia, Africa
and Europe, which strengthens their position as leading
players in global trade in this crop.

Barley is significant among cereals, remaining an
indispensable component of global trade due to its
wide use in the food industry, in particular to produce
malt, beer and some types of bakery products, and in
the feed sector, where it is an important source of nu-
trients for livestock and poultry. In the 2023/24 market-
ing year, global barley production reached 149 million
tonnes, reflecting stable demand for the crop and its
adaptability to different climatic conditions (Fig. 4).

EU
Australia
m Canada
B Ukraine
m Other countries

Figure 4. World leaders
in barley production (2023/24 marketing year)
Source: compiled by the authors

The EU remains the leading barley producer, with
52 million tonnes of barley, thanks to countries such
as Germany, France and Spain, where advanced farming
techniques and favourable weather conditions contrib-
ute to high yields; much of Europe’s barley is used for
domestic consumption, particularly in brewing, and for
export. Australia, which harvested 13 million tonnes,
benefits from an arid climate ideal for barley cultivation
and is a key exporter focused on Asian markets such
as China and Japan. Canada, with 10 million tonnes, is
known for its high-quality barley, which is in demand
in the North American brewing industry and beyond,
making it a consistent leader. Despite the war, Ukraine
has managed to produce about 6 million tonnes of
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barley, although this is less than pre-war levels; its con-
tribution is still valuable, especially for exports to the
Middle East. Barley is a strategically important export
product, particularly for countries such as Saudi Arabia,
where it is in steady demand in the feed industry for
livestock feeding and in processing, which maintains its
importance on the global market even in the face of
competition from other cereals.

Sunflower seeds have a special place in the agri-
cultural sector due to their key role in the production of
sunflower oil - a strategic product that is not only a sta-
ple of the food basket in many countries, but also an im-
portant component in cosmetics, pharmaceuticals and
other industries, making it economically significanton a
global scale.In the 2023/24 marketing year, global sun-
flower seed production reached 57 million tonnes, re-
flecting stable demand for the crop and its adaptability
to different agricultural and climatic conditions (Fig. 5).

21.10% Ukraine
Argentina
5.30% W EU
B Tyrkey

B Other countries

3.50%

Figure 5. World leaders
in sunflower seed production (2023/24 marketing year)
Source: compiled by the authors

Analysing the top sunflower seed producing coun-
tries, it is worth noting that over 21% of this volume
is accounted for by Ukraine, which holds a dominant
position in the global market due to its fertile soils,
large, planted areas and developed processing infra-
structure. Despite the substantial challenges posed by
the war, including the occupation of some agricultural
land and disruption of supply chains, Ukraine managed
to harvest around 12 million tonnes of sunflower seeds,
an achievement made possible by the resilience of the
agricultural sector and its focus on growing this high-
ly profitable crop, which provides a significant portion
of the country’s foreign exchange earnings through the
export of sunflower oil - a product in demand in Eu-
rope, Asia and the Middle East.

Concerning Ukraine’s position on the global market,
Ukraine has traditionally been one of the key players on
the global grain market, playing an important role in
ensuring global food security. Thanks to its fertile black
soil, which covers a large part of the national territory,
and favourable climatic conditions for growing grain
crops such as wheat, corn and barley, Ukraine is consist-
ently among the leading exporters of these products




(Pichura et al., 2024). Despite the challenges posed by
the full-scale invasion in 2022, the country has man-
aged to maintain its position on the international stage
by adapting to the new conditions through alternative
logistics routes and support from international part-
ners. In the 2023/24 marketing year, Ukraine exported
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over 67.4 million tonnes of grains and oilseeds, which
is a significant figure given the temporary occupation
of some agricultural land and disruption of tradition-
al export routes through the Black Sea. The dynamics
of crop areas in Ukraine have undergone significant
changes due to the war and economic factors (Fig. 6).

19.3
==@==(Grain crops

Total area (grains and oilseeds)

2023/24

Figure 6. Dynamics of grain crops planted areas in Ukraine, million ha (2020-2024)
Source: compiled by the authors based on the Ministry of Agrarian Policy and Food of Ukraine (n.d.)

In the pre-war period, Ukraine demonstrated im-
pressive results in the agricultural sector, particularly
in 2021, when the country achieved a record harvest
of 100 million tonnes of grain and oilseeds, made pos-
sible by the expansion of grain crop acreage to over
15 million hectares, and the total area under crops to
24.9 million hectares. This success was due to optimal
weather conditions, high yields, and access to resourc-
es such as fertilisers and machinery, which enabled
the fertile black soil to be used to its full potential.
However, Russian full-scale invasion in February 2022
drastically changed the situation: the area under grain
crops reduced substantially to 11-12 million hectares,
which is 10-22% less than in 2021, depending on the
region and estimates (Food and Agriculture Organisa-
tion (n.d.a; n.d. b) and the Ukrainian Grain Association
indicate a range of reductions). The main reasons were
the temporary occupation of approximately 20% of ag-
ricultural land (about 5 million hectares), the mining
of fields, and logistical disruptions that hampered the
spring sowing campaign, especially for spring crops
such as maize and barley. In 2023, Ukrainian farmers
managed to partially adapt to the war conditions, re-
storing grain crops to approximately 11 million hec-
tares, although the total area under all crops was

2020/21

2021/22

2022/23

2023/24

o

10 20 30

19.3 million hectares; however, significant areas of
over 174,000 km? remained mined, and 109,000 km?
were under occupation, limiting access to land, espe-
cially in the east and south of the country, where crops
were traditionally grown. km? remained mined, and
109,000 km? were under occupation, limiting access to
land, especially in the east and south of the country,
where a significant part of the grain was traditional-
ly grown. For 2024/25, a reduction in the area under
grain crops, in particular winter wheat, to 9.1-10. This
shift in crop structure is a strategic response by farm-
ers to high global prices for oilseeds (e.g., sunflower
oil remains a key export product). This shift in the crop
structure is a strategic response by farmers to high
global prices for oilseeds (for example, sunflower oil
remains a key export product) and to the difficulties in
grain exports, which require larger volumes and more
stable transport access. As a result, sunflower acre-
age in 2024/25 may remain at 4.8-5 million hectares,
while soybean and rapeseed acreage may increase to
1.6-1.8 million hectares and 1.5-1.6 million hectares,
respectively, reflecting farmers’ desire to maximise
profits amid uncertainty and war. Notably, grain and
oilseed yield in Ukraine are stable even under difficult
conditions (Fig. 7).

B Wheat
Corn
Barley
B Sunflower seeds

50 60 70 t/ha

Figure 7. Dynamics of grain and sunflower yields in Ukraine, t/ha (2020-2024)
Source: compiled by the authors based on the Ministry of Agrarian Policy and Food of Ukraine (n.d.)
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In 2022/23,the Ukrainian agricultural sector faced
unprecedented challenges due to Russia’s full-scale
invasion, which began in February, as well as unfa-
vourable weather conditions, particularly drought in
the southern and eastern regions, which further com-
plicated the cultivation of grain crops. Despite this,
the average grain yield was 3.83 t/ha, which was sig-
nificantly lower than the pre-war level of 2021 (4.78 t/
ha), but still demonstrated the resilience of farmers in
extreme conditions. Wheat yielded about 3.78 tonnes
per hectare, maize 4.76 tonnes per hectare, and barley
3.35 tonnes per hectare, but the gross harvest of cere-
als and oilseeds reduced to 56 million tonnes, of which
cereals accounted for approximately 53.1 million
tonnes. In 2023/24, the situation improved slightly as
farmers adapted to the realities of war. They optimised
their use of resources, for example by increasing the
application of available fertilisers where possible and
returned to cultivating some of the deoccupied land
in the Kharkiv, Mykolaiv and Kherson regions. Better
weather conditions, including a mild winter and suffi-
cient rainfall in the spring, contributed to an increase
in yields to 4.38 tonnes per hectare: wheat reached
4.25 tonnes per hectare, maize 5.5 tonnes per hectare,
and barley 3.7 tonnes per hectare. As a result, the total
harvest increased to 70 million tonnes, of which grain
crops accounted for about 60 million tonnes, with
the rest being oilseeds such as sunflower (12.2 mil-
lion tonnes). This 25% increase compared to 2022

s 17 .6

demonstrated the agricultural sector’s ability to re-
cover even in crisis conditions. According to estimates
for 2024/25, yields may decline slightly to 4.05-4.
2 tonnes/ha due to less favourable weather conditions
and the gradual depletion of soils in regions of inten-
sive agriculture, such as the Poltava and Cherkasy re-
gions, where, according to a report by the Kyiv School
of Economics, no proper crop rotation has been car-
ried out for years due to economic priorities (Neyter et
al., 2024). 1t is estimated that wheat yields will be
around 4-4.2 t/ha, corn 5-5.3 t/ha, and barley 3.4-3.6 t/
ha, which, together with a reduction in acreage to 9.1-
10.2 million hectares, will result in a gross grain har-
vest of 65-69 million tonnes. These figures highlight
the extraordinary resilience of Ukrainian agriculture,
which, despite the war, the mining of over 174,000 km?
of land and the occupation of 109,000 km?, continues
to produce significant volumes. At the same time, a full
return to pre-war levels, such as 86 million tonnes of
grainin 2021, remains unattainable without the cessa-
tion of hostilities, demining of territories and restora-
tion of logistics infrastructure, in particular Black Sea
ports, which are critical for exports. Exports of grain
and oilseeds are the backbone of Ukraine’s agricultur-
al economy, providing a significant portion of foreign
exchange earnings and supporting the stability of the
national currency even in wartime, as the agricultural
sector traditionally accounts for up to 40% of the na-
tional export earnings (Fig. 8).
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Figure 8. Dynamics of exports of grain crops and sunflower in Ukraine in 2020-2024, mln tonnes
Source: compiled by the authors based on the Ministry of Agrarian Policy and Food of Ukraine (n.d.)

In the 2021/22 marketing year (July 2021 to June
2022), Ukraine achieved a record high, exporting
85 million tonnes of grain and oilseeds to foreign mar-
kets, including 48.6 million tonnes of grain (20 million
tonnes of wheat, 23 million tonnes of corn, 5 million
tonnes of barley) and significant volumes of sunflower
oil and seeds, which was made possible by the devel-
oped infrastructure of Black Sea ports such as Odesa,
Chornomorsk and Pivdennyi, as well as the high harvest
in 2021 (106 million tonnes). However, in 2022/23 (July
2022 to June 2023), exports redu substantially to 46-
50 million tonnes due to Russian full-scale blockade of
Black Sea ports, which paralysed traditional sea routes,
which transported up to 90% of agricultural products;
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this caused accumulation of grain in warehouses, in-
creased transport costs and a drop in incomes of farm-
ers, although a partial resumption of exports became
possible through land routes via Poland, Romania and
Hungary, as well as thanks to the launch of a “grain cor-
ridor” in August 2022, brokered by the United Nations
(UN) and Turkey. In 2023/24 (July 2023 to June 2024),
the situation improved: thanks to the extension of the
“grain corridor” until September 2023, and subsequent-
ly the creation of a humanitarian sea route along the
coast after Russia’s withdrawal from the agreement, as
well as the development of alternative routes through
EU countries, rail and river routes through the Danube
(Romania) and transhipment points in Poland, Ukraine




exported 67.4 million tonnes of grain and oilseeds, in-
cluding 23.1 million tonnes of corn, 16.6 million tonnes
of wheat and 4.2 million tonnes of barley, as well as
significant volumes of sunflower oil (over 5 million
tonnes), demonstrating its adaptation to the war condi-
tions and the support of international partners.

According to the forecasts for 2025 (July 2024 -
June 2025), exports of grains and oilseeds are expected
to reach 50-60 million tonnes, depending on logisti-
cal capacities, in particular, the capacity of the western
borders, where delays on the Polish-Ukrainian border
periodically create bottlenecks, - and the geopolitical
situation, including the stability of sea routes and po-
tential attacks on port infrastructure; estimates vary
from 50 million tonnes to 60 million tonnes depending
on the harvest (65-69 million tonnes). The main mar-
kets remain Asia, such as China (corn and soybeans)
and Indonesia (wheat), North Africa, in particular Egypt
(wheat), and the EU, where Spain (corn) and the Neth-
erlands (oilseeds) are key importers, although competi-
tion is increasing from Russia, which is actively dump-
ing wheat prices, and Latin American countries, such as
Brazil and Argentina, which are increasing their corn
supplies. Despite these challenges, Ukraine maintains
its global leadership in sunflower and sunflower oil ex-
ports (over 50% of the global market), fourth place in
corn (after the US, Brazil and Argentina) and sixth in
wheat (after the EU, US, Canada and Australia), which
underscores its strategic importance in the global grain
market and the resilience of agricultural exports even
during the war, when every million tonnes is the result
of heroic efforts of farmers and logisticians.

Notably, the direct losses of the Ukrainian agri-
cultural sector as a result of the full-scale Russian in-
vasion that began in 2022 cover a wide range of de-
struction and damage, going far beyond grain theft or
the destruction of elevators and storage infrastructure.
One of the most critical blows was the massive de-
struction and damage to agricultural machinery, which
is essential for proper farming. According to estimates
by the Kyiv School of Economics in cooperation with
the Ministry of Agrarian Policy, as of mid-2023, the loss
of equipment - tractors, combines, seeders, cultivators
and other specialised machinery - reached a value of
over USD 4.7 billion (Neyter et al., 2024). Southern re-
gions, such as Kherson, Zaporizhzhia and Mykolaiv re-
gions, were particularly affected, where Russian forces
targeted or seized equipment in the occupied territo-
ries,and in some cases took it to Russia or to temporar-
ily controlled lands. In the government-controlled areas
of the south, such as the Mykolaiv region, farmers lost
equipment due to artillery strikes, making it impossible
to harvest crops or prepare for new sowing campaigns
in a timely manner. Restoring this fleet requires not
only significant financial resources, but also time, which
is almost unattainable for most farms, especially small
and medium-sized ones, in times of war.
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The destruction of irrigation systems has also
caused significant losses to the agricultural sector,
which has become a critical problem for the southern
regions of Ukraine - Kherson, Zaporizhzhia, Mykolaiv
and Odesa regions, where irrigated agriculture was
the basis for growing grain, vegetables and fruits in an
arid climate. The World Bank (2025) estimates that as
of 2023, the value of damaged or destroyed irrigation
infrastructure exceeds 225 million USD, but the actu-
al losses could be much higher due to the long-term
impacts. These losses culminated in the explosion of
the Kakhovka hydroelectric power station in June 2023,
which led to catastrophic flooding of thousands of
hectares of land on the right bank of the Kherson re-
gion, destruction of crops in the fields and disruption
of irrigation canals that supplied up to 580,000 hec-
tares of farmland in the south. For instance, the North
Crimean Canal, which supplied water not only to the
occupied Crimea but also to a large part of Kherson
and Zaporizhzhia regions, stopped functioning, leaving
farmers without access to irrigation in the face of natu-
ral drought. This has caused soil degradation, salinisa-
tion and loss of productivity, which will require years of
effort and billions of dollars in investments to restore,
significantly undermining the agricultural potential of
the southern regions.

The loss of processing capacity has been another
painful aspect for the agricultural sector, with southern
Ukraine being particularly hard hit. Plants producing
sunflower oil, flour, sugar and other processed products
located in cities such as Mykolaiv, Kherson and Meli-
topol (Zaporizhzhia region) were repeatedly targeted
by Russian attacks or occupied. According to a report
by the Kyiv School of Economics, direct losses to the
processing infrastructure exceed 1 billion USD, and this
does not include lost value added, as farmers are forced
to export raw materials (e.g. sunflower seeds) at lower
prices due to a lack of processing capacity within the
country (Neyter et al., 2024). In the south, where pro-
cessing has traditionally been an important part of the
economy, these losses have led to economic decline,
job losses and a deterioration in the financial health
of farms, which, together with other factors, creates a
complex picture of the devastation that the region will
be recovering from for decades after the war.

Notably, the war in Ukraine caused major changes
in global grain logistics, disrupting the traditional ex-
port routes of one of Ukraine’s largest grain suppliers
(Penkova & Kharenko, 2023). Before the full-scale in-
vasion, the country transported up to 90% of its wheat,
corn and barley through Black Sea ports such as Odesa,
Chornomorsk and Pivdennyi, from where the products
were shipped to countries in Asia, Africa and Europe.
Russian blockade of these ports in the first months
of the invasion led to the accumulation of millions of
tonnes of grain in warehouses, causing not only eco-
nomic losses for Ukraine but also a threat to global food
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security, especially in countries dependent on Ukraini-
an imports, such as Egypt, Turkey and the Middle East.
In response, the international community and Ukraine
were forced to look for alternative transport routes,
which led to the restructuring of logistics chains and
increased transport costs, affecting global grain mar-
kets. One of the key decisions to resume exports was
the creation of alternative routes through EU countries,
through the so-called “Solidarity Corridors” initiated by
the EU in May 2022. These routes involved transport-
ing grain by rail, road and river through Poland, Roma-
nia, Slovakia, Hungary and other countries to European
ports such as Constanta (Romania), Gdansk (Poland) and
the Baltic ports. The EU played a decisive role: in the
first months of the Solidarity Corridors, around 20 mil-
lion tonnes of grain were exported via these routes,
partially compensating for the loss of Black Sea routes.
The port of Constanta became particularly important,
becoming the main hub for transhipment of Ukrainian
grain, handling over 8 million tonnes in 2022. In addi-
tion, from August 2022 to September 2023, the Black
Sea Grain Initiative, mediated by the UN and Turkey, was
in effect, which enabled another 32.9 million tonnes to
be exported through partially unblocked ports. After its
completion, Ukraine created its humanitarian corridor
along the western coast of the Black Sea, which added
another 27 million tonnes to exports in the 2023/24
marketing year. However, these alternatives proved to
be more expensive and less efficient due to limited
railway capacity, track gauge incompatibility (Ukraini-
an gauge is wider than European gauge) and border
congestion, which increased logistics costs by 30-50%
compared to the pre-war period.

Internal logistics in Ukraine faced numerous
challenges due to the war, which complicated the
delivery of grain from fields to export terminals
(Shevchuk, 2024). One of the main obstacles was
the physical destruction of transport infrastructure:
bridges, railways and roads, especially in the east and
south, were severely damaged by shelling, disrupting
links between agricultural regions and logistics hubs.
For instance, in the Mykolaiv and Kherson regions, key
roads to ports became impassable, forcing farmers to
seek detours through western regions. The shortage of

rolling stock and locomotives added to the problems,
as a significant part of the railway fleet was destroyed
or remained in the occupied territories; according to
estimates by Ukrzaliznytsia (n.d.), up to 15% of freight
cars were lost in 2022. At the same time, the war has
stimulated the development of river logistics: accord-
ing to the Ukrainian Sea Ports Authority (2024), trans-
port on the Danube increased from 1 million tonnes
in 2021 to 4 million tonnes in 2023, thanks to the
modernisation of ports in Izmail and Reni. The pros-
pects for domestic logistics are related to investments
in railway infrastructure (e.g., electrification and track
expansion projects), the expansion of river terminals,
and the creation of temporary storage facilities clos-
er to the western borders. However, these initiatives
require billions of dollars and time, which remain
limited resources in the context of the war. Changes
in Ukrainian grain logistics significantly affected in-
ternational logistics chains, forcing global traders
and carriers to revise routes and optimise costs. The
blockade of the Black Sea has forced importing coun-
tries such as Egypt and Turkey to switch to other sup-
pliers in the United States and Argentina or wait for
slow deliveries via European ports, extending deliv-
ery times from 10-15 days to 30-40 days when us-
ing the “Solidarity Routes” Transportation costs have
increased due to the need to use several modes of
transport (rail, road, barges), transhipment at borders
and insurance of cargo in the conflict zone. For exam-
ple, before the war, transporting a tonne of grain from
Ukraine to Egypt cost 20-25 USD, but in 2022, the
price jumped to 70-100 USD, depending on the route.
This led to congestion in European ports such as Con-
stanta, where cargo handling times doubled, and put
additional pressure on global freight rates, which rose
by 15-20% in 2022 due to a shortage of vessels in
the Black Sea region. At the same time, competition
from Russia, which increased exports through its ports
(Novorossiysk, Rostov), exacerbated the imbalance in
logistics flows, shifting part of Ukraine’s traditional
markets to eastern routes. The restructuring of grain
logistics due to the war in Ukraine affected pricing on
world markets, causing initially sharp price increases
and subsequently volatility (Fig. 9).
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Figure 9. Dynamics of grain prices for sunflower seeds
after the start of the full-scale invasion of Ukraine - average (USD/t)
Source: compiled by the authors based on UkrAgroConsult (n.d.) and SuperAgronom (n.d.)
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Prices for grain and sunflower seeds in Ukraine
during the 2020/21-2023/24 marketing years have
undergone significant changes under the influence of
yields, global demand, logistical conditions and the
war. In the 2020/21 marketing year (July 2020 to June
2021), average purchase prices on the domestic market
were 6,000-6,500 UAH/t (USD 210-230/t FOB in Black
Sea ports) for wheat (grade 3), This was facilitated by
a stable harvest (65 million tonnes of grain) and high
export demand (17.6 million tonnes) from Egypt, Indo-
nesia and Turkey; prices rose at the end of the season
due to drought in the southern regions and the revival
of global trade after the pandemic. Corn costs 5,500-
5,800 UAH/t (190-200 USD/t FOB), with an increase
in the second half of the year, thanks to China, which
actively imported (exports of 23.9 million tonnes) for
feed needs after the resumption of pig farming. Barley
remained at 5,200-5,500 UAH/t (180-190 USD/t FOB),
supported by exports of 4.2 million tonnes to Saudi
Arabia and China, where it was in demand for livestock
farming. Sunflower seeds cost 12,000-13,000 UAH/t
(420-450 USD/t), with an upward trend due to demand
for sunflower oil (oil exports of 5.5 million tonnes) and
average yields (15.1 million tonnes); only 0.2 million
tonnes of raw materials were exported, with the rest
being processed domestically. The dollar exchange rate
remained stable (27-28 UAH/USD), but rising freight
rates due to global logistics problems added pressure
on export prices.

In the 2021/22 marketing year (July 2021 to June
2022), a record harvest of 106 million tonnes kept
prices somewhat subdued, but global demand and
fears of war pushed them to a peak: wheat (grade 3)
reached 7,000-7,500 UAH/t (250-270 USD/t FOB), with
a peak in December-January due to exports of 20 mil-
lion tonnes to Asia (Indonesia, Pakistan) and Africa
(Egypt); corn 6,500-7,000 UAH/t (230-250 USD/t FOB),
driven by Chinese demand (over 8 million tonnes)
and high yields, which ensured exports of 23 million
tonnes by February 2022; barley 6,200-6,700 UAH/t
(220-240 USD/t FOB), with growth due to exports of
5.7 million tonnes to Turkey and a reduction in supply
from Russia; sunflower seeds 14,000-15,000 UAH/t
(500-530 USD/t), with a peak due to a harvest of 17 mil-
lion tonnes and oil exports of 5.7 million tonnes, while
only 0.3 million tonnes of raw materials were export-
ed. In the 2022/23 marketing years (July 2022 to June
2023), the war and the blockade of ports caused prices
to fall: wheat 5,500-6,000 UAH/t (200-220 USD/t FOB
after August), corn 5,000-5,500 UAH/t (180-200 USD/t),
barley 4,800-5,200 UAH/t (170-190 USD/t), sunflow-
er 10,000-11,000 UAH/t (350-400 USD/t); the “grain
corridor” aided in export of 46-50 million tonnes, but
the devaluation of the hryvnia to 36-37 UAH/USD and
the increase in transport costs (to 70-100 USD/t) re-
duced profitability. In the 2023/24 marketing years
(July 2023 to June 2024), prices recovered thanks to
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a harvest of 79 million tonnes and logistics: wheat
5,700-8,191 UAH/tonne (210-230 USD/tonne), corn
5,570-6,721 UAH/tonne (190-210 USD/tonne), barley
4,383-6,597 UAH/tonne (170-200 USD/tonne), sun-
flower seeds 11,000-14,500 UAH/t (370-400 USD/t),
with exports of 67.4 million tonnes; an exchange rate
of 36-40 UAH/USD and competition from Russia (230-
250 USD/t for wheat) influenced price dynamics, while
world prices stabilised (9-10 USD per bushel for wheat).

Once the war in Ukraine is over, the key task for
the development of the grain market will be to rebuild
the destroyed infrastructure, including ports, railways,
bridges and storage facilities, which have suffered
significant damage as a result of the hostilities. Black
Sea ports such as Odesa, Chornomorsk and Pivdennyi,
which accounted for up to 90% of grain exports before
the war, will require significant investment to resume
full operations, while the de-occupied ports of Mykolaiv
and Kherson will need additional modernisation to re-
turn to their pre-war capacities (7-10 million tonnes
per month). The modernisation of the elevator indus-
try will also be a priority, as many elevators in eastern
and southern Ukraine have been destroyed or damaged,
and their total capacity has been reduced by 20-30%.
Post-war recovery will also involve not only reconstruc-
tion, but also the introduction of modern technologies
for automated storage systems, energy-efficient dryers
and digital platforms for monitoring stocks. This will
improve grain storage efficiency, reduce losses (which
reached 10-15% before the war due to outdated infra-
structure) and make the Ukrainian market more com-
petitive. The development of river logistics, particularly
through the Danube ports (Izmail, Reni), which grew
from 100,000 tonnes to 2.5 million tonnes per month
during the war, could be a long-term solution for diver-
sifying transport capacity.

The war has forced Ukraine to review its trade rela-
tions and seek new markets, which opens prospects for
expanding the geography of grain exports after the war
is over. Until 2022, the main markets were Asia (Chi-
na, Indonesia), North Africa (Egypt) and the EU (Spain,
the Netherlands), but the blockade of the Black Sea
and logistical difficulties have increased dependence
on European routes such as the Solidarity Road. In the
post-war period, Ukraine could strengthen its position
in the EU, where its grain has already been integrated
into supply chains, but this requires harmonising quality
standards with European norms (e.g., pesticide content
and certification). At the same time, African countries
are a promising destination, where demand for grain
is growing due to demographic growth and the need
for affordable products; according to the Food and Ag-
riculture Organisation (2022), Ukraine could increase
its supplies to 5-7 million tonnes annually to countries
such as Nigeria or Kenya, subject to the development of
trade agreements. The Asian market, in particular India
and South Korea, could also become a new focus due
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to their needs for corn and wheat, if Ukraine invests in
marketing and logistics. Changes in trade relations with
Poland, Slovakia, and Hungary, which imposed tempo-
rary bans on imports of Ukrainian grain in 2023, will re-
quire diplomatic efforts and the establishment of export
verification mechanisms to avoid conflicts and ensure
stable access to EU markets. Expanding sales markets
will help diversify and reduce dependence on certain
regions, which will be a lesson learned from wartime.
The investment potential of the Ukrainian agricul-
tural sector after the war is significant, as the country
has unique natural resources (33% of the world’s black
soil) and a proven ability to adapt to crisis conditions,
as demonstrated by exports of 67.4 million tonnes in
the 2023/24 marketing year despite the war. Foreign
direct investment will be directed towards rebuilding
infrastructure, modernising production and increasing
added value through grain processing (e.g. flour, com-
pound feed, bioethanol). According to government esti-
mates, the needs for the restoration of the agricultural
sector exceed 29 billion USD, which creates opportuni-
ties for international investors, particularly from the US,
Canada and the EU, who had already expressed interest
in Ukrainian projects before the war, as noted in the
report of the Ministry of Agrarian Policy and Food of
Ukraine (2023). Domestic investors, such as large agri-
cultural holdings (Kernel, MHP), may also become more
active if the state provides transparent conditions, tax
incentives, security guarantees and risk insurance. The
development of the processing industry, where mar-
gins on value-added products (oil, cereals) are 20-50%
higher than on raw materials, could attract capital to
medium and small enterprises, which have proved
more resilient during the war than large holdings. Fur-
thermore, innovative technologies such as precision
farming, drones and IT solutions for crop monitoring
will increase the sector’s attractiveness to technology
companies. However, the implementation of this poten-
tial will depend on land clearance (over 174,000 km?),
political stability and access to credit, as the war has
destroyed the financial capacity of many farmers.
International organisations will be central in the
post-war recovery of the Ukrainian grain market, pro-
viding financial, technical and humanitarian support.
The UN, through the Black Sea Grain Initiative, has al-
ready proven its ability to unblock exports, exporting
32.9 million tonnes in 2022-2023, and could become a
coordinator of logistics projects after the war, contrib-
uting to the stability of supplies. The Food and Agricul-
ture Organisation (2024; 2025) prioritises support for
farmers and restoration of production: in 2022-2024,
the organisation funded 17 million USD in projects to
provide seed, fertiliser and small grants to farms in
the frontline areas, and after the war, its role will be
to modernise agricultural technologies and adapt to
climate change (e.g. breeding drought-resistant varie-
ties). The World Bank, which is assessing the sector’s
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losses and needs, has already allocated more than $1
billion for agricultural projects in Ukraine since 2022
and plans large-scale infrastructure reconstruction pro-
grammes (ports, elevators) and farm loans worth up to
5 billion USD in the post-war period (National Institute
for Strategic Studies, 2024). These organisations will
also facilitate Ukraine’s integration into EU standards
through technical assistance and funding for green in-
itiatives such as bioenergy and energy efficiency. Their
cooperation with the Ukrainian government and the
private sector will be crucial to attracting donor funds
and creating a sustainable development model that
will enabled Ukraine not only to return to pre-war vol-
umes (85 million tonnes of exports) but also to exceed
them, reaching 100 million tonnes annually if all pro-
jects are implemented.

DISCUSSION

The study analysed the positions of global leaders in
the production of grain crops and sunflower seeds for
the 2023/24 marketing year, as well as key trends shap-
ing the global market, providing insight into the dy-
namics of the global grain sector and its response to
current challenges. The results demonstrated that Chi-
na (24% of global grain production, 135 million tonnes
of wheat), the United States (16%, 383 million tonnes
of corn), and the EU (11%, 52 million tonnes of barley)
remain the dominant players, while Ukraine holds sig-
nificant positions with 2% of corn (25 million tonnes)
and 21% of sunflower seeds (12 million tonnes). These
figures highlight the high concentration of production
among a few countries, which makes the global market
vulnerable to geopolitical shocks such as sanctions or
regional conflicts and also point to growing demand
in Asia and Africa, increased competition due to price
dumping by Russia, and the reorientation of logistics to
alternative routes. These trends signify a gradual shift
in trade flows from traditional routes to new logistics
corridors and the growing role of Latin American and
Asian countries in compensating for deficits, which
affects the stability of global supplies and pricing.
A study by J. Clapp (2023) also analysed in detail the
concentration of grain production among key countries,
highlighting their vulnerability to crises such as sup-
ply disruptions, but did not consider the impact of local
conflicts on global prices, which limits the depth of the
results obtained. R. Sendhil et al. (2022) addressed the
growth in demand for grain crops in Asia, providing im-
portant data on consumption and highlighting the de-
mographic and economic factors behind this trend, but
ignoring competition between exporters such as the
United States and Australia, which reduces the practical
value of the conclusions for assessing market dynam-
ics. M. Aghayev (2023) highlighted changes in logistics
due to geopolitical factors, highlighting the role of
sanctions against Russia in redirecting flows through
Caspian ports, but without considering the potential




of developing countries as alternative suppliers, which
narrows the scope of the results obtained.S. Erol (2024)
analysed the impact of full-scale war on the situation
in the Black Sea, noting the importance of logistical
changes in the region, but without addressing Ukraine’s
adaptation capabilities, which limits the predictive po-
tential of the study. A comparison of the results of these
studies with the results of this study reveals a common
recognition of the concentration of production and ge-
opolitical influence on the market. However, this study
is distinguished by its broader coverage of trends, in-
cluding an analysis of changes in global trends, trade
and logistics, which provides a more comprehensive
understanding of global shifts and their implications
for the global grain sector.

The study also included a detailed analysis of
the dynamics of grain acreage, yields and exports in
Ukraine for 2020-2024 to assess the impact of the
war on the agricultural sector and its adaptation ca-
pabilities. The results demonstrated that grain sowing
areas decreased from 15.4 million hectares in 2021
to 9.1-10.2 million hectares in 2024 due to occupa-
tion (109,000 km? of land), mining (174,000 km?) and
the transition to oil crops such as sunflower and soy-
beans, reflecting economic expediency in the context
of difficult grain exports; yields reduced from a re-
cord 47.8 hwt/ha in 2021 to 38.3 hwt/ha in 2022 due
to hostilities and resource shortages, but recovered to
43.8 hwt/ha in 2023 thanks to farmers’ adaptation and
better weather conditions. Grain exports reduced from
85 million tonnes in 2021/22 to 46-50 million tonnes
in 2022/23 due to the blockade of ports but reached
67.4 million tonnes in 2023/24 thanks to the “Solidari-
ty Routes” and the humanitarian corridor. These results
demonstrate a significant impact on the productivity of
the sector but also highlight its resilience: reductions
in area and yields were offset by logistical solutions,
which stipulated exports at a level close to pre-war
levels. For Ukraine, this highlights the potential for re-
orientation towards oilseeds as a strategic direction in
the short term, which could strengthen its position in
the global market in competition with other players.
T.He et al. (2023) analysed in detail the decline in grain
production in Ukraine due to the war, with accurate
statistical data on losses, but without considering the
impact of these processes on domestic prices and crop
redistribution, which limits the breadth of the conclu-
sions drawn. W. Martin and N. Minot (2022) examined
the decline in grain exports in 2022, noting the role of
the war in the global crisis, but without touching on the
recovery processes of 2023, which reduces its relevance
for a full cycle analysis. D. Ozocakli et al. (2024) pro-
vided a detailed overview of export changes through
the “grain corridor” supported by an analysis of its im-
pact on grain prices, but did not consider the long-term
logistical prospects, which narrows the predictive value
of the results obtained. Thus, compared to these studies,
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the study is notable for a comprehensive approach that
covers not only the dynamics of area, yield and exports,
but also their interrelationship with other indicators of
the global grain market, providing a broader basis for
assessing the current state and future development of
Ukraine’s agricultural sector.

An analysis of price trends for grain crops and sun-
flower seeds in Ukraine for the 2020/21-2023/24 mar-
keting years revealed significant fluctuations caused
by the war, global demand and logistical challenges,
assessing the impact of these factors on the agricul-
tural sector’s economy. The results indicated that wheat
prices rose from 6,000-6,500 UAH/t (210-230 USD/t
FOB) in 2020/21 marketing year to 7,000-7,500 UAH/t
(250-270 USD/t) in 2021/22 marketing year thanks
to a record harvest, dropped to 5,500-6,000 UAH/t
(200-220 USD/t) in 2022/23 marketing year due to
excess stocks and port blockades, but recovered to
8,191-9,500 UAH/t (220-250 USD/t) in 2024 due to
reduced production and drought; corn fluctuated from
5,500-5,800 UAH/t (190-200 USD/t) to 10,150 UAH/t
(210-212 USD/t), barley from 5,200-5,500 UAH/t (180-
190 USD/t) to 8,000 UAH/t (200-220 USD/t), and sun-
flower seeds from 12,000-13,000 UAH/t (420-450 US-
D/t) to 14,500-15,000 UAH/t (400-420 USD/t). These
data indicate an initial rise in prices due to high de-
mand, a sharp decline in 2022 due to military restric-
tions, and a gradual recovery peaking in 2024 due to
climatic and market factors, although competition with
Russia (230-250 USD/t for wheat) has held back poten-
tial. For Ukraine, this means that the war has increased
dependence on logistics (costs have risen by 30-50%),
but steady demand for grain and oil has kept the sector
profitable; High prices in 2024 (up 21-68% compared
to 2023) underscore the need to stabilise production
and exports to avoid volatility that could affect com-
petitiveness in the global market amid dumping and
rising supply from Latin America. Z. Zhang et al. (2023)
analysed in detail the impact of global crises on grain
prices, highlighting their vulnerability to supply dis-
ruptions, but did not consider the impact of regional
conflicts on global trade flows, which limits its depth.
G. Mustafa and A. Igbal (2021) examined trends in sun-
flower seed production and trade in the global market,
noting the important role of Asian markets in this seg-
ment, but ignoring the role of competition between key
exporters, which reduces its completeness. S. Devadoss
and W. Ridley (2024) addressed wheat price fluctua-
tions on global exchanges, noting the impact of sanc-
tions against Russia, but did not sufficiently account for
the growth in supply from Latin American countries,
which narrows its practical context. E.M. Kacperska et
al. (2025) presented a detailed analysis of wheat price
volatility in the global market related to the Black Sea
Agreement, but did not address the impact of oth-
er factors on freight rates, which limits its predictive
value. Thus, compared to these studies, this paper is
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distinguished by its approach, which combines an anal-
ysis of local price trends in Ukraine with a broader
global context, considering competition, logistics and
market factors, providing a comprehensive overview of
the economic implications and stabilisation strategies
at the national and international levels.

In summary, the study synthesised the main as-
pects of the grain sector development, integrating the
analysis of global trends and changes in the Ukraini-
an agro-industrial complex in the context of the war,
which provides a basis for assessing its future opportu-
nities. The study covered the positions of major produc-
ing countries, global market trends and the dynamics
of Ukrainian production, prices and exports, providing a
holistic view of the current state and development po-
tential. After the end of the war, Ukraine has significant
prospects for recovery and growth, including rebuilding
infrastructure, improving logistics and strengthening
its position in international markets with the support
of the international community. These efforts could re-
turn it to a leading role in the grain sector, as well as
contribute to broader progress in ensuring the stability
and development of the global food system in the face
of current challenges.

CONCLUSIONS

An in-depth analysis of key trends in the global grain
market for the period 2020-2024, as well as the Ukrain-
ian grain market in the context of the war, was conduct-
ed,and its prospects after the war were outlined. In par-
ticular, the study determined that global production in
the 2023/24 marketing year amounted to 789.8 million
tonnes of wheat, 1.22 billion tonnes of corn, 149 mil-
lion tonnes of barley and 57 million tonnes of sun-
flower seeds, with China, the United States, the EU and
Ukraine occupying the leading positions. In Ukraine,
the war caused a significant reduction in grain acreage
from 15.4 million hectares in 2021 to 9.1-10.2 million
hectares in 2024, while yields ranged from a record
47.8 hwt/ha in 2021 to 38.3 hwt/ha in 2022, with a sub-
sequent recovery. Grain exports reduced from 85 million
tonnes in 2021/22 to 46-50 million tonnes in 2022/23
due to the blockade of ports but increased to 67.4 mil-
lion tonnes in the 2023/24 marketing year thanks to
the adaptation of logistics. Domestic prices reflected

these changes: wheat cost 6,000-6,500 UAH/t (210-
230 USD/t FOB) in 2020/21 marketing year, reduced
to 5,500-6,000 UAH/t (200-220 USD/t) in 2022/23
marketing year due to excess stocks, and increased to
8,191-9,500 UAH/t (220-250 USD/t) in 2024 due to re-
duced harvest and logistical difficulties.

Direct losses in Ukrainian agriculture, in addition to
reduced crop areas, included the destruction of agricul-
tural equipment worth 4.7 billion USD, the destruction
of irrigation systems worth 225 million USD (especially
after the bombing of the Kakhovka hydroelectric pow-
er plant in 2023), and damage to processing facilities,
which most affected southern regions such as Mykolaiv
and Zaporizhzhia. The war has radically changed global
grain logistics, forcing Ukraine to reorient itself to land
routes through Poland, Romania and the Danube ports,
which has increased transport costs by 30-50% (from
20-25 USD/tonne to 70-100 USD/tonne) and affected
global prices. The prospects for the development of the
Ukrainian grain market after the war are linked to the
restoration of infrastructure, which requires 29 billion
USD, the modernisation of elevators to reduce grain
losses, the expansion of sales markets to Africa and Asia,
the strengthening of positions in the EU, and the at-
traction of investment with the support of international
organisations such as the UN, the Food and Agriculture
Organisation and the World Bank. Notably, the study
has some limitations in terms of focusing on cereals
and sunflower seeds, which omitted a wider range of
agricultural products, such as pulses or industrial crops.
Further research could focus on analysing the impact
of geopolitical changes and trade agreements on the
long-term competitiveness of the Ukrainian agricultur-
al sector in the world, which could be used to compile
strategies to strengthen positions in the international
arena and adapt to new economic realities.
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TpeHAu y CBITOBIN TOpriB/i 3epHOM i HACIHHAM,
no3uuis YKpaiHM Ha rno6anbHOMY PUHKY

AHTOHIHa MaHdinoBa
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AHoTauis. [laHe pocnigkeHHs 6yno cnpssMoBaHe Ha KOMMIEKCHMI aHai3 YKpaiHCbKOro 3epHOBOMO pUHKY B YMOBAX
BiMHM Ta MOro NepcnekTUB Nicns ii 3aBepLlUeHHs, a TaKOX OLLIHKY KNHOYOBUX TEHAEHLIN CBITOBOr0 pUHKY 3€PHOBMUX
32 2020-2024 poku. MeTog0N0ris AOCNIAXKEHHS IPYHTYBaNacs Ha 360pi AaHMX i3 3BiTiB MiXKHaPOAHWX OpraHi3aLii
Ta BiAKpUTUX Oxepen, ix 06pobui WASAXOM CTaTUCTUYHOrO, NOPIBHANBHOIO Ta NMPOrHO3HOMO aHanily, a TakoX
CUHTE3I KiNbKiCHUX i SKICHUX MOKa3HMKIB. Pe3ynbTaTv poboTM Nokaszanu, Wo cBiToBe BUpOOGHULTBO y 2023/24
poui cknano 789,8 MAH TOHH NweHuui, 1,22 MApa TOHH KYKYpyA3u, 149 MIH TOHH SUMEHI0 Ta 57 MSTH TOHH HaCiHHA
COHAWHMKY, ae nignpytoTb Kutair, CLLA, €C Ta YkpaiHa. B pe3ynbTtaTi gocnigkeHHs 6yno BCTaHOBMEHO, WO B
YKpaiHi BifiHa ckopoTuna nocisHi nnow,i 3 15,4 max ra 8 2021 poui no 9,1-10,2 mnH ra 8 2024 poui, ypoxKalHicTb
Bnana347,8 u/ras 2021 poui no 38,3 u/ra 8 2022 poui, nicng 4yoro BigHoBunacsa 8o 43,8 u/ra 8 2023 poui. Takox
6yno BM3HAYeHo, WO eKCnopT 3HM3MBCA 3 85 MAH ToHH (y 2021/22 mapkeTuHroBomy poui) o 46-50 MAH TOHH
(2022/23), ane 3pic no 67,4 MnH ToHH (2023/24) 3aasaku «LLnsaxaM conipapHOCTi» Ta ryMaHiTapHOMY KOpuUaopy.
Mpu aHanisi uiH Ha nNweHuuto Byno BCTaHOBNEHO, WO UiHa Konueanacs Big 6000-6500 rpH/T (USD 210-230/1
FOB) y 2020/21 po 5500-6000 rpH/T (USD 200-220/7) y 2022/23 i 8191-9500 rpn/T (USD 220-250/7) y 2024
poui. BTpaTu cekTopy BKAOYanu TexHiky (4,7 Mnpa fonapis) i 3poweHHs (225 MnH ponapis), @ NOriCTUYHI BUTPATH
3pocaun Ha 30-50 %, BnaunHyBLUKM Ha cBiTOBI LiHM (USD 12-13 3a 6ywens ans nweHuui y 2022 poui, USD 8-9 y
2024 poui). Mpwu aHanisi nepcnekTMB po3BUTKY YKPATHCbKOrO 3€PHOBOMO PUHKY MicAs BiiHWM BCTAHOBMEHO, WO
BiAHOBNEHHS iHPpPACTPYKTypu BapTicTio 29 MNpA Aonapis, MOAEPHI3aLis eneBaTopiB, PO3LWMPEHHS PUHKIB 36yTy
o kpaiH €C, Abpukm Ta A3ii, a TakoX iHBECTMLIT 33 MIATPUMKM MiXXHApOLHMX opraHi3auii i CBiToBOro 6aHky
[03BONATb MOBEPHYTM eKCMOpPT A0 85 M/IH TOHH i NoTeHuinHo pocsartn 100 MAH TOHH WOPIYHO, 3MILHIOKYM poSib
YKpaiHu y CBiTOBI NpoaoBoNbYilt He3newi
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iHDPaCTPYKTYpH; arpapHuUin cekTop
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